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Abstract

6-amino-4-(4-phenoxyphenylethylamino)quinazolineQN¢Z) is an excellent
quinazoline-containing NKB inhibitor also acting as a novel anticancer agent
Considering both the medicinal significance of gzoline scaffold and the tunable
functionality = of  Michael acceptor-centric  pharmabopes in  the
electrophilicity-based prooxidant strategy, we deed a novelQNZ-inspired
electrophilic molecul€NZ-A by introducing a Michael acceptor unit at posit®of
guinazoline ring iINQNZ. Our results identifiedQNZ-A as a promising selective
cytotoxic agent against A549 cell@NZ-A, by virtue of its Michael acceptor unit,
induced reactive oxygen species (ROS) accumulassociated with collapse of the
redox buffering system in A549 cells. This causpéegulation of p53-inducible p21
and down-regulation of redox sensitive Cdc25C alaity Cyclin B1/Cdk1, leading
to a G2/M cell cycle arrest and final cell apopto®8y contrastQNZ-B, a reduction
product ofQNZ-A lacking the Michael acceptor unit failed to indiR®S generation
and all these cell cycle-related events. In conafyshis work provided a successful
example of designin@NZ-directed anticancer agent by a ROS-promoting esjsat
and identifiedQNZ-A as a selective anticancer agent against A549 taitsigh

G2/M cell cycle arrest and apoptosia a ROS-dependent mechanism

Keywords. Reactive oxygen species; Cell cycle; G2/M arrestchidel acceptor;

Quinazoline
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1. Introduction
Reactive oxygen species (ROS) play important rmlesell growth by regulating the
major mediators in many cell signaling pathways (J8lls can balance the production
of ROS with their removal by an antioxidant defensgstem under normal
physiological conditions [1]. However, once theracellular redox equilibrium
collapses, the excessive ROS may induce direatlaeillamage, in turn causing cell
growth inhibition and apoptosis by activating sfiecredox-sensitive cell death
signaling pathways [2]. Cancer cells characterizegd mitochondrial defects,
malignant proliferation and metastatic ability, #sthgreater ROS stress than normal
cells, thereby are more susceptible to further R@&Bluction and easier to trigger the
critical “toxic threshold” [3, 4]. This intrinsicifferences in the redox status between
cancer cells and normal cells favors an anticasitategy that selectively kills cancer
cells by ROS-promotingnd decreasing the antioxidant capacity of cancer cells
whereas is harmless to the normal cells owing teirthower basal level of
endogenous ROS and stronger antioxidant capagcig][3

Numerous promising cytotoxic drugs that kill cancells by the abrogation of
proliferative signals have been reported to posB€3S-generating ability, including
certain commonly used chemotherapeutic agents asidommercial anticancer drug
5-fluorouracil [5] and paclitaxel [6]One of the most exciting findings regarding
ROS-based anticancer agents is that much of thesgs dcontain electrophilic
Michael acceptor pharmacophores which can be eragl@s tools to fine tune

biological activity depending on their multiple otiaities [7]. Michael acceptors can
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form covalent adducts with critical thiol residuss redox-sensitive proteins that
regulate celluar redox status such as glutathiomk thioredoxin, thereby inducing
dramatic oxidative stress in target cancer cells9]8 In this respect, for example,
natural products parthenolide [10] and piperlongwemi[ll]characterized by
a,B-unsaturated carbonyl moiety in their molecularucures can preferentially
induce apoptosis in human cancer celia ROS generation over normal cells,
vigorously supporting the concept of ROS-basedcsgke cancer killing [3, 4].
Quinazoline unit has been found as an importarff@ddafor many drugs with
broad spectrum of biological activities such asi-mriiammatory, antioxidant and
anticancer [12]. Recent drug optimization effortavén generated several novel
quinazoline-derived compounds exerting potent eatieer activity via ROS
generation [13]. In this study, our interest was cuked on
6-amino-4-(4-phenoxyphenylethylamino)quinazoline QNE), a
quinazoline-containing compound, known for its dberg NF«B inhibitory activity
[14]. Additionally, QNZ also exhibits as a novel anti-cancer reagent [Hbjvever,
the action mechanisms behind are still unclear, #igdle is as yet scarcely any
research related to designinQNZ-inspired anticancer agents based on the
ROS-promoting strategy. In this study, we triedlésign aQNZ-based prooxidant by
introducing a Michael acceptor unit at position-6 quinazoline ring iInQNZ to
increase its electrophilicity. To probe the podgibiof Michael acceptor-dependent
prooxidant mechanism, we synthesized two analf&Z-A with a Michael acceptor

unit and its reduction produ@QNZ-B lacking the Michael acceptor unit. Our results
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confirm for the first time thatQNZ-A as a novel electrophilic compound can
selectively kill human non-small cell lung canceA549) cells mainly by
ROS-mediated cell cycle arrest and apoptosis. Wwasthy of further study for its
potentials in the investigation of Michael accegtependent redox intervention
related molecular mechanisms and as a possiblesteacture to develop new cancer

drug.

2. Materials and methods

2.1 Materials

RPMI medium 1640, 3-(4,5-dimethyl-2-thiazolyl)-Xliphenyl-2-H-tetrazolium
bromide (MTT), Propidium iodide (PI), RNAse, 2'Diehlorofluorescin diacetate
(DCFH-DA) were purchased from Sigma-AldricfBt. Louis, MO, USA). The
antibodies against p53, p21, Cyclin B1, Cdkl and25€ were from Cell Signaling

Technology (Beverly, MA, USAXQNZ, ONZ-A andQNZ-B were synthesized in our

lab (the details and spectra data shown in the |Bommtary Materials).

2.2. Electrophilicity assessment by NMR

'H NMR spectra ofQNZ-A (50 mM in d6-DMSO) before and after the incubation
with benzyl mercaptan (75 mM 6-DMSO) at set intervals (3 h, 2 or 5 day) were

recorded using a Bruker AV 400 (Bruker Biospin Ctl., Switzerland) spectrometer.
2.3. Cdll Culture

A549 cells, human hepatocellular carcinoma (Hep&&Hy and human umbilical vein
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endothelial (HUVEC) cells (Shanghai Institute ofoBiemistry and Cell Biology,
Chinese Academy of Sciences) were cultured in RP8AIO medium supplemented
with 10% (v/v) FBS, 2 g/L NaHC{ 2 mM glutamine, 100 kU/L penicillin and 100

kU/L streptomycin at 37 °C in an atmosphere of 5@.C
2.4. Cytotoxicity assay

Cells (3 x 16/well) were treated with graded concentrationsest tompounds for 48
h, and then incubated with MTT (0.5 mg/mL) for 4Atthen necessary, the cells were
pretreated with N-acetylcysteine (NAC, 10 mM), dthreitol (DTT, 500uM) or
a-tocopherol (VE, 50QuM) for 1 h before adding@NZ-A. Then the medium was
substituted with DMSO for OD determination usingiecroplate reader (Model 550,

Bio-Rad, CA).
2.5. Cell cycle and apoptosis analysis

A549 cells (2 x 10 cells/well) were treated with test compounds féri2 (in cell
cycle analysis) or 48 h (in cell apoptosis anajysi8hen necessary, the cells were
pretreated with NAC (10 mM) or VE (500M) for 1 h beforeQNZ-A was added.
Cells were harvested for cell cycle and apoptosslysis using a flow cytometer

(Becton—Dickinson, San Jose, CA, USA) as describedir previous work [16].
2.6. Intracellular ROS assay

A549 cells (3 x 10 cells/well) treated with test compounds for 4 h8oh, with or
without pre-incubation with NAC or DTT or VE, werearvested, stained with

DCFH-DA and analyzed by flow cytometry (Becton—Didon, San Jose, CA, USA)
6
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[17]. The ROS level in HUVEC cells was also assagfter treated wittQNZ-A (15

uM) for 8h.
2.7. Intracellular glutathione assay

A549 cells (3 x 10 cells/well) treated with compounds as desired werevested,

lysed and centrifugated, the supernatant was usekktermine the total glutathione
(GSH) and glutathione disulfide (GSSG) levels usn@SH and GSSG Assay Kit
(Beyotime Biotechnology, Jiangsu, China) by annité M200 Pro microplate reader

(Tecan, USA). The GSH levels were calculated agipusly described [17].

2.8. Real-time guantitative PCR (RT-gPCR) analysis

A549 cells (2 x 19 cells/dish) treated witl/QNZ-A (5, 15 uM) for 24 h with or

without pre-incubation with NAC were collected atotial RNA was extracted using

Total RNA Extraction Kit (Tiangen Biotech Co., LidBeijing, China). The reverse

transcription was performed at 42 °C for 1 h and°@0for 10 min. RT-gPCR was

performed using Brilliant 1|l SYBR Green QPCR Mashix (Agilent technologies,

Santa Clara, CA, USA) on a Stratagene Mx3005P OP8Rtem (Agilent

technologies, Santa Clara, CA, USAhe cycling conditions were: 10 min at 95 °C

followed by 40 cycles of amplification (30 s at 95 and 50 s at 60 °C All data

were analyzed by th& ACt method using GAPDH as the endogenous referemte a

were normalized to the non-treated control. Prisesruences are shown in Table S1

in Supplementary materials.

2.9. Western Blot analysis
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A549 cells (3 x 10cells/dish) were treated witANZ-A (5, 15uM) or QNZ-B (15
puM) for 24 h with or without pre-incubation with NAGr VE. After cells lysed, the
protein lysates were harvested for western blotprasiously described [17]. The
signals were finally detected using an enhancedg&@aant chemiluminescence

system (GE Healthcare, Pittsburgh, PA, USA).
2.10. Satistical Analysis

Data are expressed as mean + SD of the resultsnetitdrom at least three
independent experiments. Significant differences (PO5) between the means of two

groups were analyzed by Student's t-test using SFSSSPSS Inc., USA).

3. Results
3.1. Synthesis and electrophilicity assay

As is outlined in Fig. 1A QNZ-A, a novel QNZ analog, was constructeda a
nucleophilic acyl substitution reaction betweenybyl chloride and QNZ. Its
reduction producQNZ-B, was obtained by catalytic hydrogenationQflZ-A over
Pd/C. To clarify whether introduction of Michael captor-pharmacophore could
increase the electrophilicity of the par@Mz, the'H NMR spectroscopy changes of
QNZ-A in presence of the sulfydryl-containing reagenhzye mercaptan were
monitored. After incubating a mixture @NZ-A and benzyl mercaptan at a molar
ratio of 1:1.5 ind6-DMSO, thethreegroups of double doublets of the olefinic protons
atd 5.81,0 6.31 and 6.50 disappeared over time, associating with greamnce of

a strong multiplet ab2.70 indicative of the conjugate-addition (Fig. 1Bph

8
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comparision, the addition does not occur @NZ and QNZ-B under the same
conditions (data not shown), implying tHaNZ-A is more electrophilic by virtue of

its Michael acceptor moiety.

3.2. Selective cytotoxicity toward cancer cellsin a ROS-dependent fashion

A series of dose-response curves shown in Fig. lldived us to identifyQNZ-A
(ICso = 6.7 uM) as the most excellent anti-proliferative agemtA549 cells. In
contrast, its reduction produ@NZ-B (ICso = 71.1uM ) with the Michael acceptor
unit completely abolished, was even less activa tha leadingQNZ (ICso = 41.1
UM), suggesting that introduction of the electroghMichael acceptor was essential
for enhancing the cytotoxicity. The cytotoxicity QNZ-A against HepG2 cancer
cells together with HUVEC normal cells was alsadds Minimal cytotoxicity was
observed in HUVEC normal cells, revealing that nairncells display greater
tolerance toQNZ-A compared to cancer cells, in which A549 cells s most
sensitive one (Fig. 1D). Based on the excellergctiwity, all the further studies on
the cytotoxic mechanisms QINZ-A were focused on A549 cells.

Considering ROS as one of the leading causes aiftigrnohibition and cell death,
three antioxidants including NAC, DTT and VE werapoyed to clarify the role of
ROS in the cytotoxicity induced BYNZ-A. As shown in Fig. 1E, pretreatment with
NAC or DTT, acting as both a ROS scavenger and léhyslyl-containing
nucleophile to preferentially react with the Michdenor, almost completely reversed
the cytotoxicity induced b®NZ-A. A significant reversion effect was also achieved

for VE as another important ROS scavenger but wihnucleophilic activity. The
9
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above results clearly indicate that ROS generatiamatically contributes to the

cytotoxicity of QNZ-A, and its Michael acceptor unit also plays a pivaike.

Fig. 1 here

3.3. ROS-dependent G2/M cell cycle arrest and apoptosis

To investigate the possible mechanisms underlyimg ¢ytotoxicity, we further
analyzed the effects dPNZ-A on cell cycle distribution and apoptosis by flow
cytometry. As shown in Fig. 2A, 24 h of treatmenthwdNZ-A caused a remarkable
dose-dependent accumulation of cells in G2/M phiaseeasing concentration from 5
to 15uM led to a successive increase of G2/M-phase agujation from 12.57%
(control) to 33.69% (1mM). Additionally, after a longer duration (48 heatment,
apoptosis of Ab549 cells was also strikingly triggger by QNZ-A in a
concentration-dependent manner (Fig. 2B). In cehtrBbuM of QNZ-B exhibited
an insignificant effect on both the cell cycle atrand induction of apoptosis (Fig. 2A
and B). In addition, pretreatment with NAC or ew# noticeably reversed the cell
cycle arrest and apoptosis inducedQ@yZ-A (Fig. 2A and B), in line with the results

obtained by the cytotoxicity assay.

Fig. 2 here

3.4. ROS accumulation and imbalance of cellular redox homeostasis

Based on the above results, we further measuretitaeellular ROS levels in A549
cells. As shown in Fig. 3A, treatment wi@NZ-A caused an obvious intracellular

ROS accumulation in a dose- and time-dependent enaiihe fluorescence intensity

10
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measured in cells treated wiNZ-A (15 uM) were increased by 4.6-fold relative to
the vehicle control at 8 h. In contraQNZ-B had almost no ROS-generating ability
under the same conditions. As expected, the ROGradation induced b¥YNZ-A
was almost completely abolished by pretreating ¢e#s with any one of the
antioxidants including NAC, DTT and VE (Fig. 3B)dditionally, compared with the
ROS accumulation observed in A549 cel@d\NZ-A (15 pM) only raised the ROS
level by no more than 15% in HUVEC normal cells4dt, highlighting a ROS-based
cancer cell selectivity.

We subsequently determined the ratio of GSH/GSSG5409 cells to ascertain
whether the ROS accumulation induced @NZ-A resulted in an imbalance of
intracellular redox state. After exposed @NZ-A for 4 and 8 h, a dose- and
time-dependent decrease and increase for the GEHG&SG levels in cells was
observed, respectively (Fig. 3D and E). Thus thé&l&SSG ratios calculated based
on the measured GSH and GSSG levels were undoylutedieased b@NZ-A (Fig.
3F). In contrastQNZ-B was inactive in changing the glutathione levelg.(BD-F).
And pretreatment with NAC or VE also abolished thedterations induced by
QNZ-A (Fig. 3D-F), supporting that the falling apart ofracellular redox buffering

system was associated with ROS generation.

Fig. 3here

3.5. Molecular Mechanisms for ROS-Dependent G2/M Cell Cycle Arrest

To further clarify the molecular mechanisms by wWhi©QNZ-A induced

ROS-dependent G2/M cell cycle arrest in A549 cdhe, effect ofQNZ-A on the
11




237 redox sensitive G2/M checkpoint requlators was stigated by RT-gPCR and

238 Western blotting (Fig. 4A and B). Upon the treatineith QNZ-A (5 or 15uM) for

239 24h, an obvious dose-dependent down-regulation daf26C, Cyclin B1 and Cdk1l

240 along with up-requlation of p53 and p21 was obsgivath on levels of mMRNA and

241 protein (Fig. 4A and B). However, Fig. 4B showsttiaNZ-B (15 uM) barely

242  affected the expression of the above proteinsdtitian, pretreatment with NAC or

243  VE reversed all these protein expression changksed byQNZ-A (Fig. 4B), which
244 s in line with the results from the cell cycle §sds, highlighting the pivotal role of

245 ROS in regulating expression of the above redoxacell-cycle-regulatory proteins.

246 Fig. 4 here

247 4. Discussion

248 In this work, QNZ-A, a QNZ inspired electrophilic molecule, was designed by
249 introducing a Michael acceptor unit (Fig. 1A and B)d was identified as a potential
250 selective anticancer agent in terms of its prefiabcytotoxicity toward A549 and
251 HepG2 cancer cells over HUVEC normal cells (Fig).1The cancer cell selectivity
252 was further supported by the significant differemcenducing the accumulation of
253 ROS (Fig. 3C) between A549 and HUVEC cells. Abrogatthe cytotoxicity of
254  QNZ-A by antioxidants NAC, DTT and VE (Fig. 1E) indicateOS were involved in
255 the cytotoxicity mechanism. It is worth noting tHdAC and DTT acting as both
256 antioxidants and nucleophiles can reverse the ayimty of QNZ-A more
257 thoroughly than VE, supporting that Michael acceptait also contributes to its

258 activity. In addition, the cytotoxicity oPNZ-A towards A549 cells is predominately
12
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mediated by G2/M cell cycle arrest and subsequeoaptasis, in which the Michael
acceptor-dependent ROS generation also plays eateole (Fig. 2A and B)This is
further supported by the fact that NAC and VE costglly block the ROS
accumulation induced b@NZ-A, while QNZ-B as a reduction product @NZ-A
with no Michael acceptor-pharmacophore is inactivienducing ROS-generation (Fig.
3A and B).

The decrease in the intracellular GSH/GSSG ratinuged byQNZ-A in A549
cells indicates the collapse of intracellular retofering system. However, it is hard
to draw firm conclusion about whether the ROS aadation is the trigger of this
change. QNZ-A which has proven to be an electrophile reactive to
sulfydryl-containing molecules (Fig. 1B), may readtrectly with millimolar
concentrations of intracellular GSH in all probékil causing the decrease of
GSH/GSSG ratio. From another standpoint, despeestight decrease of the GSH
levels in A549 cells, the alteration is much mob&iously in the GSSG levels than in
the GSH levels (Fig. 3D and E), indicating that thexline of GSH/GSSG ratio is
more dependent on the dramatic increase of inttdaelGSSG levels. In addition,
pretreatment with antioxidant VE reversed all tiierations of intracellular GSH,
GSSG and GSH/GSSG ratio induced@MZ-A (Fig. 3D-F), reflecting that ROS do
contribute to the collapse of redox homeostasigaft be inferred from the above
results that the ROS accumulation would act as haitigger and an effector of the
drop in GSH levels, leading to a vicious cycle amduing redox imbalance in A549

cells.

13
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In further research, we investigated the underlyimaecular mechanisms for the
ROS-dependent G2/M-phase arrest inducedQNZ-A. An extensive number of
reports focused on redox regulation of cell groattd death, support the view that
ROS as key signaling intermediates participateeiiraycle progression [18-20]. The
accumulation of ROS disturb the redox control ofl ag/cle progressionvia
phosphorylation and ubiquitination of cell cycleguéatory proteins such as cyclins,
Cdks and Cdk inhibitors, leading to aberrant cedlliferation and apoptosis [18-20].

Our results revealed thite mRNA and protein expression levels of G2/M &ipemnt

requlators Cyclin B1 and Cdk1 were down-requlate@®blZ-A in a ROS-dependent

manner in A549 cells (Fig. 4A and BThe Cyclin B1/Cdk1 complex can be activated

by a redox sensitive cell-cycle-regulatory protéduc25C phosphatase through
phosphorylation of Thrl61 and dephosphorylationp®hrl4 and pTyrl5 on Cdkl

[21]. What coincides is that a down-regulation oflc@5C expression was also

observed in A549 cells treated wiPNZ-A dose-dependently (Fig. 4A and B). In

addition, this down-regulation can be rescued bySR@Gavenger (Fig. 4A and B),

which is supported by the reported hypothesis RR&S can inactivate Cdc25C

through oxidization of cysteine 330 and 377 at #mzyme active site to form

intramolecular disulfide [21]. On the other hanke tactivation of Cyclin B1/Cdk1l

complex is also negatively regulated by p21, a ddmam mediator of the tumor

suppressor p53 in a stressed situation [22, 23]. @sults showed thaDNZ-A

increased both the mRNA and protein expressionldee¢ p53 and p21 in a

ROS-dependent manner (Fig. 4A and B). It is weklasshed that p53 is an important

14
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sensor of cellular stress conditions (such as exB&3S), playing important roles in
cell cycle arrest through up-regulating p21 andapoptosis [22, 23]. So the
up-regulation of p53 may contribute not only to ta2/M phase arrest but also the
apoptosis induced b@QNZ-A in A549 cells.QNZ-B, by contrast, failed to affect
expression of the above redox-sensitive targeeprstunder the same conditions (Fig.
4B), clearly indicating that electrophilic (Micha@lcceptor) moiety also at least
partially contributes to the collapse the cell-eyotgulatory system in A549 cells.

In summary, a noveQNZ analog,QNZ-A, was first identified as a selective
cytotoxic agent toward cancer celsa a Michael acceptor-dependent prooxidant
mechanism. A possible model depicting the actidr@NZ-A is presented in Fig. 4C.
QNZ-A, by virtue of its Michael acceptor unit, can induROS accumulation
associated with the collapse of the redox buffesggtem. The ROS burst triggers
redox-sensitive signaling pathways: up-regulatioi p53 and p21, and
down-regulation of Cdc25C and Cyclin B1/Cdk1l, leadio a final G2/M cell cycle
arrest and apoptosis in A549 cells. The above tesapresent a clear advantage of

QNZ-A as a lead compound for ROS-based cancer therapeuposes.
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Figure Legends

Fig.l. Synthesis, electrophilicity and cytotoxicity NZ analogs. (A) Synthetic
route ofQNZ and its analogQNZ-A andQNZ-B. (B) *H NMR spectra oQNZ-A
in d6-DMSO before and after adding benzyl mercaptah Q¥gotoxicity ofQNZ and
its analogsQNZ-A and QNZ-B against A549 cells. (D) Cytotoxicity dPNZ-A
against A549, HepG2 and HUVEC cells. (E) Cytotayiof QNZ-A against A549

cells in the absence or presence of pretreatmentNAC, DTT or VE.

Fig.2. ROS-dependent G2/M cell cycle arrest (A) and apsipt (B) induced by
QNZ-A in A549 cells. Cells were treated with the tesinpounds with indicated
concentrations for 24 h (in cell cycle analysisy8rh (in cell apoptosis analysis) in
the absence or presence of pretreatment with NAZEorData are representative of

three independent experiments.

Fig. 3. ROS accumulation and imbalance of cellular redoméostasis induced by
QNZ-A. (A) Fold change of ROS stimulated IGYNZ-A and QNZ-B with the
indicated concentrations after 4 h or 8 h of treatin A549 cells. (B) Effect of ROS
scavengers NAC, DTT or VE on the ROS accumulatmuced byQNZ-A in A549
cells. (C) A comparison of ROS accumulation in As&s and in HUVEC normal
cells treated wittQNZ-A for 8 h. (D-F) Alterations of GSH levels (D), GS$¥vels
(E), and GSH/GSSG ratios (F) in A549 cells tredig@@NZ-A andQNZ-B with the
indicated concentrations for 4 h or 8 h, and eftddiAC or VE on these alterations.

Data are expressed as mean + 8035 3, * P<0.05, ** P<0.01, *** P<0.001ys.

20



423

424

425

426

427

428

429

430

431

432

control; # P<0.05, ## P<0.01, ###P<0.001.

Fig. 4. Molecular mechanisms foQNZ-A-induced G2/M cell cycle arrest. (A)

RT-gPCR analysis of mRNA expression levels of GZIMeckpoint regulators in

A549 cells treated witlQNZ-A for 24 h with or without NAC pretreatment. Dat& ar

expressed as mean = SB= 3, * P<0.05, ** P<0.01, ** P<0.001ys. control; #

P<0.05, ## P<0.01. (B) Western blot analysis ofNG2heckpoint proteins in A549

cells treated withQNZ-A and QNZ-B for 24 h in the absence or presence of
pretreatment with NAC or VE. Data are represengatnf three independent
experiments. (B) Proposed mechanisms underlyindRth8-mediated cytotoxicity of

QNZ-A in A549 cells.
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Highlights
Electrophilic molecule QNZ-A sdectively kills A549 cancer cells by
ROS-promoting.
The cytotoxic mechanism relies on ROS-dependent G2/M-phase arrest and
apoptosis.
QNZ-A up regulates mRNA and protein levels of p53 and p21 in a
ROS-dependent way.
QNZ-A induces ROS-dependent G2/M arrest through Cdc25C/cyclin B1/Cdk1
pathway.
Michael acceptor-dependent prooxidant anticancer strategy is supported.



