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ARTICLE INFO ABSTRACT

Keywords: We managed to repurpose the old drug iodoquinol to a series of novel anticancer 7-iodo-quinoline-5,8-diones.
Drug repurposing Twelve compounds were identified as inhibitors of moderate to high potency on an inhouse MCF-7 cell line,
Anticancer of which 2 compounds (5 and 6) were capable of reducing NAD level in MCF-7 cells in concentrations equivalent
;)Sg?lllmd to half of their ICsps, potentially due to NAD(P)H quinone oxidoreductase (NQO1) inhibition. The same 2

compounds (5 and 6) were capable of reducing p53 expression and increasing reactive oxygen species levels,
which further supports the NQO-1 inhibitory activity. Furthermore, 4 compounds (compounds 5-7 and 10) were
qualified by the Development Therapeutic Program (DTP) division of the National Cancer Institute (NCI) for full
panel five-dose in vitro assay to determine their GIso on the 60 cell lines. All five compounds showed broad
spectrum sub-micromolar to single digit micromolar Glsg against a wide range of cell lines. Cell cycle analysis
and dual staining assays with annexin V-FITC/propidium iodide on MCF-7 cells confirmed the capability of the
most active compound (compound 5) to induce cell cycle arrest at Pre-G1 and G2/M phases as well as apoptosis.
Both cell cycle arrest and apoptosis were affirmed at the molecular level by the ability of compound 5 to enhance
the expression levels of caspase-3 and Bax together with suppressing that of CDK1 and Bcl-2. Additionally, an
anti-angiogenic effect was evident with compound 5 as supported by the decreased expression of VEGF. Inter-
esting binding modes within NQO-1 active site had been identified and confirmed by both molecular docking and
dymanic experiments.

Drug likeness

1. Introduction optimization, followed by full pharmacokinetic, pharmacodynamic and

toxicity profiling via pre-clinical and clinical trials [1,3]. Unfortunately,

Cancer is a complex disorder involving multiple molecular pathways
with limitless redundancies and compensatory mechanisms [1,2]. Targeting
oncogenic processes is further complicated by the emergence of disparate
resistance mechanisms [3,4]. Hence, there is a huge and urgent demand for
strategies for the development of novel and efficacious anti-cancer agents.
Traditional drug discovery programs for anti-cancer agents usually require
the de-novo design of drugs through lead structures identification and

these programs suffer from low success rates, not to mention being both
time and financial resource consuming [1,3].

Drug repurposing is another promising paradigm that offers many ad-
vantages, including expediting the anti-cancer drug development process
since it starts from an already existing and optimized drug space [1,3,5].
Moreover, the notion of refurbishing an antiquated tool or discovering
hidden gems from the old toolbox is appealing, especially from an economic
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point of view [1,3,5]. Thus far, medical literature is rich in repurposed
drugs with proven antitumor efficacy in pre-clinical and clinical trials
[1,3,5].

Importantly, cancer cells are characterized by high levels of reactive
oxygen species, which could be attributed to the aberrant proliferative
phenotypes with their associated exaggerated metabolic demands and
events [6-8]. Hence, cancerous cells counteract the elevated intrinsic
oxidative stress by upregulating antioxidant enzymes, the most important of
which is NAD(P)H quinone oxidoreductase (NQO1) [9]. NQO1 is a ubig-
uitous flavoprotein that is involved in the detoxifying metabolism of
endogenous and exogenous quinones [9-11] through two-electron reduc-
tion preventing the release of toxic superoxide species. It is overly expressed
in many human tumor cells such as breast, lung, stomach, colon, and
pancreas [9-11] leading to reduced sensitivity to pro-oxidant tumor therapy
[12]. Additionally, it protects several tumor suppressors like p53, p33™¢1P,
p73 from proteosomal degradation by blocking 20S proteosome [13-15].
Hence, inhibiting NQO1 protective and chaperone actions will lead even-
tually to the suppression of tumor growth, which constitutes a promising
strategy to develop effective cancer chemotherapeutic agents [9].

As such, as a part of our ongoing endeavors to develop new anti-tumor
agents, we tried to utilize the concept of drug repurposing to target NQO1.
This was achieved by adopting the obsolete antifungal and antiparasitic
drug clioquinol as our first lead structure in this study (Lead structure I,
Fig. 1). Clioquinol was shown to have an antitumor activity in several
experimental models both in vitro and in vivo [16,17]. A recent study has
indicated its ability to increase the radiosensitivity of cancer cells via
enhancing apoptosis and inhibiting NF-xB signalling pathway [18].
Additionally, the 1,4-napthoquinone appears to be a privileged scaffold
showing a wide array of bioactivities including anticancer activities [19].
Of particular interest to this study, Prachayasittikul et al. reported p-ace-
tylphenylamino-1,4-naphthoquinone (lead structure II, Fig. 1) as one of
the most active compounds of a series of 2-substituted amino-3-chloro-
1,4-naphthoquinone derivatives, showing single digit micromolar activ-
ities against HepG2, HuCCA-1, A549 and MOLT-3 cell lines [20]. Along
the same track, the same research group reported a potential anticancer
drug (PI-083) (Lead structure III, Fig. 1) by introducing a sulfonamido-
group into a phenylamino-1,4-naphthoquinone scaffold [21]. Interest-
ingly, Lead structure III was found to inhibit cell proliferation mainly
through the induction of apoptosis [21].

Moreover, the amino-quinoline-5,8-dione Lead structure IV showed
potent antiproliferative effect against drug sensitive HeLaS3 and multi-
drug resistant KB-vin cell lines, that is mediated via NQO1 inhibition [22].
It also elevated intracellular ROS levels, triggered dose dependent mito-
chondrial dysfunction and induced apoptosis by reducing the anti-
apoptotic protein levels of Bcl-2 and up-regulating the pro-apoptotic
proteins of Bax and cleaved caspase-3 [22].

Consequently, we envisioned that the combination of pharmacophore
hybridization with drug repurposing would be productive in exploring an
efficient anti-tumor agent. This could be achieved by incorporating anti-
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cancer pharmacophoric elements provided by Lead structures II-IV
(mainly 1,4-quinone, 2 -halo and 3-amino moieties) into the basic scaffold
of the repurposed drug (7-iodoquinoline) (Fig. 1). The first target structure
proposed is comprised of 7-iodo-quinoline- 5,8-dione substituted with aryl
and heteroaryl amino moieties with different substitutions including sul-
fonamides. The second target structure is proposed by replacing the aryl and
heteroaryl amine with aliphatic secondary amines, aiming at additional
structural versatility. We also reasoned that the antiparasitic iodoquinol,
which is structurally related to clioquinol, would be a more convenient
starting material to the target compounds owing to the feasibility of
oxidation of iodo vs chloro-derivative in the first synthetic step [23].

2. Results and discussion
2.1. Chemistry

The synthetic pathway employed for the preparation of the interme-
diate and final compounds is illustrated in Scheme 1. Iodoquinol 1 was
directly oxidized using conc. HNOs/conc. HySO4 mixture [24] to give
intermediate 2 in a good yield. The target quinolinediones 3-14 were
prepared by adding one mole of the selected amine (aliphatic heterocyclic
amine or aromatic amine or sulfonamides) to a solution of two moles of 7-
iodoquinoline-5,8-dione 2 in absolute ethanol containing few drops of
glacial acetic acid [25]. The reaction mixture was then stirred for an
overnight at room temperature to yield the final sought compounds. L.R.
spectra of compounds 3-14 showed the characteristic stretching absorp-
tion bands due to the two C—=O groups at carbon 5 and carbon 8 at
(1627-1600) and (1681-1668) cm ! respectively. 'H NMR spectra of
compounds 3-14 showed the three aromatic protons of the fused pyridine
ring at their expected chemical shifts and one deuterium-exchangeable
singlets assigned for the NH protons at § 9 ppm. Besides, other signals
appeared at their characteristic chemical shifts. Their 1>C NMR showed
two characteristic peaks attributed to two C=0 at § 180-185 ppm.

2.2. Biological evaluation

2.2.1. Preliminary NQO1-rich single cell line anticancer screening

The anti-proliferative activity of the drug series was investigated
inhouse on a cancer cell line with abundant expression of NQO-1. Based
on several reports [9-12], MCF-7 cells were chosen as an example of an
NQO-1 rich cell line. Cells were treated with serial dilutions of com-
pounds 3-14 in an MTT assay to determine ICsq of inhibition. Results are
summarized in Fig. 2 in terms of micromolar ICs.

Activities varied with different derivatives reaching a wide range of
1,2 and 3 digits of micromolar activity. In terms of SAR, we observed a
general trend of an increased activity associated with the presence of an
aromatic or heteroaromatic ring on the 6-NH; group. Cyclic secondary
amines displayed a moderate 2-digit micromolar ICsy with the pipera-
zine derivative 3, and a poor activity with the morpholine derivative 4
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Fig. 1. Rationale for the design of the target compounds.
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Scheme 1. Synthesis of the target quinoline-5,8-diones 3-14. Reagents and conditions: i) Conc. HNO3/Conc H,SO4, 30 min at 0 °C, 50% yield. ii) Appropriate amine

drops Acetic acid, EtOH, Stirring overnight at room temperature, 20-55% yield.
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Fig. 2. A, Concentration-response relationship for the cytotoxic effect of different compounds on MCF-7 cells and B, ICsq values of MTT assay of compounds 3-14 on

an inhouse MCF-7 cell line.

with an ICsp exceeding 200 pM. On the other hand, 2-pyridinyl substi-
tution in derivative 5 marked one of the highest activities in the entire
study. In regard to the aromatic phenyl substitution, presence of EWG
(especially if it is lipophilic) rather than EDG showed an enhanced ac-
tivity, where the highest was displayed by the 4-Br substituted 6 fol-
lowed by 4-Cl substituted compound 7 (ICsy of 3.8 and 13.3 uM,
respectively). Surprisingly, the presence of the hydrophilic EWG -COOH
especially in the 4-position seemed to be detrimental in terms of activity
as indicated by the significant increase of ICsg to the 50-100 uM range in
derivatives 10 and 9, respectively. Bulk Electron-withdrawing sulfona-
mido derivatives 11-14 generally displayed poor activity with ICsos
exceeding 100 uM in compounds 11-13 and 200 uM in compound 14.

2.2.2. Effect of the test compounds on NAD levels in MCF-7 cells:

NQO1 is a two-electron reductase that uses reduced nicotinamide
adenine dinucleotide (NADH) as the electron donor and generates oxidized
NAD as a byproduct for the reduction process [26]. Hence, we envisioned
that the NAD level can be used as a gauge to monitor NQO1 activity in
cellulo upon treatment with potential NQO1 inhibitors. Indeed, in situ NAD

levels are often used as an indicator of NQO1 activity and vary upwards or
downwards upon treatment with NQO1 activators or inhibitors, respec-
tively [26]. We opted to treat MCF-7 cells with the tested compounds in
concentrations that supposedly inhibits NQO1 with only a minimal effect
on cell viability. We excluded compounds 4 and 14 from any further
investigation since they displayed poor activity against MCF-7 (>200 uM
ICs0) and tested other compounds at half their respective ICsos. Indeed,
five compounds (3,5,6,8 and 11) were capable of significantly reducing
cellular NAD levels to less than half of its value in comparison to the
negative control (See Fig. 3.). We took a particular interest in both com-
pounds 5 & 6 that displayed high potency against MCF-7 and reduced
NAD™ levels at 2-3 uM concentration. On the other hand, Compounds 3,8
and 11 displayed similarly effective NAD level reduction but at concen-
trations that are 1-2 orders of magnitude higher than that used with
compounds 5 & 6.

2.2.3. Impact of MCF-7 cell treatment on NQOI-dependnet effects:
To further confirm the NQO1 inhibitory action of this series, we
tested the impact of MCF-7 cell treatment by compounds 5 & 6 on some
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Fig. 3. NAD level reduction in MCF-7 after treatment with test compounds with
half of their ICsgs.

of the NQO1-dependent effects. Previous studies consistently showed
that NQO1 activity stabilized p53 [27,28], while treatment with the
bona fide NQO1 inhibitor, dicumarol, led to p53 degradation and
reduced expression [29]. Here, we used western blotting to demonstrate
that a 24-hour treatment of MCF-7 cells by either compound 5 or 6 at a
concentration of half of the ICsg value obtained in the cytotoxicity assay
greatly reduced p53 expression levels (Fig. 4a). Moreover, previous re-
ports showed that NQO1 activation was associated with reduced pro-
duction of reactive oxygen species [30], whereas dicumarol treatment
increased mitochondrial superoxide production in cancer cells [31]. In
the present study, we showed that a 24-hour treatment of NQO1-rich
MCE-7 cells with either compound 5 or 6 was associated with a signif-
icant increase in DHE staining indicative of reactive oxygen species
(Fig. 4b) in line with their predicted NQO1 inhibitory effect.

2.2.4. Preliminary in vitro single dose anticancer screening:

The structures of all newly synthesized quinoline-5,8-diones 3-14
were submitted to Development Therapeutic Program (DTP) division of
the National Cancer Institute (NCI-DTP; www.dtp.nci.nih.gov). Twelve
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compounds 3-14 were selected to be tested in vitro using disease-oriented
human cells screening panel assay as an assessment of their anticancer
activity according to the reported protocol [32,33]. All selected com-
pounds were tested for % growth inhibition at 10 pM single dose on the
whole NCI 60-cell panel including leukemia, non-small cell lung, colon,
CNS, melanoma, ovarian, renal, prostate and breast cancer cell lines
[32,33]. Compounds 5, 6, 7 and 10 have satisfied the threshold inhibition
criteria and thus were qualified for evaluation in the full panel five-dose in
vitro antitumor screen [32,33]. Their one-dose mean graphs are presented
in Figures SI 1-4 (Supplementary info) and their Mean growth percent,
delta values and growth inhibition percent against some sub-panel cell
lines are illustrated in Table SI 3(Supplementary info). They elicited a
broad-spectrum activity against a variety of cell lines. For example,
compound 5 showed GI% values above 90% for some of the sub-panel cell
lines like leukemia CCRF-CEM, K-562 and SR, renal CAKI-1 tumor cell
lines as well as prostate PC-3 (Figure SI-1 & Table SI-3, Supplementary
info). While compound 6 showed GI% values above 90% for leukemia
CCRF-CEM, K-562 and SR, non-small cell lung NCI-H23 as well as CNS SF-
539 cancer cell lines (Figure SI-2 & Table SI-3, Supplementary info). On
the other hand, compound 7 showed GI% values above 90% for leukemia
CCRF-CEM, K-562, RPMI-8226 and SR, melanoma UACC-62, ovarian
OVCAR-8 and NCI/ADR-RES, renal SN12C and breast MDA-MB-231/
ATCC tumor cell lines (Figure SI-3 & Table SI-3, Supplementary info).
Finally, compound 10 showed GI% values above 90% for leukemia K-562,
RPMI-8226 and SR, Non-Small Cell Lung Cancer A549/ATCC, COLON
HCT-116, CNS Cancer SF-295, Ovarian Cancer OVCAR-8 and NCI/ADR-
RES (Figure SI-4 & Table SI-3, Supplementary info).

2.2.5. Invitro full panel five-dose 60-cell line assay

In this assay the whole NCI 60-cell panel including leukemia, non-
small cell lung, colon, CNS, melanoma, ovarian, renal, prostate and
breast cancer cell lines was treated with five concentrations in the range of
0.01-100 pM for each compound and % growth inhibitions for all con-
centration were used to establish dose response curves [32,33]. Three
parameters were used for estimating anti-tumor potential of the investi-
gated compounds, which are Glsy, TGI and LCsp. Glsg is indicative of
growth inhibitory activity, while the TGI value reflects cytostatic activity,
whereas the LC50 value is indicative of cytotoxic activity [32,33].
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Fig. 4. The impact of treatment with compounds 5 & 6 on p53 expression and oxidative stress in MCF-7 cells. (A) Representative western blots of p53 in control and
treated MCF-7. The bar graph depicts the quantification of p53/GAPDH band densities from three separate experiments. (B) Representative micrographs showing
reactive oxygen species stained by DHE in vehicle and drug-treated MCF-7 cells. DHE staining appears as red fluorescence on a black background whereas nuclear
DAPI staining appears as blue fluorescence. The bar graph depicts the quantification of DHE staining intensity per image area normalized to the number of DAPI
positive nuclei for 40 images per condition from four different treatments. * denotes a P < 0.05 vs. control by one-way ANOVA followed by Dunnet multiple
comparisons test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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As shown in Table 1 and Figures SI-5 to 7, Compound 5 exhibited
remarkable broad-spectrum anticancer activity against all the tested cell
lines representing nine different sub-panels with Glsy values ranging
from 0.29 to 2.90 uM. It also showed superior cytostatic activity against
the entire panel of tumor cell lines with TGI ranging from 1.00 to 9.34
uM. On the other hand, LCso values were more than 100 uM against
leukemia K-562, MOLT-4, SR, colon cancer HT29, ovarian OVCAR-8,
NCI/ADR-RES and breast cancer MDA-MB-231/ATCC, HS 578 T cell
lines. While LCsy on CCRF-CEM, 786-0, ACHN as well as prostate PC-3
tumor cell lines were 65.10, 96.90, 38.20 and 46.70 uM respectively.
Finally, LCsp on the rest of cell lines were in the range of 3.81-18.70 uM.

Additionally, compound 6 showed high activity with GIsq values
ranging from 0.24 to 2.90 uM against most of the tested cancer cell
lines (57 out of 60 cell line), as seen in Table 1 and Figures SI-8 to 10.
Moderate activity was recorded against Non-Small Cell Lung NCI-
H322M, CNS cancer SF-295 and ovarian cancer SK-OV-3 with Glsg
values 3.08, 6.79 and 4.28 pM, respectively. Also, it possessed prom-
ising TGI values ranging from 1.03 to 6.44 uM against most of the
tested cancer cell lines. Moreover, good TGI values ranging from 9.32
to 19.60 uM were noticed with leukemia K-562, MOLT-4, Non-Small
Cell Lung A549/ATCC, NCI-H322M, colon KM12, CNS SF-295, ovarian
SK-OV-3 and renal A498 cell lines. Regarding LCs, all the leukemia
cell lines, ovarian NCI/ADR-RES as well as breast cancer MCF7, HS
578T, T-47D cell lines showed values exceeding 100 uM. Finally, it
exhibited potent lethal action against most of the cancer cell lines
(LCsq values from 4.02 to 45.70 uM) with very few exceptions.

Compound 7 showed pronounced cytotoxicity with GIso values
ranging from 0.31 to 3.55 puM against most of the tested cancer cell
lines (58 out of 60 cell line), as shown in Table 1 and Figures SI-11 to
13. Moderate activity was recorded against CNS cancer SF-295 and
ovarian cancer SK-OV-3 with Glsg values 7.57 and 5.61 uM respec-
tively. Concerning the TGI values of compound 7, the most prominent
TGI value was observed with the Ovarian Cancer OVCAR-3 (0.52 pM).
Besides, it exhibited significant TGI values ranging from 1.24 to 10.80
uM against most of the tested cell lines. Accepted TGI values were
recorded with CNS SF-295 (14.90 uM), ovarian SK-OV-3 (11.60 uM) as
well as breast HS578T (26.00 uM). With regard to the lethality (LCso
values), it showed LCsg values ranging from 1.76 to 29.20 uM against
most of the tested cancer cell lines. Modest lethality was recorded with
Non-Small Cell Lung Cancer NCI-H460 (41.50 uM). LCsq values >50
uM were noticed with all the leukemia cell lines except HL-60(TB),
Non-Small Cell Lung Cancer NCI-H23, colon HT29, ovarian NCI/
ADR-RES and breast HS 578T, T-47D cell lines.

Finally, compound 10 demonstrated outstanding anticancer activity
against all the sixty tested cancer cell lines with GIs values ranging from
0.29 to 2.08 uM, as seen in Table 1 and Figures SI-14 to 16. Its TGI
values ranged from 0.62 to 10.20 uM against all tested tumor cell lines.
Finally, its LCs values ranged from 2.45 to 17.40 uM against most of the
cancer cell lines, but moderate results were obtained with breast cancer
MDA-MB-231/ATCC, renal ACHN, ovarian OVCAR-8, CNS SF-268,
colon cancer HT29 (57.90, 30.20, 29.80, 23.70, 69.80 uM respec-
tively). Diminished lethality (LCs values were more than 100 uM) was
noticed with all the leukemia cell lines except HL-60(TB), ovarian NCI/
ADR-RES, prostate PC-3 and breast HS578T, T-47D cell lines.

Next, we calculated sub-panel and full panel mean-graph midpoint
values (MG-MID) for the 4 tested compounds, which were the average of
Glsp (Table 2), TGI and LC50 (Table SI-4-Supplementary Info) values of
all cell lines, both within the same sub-panel and across the full panel
[32-34]. To gauge selectivity, an index was calculated by dividing the
compound’s full panel MG-MID (uM) by its individual subpanel MG-MID
(uM), in which an index between 3 and 6 indicates moderate selectivity,
while high selectivity is experienced with index above 6 [32-34]. The 4
most active compounds 5-7 & 10 emerged as nonselective antitumor
agents displaying broad spectrum activity with selectivity ratios ranging
from 0.58 to 2.03.

Bioorganic Chemistry 113 (2021) 105035

2.2.6. Cell cycle analysis:

Encouraged by the aforementioned results, we decided to investigate
the effect of compound 5 on cell cycle. MCF-7 cells were used for the
assay and 5-fluorouracil (5-FU) was used as a positive control to validate
the assay. Indeed, NQO1 activity was associated with evasion of
apoptosis in liver cancer [35]. Significantly, NAD ™", the NQO1 activity
byproduct decreasing upon treatment with the present compound, acts
as a substrate for several enzymes including Poly(ADP-ribose) poly-
merase involved in DNA repair [36] as well as sirtuins that are NAD™-
dependent histone deacetylases necessary for cell survival and prolif-
eration [37]. Importantly, intracellular NAD" depletion led to cell death
[38], whereas in vitro supplementation of exogenous NAD" rescued the
cells from an apoptotic fate [39]. As expected, the results of DNA flow
cytometric assay showed that the percentage of cells in Sub-G1/GO
phase indicative of apoptotic cells increased upon treatment with com-
pound 5 and 5-FU from 2% for the control to 13.6% and 27.52% (cor-
responding to 7- and 14-folds increase), respectively (Fig. 5). This was
accompanied by a substantial reduction in GO/G1 phase from 51.7% in
the control to 39.7% and 34.1% (corresponding to 1.3- and 1.5-folds
decrease compared to control) after treatment with compound 5 and
5-FU, respectively (Fig. 5). A slight decrease was observed for S-phase
(28.2% and 23.8% for 5 and 5-FU, respectively, vs 29.9% for the
negative control) (Fig. 5). On the other hand, G2/M phase showed a
significant change from 18.4% (negative control) to 32.2% and 42.1%,
which corresponds to 1.8- and 2.3-folds increase for compound 5 and 5-
FU, respectively (Fig. 5).

2.2.7. Annexin V-FITC/propidium iodide analysis of apoptosis

To further confirm induction of apoptosis after treatment with
compound 5, annexin V-FITC/propidium iodide (AV/PI) dual staining
assay was performed on MCF-7 after treatment with the ICso concen-
tration. Again, 5-FU was used as a positive control to validate the assay.
Indeed, compound 5 caused an increase in early apoptosis from 0.4%
(negative control) to 8.11%, which is comparable to that observed with
5-FU (7.26%) (Fig. 6). Regrading late apoptosis phase, once more an
increase from 0.29% (negative control) to 11.29% and 17.71% was
observed for compound 5 and 5-FU, respectively (Fig. 6). An overall 7-
fold increase in total apoptosis was observed in comparison to the
negative control, albeit showing almost half the apoptotic capability of
5-FU (Fig. 6).

2.2.8. Effect on the expression levels of markers for apoptosis, angiogenesis
and cell cycle

In order to investigate the molecular mechanisms underlying the
apoptotic capability of compound 5, we evaluated the level of expression
of apoptotic markers Caspase-3, Bax and Bcl-2 proteins. It is necessary to
point out that apoptosis is the process of programmed cell death that in-
volves an interplay amongst a series of biochemical events including
proteolytic cleavage by caspases, externalization of phosphatidylserine
and loss of mitochondrial membrane potential [40]. Induction of
apoptosis could be extrinsic through the death receptor pathway or
intrinsic through the mitochondrial pathway [40]. BcL-2 family of pro-
teins regulate the mitochondrial pathway through the intricate balance
between proapoptotic Bax and antiapoptotic Bcl-2 proteins [41-43].
Caspases, among the most important tools involved in apoptosis, are
categorized into initiators (Caspases 2,8-10) and executioners (Caspase
3,6-7) [41-43]. Once the initiator caspases are activated by either
intrinsic and/or extrinsic pathways, they undergo a chain reaction leading
to the activation of executioner caspases, the most important of which is
caspase 3 [41-43].

As indicated in Table 3, compound 5 was capable of upregulating the
expression of Bax by 3-folds compared to the negative control, repre-
senting almost 60% of the activity shown by the potent positive control
doxorubicin. On the other hand, it reduced the expression of Bcl-2 by
60% in comparison to the negative control and in a similar way to that of
Doxorubicin. Along the same lines, compound 5 doubled the expression
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Table 1
Glso, TGI and LCso (uM) of five-dose screening of compounds 5-7 and 10.

Compound Number 5 (NSC: D-809474/1) 6 (NSC: D-809475/1) 7 (NSC: D-809476/1) 10 (NSC: D-809483/1)

Glso TGI LCso GIso TGI LCso Glso TGI LCso Glso TGI LCso
Panel/Cell Line
leukemia
CCRF-CEM 0.45 3.15 65.10 0.78 5.88 >100 0.85 2.97 >50.00 2.04 6.55 >100
HL-60(TB) 1.69 3.95 9.20 0.38 1.60 >100 0.96 2.07 4.47 1.94 4.34 9.71
K-562 0.40 3.40 >100 0.27 10.40 >100 0.49 3.61 >50.00 0.53 5.19 >100
MOLT-4 0.79 5.87 >100 0.96 9.32 >100 0.91 3.48 >50.00 2.06 5.79 >100
RPMI-8226 1.03 3.10 >100 1.33 5.00 >100 0.83 2.12 >50.00 1.17 3.85 >100
SR 0.30 3.87 >100 0.30 2.28 >100 0.31 2.42 >50.00 0.54 9.61 >100
Non-Small Cell Lung Cancer
A549/ATCC 1.16 2.58 5.73 2.75 9.48 41.60 2.24 8.18 21.20 1.84 3.91 8.29
EKVX 1.66 3.21 6.20 1.71 3.32 6.42 3.08 9.52 21.80 1.73 3.68 7.81
HOP-62 1.12 2.43 5.27 1.79 4.74 15.80 2.31 8.31 21.30 0.45 1.87 5.64
HOP-92 1.52 4.33 18.70 1.43 2.90 5.90 0.81 1.61 3.20 1.48 3.78 9.66
NCI-H226 1.29 2.70 5.66 1.52 3.03 6.03 0.98 2.13 4.60 1.42 2.83 5.68
NCI-H23 0.54 2.31 7.44 1.25 3.17 8.08 0.82 2.14 >50.00 0.32 1.68 6.75
NCI-H322M 1.37 2.66 5.15 3.08 13.10 36.10 3.51 9.78 22.10 1.49 2.87 5.55
NCI-H460 0.29 1.14 4.82 1.51 3.42 >100 1.42 5.01 41.50 0.64 2.24 6.33
NCI-H522 0.72 2.50 7.03 0.60 2.27 >100 0.75 1.78 >100 0.82 2.53 6.83
Colon Cancer
COLO 205 1.90 3.68 7.14 1.32 2.79 5.87 1.19 3.49 13.30 1.68 3.47 7.17
HCC-2998 1.32 2.67 5.40 1.77 3.74 7.90 3.22 10.40 26.10 1.45 3.01 6.26
HCT-116 0.37 1.56 6.30 0.30 1.18 7.08 0.33 10.80 2.84 0.49 2.51 11.70
HCT-15 0.17 1.32 4.19 0.37 1.82 6.53 0.58 1.79 6.68 0.51 2.42 8.27
HT29 2.70 9.34 >100 1.35 3.30 >100 1.83 9.19 >50.00 3.07 10.20 69.80
KM12 1.75 3.62 7.52 1.68 11.00 41.10 2.05 8.41 22.60 1.68 3.77 8.44
SW-620 0.33 1.63 5.08 0.37 2.00 21.90 0.53 1.51 4.30 1.13 3.06 8.26
CNS Cancer
SF-268 1.33 3.53 9.33 1.37 3.23 7.62 1.13 4.94 20.80 1.28 4.23 23.70
SF-295 1.38 2.85 5.88 6.79 19.60 45.70 7.57 14.90 29.20 1.68 3.16 5.96
SF-539 1.16 2.39 4.93 1.63 3.00 5.51 1.03 2.49 7.46 1.41 2.75 5.34
SNB-19 1.04 2.24 4.82 1.61 3.23 6.48 1.41 5.16 16.10 1.18 3.29 9.21
SNB-75 1.06 2.29 4.95 1.31 3.09 7.28 1.24 7.00 19.00 1.40 2.77 5.47
U251 0.59 1.93 4.55 1.48 2.80 5.29 1.32 3.98 13.90 0.67 2.12 5.30
Melanoma
LOX IMVI 0.30 1.66 6.63 0.62 2.11 5.25 0.66 1.41 2.97 0.30 1.57 6.07
MALME-3M 1.17 2.40 4.89 0.87 2.14 4.78 0.73 1.41 2.73 1.19 2.44 5.00
M14 1.13 2.49 5.49 0.82 2.26 5.53 0.81 1.93 4.56 1.29 2.90 6.52
MDA-MB-435 0.34 1.23 3.81 1.43 2.90 5.84 0.91 1.72 3.26 0.25 0.62 2.45
SK-MEL-2 1.65 3.22 1.55 3.03 5.93 1.26 4.77 17.90 1.49 3.18 6.77
SK-MEL-28 1.62 3.20 6.32 1.64 3.02 5.56 1.82 6.10 17.50 1.66 3.30 6.53
SK-MEL-5 1.18 2.41 4.91 1.55 2.91 5.45 0.80 1.51 2.84 0.34 1.42 3.79
UACC-257 1.41 2.86 5.80 1.29 2.60 5.23 0.83 1.95 4.56 1.35 2.72 5.50
UACC-62 1.35 2.74 5.56 1.33 3.12 7.37 1.16 2.96 10.10 1.66 3.40 6.95
Ovarian Cancer
IGROV1 0.45 1.77 5.28 0.35 1.41 4.02 0.67 1.36 2.73 0.41 1.93 6.22
OVCAR-3 0.26 1.00 3.27 0.24 1.03 4.06 0.15 0.52 1.76 0.27 1.13 12.80
OVCAR-4 1.11 2.32 4.88 0.98 2.19 4.81 0.60 1.24 2.55 1.12 2.35 4.93
OVCAR-5 1.71 3.25 6.18 1.58 3.00 5.69 1.58 5.71 17.60 1.69 3.15 5.87
OVCAR-8 1.41 6.25 >100 1.51 3.12 6.46 0.80 1.69 3.54 1.84 5.79 29.80
NCI/ADR-RES 1.24 3.99 >100 2.01 5.37 >100 1.14 3.32 >50.00 1.57 4.41 >100
SK-OV-3 1.33 2.65 5.25 4.28 18.00 42.40 5.61 11.60 24.10 1.36 2.72 5.41
Renal Cancer
786-0 1.93 5.51 96.90 0.91 2.25 5.20 0.90 2.21 6.04 1.85 4.74 17.40
A498 1.26 2.74 5.95 2.53 13.40 36.70 1.69 8.83 22.70 1.74 3.28 6.18
ACHN 0.34 4.55 38.20 0.37 1.32 3.66 0.73 1.56 3.31 1.81 8.53 30.20
CAKI-1 0.74 2.07 4.72 0.32 1.54 4.05 0.67 1.34 2.67 1.21 2.62 5.66
RXF 393 1.33 2.86 6.13 1.69 3.12 5.76 0.90 1.73 3.28 1.41 2.82 5.64
SN12C 0.75 2.20 5.33 1.47 2.99 6.10 0.82 1.74 3.67 1.05 2.27 4.92
TK-10 1.83 3.56 6.95 1.59 2.94 5.42 3.55 9.74 2.10 2.14 3.96 7.31
U0-31 1.11 2.34 0.47 1.74 4.17 0.64 1.85 5.78 0.85 2.21 5.09
Prostate Cancer
PC-3 1.72 5.45 46.70 1.12 2.60 6.00 0.88 6.44 24.50 0.67 7.99 >100
DU-145 0.37 1.54 3.92 1.37 3.34 8.34 1.14 4.26 14.70 0.52 1.87 4.86
Breast Cancer
MCF7 0.36 2.05 7.05 0.28 1.16 >100 0.75 1.81 >50.00 0.56 2.40 >100
MDA-MB-231/ATCC 1.55 4.67 >100 1.13 2.70 5.59 0.80 1.63 3.29 2.08 7.64 57.90
HS 578T 0.97 4.79 >100 2.13 6.44 >100 1.59 26.00 >50.00 0.83 5.03 >100
BT-549 1.80 3.39 6.37 2.00 4.72 13.0 1.85 5.90 17.20 1.27 2.59 5.26
T-47D 1.28 3.55 9.86 1.00 3.54 >100 0.95 2.24 >50.00 1.59 4.17 >100
MDA-MB-468 1.24 2.76 6.14 1.51 3.82 9.66 0.97 1.93 3.85 1.35 2.94 6.37
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Table 2
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Mean growth inhibitory concentrations (GIso, M) of subpanel tumor cell lines, GlIso (uM) full panel meangraph-midpoints (MG-MID) and Selectivity indices for
compounds 5-7 & 10.

Comp. No. Subpanel tumor cell lines” Full panel GIso MG-MID"”
1 I 111 v A\ VI VII VIII X

5 0.77 1.07 1.22 1.09 1.12 1.07 1.16 1.05 1.20 1.09

(sD°© 1.40 1.02 0.88 0.99 0.96 1.00 0.93 1.02 0.90

6 0.67 1.73 1.02 2.36 1.23 1.56 1.16 1.24 1.34 1.36

(SD° 2.02 0.78 1.33 0.57 1.10 0.87 1.17 1.09 1.01

7 0.72 1.76 1.39 2.28 0.99 1.50 1.23 1.01 1.15 1.33

(sD°© 1.84 0.75 0.95 0.58 1.34 0.88 1.08 1.31 1.15

10 1.38 1.13 1.43 1.27 1.05 1.18 1.50 0.59 1.28 1.20

(SD° 0.86 1.06 0.83 0.94 1.14 1.01 0.80 2.03 0.93

2 1, Leukemia; II, non-small cell lung cancer; III, colon cancer; IV, CNS cancer; V, melanoma; VI, ovarian cancer; VII, renal cancer; VIII, prostate cancer; IX, breast

cancer.

b Glso (uM) full panel meangraph-midpoints (MG-MID) = The average sensitivity of all cell lines toward the test agent.

¢ Selectivity Index = full panel MG-MID (uM)/individual subpanel Glsy (pM).
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Fig. 5. Flow cytograms showing the effect of compound 5 (C) and the positive control 5-FU (B) on cell cycle analysis on MCF-7 cells compared to the vehicle control
(A). Panel Dis a graphical representation for the results provided in the cytograms.

of Caspase-3 in comparison to negative control and represented almost
65% the activity of doxorubicin.

Additionally, angiogenesis plays a pivotal role in tumor growth, sur-
vival, and metastasis [44-46]. Recent studies highlighted the crosstalk
between angiogenesis and apoptosis in tumor growth [47-49]. Hence, we

also decided to gauge the capability of our most active compound 5 to
intervene with angiogenesis, via probing the level of expression of vascular
endothelial growth factor (VEGF), the primary modulator of angiogenesis
and metastasis in human carcinogenesis [50]. Indeed, compound 5 was
able to significantly reduce VEGF expression to the half in comparison to
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Fig. 6. Detection of early/late apoptosis and necrosis caused by Compound 5 (C) and 5-FU (B) in MCF-7 cells compared to vehicle control (A), as determined by

Annexin V-FITC/PI dual staining.

Table 3
Effect of compound 5 on the expression levels of Caspase-3, Bax, Bcl-2, VEGF and
CDK1.

Compound Caspase-3 Bax Bcl-2 VEGF CDK1
Id. Conc. (umol/ Conc. Conc. Conc. Conc.
ml) (ng/ml) (ng/ml) (pg/ml) (ng/ml)

5 2.75 + 0.2* 242 + 1.83 + 1.76 + 1.53 +
0.1% 0.1* 0.0* 0.1%*

Doxorubicin 4.41 + 0.2% 4.10 + 1.16 + 1.33 + 1.2 +
0.2 0.0* 0.1* 0.1*

Control 1.44 £ 0.1 0.92 + 4.10 + 3.54 + 285+
0.1 0.2 0.1 0.1

Statistical analysis was performed using One-way ANOVA followed by Tukey
post hoc test. A P < 0.05 was considered significant. * denotes significance vs.
Control.

the negative control.

Finally, we opted to measure CDK1 level of expression as a probe for
cell cycle arrest. As expected, Compound 5 showed the capability to
reduce CDK1 to half the value of the negative control. Taken together,
compound 5 demonstrated its ability to induce both apoptosis and cell
cycle arrest as well as to inhibit angiogenesis at the molecular level.

2.3. Molecular docking study on NQO-1

To investigate binding modes of the prepared compounds to the
active site of NAD(P)H Quinone Oxidoreductase 1 (NQO1), we decided
to dock the most active compounds, 5 and 6, in its active site. NQO1
crystal structure is available in the protein data bank under accession
code of 2F10 co-crystalized with dicoumarol and Flavin-adenine dinu-
cleotide (FAD). The pdb file contains 8 protein chains (A-H). Two chains
are involved in the interaction with each ligand, so we used chains A and

C for the docking study. FAD also interacts with the co-crystalized ligand
through the formation of = stacking and cation-n interactions and hence
was left in the active site during the docking process. Validation of the
docking procedure was done through the redocking of the co-crystalized
ligand (Fig. 7a, b). The correct pose was predicted accurately with a
RMSD of 0.25 between docked and crystalized structures were calcu-
lated using the LigRMSD server [51]. In addition to the = interactions
with FAD and other residues in the active site, the co-crystalized ligand
was found to interact with 2 important residues in the active site through
the formation of hydrogen bonds with Y128 and H161. Docking of 5 and
6 (Fig. 7¢, d) was interesting where both molecules showed similar
docking poses. Both compounds took a V-shaped structure similar to that
of the co-crystalized ligand, dicumarol. The 5,8-quinolinedione moiety
was involved in 7 stacking and cation-n interactions with FAD and the
hydrogen bonds with Y128 and H161 were maintained. Docking en-
ergies of both compounds were very similar (-9.5 and —9.4 kcal/mol for
5 and 6, respectively) which aligns well with their similar results on
MCF-7 cell cytotoxicity and inhibition of NAD synthesis.

2.4. Molecular dynamics of selected complexes

To further investigate the stability of the docked complex, molecular
dynamics of four complexes were studied for a production run of 50 ns.
These complexes include the apoprotein in addition to complexes with
co-crystalized ligand dicoumarol, compound 5 and 6. The molecular
dynamics studies were done also in the presence of FAD which is
important for the stability of the complex except for apoprotein. Anal-
ysis of the resulted trajectories, suggest the stability of all the complexes
except the apoprotein, as expected. For example, room mean square
deviation of protein residues during the production run shows minimum
fluctuation for complexes involving dicoumarol, 5 and 6 (Fig. 8). A
similar result is also seen when radius of gyration (Rg) is plotted which is
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Fig. 7. Docking of compounds in the active site
of NQO1 (2F10 pdb) with FAD shown in green.
a.) redocking of dicoumarol showing similar
poses between crystalized (blue) and docked
(pink) structures. b.) surface representation of
dicoumarol showing its V-shaped configuration
and its interactions with FAD (green). c.) Docking
poses of compounds 5 (golden) and 6 (yellow)
showing its interactions with FAD (green) and
hydrogen bonds with residues in the active site
(dotted yellow line). d.) Surface representation of
docked pose of compounds 5 (golden) and 6
(yellow) showing its V-shape pose similar to
dicoumarol. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 8. Plot of root mean square deviation (RMSD) of protein residues of studied complexes during the production run.
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Fig. 9. Plot of Radius of gyration (Rg) of studied complexes during the production run.
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Fig. 10. Plot of ligands heavy atoms RMSD of studied ligands in the active site of NQO1during production run.

a measurement of protein compactness (Fig. 9). These results suggest the
importance of FAD and ligands for the stability of NQOL1. A closer look at
the stability of ligands at the active site of NQO1 can be taken through
the plotting of RMSD of ligands heavy atoms dring production run as
seen in Fig. 10. The results suggest less variation and hence more sta-
bility of dicumarol and 6 versus 5. The standard deviation of dicumarol
and 6 was found to be 0.25 and 0.29 nm, respectively. This value was
lower than that of 5 which was 0.48 nm. The molecular dynamics study
results suggest the stability of compounds 5 and 6 in the active site of
NQO1 with slight superiority of compound 6 over 5. These results
support both docking studies and biological evaluation.

3. Conclusions

In this work, we provided a framework for the successful repurposing of
the old anti-parasitic iodoquinol into effective anti-tumor agents. This was
intuitively designed by incorporating previously reported anti-cancer
pharmacophores into the main scaffold of iodoquinol/clioquinol and syn-
thetically achieved by subjecting iodoquinol to oxidation followed by re-
action with appropriate amines. Initial testing with inhouse MCF-7 cells
identified 12 potent compounds, of which compounds 5 and 6 were
capable of reducing NAD concentrations to more than half of its original
value in 2-3 pM concentrations. Such behavior could be attributed to NQO-
1 inhibition. This was furtherly substantiated by both molecular docking
and molecular dynamic experiments that identified and confirmed inter-
esting binding modes within NQO-1 active site. Intriguingly, compounds 5
and 6 reduced p53 expression and enhanced reactive oxygen species levels,
which further endorses the NQO-1 inhibitory activity. Furthermore, four
compounds (5-7 & 10) have been identified by Development Therapeutic
Program (DTP) division of the National Cancer Institute (NCI) as potent and
broad-spectrum anti-tumor agents, displaying single digit micromolar to
sub-micromolar activities on the majority of the 60-cell line testing panel.
Further confirmatory testing on compound 5 is currently underway at the
NCI. Our design rationale targeted NQOL1 as a potential target associated
with evasion of apoptosis in cancer cells and potential emergence of
resistance. Indeed, flow cytometric analysis of the effect of compound 5 on
MCEF-7 cells indicated its ability to induce both cell cycle arrest and
apoptosis, as well as increased the expression level of caspase-3 and the
proapoptotic protein Bax, while reducing that of the antiapoptotic Bcl-2.
Also, a marked decrease in both angiogenic VEGF and cell cycle indi-
cating CDK1 was observed. It is necessary to point out that compounds 5
and 6 were devoid of any anti-bacterial and antifungal activity when they
were tested against both Staphylococcus aureus (ATCC 25923) and Entero-
coccus faecalis (ATCC 29212) as representatives of Gram-positive; both
Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27853)
as representatives of Gram-negative bacteria and Candida albicans as

10

representative of fungi (See Anti-microbial screening section and Table SI-2
of Supplementary info), which implies their high selectivity against tumor
cells vs microbes. Convenient in silico predictions regarding drug-likeness,
oral bioavailability and pharmacokinetic parameters reinforced the likeli-
hood that these compounds could serve as promising hits and/or leads (See
In silico prediction of physicochemical properties, drug likeness score
and pharmacokinetic profile section and Table SI-1 of Supplementary
info). Accordingly, we think the outcome of this study could be regarded as
an added value to the existing drug repurposing pipeline for anti-cancer
agents. To conclude, we envision our findings as a good starting point to
explore and provide further in-depth biological investigation for new
anticancer candidates based on repurposed iodoquinol and clioquinol to
modulate Redox homeostasis.

4. Experimental
4.1. Chemistry

All chemicals were purchased from commercial sources and directly
used without purification. Iodoquinol was generously provided by Alex-
andria Scientific office of Medical Union Pharmaceuticals (MUP) Incor-
poration. Melting points were determined in open-glass capillaries using a
Griffin melting point apparatus and are all uncorrected. The reactions
progress was monitored by thin- layer chromatography (TLC) on pre-
coated silica gel aluminium-backed plates and the spots were visualized
by exposure to iodine vapors or UV-lamp at A 254 nm for few seconds.
Infrared spectra (IR) were recorded, for KBr discs, using a Perkin Elmer
RXIFT-IR spectrometer. Nuclear magnetic resonance spectra,lH NMR and
3¢ NMR, were recorded on Jeol spectrometer (400 MHz) and on Varian
Mercury VX (300 MHz) spectrometer using deuterated dimethylsulfoxide
as solvent. The data were reported as chemical shifts or & values (ppm)
relative to tetramethylsilane (TMS) as internal standard. Signals are
indicated by the following abbreviations: s = singlet, d = doublet, t =
triplet, @ = quartet and m = multiplet, dd = doublet of doublet and dist. =
distorted. Electron impact mass spectra (EIMS) were run on a gas chro-
matograph/mass spectrophotometer Shimadzu GCMS/QP-2010 plus (70
eV). Micranalyses results were all within + 0.4% of the calculated values
for the proposed formula. Compounds were named based on the naming
algorithm developed by CambridgeSoft Corporation and used in Chem-
Draw Professional 16.0.1.4.

4.1.1. General procedure for the synthesis of compound 2

Nitric acid (55%, 0.16 ml) was dropwise added to a solution of 8-hy-
droxy-5,7-di- iodoquinoline (1 mmol, 0.4 g) 1 dissolved in conc. sulphu-
ric acid (1.16 ml) over a period of 30 min at 0 °C. Afterwards the reaction
mixture was allowed to attain room temperature and then extracted with
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dichloromethane. The organic layer was washed with water and dried over
anhydrous sodium sulphate for 1 h. The dried extracts were then concen-
trated under reduced pressure and allowed to stand overnight to precipitate
the 7-iodoquinoline-5,8-dione 2 as yellowish brown crystals, m.p. 160 °C
(as reported [52]); yield 0.143 g (50%).

4.1.2. General procedure for the synthesis of compounds 3-14
7-lodoquinoline-5,8-dione (1 mmol, 0.285 g) 2 was added to a so-
lution of the selected amino compound (0.5 mmol) in ethanol (15 ml).
The solution was then acidified with 5 drops of glacial acetic acid. The
reaction mixture was then stirred for an overnight at room temperature.
The obtained precipitates were filtered, washed with dichloromethane
and finally crystallized from the appropriate solvent as colored crystals.

4.1.2.1. 7-Iodo-6-(piperazin-1-yDquinoline-5,8-dione 3. Crystallized
from ethanol. Yield 38%; M.p. 185 °C; IR (KBr, cm™1): 3430-2919 (NH),
1681-1634 (C=0), 1627-1599 (C=0). 'H NMR (DMSO-ds, 400 MHz):
6 3.3 (dis t, 4H, piperazine-Cs 5-H), 3.7 (dis t, 4H, piperazine-Cy ¢-H), 7.8
(dd, 1H, J = 4.64, 3.02, 4.64 Hz, quin-C2-H), 8.3 (dd, 1H,J = 1.4, 8, 1.4
Hz, quin-C3-H), 8.9 (d, 1H, J = 3.36 Hz, quin-C;-H), 9.2 (s, 1H, NH, D,0-
exchangeable). 13C NMR (DMSO-ds, 100 ppm): § 44.0, 48.0, 107.0,
128.3,128.9, 135.4, 145.3, 154.0, 157.9, 179.0, 180.0. EIMS m/z (%):
369.30 (M+, 4.88), 368 (12.11), 85 (100.00), 55.96 (49.11). Anal.
caled. (%) for C13H712IN305: C 42.30, H 3.28, N 11.38. Found: C 42.13, H
3.59, N 11.67.

4.1.2.2. 7-lIodo-6-morpholinoquinoline-5,8-dione 4. Crystallized from
ethanol. Yield 39.4%; M.p. 169 °C; IR (KBr, cm1): 1681-1634 (C=0),
1627-1599 (C=0). 'H NMR (DMSO-dg, 400 MHz): 5 3.6 (t, 4H, J = 4.24,
4.52 Hz, morpholine-Cs 5-H), 3.7 (t, 4H, J = 4.52, 4.24 Hz, morpholine-
Co6-H), 7.8 (dd, 1H, J = 4.64, 3.2, 4.64 Hz, quin-C»-H), 8.3 (dd, 1H, J =
1.4, 6.64, 1.4 Hz, quin-Cs-H), 8.9 (d, 1H, J = 3.36 Hz, quin-C;-H). '3C
NMR (DMSO-dg, 100 ppm): § 49.0, 52.0, 66.0, 67.0, 102.0, 110.0, 128.0,
135.0, 145.0, 154.0, 157.0, 178.0, 180.0. Anal. caled. (%) for
C13H11IN,03: C 42.18, H 3.00, N 7.57. Found: C 41.89, H 3.23, N 7.80.

4.1.2.3. 7-Iodo-6-(pyridin-2-ylamino)quinoline-5,8-dione 5. Crystallized
from ethanol. Yield 19.6%; M.p. 178 °C; IR (KBr, cm™1): 3430-2919
(NH), 1681-1634 (C=0), 1627-1599 (C=0). 'H NMR (DMSO-ds, 400
MHz): § 7.4 (t, 1H, J = 6.6, 7.08 Hz, pyrid-Cs-H), 7.75 (dd, 1H, J = 4.64,
3.02, 4.64 Hz, quin-C»-H), 7.85 (dis t, 1H, pyrid-C4-H), 8 (d, 1H, J =
8.92 Hz, pyrid-Cs-H), 8.5 (dd, 1H, J = 1.52, 6.28, 1.52 Hz, pyrid-Ce-H),
8.8 (dd, 1H, J = 1.52, 3.12, 1.52 Hz, quin-C3-H), 9.2 (d, 1H, J = 6.6 Hz,
quin-C;-H), 11.5 (s, 1H, NH, D0-exchangeable). 13C NMR (DMSO-dg,
100 ppm): § 117.0, 118.0, 120.0, 127.0, 128.7, 128.9, 129.0, 132.0,
133.0, 147.0, 149.0, 151.0, 180.0. Anal. calcd. (%) for C;4HgIN3O5: C
44.59, H 2.14, N 11.14. Found: C 44.73, H 2.42, N 11.38.

4.1.2.4. 6-((4-Bromophenyl)amino)-7-iodoquinoline-5,8-dione 6. Crys-
tallized from ethanol. Yield 50%; M.p. 202 °C; IR (KBr, cm™b):
3430-2919 (NH), 1681-1634 (C=0), 1627-1599 (C=0). H NMR
(DMSO-dg, 400 MHz): 6 7.1 (d, 2H, J = 8.64 Hz, phenyl-C,6-H), 7.5 (d,
2H, J = 8.64, phenyl-C3 5-H), 7.8 (dd, 1H, J = 4.68, 3.6, 4.68 Hz, quin-
Cy-H), 8.4 (dd, 1H, J = 1.4, 6.4, 1.4 Hz, quin-C3-H), 9 (d, 1H, J = 3.6 Hz,
quin-C;- H), 9.3 (s, 1H, NH, D,0-exchangeable). >C NMR (DMSO-ds,
100 ppm): § 122.0, 126.0, 127.9, 128.2, 135.0, 139.0, 142.0, 146.0,
150.0, 154.0, 158.0, 178.0, 179.0. EIMS m/z (%): 457 (M"™ + 2)
(22.16%), 456 (M + 1) (98.71%), 455 (M™) (26.36%), 453.83
(100.00%). Anal. caled. (%) for C;5HgBrIN,O5: C 39.59, H 1.77, N 6.16.
Found: C 39.87, H 1.95, N 6.45.

4.1.2.5. 6-((4-Chlorophenylamino)-7-iodoquinoline-5,8-dione 7. Crys-
tallized from ethanol. Yield 50%; M.p. 200 °C; IR (KBr, cm™Y):
3430-2919 (NH), 1681-1634 (C=0), 1627-1599 (C=0). 'H NMR
(DMSO-ds, 400 MHz): § 7.1 (d, 2H, J = 8.72 Hz, phenyl-C,6-H), 7.5 (d,
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2H, J = 8.72 Hz, phenyl-C3 5-H), 7.8 (dd, 1H, J = 4.68, 3.6, 4.68 Hz,
quin-Cy-H), 8.4 (dd, 1H, J = 1.4, 6.44, 1.4 Hz, quin-C3-H), 9 (d, 1H, J =
3.36 Hz, quin-C;-H), 9.3 (s, 1H, NH, D,O exchangeable). 13C NMR
(DMSO-ds, 100 ppm): § 93.0, 125.0, 126.0, 127.8, 127.9, 128.4, 128.4,
128.5, 135.0, 138.0, 146.0, 150.0, 154.0, 177.0, 179.0. Anal. calcd. (%)
for C35HgCIIN2Oy: C 43.88, H 1.96, N 6.82. Found: C 44.19, H 2.18, N
7.18.

4.1.2.6. 2-((7-Iodo-5,8-dioxo-5,8-dihydroquinolin-6-yl)amino)benzoic

acid 8. Crystallized from ethanol/water 3:1. Yield 28.8%; M.p. 173 °C;
IR (KBr, cm’l): 3430-2919 (NH), 3327, 3242 (carboxylic acid OH),
1681-1634 (C=0), 1627-1599 (C=0). 'H NMR (DMSO-dg, 400 MHz):
§ 6.7 (dis d, 1H, phenyl-C¢-H), 7.2 (t, 1H, J = 5.64, 6.08 Hz, phenyl-Cy-
H), 7.7 (dis t, 2H, phenylC35-H), 7.8 (dd, 1H, J = 4.68, 3.16, 4.68 Hz,
quin-C»-H), 8 (d, 1H, J = 6.88 Hz, quin-C3-H), 8.5 (d, 1H, J = 3.44 Hz,
quin-C;-H), 9 (s, 1H, NH), 10.9(s, 1H, COOH, Dy0-exchangeable). 13C
NMR (DMSO-ds, 100 ppm): § 107, 120, 121, 124, 127, 128, 132, 134,
135, 141, 144, 148, 155 (quin-C-6), 169, 182, 183. Anal. calcd. (%) for
C16HoIN2O4: C 45.74, H 2.16, N 6.67. Found: C 45.92, H 2.41, N 7.04.

4.1.2.7. 4-((7-Iodo-5,8-dioxo-5,8-dihydroquinolin-6-yl)amino)benzoic
acid 9. Crystallized from ethanol/water 3:1. Yield 30%; M.p. 159 °C; IR
(KBr, cmfl): 3430-2919 (NH), 1681-1634 (C=0), 1627-1599 (C=0).
'H NMR (DMSO-dg, 400 MHz): § 7.1 (d, 2H, J = 8.72 Hz, phenyl-Cy -H),
7.5 (d, 2H, J = 8.72 Hz, phenyl-Cs 5-H), 7.8 (dd, 1H, J = 4.68, 3.6, 4.68
Hz, quin-C»-H), 8.4 (dd, 1H, J = 1.4, 6.44, 1.4 Hz, quin-C3-H), 9 (d, 1H, J
= 3.36 Hz, quin-C;-H), 9.3 (s, 1H, NH, D20 exchangeable). 13¢ NMR
(DMSO-dg, 100 ppm): § 98, 122, 125,127, 128,129, 130, 131, 135, 143,
146, 150, 154, 167, 178, 179. Anal. calcd. (%) for C;6H9IN204: C 45.74,
H 2.16, N 6.67. Found: C 46.01, H 2.38, N 6.91.

4.1.2.8. 7-Iodo-6-((4-methoxyphenyl)amino)quinoline-5,8-dione 10.
Crystallized from ethanol. Yield 55%; M.p. 165 °C; IR (KBr, cm™):
3430-2919 (NH), 1681-1634 (C=0), 1627-1599 (C=0). 'H NMR
(DMSO-dg, 400 MHz): 6 3.8 (s, 3H, OCH3), 7 (d, 2H, J = 8.8 Hz, phenyl-
C35-H), 7.2 (d, 2H, J = 8.8 Hz, phenyl-Cy¢-H), 7.8 (dd, 1H, J = 4.68,
3.12, 4.68 Hz, quin-Co-H), 8.4 (d, 1H, J = 1.48, 6.32, 1.48 Hz, quin-Cs-
H), 9 (dd, 1H, J = 1.52, 3.44, 1.52 Hz, quin-C;-H), 9.3 (s, 1H, NH, D,0-
exchangeable). 3C NMR (DMSO-dg, 100 ppm): § 55, 102, 113, 115, 126,
127,130, 134, 135, 146, 147, 148, 150, 157, 178, 179. Anal. calcd. (%)
for C16H11IN2O3: C 47.31, H 2.73, N 6.90. Found: C 47.57, H 2.89, N
7.12.

4.1.2.9. 4-((7-Iodo-5,8-dioxo-5,8-dihydro-quinoline-6-yl)amino)  benze-
nesulphonamide 11. Crystallized from DMF/Ethanol 1:1. Yield 49%; M.
p. 283 °C; IR (KBr, cmfl): 3430-2919 (NH), 1681-1634 (C=O0),
1627-1599 (C=0), 1310, 1140 (SO2). 'H NMR (DMSO-ds, 400 MHz): &
7.2 (d, 2H, J = 8.64 Hz, phenyl-Css-H), 7.3 (s, 2H, NHy, D,O-
exchangeable), 7.7 (d, 2H, J = 8.68 Hz, phenyl-C; ¢-H), 7.8 (dd, 1H, J =
4.72, 3.16, 4.72 Hz, quin-C»-H), 8.4 (dd, 1H, J = 1.64, 6.2, 1.8 Hz, quin-
Cs-H), 9(d, 1H, J = 1.64, 3.04, 1.64 Hz, quin-C;-H), 9.3 (s, 1H, NH, D,0-
exchangeable). 3C NMR (DMSO-de, 100 ppm): § 98, 122, 126, 127, 128,
136,138,143, 146,150.3,150.3,150.44, 154, 178, 179. EI-MS m/z (%):
45598 (M™) (22.33%), 454 (91.30%), 328.97 (80.98%), 126.76
(100.00%). Anal. caled. (%) for C15H;gIN304S: C 39.58, H 2.21N 9.23.
Found: C 39.80, H 2.39, N 9.46.

4.1.2.10. 4-((7-Iodo-5,8-dioxo-5,8-dihydroquinolin-6-yl)amino)-N-[thia-

zol-2-yl] benzenesulfonamide 12. Crystallized from ethanol. Yield 48.8%;
M.p. 227 °C; IR (KBr, cmfl): 3430-2919 (NH), 1681-1634 (C=0),
1627-1599 (C=0), 1310,1140 (S0O2). 'H NMR (DMSO-dg, 400 MHz): &
6.8 (d, 1H, J = 4.4 Hz, thiazole-C4-H), 7.2 (d, 2H, J = 8.4 Hz, phenyl-
Cs35-H), 7.3 (d, 1H, J = 4.4 Hz, thiazole-Cs-H), 7.7 (d, 2H, J = 8.4 Hz,
phenyl-C; 6-H), 7.8 (dd, 1H, J = 4.64, 4, 4.64 Hz, quin-C»-H), 8.4 (d, 1H,
J = 8 Hz, quin-C3-H), 9 (d,1H, J = 3.6 Hz, quin-C;-H), 9.3 (s, 1H, NH,
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Dy0-exchangeable), 12.7 (s, 1H, NH, D,O-exchangeable). 3¢ NMR
(DMSO-dg, 100 ppm): § 105, 123, 126, 127.5, 127.9, 128.18, 128.22,
134,135, 136, 142, 146, 148, 150, 154, 155, 178, 179. Anal. calcd. (%)
for C1gH11IN404S5: C 40.16, H 2.06, N 10.41. Found: C 40.37, H 2.32, N
10.67.

4.1.2.11. N-carbamimidoyl-4-((7-iodo-5,8-dioxo-5,8-dihydroquinolin-6-
ylamino)benzenesulfonamide 13. Crystallized from ethanol. Yield 50%;
M.p. 256 °C; IR (KBr, cmfl): 3430-2919 (NH), 1681-1634 (C=0),
1627-1599 (C=0), 1310,1140 (SO2). 'H NMR (DMSO-dg, 400 MHz): §
6.8 (s, 4H, NHj, D,0O- exchangeable), 7.2 (d, 2H, J = 8.64 Hz, phenyl-
C3)5-H), 7.7 (d, 2H, J=28.64 Hz, phenyl—C2,6—H), 7.8 (dd, lH, J = 468,
3.12, 4.72 Hz, quin-C»-H), 8.4 (dd, 1H, J = 1.6, 5, 1.6 Hz, quin-C3-H), 9
(dd, 1H, J = 1.64, 3.04, 1.64 Hz, quin-C;-H), 9.3 (s, 1H, NH, D50-
exchangeable). >C NMR (DMSO-de, 100 ppm): § 97, 122, 126, 127, 128,
135, 136, 139, 142, 146, 150, 151, 154, 158, 178, 179. Anal. calcd. (%)
for C16H12IN504S: C 39.61, H 2.43, N 12.21. Found: C 40.11, H 2.46, N
11.85.

4.1.2.12. N-[2,6-Dimethylpyrimidin-4-yl]-4-((7-iodo-5,8-dioxo-5,8-dihy-
droquinolin-6-  yl)amino)benzenesulfonamide 14.. Crystallized from
ethanol. Yield 45%; M.p. 178 °C; IR (KBr, em™): 34302919 (NH),
1681-1634 (C=0), 1627-1599 (C=0), 1310, 1140 (SO2). 'H NMR
(DMSO-dg, 400 MHz): 5 2.2 (s, 6H, 2CH3), 6.5 (s, 1H, pyrimidine-Cs-H),
7.2(d, 2H, J = 8.68 Hz, phenyl-C3 5-H), 7.7 (d, 2H, J = 8.68 Hz, phenyl-
Co6-H), 7.8 (dd, 1H, J = 4.64, 3.14, 4.64 Hz, quin-C»-H), 8.4 (d, 1H, J =
7.88 Hz, quin-C3-H),9 (d, 1H, J = 4.64 Hz, quin-C;-H), 9.3 (s, 1H, NH,
D,0-exchangeable). °C NMR (DMSO-dg, 100 ppm): 5 23, 99, 114,
122.18,122.50, 128.06, 128.28, 129.06, 129.20, 129.98, 134, 135, 143,
146, 150, 154, 156, 167, 178, 179. Anal. calcd. (%) for Co1H16IN504S: C
44.93, H 2.87, N 12.48. Found: C 45.12, H 2.87, N 12.71.

4.2. Biological evaluation

4.2.1. Preliminary NQO1-rich single cell line anticancer screening

The cytotoxic effect of different compound concentrations was eval-
uated using the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) method as described previously [53]. Briefly, A human
adenocarcinoma cell line (MCF-7) was cultured in high glucose Dulbec-
co’s modified Eagle medium (DMEM-HG) supplemented with 10% fetal
bovine serum (Gibco, USA) and 1% penicillin—streptomycin. Cells were
trypsinized and the cell count was determined by staining with 0.5%
trypan blue and counting on a hemocytometer. Cells were then seeded at
2.5 x 10% cells per well in 96-well plates and incubated at 37 °C in 5% CO;
incubator (New Brunswick Scientific, Netherlands). After 24 h for cellular
attachment, cells were incubated with serial concentrations of the
different compounds for 24 h. Cytotoxicity of the compounds was evalu-
ated using an ELISA reader (BMG Labtech, Germany) compared to values
of untreated cells exposed to the vehicle. Graphpad Prism was used for the
non-linear regression of normalized values of three replicates and the best
fit IC50 + SEM values were obtained.

4.2.2. Effect of the test compounds on NAD level in MCF-7 cells

Total NAD contents were quantified by means of a calorimetric
enzymatic cycling procedure as described previously [54]. MCF-7 cells
were plated at 2.5x10*/200 pL in 96-well plates in triplicates. After 24 h
of incubation, the cells were treated with the compounds for 24 h at a
concentration corresponding to half of IC50 for each compound. Cells
were washed twice with PBS chilled to 4 °C, treated with buffered
ethanol (BE) (75% ethanol and 25% HEPES; 10 mM, PH 7.1), and then
crushed. For each sample, twenty five microliters were then loaded in
duplicates in a 96-well plates. Afterwards, 100 pL/well of reaction buffer
[600 mM ethanol, 0.5 mM 3-(4.5-dimethyltiazol-2-yl)-2.5-diphenylte-
trazolium bromide (MTT), 2 mM phenazine ethosulfate (PES), 120 mM
bicine (PH 7.8), yeast alcohol dehydrogenase (SIGMA A3263 > 300p/
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mg)] was added to the extract. Kinetics of the reaction (OD at 570 nm,
every 30 s for 20 min) was followed on LB 942 multimode reader and
NAD concentrations were quantified using linear regression curve
equation method between NAD standard concentrations and the slope of
the regression line. Data are expressed as NAD concentration relative to
DMSO. Results from three experiments were compared to the vehicle
control values by one-way ANOVA followed by Dunett post hoc test. A P-
value < 0.05 was considered statistically significant.

4.2.3. Western blotting for p53 and examination of reactive oxygen species
production in MCF-7 cells

MCF-7 cells were cultured in Dulbecco’s Modified Eagle Medium -
high glucose (DMEM-HG) containing 10% fetal bovine serum and 1%
penicillin/streptomycin. For western blotting, two million cells were
seeded and allowed to reach 70% confluency before treatment with either
DMSO or the candidate drugs at a concentration equal to half of the
previously determined IC50 for 24 h. The medium was aspirated and cells
were washed with 1x phosphate buffered saline (PBS, Sigma-Aldrich),
scrapped, and proteins were extracted and subjected to SDS-PAGE as
described previously [55]. A 1:1000 concentration of polyclonal rabbit
anti-p53 (Cell Signaling, Danvers, MA) was used. Band intensity was
normalized to GAPDH as a loading control. Dihydroethidium (DHE) stain
was used to measure reactive oxygen species in cultured MCF-7 cells as
previously described [55]. MCF-7 cells were seeded on coverslips at a
density of 100,000 cells per well in a twelve-well cell culture plate and
allowed to grow to 70% confluency. Following a 24 h incubation period
with the candidate compounds at a concentration equal to half of the
previously determined IC50, the medium was aspirated, cells were
washed three times with 1x phosphate buffered saline (PBS, Sigma-
Aldrich), and stained for 45 min at 37 °C with a 10 pM working solu-
tion of DHE (Invitrogen, Carlsbad, CA) diluted in 1x PBS. After 45 min of
incubation at 37 °C, the DHE stain was removed and the cells were washed
with 1x PBS. 4,6-Diamidino-2-phenylindole (DAPI) dye was added to the
cells and left for 10 min at room temperature. Thereafter, DAPI was
aspirated, cells were washed with 1x PBS and the coverslips were
mounted. The images were taken using a Zeiss Axio microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany) using the Alexa Fluor568 nm and the
DAPI filters and were quantified using Zen software (Carl Zeiss Micro-
scopy GmbH, Jena, Germany). Four replicates of each condition were
made and ten representative images were taken of each replicate. Red
fluorescence intensity as a fraction of total image area was quantified
using Image J software (National Institutes of Health, Bethesda, MD) and
was then normalized to the number of DAPI positive nuclei. Results were
compared to the vehicle control values by one-way ANOVA followed by
Dunett post hoc test. A P-value < 0.05 was considered statistically
significant.

4.2.4. Invitro cytotoxicity on 60 cell line panel by NCI

Compounds 3-14 were selected to be tested by DTP-NCI National
Cancer Institute (NCI), Bethesda, MA, USA toward a panel of 60 cell lines
derived from the following types of tumors: breast, CNS, colon, lung,
leukemia, melanoma, ovarian, prostate and renal. The first test involved
48 h treatment protocol with one concentration (10 pM) for each tested
compound [56], followed by sulforhodamine-B protein assay to gauge
cell viability [57], as reported previously [32,56,58]. The most prom-
ising 4 compounds were then elevated by DTP-NCI for a higher testing
level to determine Three response parameters (Glsg, TGI and LCsg) for
each cell line after establishing a dose response curve from 5 different
concentrations for each compound [32,56,58]. The exact detailed pro-
cedure for the latter assay had been elaborated earlier [32,56,58,59].

4.2.5. Flow cytometry cell cycle analysis:

As we reported earlier [60], after seeding MCF-7 cells into six-well
plates at a density of 2 x 10° cells per well and incubating for 24 h,
cells were cultured in RPMI 1640 containing fetal bovine serum (FBS,
10%) while being maintained at 37 °C and 5% CO2. Then, cells were
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treated with compound 5 with its Glsq for 24 h, after which the cell layer
was trypsinized and washed with cold PBS and fixed with 70% ethanol.
After appropriate washing with PBS and staining with DNA fluoro-
chrome PI, samples were analyzed using a FACS Caliber flow cytometer
(Becton Dickinson & Co., Franklin Lakes, NJ), while maintaining 10,000
as the number of cells analyzed for each round.

4.2.6. Annexin V-FITC/propidium iodide analysis of apoptosis

Again, we followed the exact same procedure that we recently reported
[60]. In brief, Annexin V- fluorescein isothiocyanate (FITC) and propidium
iodide (PI) were used for staining and counterstaining, respectively, of
MCF-7 cells in accordance with manufacturer’s instruction of Annexin V-
FITC/PI apoptosis detection kit [60]. Around 2 x 10° cells were treated
with compound 5 at its GI5g for 24 h. samples were analyzed using a FACS
Caliber flow cytometer (Becton Dickinson & Co., Franklin Lakes, NJ),
while maintaining 10,000 as the number of cells analyzed for each round,
after appropriate trypsinization, washing with PBS and staining with FITC
and PI [60].

4.2.7. Effect on the expression levels of markers for apoptosis, angiogenesis
and cell cycle:

After growing MCF-7 cells in DMEM containing 10% fetal bovine
serum and 1% penicillin/streptomycin antibiotic mixture at 37 °C, under
95% air and 5% COy, they were treated with both compound 5 and
Doxorubicin at their GlI5y/ICsq for 24 h. MCF-7 cell pellets were lysed with
lysis buffer for 30 min at 4 °C and the supernatants were collected and
diluted using Standard Diluent Buffer over the linearity range of the assays
to measure human active Caspase 3, BAX, Bcl-2, CDK1 and EFGR, using
the manufacturer’s protocol. Specifically speaking, Caspase-3 activity was
determined using a colorimetric test kit (CASP-3-C, Sigma-Aldrich, St.
Louis, USA) that hydrolyze a peptide substrate (Ac-DEVD-pNA) releasing
p-nitroaniline moiety that can be monitored by measuring absorbance at
405 nm. On the other hand, Sandwich ELISA technique was used for
analysis of CD1 (MBS724349 kit, MyBioSource, CA, USA), VEGF
(MBS355343 kit, MyBioSource, CA, USA), BAX (MBS2513810 Kkit,
MyBioSource, CA, USA) and Bcl-2 (MBS720319 kit, MyBioSource, CA,
USA). Data were expressed as means + SEM of three separate experi-
ments, each done in triplicate.

4.3. Molecular docking study on NQO-1

Compound 5 and 6 were constructed and converted to 3D structures
and prepared using Avogadro [61]. NAD(P)H Quinone Oxidoreductase 1
(NQO1) protein structure was downloaded from protein data bank
under the pdb accession code 2F10 [62]. Co-crystalized ligand, dicou-
marol, was extracted from protein crystal structure. Protein was pre-
pared by stripping water molecules, adding hydrogens and computing
Gasteiger charges using Autodock tools [63]. Both A and C chains were
used for docking and flavin-adenine dinucleotide (FAD) was left in the
active site before docking. Docking was done using Autodock Vina [64]
in a grid box of 25° A% centred on dicoumarol with exhaustiveness of 16.
Docking was first validated by redocking of the co-crystalized ligand in
the active site of NQO1 then compounds 5 and 6 were docked. 3D Im-
ages were generated using PyMOL [65].

4.4. Molecular dynamics studies

Chains A and C from pdb file 2flo were selected for the molecular
dynamics study as they both are involved in the interactions with FAD and
ligands. Four complexes were studies including the apoprotein and com-
plexes with co-crystalized ligand, Compound 5, and Compound 6. All
atom molecular dynamics simulations were performed using GROMACS
2020.3 [66] for the selected protein-ligand complexes as reported earlier
[67]. In brief, SwissParam server [68] was used for ligands parameteri-
zation while Charmm36 all-atom force field [69] was used to generate
topology files for the protein. Ligand coordinates obtained from docking
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studies were used to build complexes which were boxed in a dodecahe-
dron box and then solvated with TIP3P [70] explicit water. Systems were
neutralized by the addition of required number of Na+ or Cl- ions. Sys-
tems energy was minimized with a maximum force of 1000 kJ mol-1 nm-1
using steepest descent algorithm. Equilibration using NVT and NPT en-
sembles for 1 ns each was done afterward then production run was done
for 50 ns. Temperature was kept at 300 K using the V-rescale algorithm
[71] while pressure was controlled using the Parrinello-Rahman barostat
[72] as required. The LINear Constraint Solver (LINCS) algorithm [73]
and Particle mesh Ewald (PME) method [74] were used for bond’s length
constraints and long-range electrostatics calculations, respectively. Two
femtosecond timestep was used for all simulations. Van der Waals distance
cut-off (rvdw) was set to 1.2 nm. Trajectories from the production run
were used for analysis using trajconv after correction of periodic boundary
condition (PBC).
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