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ABSTRACT: We managed to obtain three different series of 2,3-
dimethyl-1,4-benzoquinones, named nonhalogenated and halogen- e

ated (brominated and chlorinated) PQ analogues, via the M“’Wm;“’“*"“

molecular hybridization strategy. Sixteen of eighteen hybrid

molecules were selected by the National Cancer Institute (NCI)

of Bethesda for their in vitro antiproliferative potential against the

full NCI 60 cell line panel. The hybrid molecules (BrPQS, CIPQ],

and CIPQ3) showed good growth inhibition at 10 uM

concentration, particularly against breast cancer cell lines. As per

the results obtained from in wvitro antiproliferative evaluation,

cytotoxic activities of the hybrid molecules (BrPQS, CIPQ1, and

CIPQ3) were evaluated with an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in T47D and MCF7
breast cancer and human umbilical vein endothelial (HUVEC) cells. Molecules exhibited cytotoxic activity, and especially, CIPQ1
showed remarkable cytotoxic activity and good selectivity on T47D and MCEF7 cells. Furthermore, CIPQ1 could inhibit cell
proliferation, cause apoptotic cell death and disturb the cell cycle in T47D and MCEF?7 cells. Additionally, CIPQ1 caused oxidative
stress induction in both cells, more so in T47D. In vitro study results indicated that the anticancer activity of CIPQ1 was more
prominent in T47D cells than in MCF?7 cells. The compound CIPQ1 showed a prominent binding with JNK3 in silico. Thus, the
obtained hybrid molecules via the molecular hybridization strategy of two important pharmacophores could be useful in the
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discovery of novel antiproliferative agents, and CIPQI could be considered a promising drug candidate.

1. INTRODUCTION

Proliferative diseases are expected to be the leading cause of
death threatening the human race.”> The discovery of
chemotherapeutic agents for the pain relief and treatment of
diseases has paved the way for modern medical practice. Over
the centuries, crude extracts or dried parts of plants and natural
products have been sources of medicines. Additionally, natural
products can be identified as a treasure chest of prevalidated
molecules.” Almost three out of four novel antiproliferative
agents are derived from natural products and natural product-
derived molecules. Such molecules obtained naturally might
also avoid some side effects associated with synthetic drugs."”
The discovery of prontosil in the 1930s by Gerhard Domagk
and penicillin in 1928 by Alexander Fleming was a pioneer in
the discovery and development of modern medicine.” Prior to
the discovery of antlblOtICS, infectious diseases were the biggest
problem in human history.® But, nowadays, the primary disease
that has become a problem for humanity is cancer. Cancer has
been the primary cause of 10 million deaths in 2020.
Commercialized drugs and drug leads (semisynthetic and/or
synthetic) in the therapeutic treatment of infectious diseases
and cancers come from natural products and natural product-
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derived molecules.” Modification of the moiety of the lead
molecule is an attractive way to accelerate drug development
processes as well as to further the discovery of promising
agents in the chemotherapeutic field.”

A series of commercially available antiproliferative drugs like
doxorubicin, idarubicin, and LY83583 consist of a 1,4-quinone
moiety as a core structure.' For a long time in our laboratory,
we have been searching for lead molecules based on natural
products containing the quinone moiety. Recently, this moiety,
especially containing two methyl groups or a pyridine, has been
explored by synthesizing a series of novel molecules as both
Plastoquinone' "> and LY83583 analogues'” and evaluated for
their antiproliferative activity against versatile cancer cell lines
such as K-562 (myeloid leukemia), Jurkat, MT-2 (two other
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Figure 1. Scope of the target 1,4-quinones developed by modifications
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Figure 2. Molecular hybridization strategy to design the quinone-benzocaine hybrid molecules as Plastoquinone analogues with improved

biological activities.

human T-cell leukemia), and HeLa cell lines (human cervical
carcinoma). In most cases, various primary amines (aryl
amine) have been introduced at the 2-position along with
various substituent(s) modifications done at different positions
of the aryl amine, as shown in Figure 1.

The molecular hybridization strategy, involving biologically
active two or more pharmacophores, generates novel hybrid
molecules with strong biological activities (Figure 2). Keeping
in view the biological activities of 1,4-quinones and
benzocaine,"* the combination of these two important moieties
could result in potential quinone-benzocaine hybrid molecules
with improved biological activities.'> Structural modifications
of the hybrid molecules have led to promising leads in the
chemotherapeutic field, and for that reason, it remains an
attractive way to accelerate drug development processes.'® In
continuation of our earlier works'"”'> and an extension of our
former work'” aimed at finding the antimicrobial profile, the
exploration of the in vitro antiproliferative activity of previously
reported 2,3-dimethylquinone-benzocaine hybrid molecules as
Plastoquinone analogues'’ via the molecular hybridization
strategy along with in silico evaluation has been reported for the
first time. In this series of quinone-benzocaine hybrid
molecules, the structure—activity relationship (SAR) was
evaluated by applying the aryl amine functionality at different
positions of the phenyl ring through bioisosterism.

Breast cancer, a multifaced and complex disease, is based on
the gene expression profile in one of its classifications. This
classification divides tumor cells into Luminal A, Luminal B,
Her2-enriched, and basal-like subtypes. Breast cancer treat-
ment is selected depending on the classification of the tumor.
It includes markers such as the proliferation factor (Ki67),
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epidermal growth factor (EGFR), and cytokeratin expression
in addition to traditional marker expressions such as estrogen
receptor (ER), progesterone receptor (PR), and epidermal
growth receptor 2 (HER2).'® In the treatment of Luminal A-
type cancer, the most common type of breast cancer, the
treatment approach is hormonal therapies alone or chemo-
therapy may be supplemented to the treatment. Although the
recurrence rate is low in breast cancer, if it occurs, it is seen in
the bone. Also, a high rate of resistance to treatments may
develop.'” Thus, the development of better choices for cancer
chemotherapy is needed. In this study, we aimed to evaluate
the potential anticancer effects of quinone-benzocaine hybrid
molecules on breast cancer. Apoptosis is a selective process of
physiological cell deletion that orchestrates cell replication/
death balance. Uncontrolled cell-cycle progression and
deregulation of apoptosis are two key features of cancer.”’
Hence, cell-cycle arrest and induction of apoptotic cancer cell
death are deemed crucial approaches for the prevention and
treatment of cancer. Consequently, many chemotherapeutics
elicit their antitumor effects by induction of apoptosis in
various cancer cells.”’ c-Jun N-terminal kinases (JNKs) are
members of a family of important signal transduction enzymes
known as mitogen-activated protein kinases (MAPKs). They
can be activated by different stress factors.”” A mountain of
evidence indicated that JNKs play a pivotal role in the
induction of apoptosis in human breast cancer cells and their
signal transduction.”” De facto, JNKs represent new and valid
targets by therapeutic agents for the treatment of different
diseases. Many JNK inhibitors based on different molecular
scaffolds have been discovered in the past decade.”

https://doi.org/10.1021/acsomega.2c03428
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Scheme 1. Synthesis of the Nonhalogenated (PQ1-6) and Halogenated PQ Analogues (BrPQ1-6 and CIPQ1-6)“
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“Reagents and conditions: (i) Substituted amines, NalO;, H,0/MeOH, rt, 12—24 h; (ii) Br,, CH;COOH,rt, 30 min in two steps; (iii) sodium
hypochlorite (1.5% bleach); (iv) substituted amines, EtOH, rt, 8—16 h;(v) HNO,/HCI, 10 min, 90 °C; (vi) substituted amines, EtOH, reflux, 8—

16 h.

2. RESULTS AND DISCUSSION

2.1. Chemistry. In the search for new antiproliferative
agents, the synthetic route used for the preparation of 2,3-
dimethylquinone-benzocaine hybrid molecules as Plastoqui-
none analogues (PQ_analogues) via the molecular hybrid-
ization strategy is outlined in Scheme 1. The routes of the
nonhalogenated (PQ1-6) and halogenated PQ analogues
(BrPQ1-6 and CIPQ1-6) started from commercially available
dimethylhydroquinone (1). First, the nonhalogenated PQ
analogues (PQ1-6) were prepared from dimethylhydroqui-
none (1) and the corresponding substituted amine in the
presence of an oxidizing agent (NalO;). The nonhalogenated
PQ analogues (PQ1-6) was converted to the brominated PQ
analogues (BrPQl-6) by the reaction of the corresponding
substituted amine and dibromobenzoquinone (3) using
ethanol as the solvent (Scheme 1). Then, dichlorobenzoqui-
none (4) obtained from HNO;/HCI variation at an elevated
temperature was reacted with the corresponding substituted
amine in reflux EtOH to form the chlorinated PQ analogues
(CIPQ1-6). To reproduce PQ analogues, characterization
details, complete results, and discussion of these analogues,
kindly refer to our previous report.'’

2.2. Biological Activities. 2.2.1. Preliminary In Vitro
Antiproliferative Activity. The preliminary in vitro antiprolifer-
ative assay was conducted in collaboration with the National
Cancer Institute (NCI) of Bethesda within the Developmental
Therapeutics Program (DTP) to explore the antiproliferative
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properties of the PQ analogues at a single dose of
concentration (10 uM). It consists of a panel of 60 human
cancer cell lines including nine tumor subpanels, namely,
leukemia, lung, colon, CNS, melanoma, ovarian, renal,
prostate, and breast cancer cell lines.”> Prior to analysis, the
purity of the hybrid PQ analogues was analyzed by HPLC
(Shimadzu/DGU-20AS HPLC apparatus fitted with a 25 cm
Chiralpac AD-H chiral column) using hexane/2-propanol (95/
5) as the mobile phase with a flow rate of 1.0 mL/min. The
purity of all analogues was >95%. Their chromatograms are
presented in the supplementary file as Figures SI 1—16. The
main objective of NCI is to find the lead molecules for the next
stage in the preclinical development program. Out of all of the
synthesized compounds submitted to NCI, 16 PQ_analogues,
namely, PQ1 (NCI: D-826644/1), PQ2 (NCI: D-826641/1),
PQ3 (NCI: D-826645/1), PQ4 (NCI: D-826642/1), PQS
(NCI: D-826646/1), PQ6 (NCI: D-826643/1), CIPQ1 (NCI:
D-826650/1), CIPQ2 (NCI: D-826647/1), CIPQ3 (NCI: D-
826899/1), CIPQ4 (NCI: D-826648/1), CIPQS (NCI: D-
826900/1), CIPQ6 (NCI: D-826649/1), BrPQ3 (NCI: D-
825202/1), BrPQ4 (NCI: D-825203/1), BrPQS (NCI: D-
825205/1), and BrPQ6 (NCI: D-825206/1), were selected by
the NCI in vitro disease-oriented human cells screening panel
assay. Among the 16 analogues, four molecules (CIPQl,
CIPQ2, CIPQ3, and CIPQS) exhibited prominent activity at a
single dose, particularly against leukemia and breast cancer
cells, especially in T47D and MDA-MB-468 cells.

https://doi.org/10.1021/acsomega.2c03428
ACS Omega 2022, 7, 30250—-30264
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2.2.2. In Vitro Antiproliferative Activity at One-Dose
Concentration. The one-dose results of each tested PQ
analogue from Table 1 were reported in the form of a mean
graph of the cell growth percentage (GP). Their one-dose
mean graphs are presented in the supplementary file as Figures
SI 17—-32. All PQ analogues either having a halogen or not on
the quinone skeleton or an alkyl group of the ester group in
different positions on the benzocaine skeleton were inactive
against some of the cancer cell lines, such as non-small-cell
lung cancer, colon cancer (except for CIPQ2), CNS cancer,
melanoma (except for CIPQ2), renal cancer, and prostate
cancer. Among all of the PQ analogues, the chlorinated PQ
analogues (CIPQ1-6) displayed maximum sensitivity toward
many cancer cell lines, in particular, leukemia cell lines,
compared to the nonhalogenated (PQ1-6) and the brominated
PQ analogues (BrPQ3-6). Looking specifically at the
chlorinated PQ_analogues (CIPQ1-6), CIPQl, CIPQ2, and
CIPQ3 displayed considerable antiproliferative activity against
CCREF-CEM, K-562, MOLT-4, and SR leukemia cell lines, as
shown in Table 1. Less activity was observed against most
cancer cell lines for the nonhalogenated (PQ1-6). Surprisingly,
within brominated PQ analogues (BrPQ3-6), only one
analogue displayed maximum sensitivity. The analogue
BrPQS, having a bromine atom within the quinone moiety,
showed the best antiproliferative activity toward CCRF-CEM,
K-562, MOLT-4, and SR leukemia cell lines with 91.47,
100.00, 87.49, and 84.11% inhibition in tumor cell growth,
respectively. PQ1 showed GI% values of 91.86 and 75.74 for
some of the subpanel cell lines like ovarian cancer OVCAR-3
and OVCAR-4, respectively. In addition to PQl, PQ4
exhibited a GI% value above 85% for OVCAR-3 as well as
the breast cancer cell line, MDA-MB-468. Another activity was
observed against OVCAR-3 with 93.82% inhibition for PQS.
Among the chlorinated PQ_analogues, CIPQ2 was the most
potent analogue with above 90% GI% values for colon cancer
KM12, melanoma MDA-MB-435, and melanoma UACC-62.
On the other hand, CIPQS exhibited GI% values of around
90% ovarian cancer IGROV1 and breast cancer T47D.
Especially, having substituents at the R2 position on the
benzocaine skeleton caused increased antiproliferative activity
in breast cancer and leukemia.

2.2.3. Structure—Activity Relationship (SAR) Study. Here-
in, based on the observed results of the antiproliferative activity
of the tested hybrid molecules as Plastoquinone analogues
containing both quinone and benzocaine moieties, the
structure—activity relationship (SAR) can be summarized by
indicating the change of both the halogen or hydrogen atom
within the quinone moiety and the alkyl group of the ester
group in different positions on the benzocaine skeleton that
affects the antiproliferative activity. Table 1 reveals valuable
data about the SAR showing a simple correlation between the
cytotoxic activity and the change in the hydrogen/halogen
atom within the quinone moiety. In addition to this, there is
also a simple correlation between the cytotoxic activity and the
alkyl group of the ester moiety, especially in comparison to
leukemia cell lines. First, the high growth percentage (GP)
values of the nonhalogenated (PQ1-6) and the brominated PQ
analogues (BrPQ3-6) against the leukemia cell lines indicated
that the chlorinated PQ analogues (CIPQ1-6) had more
inhibition potency than the other PQ analogues (PQ1-6 and
BrPQ3-6). We then investigated the effect of the position of
the alkyl group of the ester moiety. Concerning the chlorinated
PQ analogues (CIPQ1-6), it was verified that the methyl ester
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group at the para position significantly increased the activity on
leukemia cell lines, showing excellent inhibition. Replacement
of the methyl group with the ethyl or tert-butyl group
decreased the activity (CIPQ2 > CIPQ4 > CIPQ6). A
preliminary SAR analysis displayed that the introduction of
the chlorine atom into the quinone moiety enhanced the
cytotoxicity against leukemia cell lines. Additionally, the
introduction of a methyl group in the ester moiety in the
meta position clearly boots the cytotoxicity.

2.2.4. Cytotoxicity and Cell Proliferation. According to the
in vitro antiproliferative activity at five-dose concentration
results, BrPQS, CIPQ1, and CIPQ3 were the most promising
compounds with anticancer activity against breast cancer cells,
especially in T47D and MDA-MB-468 cells. Also, in a recent
study, we evaluated the anticancer activity of different
plastoquinone analogues in different breast cancer cells and
determined promising anticancer activity against MCF?7 cells.”®
T47D and MCEF7 cells are ER, PR-positive, and HER2-
negative cell models for breast cancer.”” Thus, T47D and
MCEF?7 cell lines were used to evaluate the anticancer activity of
quinone-benzocaine hybrid molecules in breast cancer.

The cytotoxic effects were compared to a well-known
chemotherapeutic drug, doxorubicin HCl (DOXO). Human
umbilical vein endothelial cells (HUVECs) were used as the
noncancerous cell line to evaluate the selectivity of the
compounds. The ICg, values, defined as the half-maximal
inhibitory concentration of cell growth, are presented in Table
2. As can be seen in Figure 3, after 24 h of treatment, BrPQS5,

Table 2. IC;, (#M) Values of BrPQS, CIPQl, and CIPQ3
and the Positive Control DOXO in T47D and MCF7 Breast
Cancer Cell Lines and the HUVEC Noncancerous Cell
Line”

T47D MCE7 HUVEC

BrPQ5  ICy, 3.96 + 0.44 20.16 + 1.62  37.90 + 6.12
SI 9.57 1.88

cIPQl  IC,, 235 + 0.30 6.53 + 071 15.30 + 2.73
SI 6.52 2.34

CIPQ3 Gy, 423 + 045 19.85 £2.39  32.60 + 6.50
SI 7.71 1.64

DOXO  IC,, 8598 + 1676 1610 219 4343 + 7.41
SI 0.51 270

“The values are expressed as the mean + SEM. Selectivity index [SI =
IC4o(HUVEC)/ICyo(cancer cell line)] of BrPQS, CIPQl, CIPQ3,
and DOXO.

CIPQI, and CIPQ3 showed dose-dependent cytotoxic activity
for all of the cell lines. Compound CIPQI, which contains the
methyl ester group in the meta position, was the most active
compound, and ICs, values for CIPQ1 in T47D and MCF7
cells were found to be 2.35 yuM + 0.30 and 6.53 uM =+ 0.71,
respectively. According to our results, quinone-benzocaine
hybrid molecules exhibited a higher cytotoxic activity in breast
cancer cells than noncancerous HUVEC cells, and all tested
compounds had an excellent selectivity index in T47D cells.
CIPQI exhibited more potent anticancer activity in T47D and
MCEF7 cells when compared with DOXO. The promising
anticancer activity of CIPQI against breast cancer cell lines
encouraged us to study its effects at the cellular level.

To confirm this further, the antiproliferative effects of
CIPQI against T47D and MCF7 cells were assessed using a
colony formation assay. The number of colony-forming cells
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Figure 3. Cytotoxic effects of BrPQS, CIPQI, and CIPQ3 on the growth of T47D (A) and MCF7 (B) breast cancer cell lines and the HUVEC
(C) noncancerous cell line with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay for 24 h. The values are expressed

as the mean + SEM.
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Figure 4. Antiproliferative effects of CIPQI against T47D and MCF?7 cells with the colony formation assay. Representative images and quantitative
results of the colony formation assay with T47D (A) and MCE7 (B) cells. The values are expressed as mean + SEM. **p < 0.01; *p < 0.0001.
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Figure 5. CIPQl-induced apoptosis and necrosis were determined with Annexin V-FITC/PI double-staining by flow cytometry in T47D and
MCF?7 cells. Cells were classified as live cells (Annexin V™, PI”), apoptotic cells (Annexin V*, PI” and Annexin V*, PI*), and necrotic cells (Annexin

V7, PI'). Representative images and the quantitative result of apoptosis analysis with T47D (A) and MCF7 (B) cells. The values are expressed as
mean + SEM. **¥p < 0.001; *p < 0.0001.
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Figure 6. Effect of CIPQ1 on the progression of T47D (A) and MCF7 (B) cell cycles as analyzed by flow cytometry. Representative cells cycle
phase distribution histograms and the quantitative result of cell-cycle analysis. The values are expressed as the mean + SEM. *p < 0.05, **p < 0.01,

*EEp < 0,001, *p < 0.0001.
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Figure 7. CIPQl-induced oxidative stress was determined with DCDFA staining by flow cytometry in T47D (A) and MCF7 (B) cells.
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0.05, **p < 0.01, ¥*¥p < 0.001, and "p < 0.0001.

was reduced significantly at 1 yM concentration. The colonies
disappeared entirely at 2.5 uM concentration for both cell
lines, similar to the 2.5 yM DOXO group (Figure 4).
Consistent with the MTT assay result, CIPQ1 showed higher
antiproliferative effects against T47D cells than MCF7 cells.

2.3.6. Detection of Apoptosis. Inhibition of cell prolifer-
ation and induction apoptosis in cancer cells with chemo-
therapeutic drugs has always been the focus of anticancer
research.”® To study the induction of apoptosis, T47D and
MCEF7 cells were treated with different concentrations of
CIPQI for 24 h. We analyzed by flow cytometry after double-
staining with Annexin V-FITC and PI Representative data and
quantitative results from flow cytometry analyses are shown in
Figure 5. A significant increase in the percentage of the
apoptotic cells was observed in both T47D (41.01%) and
MCF7 (36.17%) cells following 2.5 uM CIPQI treatment in
comparison to control groups (Figure 5). Apoptotic cells
slightly increased following treatment with 0.5 yM and 1 uM
concentrations of CIPQ1 in both cell lines, but these changes
were not significant compared to control data. Also, we used
2.5 uM DOXO as the positive control, and similar to CIPQ1
treatment, a significant increase in the apoptosis rate was seen
in the DOXO group for both cell lines.

In a similar study with chlorinated derivatives of 2-quinil-
1,3-tropolones, Gusakov et al. reported that some of these
compounds lead cells to apoptosis by affecting the ERK
pathway, which is one of the pathways that ensure proliferation
in colon (HCT-116) and ovarian cancers (OVCAR-3 and
OVCAR-8).”” In our earlier study on chlorinated plastoqui-
none analogues, we demonstrated for the first time the

antiproliferative and apoptotic effects against K-562 cells. We
also found that one analogue was as selective as imatinib,
which is used in clinical practice.""

2.3.7. Cell-Cycle Evaluation. One of the important
mechanisms of the cytotoxic action of many chemotherapeutic
agents for the treatment of breast cancer is the arrest of the cell
cycle at a specific checkpoint.”® The effect of CIPQ1 on cell-
cycle distribution in T47D and MCF7 cells was determined by
flow cytometry, and the cells showed alterations in the G0/G1,
S, and G2 + M phases of the cell cycle under increased
concentrations of CIPQ1 (Figure 6). In T47D cells, 80.51% of
the control cells were in the GO/G1 phase, 6.45% in the S
phase, and 13.23% in the G2 + M phase. In MCF7 cells,
71.05% of the control cells were in the GO/G1 phase, 9.09% in
the S phase, and 12.27% in the G2 + M phase. The number of
GO/G1 (73.89%) cells in T47D cells was found to be
significantly lower compared to the control group, and the cells
in the G2 + M phase were significantly increased (17.69%) at 1
uM CIPQI compared to the control group. In MCF?7 cells at 1
#M CIPQI concentration, the number of cells in the S phase
(6.77%) and the G2 + M phase (7.29%) was found to be
significantly low and the number of cells in the GO/G1 phase
was higher, but no significant difference could be detected
compared to the control group. Compared with the control,
2.5 uM CIPQI reduced the cell percentage in the G2 + M and
GO/G1 phases, while the percentage of cells increased in the S
phase in T47D cells. However, 2.5 uM CIPQl did not
significantly induce GO/G1 cell accumulation in comparison to
the control (68.78 versus 71.05%) in MCF7 cells. Compared
to the control, a significant increase in GO/GI1 arrest was
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observed in both T47D and MCEF?7 cells treated with 2.5 uM
DOXO treatment. The percentage of cells in G2 + M was
similar to the 1 uM CIPQI and 2.5 uM DOXO treatments in
T47D cells. The effects of DOXO largely depend on drug
concentration and treatment period in vitro.”' Increased G2 +
M arrest has been associated with enhanced apoptosis.”> Thus,
increased apoptosis with CIPQ1 treatment may be related to
G2 + M arrest in breast cancer cells.

2.3.8. Oxidative Stress. Increased intracellular reactive
oxygen species (ROS) levels may lead to apoptosis induction
and cell-cycle arrest. To further evaluate the toxicity
mechanisms in the anticancer activity of CIPQI, flow
cytometric ROS level measurement was carried out by the
2/,7'-dichlorofluorescein-diacetate (DCDFA) probe after 24 h
of CIPQl treatment. As shown in Figure 7, CIPQl
significantly increased the ROS levels in all tested concen-
trations in T47D cells, while ROS increment was insignificant
at the highest concentration in MCF7 cells. A 100 uM H,0,
treatment as a positive control for 30 min significantly
increased the ROS level for both cell lines. ROS increment
was more prominent in T47D cells than in MCF7 cells. Mild
oxidative stress can activate the adaptive responses, and cells
can maintain the cellular functions, whereas more severe
oxidative stress can initiate apoptosis.”® Thus, the increase of
ROS at low concentrations of CIPQ1 may induce changes to
increase cell adaptation at high concentrations. ROS that
exceeds the capacity of the cellular antioxidant system may lead
T47D rather than MCF7 cells to apoptosis. Also, the higher
cytotoxic and apoptotic activities of CIPQI in T47D than in
MCEF?7 cells may be related to the different levels of ROS
induction.

2.3.9. Target Prediction and Molecular Docking. The
“SwissTargetPrediction” server was employed to screen
possible molecular target(s) of CIPQL.”* It showed the
utmost probability to target both JNKI1 and JNK3, which
agrees with its antiproliferative effect. Intriguingly, CIPQIl
demonstrated >0.9 3D structure similarity with three reported
JNK pan inhibitors™ as being output by the SwissSimilarity
tool.”® Therefore, CIPQ1 has a great potential to be a JNK
inhibitor, which may play a major in-part role in its
antiproliferative mechanism.

We selected JNK3 cocrystallized with the compound III
structure as a model to practically evaluate CIPQ1 interaction
with JNK3 and to verify our hypothesis. The binding free
energy AG is —7.03 kcal/mol, implying the formation of a
stable complex. CIPQl is adopted effectively in the ATP
binding site with a crucial H-bond with the gatekeeper
Met146. Similar to III, CIPQ1 quinone forms a H-bond with
Met149 in the backbone hinge region. The terminal phenyl
benzoate is implicated in van der Waals contacts with Leu206
and Lys93 (Figure 8). Noticeably, an intramolecular non-
standard H-bond between C=O of the quinone benzoate
moiety is observed; such a type of interaction efliciently
stabilizes the formed complex. Conclusively, CIPQl has a
considerable affinity to JNK3, comparable to the cocrystallized
ligand IIL

2.3.10. In Silico Drug-Likeness and ADME Analysis of
CIPQ1. Drug-likeness and ADME prediction of new chemical
entities are significant in modern medicinal chemistry. The
SwissADME server, a free tool for drug-likeness prediction, was
applied for calculating several molecular and structural features
of CIPQI. It can be easily transported in the body due to its
small molecular weight (319.74 g/mol). This small molecular

’a”lle7 / y -
V/Jja'

e~ %
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Figure 8. Overlaid CIPQI (yellow) and III (green) in JNK3 ATP
binding sites followed by a detailed binding mode of CIPQ1 showing
H-bonds with Met146 and Met149, intramolecular H-bonds (black-
dashed lines), and van der Waals contacts (red-dashed lines).

weight makes it an ideal lead compound that can be chemically
modified to enhance its potency. Its octanol—water partition
coefficient (log P), which indicates lipophilicity, is 2.7, i.e., in
the acceptable range (—0.4 to 5.6). Its total polar surface area
is TPSA 72.47 A%, Furthermore, the number of hydrogen-bond
acceptors (HBAs < 4) and the number of hydrogen-bond
donors (HBDs < 1) are in the acceptable ranges. However, it is
moderately soluble. Taken together, CIPQI is assumed to
have good oral bioavailability.

SwissADME calculations revealed that the titled compound
possesses lead-likeness properties’ and they obey all
Lipinski,38 Ghose,* Veber,* Egan,41 and Muegge42 rules for
drug-likeness without any violations. It is noteworthy to
mention the appearance of some alerts regarding possible
interference with some CYP450 isoforms.

3. CONCLUSIONS

With the rapidly growing field of drug design and discovery,
the determination and identification of important pharmaco-
phoric moieties by a large amount of research and molecular
hybridization is of great interest. Herein, we combined two
important pharmacophoric moieties, i.e., benzocaine analogues
and 2,3-dimethlylquinone, and identified an active scaffold
against leukemia cancer cell lines in our laboratory.'"'* To
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summarize, three different series of quinone-benzocaine hybrid
molecules as nonhalogenated and halogenated (brominated
and chlorinated) PQ analogues were resynthesized, and 16 of
18 hybrid molecules were tested by NCI for their in vitro
antiproliferative potential against the full NCI 60 cell line
panel. The in vitro preliminary antiproliferative evaluation
clearly showed that combining these two moieties could be a
beneficial way to enhance the antiproliferative activity,
particularly in leukemia cancer cell lines. According to the
generation of the 18 hybrid molecules, they are basically
divided into three series (nonhalogenated PQ analogues,
brominated PQ analogues, and chlorinated PQ analogues). It
was revealed that the nonhalogenated and brominated PQ
analogues exhibited the poorest effects on cell growth at 10 M
concentration. The hybrid molecule CIPQ2 showed distin-
guished antiproliferative activity against leukemia cancer cell
lines in the five-dose concentration of NCI. As per the results
obtained from in vitro antiproliferative evaluation, the hybrid
molecule CIPQ2 was identified as the most potent PQ
analogue with the highest 50% growth inhibitory activity
against the CCRF-CEM cell line of leukemia (1.08 Gly,), the
SR cell line of leukemia (1.22 Gls;), and the DU-14S5 cell line
of breast cancer (1.12 Gljy).

Subsequent testing was undertaken to determine the
biological activity of CIPQI, which exhibits the broadest
activities against breast cancer cell lines of the quinone-
benzocaine hybrid molecules. CIPQl showed prominent
antiproliferative effects in MCF7 and T47D cells from luminal
type A breast cancers. Furthermore, CIPQ1 dose-dependently
reduced colony formation and induced apoptosis and ROS
production in both cell lines. Apoptotic and cell-cycling effects
were significant only at the highest concentration in MCF7 and
T47D cells. CIPQl demonstrated a strong in silico binding
interaction with JNK3 comparable to the cocrystallized ligand
compound III in addition to drug-likeness properties. Taken
together, our study suggests that CIPQl belongs to a
promising new class of heterocyclic compounds that should
be used for the future development of effective anticancer
agents, especially in breast cancer.

4. EXPERIMENTAL SECTION

4.1. Biological Evaluation. 4.1.1. In Vitro Antiprolifer-
ative Activity at One-Dose Concentration by NCI. Three
different series of 2,3-dimethylquinone-benzocaine hybrid
molecules as nonhalogenated and halogenated (brominated
and chlorinated) PQ analogues were submitted to the National
Cancer Institute (NCI), Bethesda, and as per the standard
protocol of NCI, all compounds were evaluated for their
antiproliferative activity at a single-dose assay (10 uM
concentration in DMSQO) on a panel of 60 cancer cell lines
derived from leukemia, non-small-cell lung, colon, CNS,
melanoma, ovarian, renal, prostate, and breast as per protocol.
Tested compounds were added to microtiter culture plates,
followed by incubation for 48 h at 37 °C. Sulforhodamine B
(SRB), a protein-binding dye, was used for end-point
determination. The percentage of the treated cells’ growth
was determined compared to the untreated control cells, and
the results of each tested compound were reported. Data from
one-dose experiments pertain to the percentage growth at 10
UM

4.1.2. In Vitro Antiproliferative Activity at Five-Dose
Concentration by NCI. Serial 5 X 10-fold dilution from an
initial DMSO stock solution was performed prior to incubation
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at each individual concentration. The most promising
chlorinated PQ analogue (CIPQ2) was then elevated by
DTP-NCI for a higher testing level to determine three dose—
response parameters (Glg,, TGIL, and LCs,) for each cell line
after establishing a dose—response curve from five different
concentrations of 0.01, 0.1, 1, 10, and 100 uM for CIPQ2. The
exact detailed procedure for the latter assay had been
elaborated earlier.*>**

4.2. In Silico Study. 4.2.1. Molecular Docking. The
“SwissTargetPrediction” server was employed to screen
possible molecular target(s) of CIPQ1.”* JNK3 cocrystallized
with compound III was retrieved from the Protein Data Bank
to be utilized as a model in the present study (PDB: 3FV8).
The protein structure was prepared using the QuickPrep
module of MOE (Version 2019.01, Chemical Computing
Group Inc., Montreal, QCstate abbrev, Canada). The docking
study was conducted using the rigid-receptor method.* The
cocrystallized ligand III was defined as the center of the
binding site. Using the MOE build suite, the chemical
structures were drawn and energy-minimized using the MOE
default force field.** All other docking parameters were kept at
their default values. Fifteen docking positions for CIPQ1 were
generated. The generated docking positions were visualized
using MOE.

4.7. In Silico Drug-Likeness and ADMET Analysis. The
online SwissADME server was employed to predict the drug-
likeness and ADME parameters.”’

4.3. Cell Culture Experiment. 4.3.1. Cell Culture and
Cytotoxicity Assay. MCF7 cells were maintained in
DMEM:F12, T47D cells were maintained in RPMI, and
HUVEC cells were maintained in DMEM. The mediums were
supplemented with heat-inactivated 10% FBS and penicillin-
streptomycin (100 U/mL and 100 mg/mL) in a humidified
incubator with 5% CO, at 37 °C.

The cytotoxic potential of the compounds was investigated
with an MTT assay. Briefly, a total of 1.5 X 10* cells per well
were seeded in 96-well plates and incubated overnight. Then,
the medium was discarded, and the cells were treated with
concentrations of each compound (1—-100 M) dissolved in
DMSO. Control cells received 0.5% DMSO, the final DMSO
concentration for compound treatments. After 24 h, the MTT
solution was added to the wells (5 mg/mL) and further
incubated for 3 h. Then, formazan precipitate was dissolved in
DMSO, and the absorbance values were read at 590 nm with a
microplate reader (Biotek). The concentration resulting in a
50% inhibition (IC, value) was calculated from the dose—
response curve.

4.3.2. Colony Formation Assay. For the colony formation
assay, T47D and MCF?7 cells were seeded at a density of 1000
cells per well in 6-well plates and left overnight. Then, the cells
were treated with 1 yM and 2.5 yM CIPQI and 2.5 uM
DOXO as a positive control for 24 h. Next, 0.5% DMSO-
treated cells were used as negative controls. Post incubation,
the medium was discarded, and the cells were incubated in a
fresh medium to form colonies for a period of 10 days. After 10
days, the wells were washed with PBS, and the cells were fixed
with cold methanol for S min and stained with 0.5% crystal
violet for 20 min. Then, the excess dye was washed with
distilled water, and the plates were air-dried. The results of
colony formations were photographed under natural light, and
the colonies were counted using Vilber Lourmat Quantum
Software (Vilber Lourmat).
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4.3.3. Oxidative Stress. The intracellular ROS levels were
measured with 2',7’-dichlorofluorescein-diacetate (DCFDA)
by flow cytometry. T47D and MCEF7 cells were seeded at a
density of 4 X 10° cells per well in 6-well plates and left
overnight. Then, the cells were treated with 0.5 uM, 1 M, and
2.5 uM CIPQI for 24 h; 100 uM H,0,-treated cells (for 30
min) were used as positive controls, and 0.5% DMSO-treated
cells were used as negative controls. After treatments, cells
were collected by trypsinization and stained with 20 yM
DCDEFA for 15 min. Then, the fluorescent value for each group
was determined with flow cytometry NovoCyte (Agilent)
analyzed by using NovoExpress (Agilent) software.

4.3.4. Detection of Apoptosis. According to the manu-
facturer’s protocol, the apoptotic and necrotic cell rates were
analyzed with Annexin V-FITC and PI (Sony) staining. For the
assay, the MCF7 and T47D cells were treated with 0.5 uM, 1
uM, and 2.5 yM CIPQI and 2.5 uM DOXO along with the
control for 24 h. Then, the cells were collected by
trypsinization and centrifuged at 300g for 10 min. The cells
were stained with Annexin V-FITC and PI and incubated for
15 min at room temperature. The flow cytometric analysis was
carried out immediately afterward by FACS Calibur flow
cytometry (BD Bioscience). The percentages of apoptotic and
necrotic cells were calculated using BD Bioscience software
(BD Bioscience).

4.3.5. Cell-Cycle Evaluation. The effect of CIPQ1 on cell-
cycle arrest was evaluated by the Muse Cell Cycle Kit
(Millipore) according to the manufacturer’s protocol. For the
assay, the MCF7 and T47D cells were treated with 0.5 uM, 1
uM, and 2.5 pM CIPQI and 2.5 yuM DOXO along with the
control for 24 h. The cells were collected by trypsinization and
fixed in ice-cold 70% ethanol for 3 h. Subsequently, the cells
were collected by 300g centrifugation for 5 min. The cell pellet
was suspended in a 200 yL assay buffer and incubated for 30
min in the dark. The differences in the cell-cycle stages (GO/
G1, S, G2 + M, sub-G1) were analyzed by FACS Calibur flow
cytometry (BD Biosciences) and calculated using BD
Bioscience software.

4.3.6. Statistical Analysis. GraphPad 7 software was used to
evaluate the data. All experiments were performed at least in
triplicate. Data are reposted as the mean standard error (SEM).
The mean values of groups were compared with one-way
ANOVA with Dunnett’s multiple-comparison test. P-value <
0.05 was considered statistically significant.

4.3.7. Materials. DMEM:F12, RPMI, and DMEM mediums,
heat-inactivated FBS, penicillin-streptomycin, and PBS were
from Gibco. MCF7, T47D, and HUVEC cells were obtained
from ATCC. 2',7'-Dichlorofluorescein-diacetate, crystal violet,
and ethanol were bought from Sigma. The Muse Cell Cycle Kit
was from Millipore. Annexin V-FITC and PI kits were from
Sony. Doxorubicin HCI was from Saba. DMSO was purchased
from Bioshop Canada. MTT and trypsin were from BioMatik.
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