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Background: Altered cellular bioenergetics and oxidative stress are emerging hallmarks of most cancers including
pancreatic cancer. Elevated levels of intrinsic reactive oxygen species (ROS) in tumors make them more suscep-
tible to exogenously induced oxidative stress. Excessive oxidative insults overwhelm their adaptive antioxidant
capacity and trigger ROS-mediated cell death. Recently, we have discovered a novel class of quinazolinediones
that exert their cytotoxic effects by modulating ROS-mediated signaling.
Methods: Cytotoxic potential was determined by colorimetric and colony formation assays. An XF24 Extracellular
Flux Analyzer, and colorimetric and fluorescent techniques were used to assess the bioenergetics and oxidative
stress effects, respectively. Mechanism was determined by Western blots.
Results: Compound 3a (6-[(2-acetylphenyl)amino]quinazoline-5,8-dione) was identified through a medium
throughput screen of ~1000 highly diverse in-house compounds and chemotherapeutic agents for their ability
to alter cellular bioenergetics. Further structural optimizations led to the discovery of a more potent analog, 3b
(6-[(3-acetylphenyl)amino]quinazoline-5,8-dione) that displayed anti-proliferative activities in low micromolar
range in both drug-sensitive and drug-resistant cancer cells. Treatment with 3b causes Akt activation resulting in
increased cellular oxygen consumption and oxidative stress in pancreatic cancer cells. Moreover, oxidative stress
induced by 3b promoted activation of stress kinases (p38/JNK) resulting in cancer cell death. Treatment with an-
tioxidants was able to reduce cell death confirming ROS-mediated cytotoxicity.
Conclusion: In conclusion, our novel quinazolinediones are promising lead compounds that selectively induce
ROS-mediated cell death in cancer cells and warrant further preclinical studies.
General significance: Since 3b (6-[(3-acetylphenyl)amino]quinazoline-5,8-dione) exerts Akt-dependent ROS-
mediated cell death, it might provide potential therapeutic options for chemoresistant and Akt-overexpressing cancers.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Pancreatic cancer is a multifaceted disorder with poor prognosis.
The five-year survival rate is only 5.6% [1]. The major obstacles in the
successful treatment of pancreatic cancer are its inherent high resis-
tance to existing chemotherapy and its late-stage detection. Therefore,
there is an urgent need to develop new and safe drugs for effective
treatment of late stage and resistant pancreatic cancer. A new strategy
is to target emerging hallmarks of cancer cells such as metabolic
reprogramming and oxidative stress [2]. Aerobic glycolysis, glutamine
dependent anaplerosis, de novo lipid and nucleotide biosynthesis and
oxidative stress are some of the key bioenergetic alterations observed
in cancer cells [3].

Oxidative stress is an important hallmark of most cancer cells in-
cluding pancreatic cancer [4]. Reactive oxygen species (ROS) including
free radicals (superoxide anion, hydroxyl radical) and non-radical spe-
cies (hydrogen peroxide) are highly reactive and can be detrimental
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when present at a high concentration. Cells maintain a state of redox
homeostasis by regulating the equilibrium between ROS generation
and scavenging. ROS are generated in biological systems by various
enzymatic (i.e. NADPH oxidase) and non-enzymatic (mitochondrial
electron transport chain) processes. To maintain ROS below their
detrimental levels, several antioxidant enzymes such as superoxide
dismutase, glutathione peroxidase, peroxiredoxins, glutaredoxin,
thioredoxin and catalase act as ROS scavengers [5].

ROS play an important role as second messengers in cell signaling
and regulate a myriad of signal transduction pathways and cell cycle
events [6,7]. ROS have also been implicated in various diseases including
cancer, neurodegenerative diseases, diabetes, cardiac disorders and mi-
tochondrial diseases. Therefore, maintaining a balance between ROS
generation and degradation is essential for normal cell proliferation,
growth and survival [8]. Increased synthesis and/or decreased elimina-
tion of ROS result in oxidative stress leading to deleterious effects on cel-
lular proteins, lipids and nucleic acids. Moreover, ROS regulate several
processes associated with cancer development and tumor invasiveness
[9,10]. Increased ROS levels are known to facilitate tumor initiation and
progression [11] by inducing DNA damage leading to oncogenic trans-
formation [12]. Therefore, several therapeutic strategies focus on the
use of antioxidants as cancer preventive agents [13].

In addition to their tumor promoting actions, ROS exert a critical ef-
fect on cell migration by activating specific genes to promote epithelial-
mesenchymal like transition and metastasis. Furthermore, cancer cells
are known to develop adaptive responses to increased ROS levels to
cope with the hazardous effects of oxidative stress [14,15]. These in-
clude the activation of redox sensitive transcription factors that increase
the expression of endogenous antioxidants, promote survival pathways,
induce chemoresistance and alter caspase activation [16,17]. Despite
this adaptive mechanism, higher basal ROS levels make cancer cells
more susceptible to exogenously induced ROS-mediated cell death. Ex-
cessive supply of exogenous oxidative insults will overwhelm the adap-
tive capacity of cancer cells and promote cell death [16]. Increasing ROS
production or decreasing ROS scavenging has shown a therapeutic po-
tential for selectively targeting tumor cells that are under persistent ox-
idative stress (Fig. 1). This suggests a “two-faced” or dual role of ROS in
cancer [18,19]. At lower levels they act as tumor promoters, whereas in
excessive amount they cause cell death. Furthermore, ROS-mediated
anticancer therapy aids in overcoming resistance associated with
other antineoplastic agents [20].

Developing compounds that exploit the high basal ROS levels
uniquely present in cancer cells is an innovative and promising ap-
proach in drug discovery [16]. ROS inducers, agents decreasing cellular
oxidative-buffering capacity, or a combination of both, can produce

exogenous oxidative stress. Normal cells have much lower ROS levels
as compared to cancer cells, and enjoy a higher antioxidant and
oxidative-buffering reserve to deal with exogenous ROS insults. There-
fore, it has been shown that these agents are not significantly toxic to
normal cells [21].

Since increased bioenergetic alterations and oxidative stress are
hallmarks of most forms of cancer, we were interested in discovering
compounds that influence cancer cell bioenergetics. The novel com-
pounds described herein targeting the altered cellular bioenergetic
characteristic of cancer cells, were identified in a medium throughput
screen using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience,
Billerica, MD). XF24 measures the rates of cellular oxygen consumption
and extracellular acidification in real time. Cancer cells were exposed to
a library of small molecule compounds including novel anticancer
agents in our laboratory, known chemotherapeutic agents and novel
small molecule compounds designed by us. The screen was performed
for finding agents that would alter cellular bioenergetics in cancer
cells. Through our screening we identified two classes of potential anti-
cancer agents, triphenylphosphoniums [22] and quinazoline-5,8-diones
(3a-f4) (Table 1). Triphenylphosphoniums decreased cellular oxygen
consumption rate (OCR) whereas our novel quinazoline-5,8-diones
resulted in tremendous increase in cellular OCR. Our novel small mole-
cule quinazoline-5,8-diones exert the highest level of reported increase
in cellular oxygen consumption rate in cancer cells resulting in ROS pro-
duction and exogenous oxidative stress. The incremental ROS genera-
tion induced by these compounds in combination with the higher ROS
level present in cancer cells leads to the activation of stress related
MAP kinases (p38 and JNK) culminating in cell death.

2. Materials and methods
2.1. Cell culture

Pancreatic cancer (MIA PaCa-2, PANC-1 and BxPC-3), breast cancer
(T-47D, MDA-MB-231, MDA-MB-435 and MCF7), lung cancer (NCI-
H460 and NCI-H1299), and prostate cancer (PC-3) cell lines were pur-
chased from the American Type Cell Culture (Manassas, VA). HCT116
p53*/* and HCT116 p53~/~ cells were kindly provided by Dr. Bert
Vogelstein (The Sidney Kimmel Comprehensive Cancer Center, Baltimore,
MD). Human ovarian carcinoma cell line (HEY) naturally resistant to
cisplatin (CDDP) was kindly provided by Dr. Louis Dubeau (USC Norris
Cancer Center, Los Angeles, CA) [23,24]. OVCAR-8 (ovarian cancer) and
multi-drug resistant NCI/ADR-RES cells were obtained from the Develop-
mental Therapeutics Program, NCI (Bethesda, MD). Dr. Carla Grandori
(Fred Hutchinson Cancer Research Center, Seattle, WA) kindly provided
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Fig. 1. Rationale for ROS-mediated cancer therapy. Normal cells regulate cellular redox homeostasis by maintaining a balance between ROS generation and scavenging. Oxidative stress is a
characteristic of most forms of cancer. Increased ROS levels promote tumor initiation, progression and metastasis. Cancer cells are known to develop adaptive responses to increased ROS
levels to protect themselves from the hazardous effects of oxidative stress. However, higher basal ROS levels make cancer cells more susceptible to exogenously induced ROS-mediated
cell death. Excessive supply of exogenous oxidative insults will overwhelm the adaptive capacity of cancer cells, promote cell death and can be exploited as a therapeutic approach.

(prod., production; degrad., degradation).
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Table 1
Cytotoxicity of compounds 3a-f, and 4 in pancreatic cancer cell lines.
150 (uM)?
Compound Structure BxPC-3 MIA PaCa-2 PANC-1
3a o. 27+03 19+ 01 22+03
O H
SOME
{ —
|\N
o
3b o y 244+ 0.1 23402 20402
N> N
(>
kN
o o
3c o y 22+02 17 £ 04 19 4+ 03
NS N
|
kN/ O\fo
o
3d O 6.5 + 0.1 34402 41+ 08
o 4°
N N
AT
o
3e oy 31409 31+04 21 +04
O
i
Wy
S
3f O y 78 +£03 16 £ 02 18 £ 03
NS N
I
Gy o
o =
g
4 (o] 2.0+ 00 23 +05 23 +05
N
(A A
o
Gemcitabine NH, 0.026 + 0.003 0.042 £+ 0.018 28+ 17
O” "N
F
Q F
HO OH
Erlotinib ~o >10 >10 >10
0. N
SN
O~ o N
HN\@
¢
CH
Resveratrol OH >10 >10 >10
HO : S O
OH
Sodium lipoate (lipoic acid) >10 >10 >10

@ 1G5 is defined as drug concentration causing a 50% decrease in cell population using MTT assay. Values with standard deviation are from at least three independent experiments. Each
experiment was generated from an average of three independent wells. The concentrations of DMSO used in the experiments were not cytotoxic to cells.

the human foreskin fibroblast cell lines (HFF-1) [25]. All cell lines used for
experiments were maintained in culture under 35 (15 for HFF-1) pas-
sages and tested regularly for mycoplasma contamination using Plasmo
Test™ (InvivoGen, San Diego, CA). Cell lines were maintained in the ap-
propriate growth media (DMEM [Cellgro, Mediatech, Mannassas, VA]
for MDA-MB-435, MDA-MB-231, MCF7, PANC-1, MIA PaCa-2, PC-3;
RPMI-1640 [(Cellgro, Mediatech, Mannassas, VA] for BxPC-3, HEY, NCI/
ADR-RES, NCI-H1299, NCI-H460, T47-D, OVCAR-8, HFF-1 and HCT116
cell lines) containing 10% heat-inactivated fetal bovine serum (Gemini-
Bioproducts, West Sacramento, CA) at 37 °C in a humidified atmosphere

of 5% CO,. For subculture and experiments cells were washed with 1x
DPBS (Cellgro, Mediatech, Mannassas, VA), detached using 0.025%
Trypsin-EDTA (Cellgro, Mediatech, Mannassas, VA), collected in growth
media and centrifuged. All experiments were performed in growth
media using sub-confluent cells in the exponential growth phase.

2.2. Compounds

Stock solutions of all compounds were prepared in dimethylsulfoxide
(DMSO) (EMD Chemicals, Gibbstown, NJ) and stored at — 20 °C. Further
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dilutions were made fresh in DPBS or cell-culture media. Gemcitabine
hydrochloride and erlotinib hydrochloride were purchased from LKT
Laboratories (St. Paul, MN) and LC Laboratories (Woburn, MA), respec-
tively. Resveratrol, N-acetylcysteine and cell permeable glutathione
(glutathione reduced ethyl ester) were bought from Sigma-Aldrich
(St. Louis, MO). Sodium lipoate was purchased from GeroNova Research
Inc. (Richmond, CA). Control samples in all the experiments were treated
with vehicle (0.1% DMSO).

2.3. Measurement of cellular oxygen consumption

Cellular oxygen consumption rate was analyzed by using an XF 24
Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA) as previ-
ously described [22]. Briefly, the assays were performed in a disposable
sensor cartridge containing 24 pairs of fluorescent biosensors coupled
to a fiberoptic waveguide, and a 24-well XF24 cell culture microplate.

The biosensor cartridge was prepared by hydrating with an XF24
calibrant solution (Seahorse Bioscience, Billerica, MA), and then incu-
bating overnight at 37 °C in CO,-free incubator. Simultaneously, cells
were seeded (MDA-MB-435 120,000 cells/well; MIA PaCa-2 60,000
cells/well) in 100 pL culture medium in each well of the XF 24 cell
microplate except Al, B4, C3 and D6 control wells. The cells were
allowed to adhere for 6 h and then 150 pL of culture media was added
to each well. The plate was then incubated overnight at 37 °C in the
presence of 5% CO,.

At the start of the experiment, the assay medium was warmed to
37 °C, and the pH was adjusted to 7.4. Culture medium was removed
from the XF24 cell microplate, and the cells were washed using assay
medium. After that, 600 pL of the assay medium was added to each
well and the XF24 cell microplate was incubated at 37 °C for 1 hin a
CO,-free incubator. Concurrently, dilutions of all the compounds were
prepared in assay media. 60 L of the dilutions were added to the injec-
tion ports of the biosensor cartridge, and it was then maintained at
37 °C without CO, supplementation. Calibration and assay measure-
ments were then performed at 37 °C using XF24.

2.3.1. Assay medium

DMEM base (8.3 g, Sigma-Aldrich, St. Louis, MO) and sodium chlo-
ride (1.85 g, Sigma-Aldrich, St. Louis, MO) were dissolved separately
in 500 mL distilled water. The two solutions were then combined to-
gether and 20 mL of this combined solution was replaced with 10 mL
of 100x GlutaMax-1 (Gibco, Invitrogen, Carlsbad, CA) and 10 mL of
100 mM sodium pyruvate (Sigma-Aldrich, St. Louis, MO). The complete
medium was then warmed to 37 °C, and its pH was adjusted to 7.4 using
5 M sodium hydroxide (Sigma-Aldrich, St. Louis, MO). Finally, it was
sterilized by filtration and stored at 4 °C for future use. Temperature
and pH were again adjusted to 37 °C and 7.4 respectively on the day
of the assay.

24. Cytotoxicity assay

Cytotoxicity was assessed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay as previously described [26].
Briefly, cells were seeded in 96-well tissue culture treated plates and
allowed to adhere overnight. Cells were subsequently treated with com-
pounds or vehicle for the required amount of time. After 72 h, MTT
(0.3 mg/mL) was added to each well. Cells were incubated with MTT
for 3 h at 37 °C. After removal of the supernatant, DMSO was added and
the absorbance was read at 570 nm. All assays were done in triplicate. %
cytotoxicity was calculated by comparing the absorbance from drug
treated wells to that of the control wells using the following formula: %
cytotoxicity = 100 x (1 — [Abs (drug treated) / Abs (control)]). The
ICsp was determined for each compound from a plot of log (drug concen-
tration) versus percentage of cell kill.

2.5. Colony formation assay

Colony formation assay was performed as previously described [27].
Briefly, cells were seeded in 96 well tissue culture plates at a density of
200 cells per well (or in 6 well plates at a density of 250 cells per well)
in growth media and allowed to adhere overnight. Cells were subse-
quently treated with different concentrations of compounds at various
times. Following treatment, cells were washed with 1x DPBS and incu-
bated in growth media for a period of 7-10 days, allowing sufficient
time for colonies to form in control wells. To visualize the extent of col-
ony formation, cells were fixed and stained in a 0.25% solution of crystal
violet containing 10% formalin and 80% methanol. Excess stain was re-
moved through multiple washes in distilled water and allowed to air
dry. Stained plates were imaged using VersaDoc imaging platform
(Bio-Rad Laboratories, Hercules, CA) and analyzed with Quantity One
software (Bio-Rad Laboratories, Hercules, CA).

2.6. Superoxide detection

Superoxide production was quantified by measuring the rate of re-
duction of ferricytochrome c to ferrocytochrome c [28]. Briefly, cells
were seeded in a 96-well plate at a density of 20,000 cells per well
and allowed to adhere overnight. The next day, cells were treated
with 5 pM of compounds 3a-c (representative compounds of this
class) with or without superoxide dismutase (20 U) (Sigma-Aldrich,
St. Louis, MO). 125 uM of partially acetylated cytochrome c (Sigma-
Aldrich, St. Louis) was added right before starting the measurements.
The absorbance was measured every 5 min for 3 h at 550 nm. The ini-
tial rate was calculated by analyzing the change in absorbance with
time.

2.7. Thiol detection

BxPC-3 (20,000 cells/well) and MIA PaCa-2 (20,000 cells/well) cells
were seeded in a 96-well clear bottom black plate and allowed to ad-
here overnight. The next day cells were treated with increasing concen-
trations of compound 3b for 4 h. Cells were then washed with 1x DPBS
and stained with 1 uM CellTracker™ Green CMFDA (Invitrogen,
Carlsbad, CA) for 45 min at 37 °C. Following which cells were incubated
in fresh culture media for 30 min at 37 °C, washed with 1x DPBS,
counterstained with DRAQ5® (Cell Signaling Technology, Danvers,
MA). Cells were then fixed with 3.7% formaldehyde in 1x DPBS at
37 °C for 10 min, and then imaged using BD Pathway 435 High-
Content Bioimager (BD Biosciences, San Jose, CA) at 10x magnification.

2.8. Western blotting

MIA PaCa-2 cells were seeded and allowed to adhere overnight. After
the desired treatment, cells were washed with 1x DPBS and lysed using
the RIPA lysis buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS) in the presence of protease inhibitor (SIGMAFAST™ protease inhib-
itor cocktail tablet, EDTA-free, Sigma-Aldrich, St. Louis, MO) and phos-
phatase inhibitor (sodium orthovanadate, VWR International, Radnor,
PA). Cell lysates were then sonicated and centrifuged at 12,000 rpm for
10 min at 4 °C. Protein concentration of the whole cell lysates was mea-
sured using BCA protein assay and equal amounts of total protein were
resolved on a 10% polyacrylamide via SDS-PAGE. The separated proteins
were electroblotted onto nitrocellulose membrane and blocked in 5%
milk in TBST (Tris-Buffered Saline with Tween® 20) for 1 h at room
temperature. The membrane was probed with primary antibodies
to JNK, B-Tubulin (Santa Cruz Biotechnology Inc., Santa Cruz, CA), to p-
P38, p38, p-JNK, GAPDH, p-Akt, Akt, p-Fox03a, Fox03a, p-H2AX, H2AX,
c-Jun, p-c-Jun, FasL, Fas, cleaved caspase-8 and cleaved caspase 3
(Cell Signaling Technology, Danvers, MA), MnSOD and catalase (Sigma-
Aldrich, St. Louis, MO)] at 4 °C overnight. Horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology Inc., Santa
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Cruz, CA) in combination with SuperSignal West Dura (ThermoFisher
Scientific, Waltham, MA) were used to visualize proteins of interest
with a ChemiDoc Imaging system (Bio-Rad Laboratories, Hercules, CA).
Quantification of bands was done using Image] software.

2.9. Statistics

Where indicated, p-values were calculated using Student's t-test.
p-Values less than 0.05 were considered to be statistically significant.

2.10. Chemistry: General procedure for preparation of compounds and
intermediates

A solution of quinazoline-5,8-dione (1, 1.0 mM for 3a, 0.57 mM for
3b-d, 0.62 mM for 3e-f), cerium chloride (CeCl3-7H,0) (1.1 eq), and
aminoacylbenzene (2a-f, 1.1 eq) in absolute ethanol (15 mL for 3a,
10 mL for 3b-f), pre-saturated with oxygen, was stirred at room tem-
perature (rt) for 5 h. Then, most of the ethanol was removed under vac-
uum, and water was added, followed by extraction of the mixture with
chloroform (CHCls). The organic layers were dried over sodium sulfate
(Na,S04) and concentrated to dryness. The crude product was purified
by flash chromatography (eluent: ethyl acetate) to give the desired
compound.

The synthesis of compounds 3a-f and 4 (Supplementary Schemes
Al and A2) was carried out using Bracher's methodology [29].
Regioselective substitution of quinazoline-5,8-dione (1) with appropri-
ate aminoacylbenzene (2a-f) in the presence of Ce(lIl) ions gave 3a-f.
The acid-catalyzed cyclization of 3a led to the formation of the con-
densed product 4.

Supplementary Scheme A3 illustrates the synthesis of the key
synthone 1 from readily available dimethoxybenzaldehyde 5. Nitration
of compound 5 with a molar excess of silica gel supported nitric acid,
under simple magnetic stirring or by ultrasonic agitation, afforded the
3,6-dimethoxy-2-nitrobenzaldehyde (6). The latter was converted
to diformamido-derivative 7, which was then cyclized to give
dimethoxyquinazoline 8. Final oxidation by cerium ammonium
nitrate resulted in the production of quinazoline-5,8-dione 1.

It has been reported that amines attack the 6- and 7-positions of the
isostere quinolin-5,8-dione, and the regioselectivity depends on the
charge density at these positions. Additionally, the acid medium and
Ce3* ions increase 6-amino derivative formation [30]. We performed
X-ray crystallographic studies to prove the regiochemistry of coupling
between the aminoacetophenone 2a and the quinone 1 in 6-position
of the quinazolinedione ring (Supplementary Fig. A5 and Supplementa-
ry Tables A2, A3, A4). Elemental analyses for compounds 3a-f and 4 are
reported in Supplementary Table A5 (a detailed synthesis of the inter-
mediates is mentioned in the supplementary section).

6-[(2-acetylphenyl)amino]quinazoline-5,8-dione (3a). Red-brown
solid. Yield: 56%; mp 206-209 °C. IR (KBr): v cm™ ! 3315, 1685. 'H
NMR (CDCl5): & 11.40 (s, 1H, NH), 9.67 (s, 1H, Hs), 9.54 (s, 1H, Hy),
801 (d, 1H, Ar-H), 7.64 (d, 2H, Ar-H), 7.32-7.24 (m, 1H, Ar-H),
6.99 (s, TH, H;), 2.71 (s, 3H, CHs). '3C NMR (CDCls): 6 201.5, 1812,
180.3, 163.5, 156.7, 143.6, 139.1, 134.3, 1324, 126.1, 124.1, 1234,
121.0, 107.2, 28.5. MS: m/z 293 (M*). Anal. (C;6H;1N505) C, H, N.
6-[(3-acetylphenyl)amino]quinazoline-5,8-dione (3b). Red-brown
solid. Yield: 67%; mp 215-218 °C. IR (KBr): v cm™! 3315, 1685. 'H
NMR (CDCls): 6 9.68 (s, 1H, Ha), 9.52 (s, 1H, Hy), 7.87 (d, 1H, Ar-H),
7.67-7.54 (m, 3H, Ar-H), 6.62 (s, 1H, H), 2.65 (s, 3H, CHs). MS: m/z
293 (M+) Anal. (C15H]1N303) C H,N.
6-[(4-acetylphenyl)amino]quinazoline-5,8-dione (3c). Red-brown
solid. Yield: 67%; mp 228-230 °C. IR (KBr): v cm™ ! 3315, 1685. 'H
NMR (CDCls): 6 9.69 (s, 1H, Ha), 9.53 (s, 1H, Hy), 8.06 (d, 2H, Ar-H),
7.39 (d, 2H, Ar-H), 6.83 (s, 1H, H), 2.63 (s, 3H, CHs). MS: m/z 293
(M+). Anal. (C15H11N303) C, H, N.

6-{[2- (phenylcarbonyl)phenyl]amino}quinazoline-5,8-dione
(3d). Red-brown solid. Yield: 77%; mp 167-170 °C.IR (KBr): vem ™!
3320, 1680. '"H NMR (CDCl3): & 10.46 (bs, 1H, NH), 9.66 (s, 1H, Hy),
9.51 (s, 1H, Hy), 7.83-7.50 (m, 9H, Ar-H), 6.92 (s, 1H, H7). MS: m/z
355 (M+) Anal. (C21H13N303) C,H,N.
6-{[3-(phenylcarbonyl)phenylJamino}quinazoline-5,8-dione
(3e). Red-brown solid. Yield: 82%; mp 196-199 °C.IR (KBr): vcm ™!
3320, 1680. "H NMR (CDCl3): & 10.40 (bs, 1H, NH), 9.67 (s, 1H, Hy),
9.51 (s, 1H, Hy), 7.82 (d, 1H, Ar-H), 7.73-7.50 (m, 8H, Ar-H), 6.67
(S, 1H, H7) MS: m/z 355 (M+) Anal. (C21H13N303) C H,N.

6-{[4- (phenylcarbonyl)phenyl]amino}quinazoline-5,8-dione
(3f). Red-brown solid. Yield: 73%; mp 233-236 °C.IR (KBr): vcm ™!
3320, 1680. '"H NMR (CDCl3): & 10.42 (bs, 1H, NH), 9.69 (s, 1H, Hy),
9.53 (d, 1H, Hy), 7.93 (d, 1H, Ar-H), 7.80 (d, 1H, Ar-H), 7.64-7.49
(m, 6H, Ar-H), 742 (d, 1H, Ar-H)o. MS: m/z 355 (M™"). Anal.
(C21H13N303) G H, N.
11-Methylpyrimido[4,5-b]acridine-5,12-dione (4). Yellowish
brown solid. Yield: 25%; mp >280 °C; IR (KBr): v cm™' = 1685.
TH-NMR (CDCl5): & 9.84 (s, 1H, Hy), 9.78 (s, 1H, Hy), 8.47 (m, 2H,
Ar-H), 8.01 (m, 1H, Ar-H), 7.86 (m, 1H, Ar-H), 3.35 (s, 3H, CHs).
MS: m/z 275 (M+) Anal. (C16H9N302) C H,N.

3. Results
3.1. Compound 3a increases cellular OCR

Compound 3a was discovered in a random medium throughput
screen of a highly diverse in-house library of ~1000 drug-like small-
molecule compounds for their effects on cellular bioenergetics. 3a
resulted in immediate (first measurement was taken at 9 min after
compound addition), and significant increase in cellular OCR in cancer
cells. Furthermore, 3a promoted 3-fold increase in cellular OCR as com-
pared to resveratrol and lipoic acid (Fig. 2A). Resveratrol and lipoic acid
are compounds that are being investigated for their anticancer poten-
tial. They are also known to enhance oxygen consumption in cells
[31-35].

Further structural optimization of 3a led to a series of analogs
(Table 1) with varying degrees of effect on cellular OCR. All these ana-
logs exhibit favorable drug like properties (Table 2). The analogs were
designed with a bulky benzophenone or a smaller acetophenone
group attached to the N on the 6-position of quinazoline-5,8-dione, or
by ring closure at that position. Compounds with closed ring system
(4) or bulkier groups (3d, 3f) exerted less effect on OCR. Moreover,
meta substitution was the most effective substitution (compounds 3b
and 3e). Compound 3e even with a bulkier benzophenone group (also
present in 3d, 3f) showed similar activity as compound 3b.

Compound 3b was the most potent analog of 3a, which resulted in
11-fold increase in cellular OCR (Fig. 2B, C). Therefore, we used com-
pound 3b as a representative of this class of compounds for further stud-
ies. Furthermore, 3b induced dose dependent increase in cellular OCR
(Fig. 2D, E). Moreover, the OCR inducing effects were not seen in the ab-
sence of cells (data not shown), suggesting that the cell signaling ma-
chinery is crucial for 3b and its analogs to exert their effects.

3.2. Mitochondrial inhibitors do not abolish the OCR increasing effects of
compound 3b

Mitochondria and cell metabolism play a vital role in regulating cel-
lular bioenergetics and redox status. Therefore, we assessed for any
changes in OCR increasing efficacy of compound 3b in presence of
mitochondrial inhibitors (Supplementary Fig. A1). Compound 3b was
able to increase cellular OCR in cells pretreated with oligomycin (ATP
synthase inhibitor) or FCCP (mitochondrial uncoupler) (Supplementary
Fig. A1A, B). However, the change in OCR right after the compound 3b
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Fig. 2. Compounds 3a-f and 4 induce significant increase in cellular oxygen consumption. (A) Compound 3a was identified by a medium throughput screen of ~1000 highly diverse in-
house compounds and chemotherapeutic agents using an XF24 Extracellular Flux Analyzer. 3a (5 uM) induced 3-fold increase in cellular oxygen consumption in MDA-MB-435 cells when
compared to resveratrol (50 uM) and lipoic acid (100 uM). (B) Structural optimization of compound 3a led to discovery of 6 analogs. Compound 3b (5 pM) was the most potent analog in
increasing OCR in MDA-MB-435 cells. (C) Fold change increase in OCR was most significant for compound 3b. (3a-f, 5 uM; 4, 5 uM; Resveratrol, 50 uM; Lipoic acid (sodium lipoate)
100 uM) (D) Compound 3b exerted a dose dependent increase in OCR in MIA PaCa-2 cells. (E) Quantification of data shown in (D) in terms of fold change (3b, 0.5 pM, 5 pM, 50 pM).

addition was slightly lower or higher in the cells pretreated with
oligomycin or FCCP, respectively as compared to cells pretreated with
medium control (DMEM). This difference can be attributed to the
change in the basal OCR as a response to the addition of the mitochon-
drial inhibitor right before compound 3b addition [the change due to
oligomycin (decrease) or FCCP (increase) treatment]. Similar results
were obtained with pretreatment with inhibitors of mitochondrial com-
plexes (Supplementary Fig. A1C, D). Pretreatment with antimycin A
(complex I inhibitor) or rotenone (complex I inhibitor) did not
completely abolish the effects of compound 3b on OCR.

3.3. Compounds 3a-f and 4 inhibit cell proliferation in human pancreatic
cancer cells

Cytotoxicity of compounds 3a-f and 4 was tested in a panel of pan-
creatic cancer cell lines by MTT assay (Table 1). All the compounds
showed ICsq values in the low micromolar range in all cell lines.

Table 2
Druglikeliness of compounds 3a-f and 4.

Compound ~ Mol. wt”  milogP® HBDY  HBA®  No. of rotatable bonds’
3a 293.28 1.83 1 6 3
3b 293.28 1.85 1 6 3
3c 293.28 1.88 1 6 3
3d 35535 3.39 1 6 4
3e 355.35 341 1 6 4
3f 35535 343 1 6 4
4 27527 217 0 5 0

@ Druglikeliness of a compound is defined by its ability to follow Lipinski's rule of five.
These properties were calculated using www.molinspiration.com.

b Mol. wt. should be 500 Da or less.

¢ miLogP refers to Log P calculated by molinspiration (mi). Log P is the measure of lipo-
philicity of the compound and should be 5 or less.

4 HBD refers to number of hydrogen bond donors in the molecule. HBD should be 5 or
less.

¢ HBA refers to number of hydrogen bond acceptors in the molecule. HBA should be 10
or less.

T No. of rotatable bonds should be 10 or less.

However, lower potencies were observed for compounds 3d in BXPC-
3, MIA PaCa-2 and PANC-1, 3e in MIA PaCa-2 and BxPC-3, and 3f in
BxPC-3, suggesting that the addition of a bulkier group (3d, 3e, 3f) de-
creased their activity. Similar results were obtained in the colony forma-
tion assays where cells were treated for 24 h with the compounds
(Supplementary Fig. A2D). More importantly, all our novel compounds
are more potent than erlotinib, one of the standard clinically used drugs
for pancreatic cancer (erlotinib, an EGFR inhibitor acts a multikinase in-
hibitor in pancreatic ductal adenocarcinomas, and in combination with
gemcitabine was approved in 2005 for treatment of pancreatic cancer
[36,37]). Moreover, these compounds are more potent than resveratrol
and lipoic acid that are known inducers of OCR and are being developed
as anticancer agents (Table 1) [31-35].

Furthermore, these compounds inhibit cell proliferation in breast,
colon, prostate, ovarian and lung cancer cell lines (Supplementary
Table A1). The inhibition of cell proliferation obtained by MTT assay
was confirmed by colony formation assay (Supplementary Fig. A3). In-
terestingly, these compounds exert similar activity in HCT 116 p53*/*
and HCT 116 p537/~, suggesting that their mode of action might be
independent of p53 expression. More importantly, all compounds
were potent in adriamycin-resistant NCI/ADR-RES cells overexpressing
MDR-1 [38] and in HEY cells that are inherently resistant to cisplatin
[23,24]. Therefore, compound 3b and its analogs have great potential
for treating resistant forms of cancer and warrant further investigation.

3.4. Compounds 3a—c induce oxidative stress in cancer cells

Our novel quinazolinediones significantly increased cellular OCR
and potently inhibited cancer cell proliferation. Increased oxygen con-
sumption by the treated cells might increase cellular ROS levels
resulting in ROS-mediated cell death. To test this hypothesis we evalu-
ated superoxide production upon treatment with these compounds
using the partially-acetylated cytochrome c assay. This assay is based
on the ability of superoxide to reduce the partially-acetylated cyto-
chrome c [28]. Addition of compound 3b and its closest analogs
(3a, 3c) resulted in immediate (first measurement at 5 min after


http://www.molinspiration.com

338 D. Pathania et al. / Biochimica et Biophysica Acta 1840 (2014) 332-343
1.2 1.2 1
g -
8 8 Patis
- R ] :

S-E g E 0.8 ]
@ s @ 'g 0.6 ‘Wﬁr; : i-l-.m:(-:-x’:\:-
$O £9 o4
s ——3a B g ~+-3b
g 027 ~=-3a+S0D £ 027 8-3b + SOD

0 T T T 1 © Control 0 T T T ) o Control

0 50 100 150 200 0 50 100 150 200
Time (min) Time (min)

Cc D w, . . "

2 1 M
o 1.2 H |
=] 1 -
% ;
E M 2 4
S 08 - 2
38 M 5
? E 0.6 |0 oo = 4

H RES ann sHeasistent

20 0.4 e
'g L ——3¢ »
s ez B 2] = Compound

I = F-}
I il & = Compound + SOD

0 ! T T " O Control 0 -

0 50 100 150 200 3a 3c 3b
Time (min)

Fig. 3. Compounds 3a-3c induce immediate and significant increase in superoxide production in MIA PaCa-2 pancreatic cancer cells. Compounds 3a (A), 3b (B), and 3¢ (C) cause significant
increase in superoxide production. Cells treated with compounds 3a-c (blue); Cells treated with compounds 3a-c in presence of superoxide dismutase (green); Control cells treated with
partially acetylated cytochrome c (yellow). (D) Rate of superoxide generation calculated from the curves shown in A, B and C. (3a-c, 5 uM; SOD, 20 U; partially acetylated cytochrome c,

125 pM. *Indicates p < 0.05).

compound addition) and sustained (lasting 3 h) increase in superoxide
production (Fig. 3A, B, C). The initial rate of superoxide generation was
highest in cells treated with compound 3b, the most potent analog, cor-
roborating the results obtained from XF24's screening (Fig. 3D).
Mitochondria are the major source of cellular ROS production and
are implicated in the process of “ROS-induced ROS release” [39]. ROS
produced by a mitochondrion or any other cellular source are capable
of stimulating ROS production in another mitochondrion initiating a
chain reaction of ROS generation [40]. Therefore, we investigated the
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Control

ability of 3b to generate mitochondrial ROS using MitoSOX Red, a mito-
chondrial targeted probe that undergoes oxidation in the presence of
superoxide giving rise to a fluorescent product. Treatment with 3b
resulted in a significant increase in mitochondrial superoxide in a
time- and dose-dependent manner in all three pancreatic cancer cell
lines tested (Supplementary Fig. A4).

Furthermore, depletion of cellular antioxidants' pool can make
cancer cells more susceptible to oxidative stress induced cell death
[16]. Therefore, we tested the effect of 3b on the levels of cellular
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Fig. 4. Compounds 3b depletes cellular antioxidants in pancreatic cancer cells. BXPC-3 (20,000 cells/well) and MIA PaCa-2 (20,000 cells/well) cells were treated with increasing concen-
trations of compound 3b (1 uM, 2.5 uM and 5 pM) for 4 h. Treatment of (A) BXxPC-3 and (B) MIA PaCa-2 cells with compound 3b resulted in decrease in cellular glutathione content in a
dose dependent manner (CellTracker Green™ CMFDA stains for cellular glutathione, DRAQ5® is the nuclear stain).
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antioxidants. As expected, treatment with 3b depleted cellular thiols
(Fig. 4). Cells treated with compound 3b (5 uM, 2.5 M and 1 uM) for
4 h and then exposed to Cell Tracker Green™ CMFDA for ~1 h exhibited
decreased signal intensity as compared to control, suggesting depletion
of cellular thiols (Fig.4).

3.5. Compounds 3a—f and 4 induce rapid inhibition of cancer
cell proliferation

Compounds 3a-3f and 4 increased cellular oxygen consumption and
superoxide production in pancreatic cancer cells within minutes (Fig. 2,
3 and Supplementary Fig. A4). Therefore, we investigated their cytotox-
ic potential using shorter drug treatments in the colony formation and
the MTT assays. In agreement with the above results, 10 min treatments
with 3b followed by removal of drug, was sufficient to inhibit cell prolif-
eration in BXPC-3, MIA Paca-2 and PANC-1 cells, indicating that 3b has a
rapid and irreversible mechanism of action (Fig. 5, Supplementary
Fig. A2). Furthermore, 3b was most potent in MIA Paca-2 cells with an
ICsp of 8.7 & 0.6 uM with just 30 min of drug exposure as determined
by MTT assay (Fig. 5B). Therefore, we used MIA Paca-2 cells for all our
further studies. Similar results were observed for all analogs indicating
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that these compounds have immediate and sustained inhibitory effects
on cancer cell proliferation (Supplementary Fig. A2). Compounds 3a-3c
are more potent than compounds 3d-3f and 4 supporting the results
obtained in OCR experiments. Furthermore, the cytotoxic potential of
lead compound 3b was compared with that of gemcitabine in normal fi-
broblasts. The extent of cytotoxic effects exerted by compound 3b in
normal fibroblasts HFF-1 cells was similar to the toxicity induced by
gemcitabine in these cells (data not shown).

3.6. Antioxidants overcome the cytotoxic effects of compound 3b

On the basis of the data presented thus far we hypothesize that the
cytotoxic effects of quinazolinediones on cancer cells are mediated by
the production of ROS. To test this hypothesis we treated pancreatic
cancer cells with compound 3b in the presence or absence of antioxi-
dants (N-acetylcysteine, NAC or glutathione reduced ethyl ester, cell
permeable glutathione, GSH). Cells were pretreated with 0, 1 or 5 mM
of NAC or GSH for 2 h followed by treatment with compound 3b at
5 uM for 72 h. Cells treated with compound 3b in the presence of an an-
tioxidant showed increased survival in a dose dependent manner as
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Fig. 5. Treatment with compound 3b results in rapid inhibition of cancer cell proliferation. Colony formation and MTT assays were performed using compound 3b in BXPC-3 (A), MIA PaCa-
2 (B) and PANC-1 (C) cells. Cells were treated with a range of concentrations (1 pM, 5 uM and 10 pM) for increasing time periods (10 min, 30 min, 1 h,4 h,8 h,12 h,24 h,48 hand 72 h),
washed with 1x DPBS and allowed to grow into colonies in drug-free media for 5 days (MIA PaCa-2 cells), 7 days (PANC-1 cells) and 10 days (BxPC-3 cells), or incubated for 72 h MTT
assay after the wash. The colonies obtained were stained using crystal violet and then imaged using VersaDoc imaging platform. (Curves represent the data generated from MTT assay.

Inset tables show the ICsg values from MTT assay performed for a total of 72 h.)
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of 72 h. Results are obtained from MTT based cytotoxicity assay.

compared to cells treated with compound 3b alone, confirming a ROS-
mediated cell death mechanism for these compounds (Fig. 6).

3.7. Compound 3b promotes Akt-directed increase in cellular ROS

Previously, it has been shown that Akt increases intracellular ROS by
increasing oxygen consumption and decreasing ROS scavenging [41].
Similarly, compound 3b increases cellular OCR (Fig. 2) and induces cel-
lular superoxide generation (Fig. 3 and Supplementary Fig. A4). There-
fore, we postulated that the ROS-mediated cell death by compound 3b
may be due to Akt activation. To test this hypothesis, MIA PaCa-2 pan-
creatic cancer cells were treated with compound 3b (5 pM) at various
time points. We observed a robust phosphorylation of Akt at S473 and
T308 as early as 10 min. Activated Akt in turn phosphorylated its
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downstream target, FoxO3a (forkhead box 03a). However, phosphory-
lation of FoxO3a by Akt results in its inactivation and thus decreased ex-
pression of its target antioxidant enzymes [manganese superoxide
dismutase (MnSOD) and catalase] (Fig. 7A). Mechanistically, compound
3b causes a rapid increase in ROS upon treatment and a subsequent de-
crease of antioxidants' expression in cells between 8 and 12 h (Fig. 7A)
suggesting that compound 3b promotes Akt-directed oxidative stress in
MIA PaCa-2 cells.

3.8. Compound 3b activates stress kinases and causes apoptosis
The stress response caused by 3b is supported by the early activation

(10 min) of stress induced protein kinases, p38, and JNK and its down-
stream target c-Jun (Fig. 8A). Activated p38 and JNK have been implicated
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Fig. 7. Compound 3b promotes Akt-directed increase in cellular oxidative stress. (A) Treatment with compound 3b resulted in activation of Akt by increased phosphorylation at S473 and
T308. Activated Akt phosphorylates FoxO3a (S253) resulting in its inactivation leading to decreased expression of its downstream target antioxidant enzymes manganese superoxide
dismutase (MnSOD) and catalase. Thus, 3b decreased the antioxidant content of cells. GAPDH was used as a loading control. (B) Compound 3b induces ROS-mediated cell death in cancer
cells. Treatment with compound 3b resulted in Akt-directed increase in cellular oxygen consumption, ROS production, and decreased antioxidants' expression (MnSOD and catalase). In-
creased oxidative stress induced by 3b overwhelms the adaptive capacity of cancer cells to survive at relatively higher basal ROS. Finally, increased cellular ROS resulted in activation of
stress kinases and induction of cell death in cancer cells. Western blots were repeated at least thrice for each condition. Representative blots are shown in here. Quantification is done using
Image] software. Total proteins were normalized to loading control. phospho-proteins were normalized to their loading control and then to their respective total protein content.
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Fig. 8. Compound 3b activates stress kinases and induces cell death in pancreatic cancer cells (A) 3b treatment resulted in increased phosphorylation of stress kinases p38 (T180/Y182) and
JNK (T183/Y185). Activated pJNK phosphorylates its downstream target c-Jun (S73). (B) Furthermore, treatment with compound 3b also resulted in phosphorylation of H2AX (S139), a
marker of DNA damage. (C) Oxidative stress results in increased expression of FasL, activation of Fas receptor and its downstream caspases (D, E). (F) Proposed mechanism: compound 3b
induced ROS-directed Fas-mediated apoptotic cell death in pancreatic cancer cells. Western blots were repeated at least thrice for each condition. Representative blots are shown here.
Quantification is done using Image] software. Total proteins were normalized to loading control. phospho-proteins were normalized to their loading control and then to their respective

total protein content.

in induction of cell death resulting from various forms of stress including
oxidative stress [42-46]. DNA-damage was observed by a robust and
sustained phosphorylation of histone H2AX at S139, a key marker for
DNA double strand break (Fig. 8B). DNA double strand breaks can lead
to apoptotic cell death [47]. Furthermore, treatment with compound 3b
activated Fas-mediated apoptotic signaling in pancreatic cancer cells
(Fig. 8C, D, E). Thus, treatment with compound 3b results in oxidative
stress induced cell death in pancreatic cancer cells (Fig. 8F).

4. Discussion

6-Arylamino-7-chloro-quinazoline-5,8-diones have been reported as
potential antitumor agents displaying DNA topoisomerase inhibitory
properties resulting in their cytotoxic effects [48,49]. However, the
quinazoline-5,8-diones mentioned in this paper structurally differ from
the previously reported compounds in lacking 7-chloro substitution.
Moreover, quinazoline-5,8-diones discovered by our group have an
interesting mechanism of action on targeting the persistent oxidative
stress in cancer cells. These compounds act by a rapid and sustained
antiproliferative mechanism. These compounds induce rapid increase
in cellular OCR and superoxide generation (Fig. 2, 3, Supplementary
Fig. A4). Furthermore, 3b depletes cellular thiols (Fig. 4) and aggravates
cellular oxidative stress. A short exposure to the compound is adequate
to induce cell death in cancer cells with sustained effects for ~10 days
(Fig. 5). Additionally, these compounds potently inhibit cell proliferation
in different cancer cell lines (Table 1, Supplementary Table A1, Fig. 5,
Supplementary Fig. A2, A3). Importantly, they are active in both drug-
sensitive and drug-resistant cancer cell lines. ROS-mediated anticancer
therapy can overcome resistance associated with some anticancer
agents. Expression of multidrug resistant transporter (p-glycoprotein)
is dependent on intracellular ROS levels. For example, DU-145NOX1

(prostate cancer cell line over-expressing NADPH oxidase 1) has higher
intracellular ROS and lower expression of P-gp as compared to DU-145
[20]. Since 3b and its analogs exert activity in resistant cancer cell lines
(HEY and NCI/ADR-RES), they would have great application in chemo-
therapy for resistant forms of cancer. Furthermore, 3b exerts similar cy-
totoxic effects in normal fibroblasts HFF-1 cell line as compared to
gemcitabine.

Akt is a pro-survival kinase that is upregulated in several forms of
human cancers. Hyperactive Akt inhibits apoptosis induced by numerous
stimuli. However, Akt is unable to inhibit ROS-mediated cell death, and in
fact, Akt aids in ROS-directed cell death by inducing cellular oxygen con-
sumption, promoting ROS generation, and impairing ROS degeneration.
Akt mediates decreased ROS scavenging by phosphorylating the tran-
scription factor FoxO causing its inactivation. This leads to decreased ex-
pression of its target antioxidant enzymes (MnSOD and catalase).
Therefore, hyperactivated Akt sensitizes cancer cells to ROS-directed cell
death [41]. Parthenolide, a sesquiterpene lactone, has been shown to in-
duce Akt-directed ROS-mediated cell death in prostate cancer cells [50].
Compound 3b increases Akt phosphorylation causing a decrease in
FoxO3a activity that in turn reduces the cellular pool of antioxidants
resulting in excessive oxidative stress in cancer cells (Fig. 7).

Increased oxidative stress activates stress kinases (p38/JNK) culmi-
nating in cancer cell death. Increased ROS generation by 3b resulted in
immediate and sustained activation of stress kinases' pathways (p38,
JNK) that have been implicated in induction of cell death (Fig. 8A)
[42,51,52]. Moreover, 3b promoted H2AX phosphorylation in pancreatic
cancer cells (Fig. 8B). H2AX is a marker for DNA damage and can be
phosphorylated by JNK and p38, or under DNA damaging or oxidative
stress conditions [53-55]. DNA damage can in turn lead to apoptosis
[47]. Furthermore, ROS can lead to increased expression of FasL
[56,57]. Additionally, activation of p38 and JNK by ROS has also been
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implicated in Fas/FasL mediated apoptosis [58-60]. Treatment with
compound 3b resulted in increased expression and activation of Fas/
FasL and the downstream caspases (caspase 8 and caspase 3) (Fig. 8C,
D, E). Moreover, Fas can further activate JNK [61] and can intensify the
cell death effect. Additionally, activated JNK can also migrate to mito-
chondria and induce mitochondrial apoptosis [59] and further aid in
cell death initiated by ROS.

Due to limited therapeutic options for pancreatic cancer we plan to
develop these compounds for pancreatic cancer treatment. Recent stud-
ies have shown that like most types of cancer, pancreatic cancer
also exhibits increased oxidative stress [4]. Increased ROS in pancreatic
cancer suggests the usefulness of ROS-mediated therapeutic strategy for
this disease. Most forms of pancreatic cancer express over-activated
mutated Ras. Ras oncogene can upregulate the expression of NOX1 (a
homologue of catalytic subunit of superoxide producing enzyme,
NADPH oxidase) and increase ROS generation [62]. Therefore, these
compounds might be acting through Ras. However, since they have sim-
ilar activities in Ras wt (BxPC-3) and mutated (MIA PaCa-2 and PANC-1)
forms of cancer (Table 1), NOX1 does not seem a probable target for
these compounds.

Additionally, pancreatic cancer cells have elevated expression of
NAD(P)H:quinone oxidoreductase (NQO1), which detoxifies quinones.
NQO1 reduces most quinones directly to hydroquinones, thus bypassing
the highly reactive semi-quinone intermediate [63]. Dicumarol and
ES936 inhibit NQO1 and demonstrate cytotoxic effects in pancreatic
cancer [64,65]. However, certain agents like streptonigrin require
NQO1 mediated activation for exerting cytotoxic effects [63,66]. Since
these compounds have a quinone moiety, there is a possibility that
NQO1 might be activating them like streptonigrin. Several other drugs
like capsaicin, BITC and nitric oxide donating aspirin (NO-ASA) have
shown ROS mediated cytotoxic effects in pancreatic cancer cell lines
[67-69]. Moreover, pancreatic cancer cells are known to express acti-
vated Akt, which could aid in achieving Akt-directed ROS-mediated
cell death in pancreatic cancer cells [70]. All these reports suggest that
ROS mediated treatment is a rational approach for pancreatic cancer.

Lastly, these compounds have a quinone moiety in their structures,
and most antitumor quinones undergo redox cycling (redox cycling:
Quinone reductases catalyze one electron or two electron transfer reac-
tions resulting in the formation of semiquinone and hydroquinone, re-
spectively. Semiquinone reacts with oxygen, and generates superoxide
and the parent quinone. Superoxide anion acts as a propagating species
in the autoxidation of hydroquinones. NADPH cytochrome P450 reduc-
tase and NAD(P)H:quinone oxidoreductase are examples of one and
two electron transfers catalyzing quinone reductases, respectively).
Redox cycling of quinones is accompanied by consumption of oxygen,
oxidation of NAD(P)H and formation of reactive oxygen species [71]. It
is plausible that these compounds might be undergoing redox cycling
inside cells resulting in increased superoxide generation and oxygen
consumption. Therefore, they may be acted upon by one of the quinone
reductases.

5. Conclusion

In conclusion, we have discovered a novel class of compounds
displaying a unique mechanism of action. Compound 3b and its analogs
exert a significant increase in OCR in cells leading to ROS generation and
cell death. This effect can be overcome by pre-treatment with antioxi-
dants, validating the role of ROS in promoting cytotoxicity of 3b. There-
fore, with the discovery of compound 3b we have provided compelling
evidence in support of a hypothesis previously proposed by the Huang
Lab “Targeting cancer cells by ROS-mediated mechanisms: a radical
therapeutic approach?” [16].

High ROS levels could represent the Achilles' heel of cancer cells.
Even though cancer cells have adapted to survive in an oxidative stress
environment, exogenous oxidative insults can overwhelm the adaptive
antioxidant capacity of cancer cells and trigger ROS-mediated cell death.

Our novel class of quinazolinediones takes advantage of this weakness
and by exacerbating oxygen consumption and reducing the antioxidant
capacity of cancer cells they tip the balance towards activation of stress
kinases that ultimately lead to cell death.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.08.005.
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