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ABSTRACT

Inspired by the common structural characteristicsumerous known antitumor
compounds targeting DNA or topoisomerase |, 3-(beokz2-yl)-quinoxaline-based
scaffold was designed via the combination of twpantant privileged structure units
—quinoxaline and benzazole. Thirty novel 3-(bent&zgl)-quinoxaline derivatives
were synthesized and evaluated for their biologiaefivities. The MTT assay
indicated that most compounds possessed moderatadnt antiproliferation effects
against MGC-803, HepG2, A549, Hela, T-24 and WIegl lines. 3-(Benzoxazol-
-2-yl)-2-(N-3-dimethylaminopropyl)aminoquinoxaliri&2a) exhibited the most potent
cytotoxicity, with 1Gso values ranging from 1.49 to 10.99 uM against ilie fested
cancer and one normal cell line. Agarose-gel edptioresis assays suggested that
12adid not interact with intact DNA, but rather it@tgly inhibited topoisomerase |
(Topo 1) via Topo I-mediated DNA unwinding to exet$ anticancer activity. The
molecular modeling study indicated thE2a adopt a unique mode to interact with
DNA and Topo |. Detailed biological study @Rain MGC-803 cells revealed that
12a could arrest the cell cycle in G2 phase, induding generation of reactive
oxygen species (ROS), the fluctuation of intradeluC&*, and the loss of
mitochondrial membrane potentiall ¥ m). Western Blot analysis indicated that
12atreatment could significantly up-regulate the lev& pro-apoptosis proteins Bak,
Bax, and Bim, down-regulate anti-apoptosis prot@&nk2 and Bcl-xI, and increase
levels of cyclin B1 and CDKs inhibitor p21, cytoohme c, caspase-3, caspase-9 and
their activated form in MGC-803 cells in a dose-@®gent manner to induce cell
apoptosis via a caspase-dependent intrinsic mitabie>mediated pathway. Studies
in MGC-803 xenograft tumors models demonstrated t#a could significantly
reduce tumor growthn vivo at doses as low as 6 mg/kg with low toxicity. Its
convenient preparation and potent anticancer effican vivo makes the
3-(benzazol-2-yl)quinoxaline scaffold a promisingwn chemistry entity for the
development of novel chemotherapeutic agents.

Keywords Topoisomerase | inhibitor, DNA unwinding, Quindir@ derivatives,

Privileged structure, Anticancer



1. Introduction

Cancer has become the leading cause of death wdddvespecially in
developing countries [1]. In 2015, there were alb8tmillion newly diagnosed cases
of invasive cancer in China, leading to more thahrillion deaths in that year alone
[2]. Thus, the investigation and identificationrabre effective agents to treat cancer

is urgently needed.
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Fig. 1. Representative Topo | inhibitors and strateggesign novel scaffold
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novel scaffold

DNA and DNA Topo | are important pharmacologic &ggin the development
of anti-cancer therapeutics [3-5]. Topo | inhibstare important chemotherapeutic
agents. They can interfere with the Topo | throtwb different mechanisms, namely
pensioner or catalytic inhibitor[6-9]. To date, thwst intensive studies scaffold of
Topo | inhibitors including the derivatives of catoihecin(CPT),
indolocarbazole[7-8], dibenzonaphthyridinone[7-&hdenoisoquinoline[9]. Some
qguinolone-benzazoles[10] and isoindoloquinoxalib&k[ also were identified as
promising Topo | inhibitorgfig. 1 A).

Even though Topo | inhibitors reported in literasiare very structurally diverse,
most of them possess s a polycyclic skeleton wilda chain that usually contain an
w-dialkyl-amino or nitrogen-containing heterocyclBig. 1 B). Considering that
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drug-likeness such as ideal physicochemical andpdeokinetic profiles, are crucial
factors for drug development. And it had been weatliown that introduction
privileged structure into the scaffold might hefpitmprove the drug-likeness of the
proposed compounds [12—-13]. We envisioned thaivdgged structure-based design,
as depicted in Fig. 1, might serve as a usefultegfyato help us to find novel
anticancer scaffolds with suitable physicochemérad pharmacokinetic profiles.
Herein, we report the design, synthesis, and higaatvaluation of a novel
anticancer scaffolds in which quinoxaline and beo#a were selected as the
privileged structure motifs, since quinoxaline [14} and benzazole [18-32]
derivatives are very important in drug developmantl widely present in many
clinical drugs or bioactive compound. The novelffetd also can be views as the
combination of two important units of Topo | inHimis quinolone-benzazoles and

isoindoloquinoxalines reported in literatufgd. 1 A).
2. Results and discussion
2.1. Chemistry

NH, CO,Et D
O: o ©: I 76%-04% ‘(< 77%~91%
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Scheme 1. Reagents and conditions: (a) CHBr(COEt),, 1.1 eq, EtOH, r.t.; (b) O, , CeCl3-7H,0,
(CH3),CHOH, r.t.; (c) 3 (benzene-1,2-diamine, 2-amino-benzenethiol or 2-amino-phenol, 1.1 eq),
Ph,O, reflux; (d) POCls, reflux; (e) R(CH,),,NH,, toluene , 90 °C

o O ﬁ@ o

58%~77%
NH(CH,)3R NH(CH,)3R
15a-19a; 159-199 20a, 20g

15-17: Rl:CI, CHjs, t-Bu; R2:H; 18-19: Rl:H; R2:CI, CHs; a: R = N(CH3),; g: R = N(Et),

Scheme 2. Reagents and conditions: (a) 1.1 eq 2-amino-phenol derivatives or 1-amino-
naphthalen-2-ol, Ph,0, reflux; (b) POCIs, reflux; (¢) R(CH,)sNH,, toluene, 90 °C
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The preparation of the 3-(benzazol-2-yl)quinoxaldezivatives {0-12, 15-20)
was outlined in Scheme 1 and Scheme 2. Benzendidn®ine 1 and diethyl
2-bromomalonate in ethanol were refluxed to give thtermediate 3-oxo-1,2,3,4-
tetrahydro-quinoxaline-2-carboxylate, which wagher dehydrogenated under 1 atm
oxygen atmosphere promoted by cerium) chloride heptahydrate to provide the
3-0x0-3,4-dihydro-quinoxaline-2-carboxyla?e Then2 condensated witB (benzene-
1,2-diamine, or 2-amino-benzenethiol, or 2-aminexail) in diphenyl ether to afford
4-6 in high yield. 46 were refluxed in excess PQQGb provide the 2-chloro-3-
(benzazol-2-yl)quinoxaling—9, followed by reacted with different amines [3(®)
furnish the targeted compouniie-12 (Scheme 1). Synthesis ©5-20 was followed
the same procedure as the synthesis of compodfds? starting from2 and
substituted 2-amino-phenol or 1-amino-naphthalen{&cheme 2).

2.2. Biological evaluation

2.2.1. Antiproliferative activity

Thein vitro anti-proliferative activity of the target compoufh@-12 and15-20
against five human tumor cell lines (MGC-803, HepCGA549, HelLa and T24) and
one normal cell (WI-38) was evaluated by the MT$ags The 1G, values derived
from the dose-response curves are summarized e Tab
Table 1 Structures anéh vitro cytotoxicity of compound&0-12 and15-20
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19a o 5 N,
e 05 'Me  +0.83 +1.55 +0.65 +0.41 +0.91 +0.22

Me 16.45 11.29 10.76 4.66 10.54 5.75
20a oA N
W 05 Me +1.88 +1.15 +1.32 +0.71 +0.92 +0.31

6 = 11.20 9.20 13.74 9.32 10.15 5.49
15g o Jro N,
oy 05 et +0.01 +1.68 +1.62 +1.17 #1.36 +0.62
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’ Et 12.26 9.01 13.09 7.88 10.30 6.13
199 ¢} 5 N,
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20 ] = 14.71 11.51 12.73 11.34 10.85 8.00
N
9 5 Q 03 CEt +2.36 +2.28 +2.36 +2.61 +1.02 +0.87
) 8.37 2.96 479 443 651 6.80
CPT

+0.52 +0.23 +0.54 +0.85 +0.83 +0.54

#Results were expressed as mea&DHstandard deviation) from triplicate assay single experiment, P < 0.05.
®CPT: Camptothecin



As shown in Table 1, compound€e 11a 1le 12a 12e and 15-20 exhibited
moderate to potent cytotoxicity against all thegd<ell lines. The data indicated that
the side chains at the 2-position of the quinoalimg played an important role in
bioactivity. Only side chains witl-dialkylamino substitution resulted in significant
cytotoxic potency (serieg, e and g), and aw-dimethylamino substitution (series
ande) was more favorable than-diethylamino ones (serigg. The length of the side
chain also affected the anti-proliferative activiljne aminopropyl group (series
generally yielded greater potency than the amindefioup (serie).

The benzazol group on 3-position of quinoxalineoatntributed to the
anti-proliferative activity of the target compound. general, thédenzoxazole gave
the most potent activity (serie$2). When the benzoxazole was replaced by
benzoimidazole, benzothiazole, or naphthoxazoleese0, 11 or 20, respectively),
the cytotoxicities of the compounds were slightbgikased.

The data in Table 1 suggested that the substituenthe benzoxazole ring and
their position did not significantly impact the aptoliferative activity of the targeted
compounds. Hydrogen (H) atorh2@) appeared to be more favorable than any other
common substituent such as halogen atob¥safnd 18) or alkyls (6, 17and 19).
However, when the substituent was bulky, suctlagyl (17a 17g), the cytotoxicity
of the compounds would significant decrease.

Among the tested compound listed in tabl&2anot only displayed exceptional
efficacy against MGC-803 cancer cell lines withyd®@alues as low as 1.49-0.18
uM, but exhibited less toxicity (I§=10.99 + 1.06uM) to normal cell WI-38 from
human lung tissue. To further test the safety ofipoundl2a its cytotoxicity against
normal human liver cell 7702 was further evaluatéde results indicated thdia

also exhibit more potent cytotoxicity against carmal MGC-803 (1o =1.63+0.25
uM) than to normal human liver cell 7702 (§35.2 £0.67uM).

2.2.2. The cytotoxic compounds dithdid not interact with intacDNA

Since the targeted compounds were designed basedommon structural
characteristics of known scaffolds able to intexgith DNA or DNA/topoisomerase |.
To gain insight into the drug-target interaction tbese novel scaffolds, we first

explored whether DNA was the direct target of thes@pounds. DNA intercalation
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of fifteen selected compounds with potent cytotixiovere evaluated via an
agarose-gel electrophoresis assay [33—-34]. Ethidwomide (EB), a well-known

DNA intercalator was used as the positive cont@dmpared with the EB which

demonstrated strong DNA intercalation activity,irdicated by its ability to induce

noticeable retardation of DNA migration, the tesmampounds did not result in
obvious retardation of DNA migration (Fig. 2A & 2B3uggesting that the tested
compounds were not directly interacting with intB®A.

A EB 1la 1le 12a 12e 15a 16a 18a 19a 20a 15g 16g 18g 19g 20g

A)

12a (pM)

A EB 75 100 125 150 200 250

Fig. 2. (A) DNA intercalation assay of the selected compounds0 pM. Lane 1(A): DMSO +

DNA, lane 2: EB (10 pM) + DNA, lanes 3-16: selectegtotoxic compounds (50 pM,
respectively) + DNA(B) DNA intercalation assay df2ain different concentration. Lane 1(A):
DMSO + DNA, lane 2: EB (10 pM) + DNA, lanes 3-Ba (75, 100, 125, 150, 200, 250 pM,
respectively) + DNA.

2.2.3. The cytotoxic compounds drthinduced potent topoisomerase | inhibition via

Topo I-mediated DNA unwinding

Having determined that the tested compounds haddmaing affinity with
intact DNA, we then performed a topoisomerase libitlon assay [35-37] to
determine whether they acted as topoisomeraseaMitofts. The inhibitory effects of
these selected compounds against Topo | was deiednby measuring the migration
of supercoiled plasmid DNA via agarose-gel eledimpsis, which indicated the
degree of DNA relaxation. The well-known Topo lilitor camptothecin (CPT) was
used as a positive control.

As depicted in Fig. 3A, most of the tested compauerhibited potent Topo |
inhibitory activity at 50uM, except for20a and 20g which contain a naphthoxazole
ring at the 3-position and demonstrated no appandittitory activity, indicating that
20aand20g might exert their cytotoxic effect via a differamechanism. The Topo |
inhibitory activity of 12a which demonstrated the strongest cytotoxicityvagt was
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further tested at concentrations from 5 to®@ and found that 4@M of 12awas

sufficient to completely inhibit the activity of po | (Fig. 3B).

A B C 1la1le12a12e 15a 16a 18a 19a 20a 15g 16g 18g 19g 20g
> nicked DNA
LA ]

= - I I
—srelaxed DNA
- .‘-.---ﬂ s 0 s —— supercoiled
DNA

@)

CPT (M)  12a (uM)
A B 100200 5 10 20 40 60

nicked DNA

—-relaxed DNA
Lo - supercoiled
DNA

Fig. 3. (A) Topo | inhibitory activity assay of the selectempounds in 50 uM. Lane 1(A): DNA,

lane 2(B): DNA + Topo |, lane 3(C): CPT (100 uM)DNA + Topo |, lanes 4-17: selected
cytotoxic compound&50 pM, respectively) + DNA + Topo (B) Topo I inhibitory activity assay

of thel12ain different concentration. Lane 1(A): DNA, lanéB®: DNA + Topo |, lanes 3—4: CPT
(100, 200 puM, respectively) + DNA + Topo |, lane9512a(5, 10, 20, 40, 60 uM, respectively)
+ DNA + Topo I.

By comparison with the bands in Fig. 3, it coulddstermined that the Topo |
inhibition mode of the tested compounds was diffete that of the positive control
CPT, a Topo | inhibitor acting by forming a drugzgme-DNA ternary complex [6]
and cleaving DNA, which was indicated by the prdducof nicked DNA in the CPT
bands.

According to the catalytic cycle of Topo I [5], DNiAtercalating or unwinding
agents also could inhibit Topo | by unwinding cldsgrcular DNA [38]. To gain
further insight into the Topo | inhibition mechamisof the 3-(benzazol-2-yl)quin-
-oxaline derivatives, we investigated whether theyld produce DNA unwinding in
the presence of excess Topo |. EB, a DNA interitejadgent, was used as a positive
control, and CPT, which inhibits Topo | by formitige drug-enzyme-DNA covalent
ternary complex, was used as a negative control.

As shown in Fig. 4A, EB and most of the tested @&a@dazol-2-yl)-quinoxaline
derivatives exhibited clear DNA unwinding at 50 pudkcept for compound&laand
20g which demonstrated no Topo | inhibitory activithe most cytotoxicompound
12awas further tested at concentrations from 5 tqubD We found thatl2a could
exert its significant Topo I-mediated unwindingeetf at 20uM (Fig. 4B), indicating
that12aexerts its Topo | inhibitory activity via Topo lediated DNA unwinding.
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A B C EB1lalle12a 12e 15a16a 18a 19a 20a 15g 16g 18g 19g 20g

nicked DNA
}—> relaxed DNA

supercoiled
DNA
CPT (M) EB (uM)  12a (upM)

A B 100200 10 20 S 10 20 40 60

]—> relaxed DNA

— supercoiled
DNA

Fig. 4. (A) Topo | inhibitory activity assay of the selectempounds in 50 uM. Lane 1(A): DNA,
lane 2(B): DNA + Topo |, lane 3(C): CPT (100 uMPNA + Topo |, lane 4: EB (50 uM) + DNA
+ Topo |, lanes 5-18: selected compouisLM, respectively) + DNA + Topo (B) Lane 1(A):
DNA, lane 2(B): DNA + Topo |, lanes 3—-4: CPT (1@M0 uM, respectively) + DNA + Topo |,
lanes 5-6: EB (10, 20 uM, respectively) + DNA + ddplanes 7-1112a(5, 10, 20, 40, 60 puM,
respectively) + DNA + Topo |.

2.2.4. Molecular modeling

Since the mechanism studies indicated tizd might blocks the combination
between DNA and Topo | via Topo I-mediated DNA uneling, a molecular docking
study was performed using C-DOCKER in Discoveryd®il?017R?2 to predict and to
better understand the binding model@aawith DNA and Topo I. The structure of the
ternary complex, containing topoisomerase |, DNAd &PT, was downloaded from
the Protein Data Bank (PDB code 1T8lI).

& \ 2\

Fig. 5.The 20A) and 3OB) diagram of hypothetical binding mode tb2awith DNA-Topo I.

As shown in Fig. 5A and B, The docking results sgjghatl2a binds with the
DNA-Topo | complex in a unsimilar manner to thattlo¢ Topo | poisoner [39] or the
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Topo | catalytic inhibitor [40]. In thel2a -DNA-Topo | ternary complex. The
dimethyl amino group on the side chain was proionaand hydrogen bonding to
ASP533 in Topo |, while the quinoxaline and benzmta ring interact by pi-pi
interaction through the insertion of planar aromaings between DNA base pairs.
The electron-rich nature of the benzoxazole ringp durnish it to interact with
LYS425 via pi-cation interaction.

The results provide evidence for the mechanism witich 12a interfere with
the Topo I/DNA. The non-coplanar feature of thengualine and benzoxazole ring
make this scaffold not easily direct intercalat® imtact DNA. But if the supercoiled
DNA was relaxed by Topo |, the compounds will bdeato insert into DNA and
interact with Topo I/DNA. The results also well ¢éxip how the length and the-
substituent of the side chain, as well as the btkubstituents on the aryl ring affect

the activities of the target compounds.

2.2.5.Compoundl2ainduced G2 phase cell cycle arrest

As 12adisplayed the most promising activity not onlycitotoxicity but also in
Topo | inhibition, the mechanism of its cytotoxieet was further studied. Whether
12a inhibited the proliferation of MGC-803 cells thiglu cell cycle arrest was first
examined by flow cytometry. As shown in Fig.®atreatment (doses from 0, 1.0,
2.0 to 8.0uM, 48 h) clearly increased the proportion of cell€52 phase from 3.77%,
8.09%, 11.67%, to 26.09%, whereas the S phase qtapublecreased from 41.88% in
the control to 25.65% (8. 0M). These results indicated thE2a caused G2 arrest in a
dose-dependent manner and that its anti-prolifamain cancer cell lines was

potentially due to G2 phase arrest.

|
G1: 54.88%
G2:8.00%
S:37.03%

400
H

0 100 200 300 400
I I 1 1 I
0 100 200 300

| i 1 1

50 100 150 200
4)  Channels (Propidium lodide-A-Propidiuim Todide-A)

.
'\
| G1: 48.26%

G2: 26.09%
S:25.65%

Ry \

400
1
Cell population/%

8 pM

bes
0 100 200 300 400
L y I H 1

0 100 200 300
! 1 1 1

Gl G2 S

2 5 S . ol -
O W Different Phase of Cell Cycle

Fig. 5. Cell cycle analysis of compourd@ain MGC-803 cells. Cells were treated witha (0, 1.0,

2.0 and 8.QuM, respectively) for 48 h.
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The formation of cyclin B1-CDK1 complexes is reauirfor the cell cycle
transition from G2 to M phase during cell divisiptl]. To further confirm the G2
cell cycle arrest caused by2a we investigated the levels of Cyclin B1 and
cyclin-dependent kinase (CDK) inhibitor p21 in M@03 cells. Immunoblotting
assay revealed thaRatreament would increase the amount of Cyclin Bd p21 in
MGC-803 cells (Fig. 6), suggesting thbe2a might not only could up-regulate the
levels of CDK inhibitor p21, but also hinder cycB1 binding to CDK1 to form the
cyclin B1-CDK1 complex, resulting in G2 arrest igd byl2a

mm Control
2.5 UM
=5 UM
=10 pM

Mr
(kDa) 0 25 5 10 uM

4] w w— w— s (.t

Flod change of control

o - N w ~ o

55 e g SR @R (yclin Bl

3 ] P21 Cyclin B1 P21
R e oia AR

Fig. 6. Effect of 12aon the level of Cyclin B1 and CDK inhibitor p21 ¢ell detected by western
blot. Protein was from MGC-803 cell line treated1ta (0, 2.5, 5.0 and 10M, respectively) for
24 h. Whole-cell extracts were prepared and andlysing antibodies against proteins indicated.
The data are representative of three independgetriexents. *P < 0.05, **P < 0.01, *P < 0.001

vsthe negative control.

2.2.6. Compound 12a induced cell apoptosis via caspase-dependent nsitri

mitochondrial pathway

To further examine whether the observed cytotoxieias due to induction of
apoptosis, Annexin V FITC/PI dual staining assays vp&rformed to evaluate the
apoptosis-inducing effect da MGC-803 cells were treated wilf2aat a dose of 0,
2.5, 5.0, 10.QuM for 24 h. As shown in Fig. 7, the percentage mdotic cells was
increased from 1.82% (QM) to 10.77% (2.5uM), 17.94% (5.0uM) and 26.38%
(10.0uM), respectively, indicating thdt2acould induce MGC-803 cell apoptosis in a

dose-dependent manner.

13



SE a2
107 34.19% 1.36%
control
4
< 4
T 10
& 3
=
=
E . 3
210
2 3
o
I
10° 3
MLl Q3
J940% & 0.465%
Ty T T T T
0 10° 10° 10t 10°
Annexiny FITC-A
510 Q2
107 93.94% 3.84%
‘ot 5uM
& 3
z
E
E
ERTEE
= 3
=
[
o
2
107 3
o 404 Q3
3781% 14.1%
L L T T T T
2 3 4 5
010 10 10 10
Annexin FITC-A

=)

=)

Prapidium lodide-A
w

o o

Propidium lodide-4

[e}} Q2
q416% 4.47%
=G4 Q3
4851% -7 6.30%

B R T Tr T
1} 102 103 104 105
Annexiny FITC-A

[#}] Q2
q385% 4.08%
=04 Q3
369.7% 22.3%

T T T T
0 102 1[]3 10£1 105

Annexiny FITC-A

Fig. 7. The induction of apoptosis effects Iifain MGC-803 cells. Cell was treated witl2a (0,

2.5, 5.0 and 1QM, respectively) for 24 h and the results were erach by FACS analysis with

Pl and FITC-Annexin V staining.

MNormalized To Mode

1

0 pM

5 uM

2.5 uM

0 pM

1 03 1 ﬂa
FITC-A: ROS FITC-A

5
10

Level ol ROS (% of contral)

ouM  25uM 10 uM

concentration of 12a

5 uM

Fig. 8. ROS generation assay of compour#th in MGC-803 cells. MGC-803 cells were treated
with 12a(0, 2.5, 5.0 and 10M, respectively) for 24 h.

Mormalized To Made

10 uM

5 uM

2.5 pM

0 pM

a2
o 107 103

104 10

5

Comp-FITC-A: Ca2+ FITC-A

Fig. 9. Effect of 12a on intracellular C& level in MGC-803 cells. MGC-803 cells were treated
with 12a(0, 2.5, 5.0 and 10M, respectively) for 24 h.

504

404

304

2

concentration of Ca” " (% of control)

14

0 uM 2.5 M 5 uM 10 nM

concentration of 12a



As reactive oxygen species (ROS) [42] and(48-44] play key roles in the
regulation of apoptosis, to determine wheti&a treatment would induce the
production of ROS and fluctuation of £aMGC-803 cells were treated witt?a at
doses from 0, 2.5, 5.0 to 10M for 24 h in the presence of,2-dichloro-
-fluorescein (DCF) or fura-3 AM, which are fluorest indicators for ROS and €a
respectively.

As depicted in Fig. 8 and Fig. 9, the fluorescemtensities were significantly
increased when the dose I#aincreased, indicating that intracellular ROS arsd"C
levels increased in a dose-dependent manner aftatreament, which may be

responsible for apoptosis induction b3a
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Fig. 10.Effect of12aon4%¥m of MGC-803 cells. MGC-803 cells were treated
with 12a(0, 2.5, 5.0 and 10M, respectively) for 24 h.

To further determine the pathway that mediatedrtaction of cell apoptosis by
12a the mitochondrial membrane potentiat{m) of 12atreated MGC-803 cells was
measured by the fluorescent probe JC-1 (5,5 ,@Bathloro-1,1’,3,3'-tetraethyl-
benzimidazolylcarbocyanine). As shown in Fig. 10e tffluorescence intensity in
MGC-803 cells was obviously decreased after treatmath 12a (doses 0, 2.5, 5.0,
10.0uM) for 24 h, especially when the doseldawas increased from O to 2.8/,
suggesting that th#2atreament could result in the lossAfm that usually indicate
the mitochondrial dysfunction associated with mgic mitochondrial apoptosis
pathway [45].

In order to get more detailed information about ép@ptotic-induction ofl2a
the levels of apoptosis-related Bcl-2 family progeiwhich are regarded as key
regulators of cell apoptosis [46-47], and the iatics of activation of the
mitochondrial apoptosis pathway [48-49], such dsadyome c, caspase-9, caspase-3
and their cleaved forms were measured by Westetn bl

As shown in Fig. 11, the expression of anti-apaptpsoteins Bcl-2 and Bcl-xl,
especially the later, were obviously down-regulatedhereas the expression of
pro-apoptotic proteins Bak, Bax and Bim were updtatgd, confirming that
apoptosis was induced dpa Meanwhile, the level of cytochrome c, caspas&® a
caspase-9, and the cleaved form of these protairtkel tumor cell were increased
significantly afterl2atreatment (Fig. 12), indicating th&Ra induced cell apoptosis

via a caspase-dependent intrinsic mitochondria-atedipathway.

Mr
(KDa) control 2.5 5 10 uM

26 S S o S Dcl-2

bim

43 SN Sy SE—— s [_actin

Fig. 11.Effect of 12aon the level of Bcl-2, Bcl-xI, Bak, Bax and Bim ¢ell detected by Western
blot. Protein was from MGC-803 cell line treated1#a (0, 2.5, 5.0 and 1(M, respectively) for
16



24 h. Whole-cell extracts were prepared and andlysing antibodies against proteins indicated.
S-Actin was used as a loading control. The data @resentative of three independent

experiments. *P < 0.05, *P < 0.01, *P < 0.00%the negative control.
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Fig. 12. (A) Effect of 12a on the level of cytochrome c, caspase-3/9 in @efected by Western
blot. Protein was from MGC-803 cell line treated1ta (0, 2.5, 5.0 and 10M, respectively) for
24 h.(B) 12ainduced apoptosis by triggering Caspase-3, Cagpastivities in MGC-803 cells.
MGC-803 cells were incubated with 101 of 12a for 24 h. Arrow showed the Caspase-3 or

Caspase-9 activated cells.

2.2.7. Compound2a demonstrated potential anticancer potency in vivth iow

toxicity

Thein vivo anticancer efficiency ot2a was further evaluated using MGC-803
xenograft tumors models. Twenty-four nude mice witimors at a volume of 80—-200
mm® were randomized to vehicle, CPT-treatment (6 m@/kdays), low dose
12atreatment (6 mg/kg/2 days), and high ddstatreatment (12 mg/kg/2 days)
groups (6 mice/group). The treatment groups werejgetion every other day of CPT
or 12a As shown in Fig. 13a, b, d, as compared withvit@cle control group, thie
vivo tumor growth inhibition (TGI) ofl2a was 41.0% (high doses), only 10% lower
than that of CPT (51.5%). This confirmed thHE2a possessed significant tumor
growth inhibition in vivo. The potential toxicity ofl2a was also investigated by
monitoring the weight loss of all tested nude miées. depicted in Fig. 13c, no
differences were found between the vehicle coranal thel2atreated group in body
weight loss, suggesting théPRa at the therapeutic dosage does not possess apparen

toxicity.
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Fig. 13.In vivo anticancer activity ol2ain MGC-830 xenograft mice. (a) The tumor volume of
mice from each group during the observation periaotmor-bearing mice were administered the
vehicle (negative control},2a (6 or 12 mg/kg per 2 days) or CPT (6 mg/kg pergsd positive

control). (b) Images of the excised tumors fromhegioup. (c) Body weights of the mice recorded
at the end of the treatments. (d) Weight of thasexttumors from MGC-803 xenograft model.

Data are presented as the mean + SD. Error bamssgg SDn = 6, *p < 0.05 and **p < 0.0ys
control.

3. Conclusion

In summary, based on the privileged structure caatimn, 30 novel
3-(benzazol-2-yl)quinoxaline derivatives were desid, synthesized, and studied for
their cytotoxicities. The result indicated that maarget compounds display potent
anticancer activityn vitro. Agarose-gel electrophoresis assay and molecolekimyg
indicated that most of the cytotoxic compounds daitongly inhibit Topo | activity
via Topo I-mediated DNA unwindinglhe most potent molecule, 3-(benzo[d]oxazol-
-2-yl)-2-(N-3-dimethylaminopropyl)aminoquinoxalii2a was selected for further
evaluation of its bioactivity. The results indicatthat 12atreament would increase
the levels of CDK inhibitor p21 and trigger a G2aph cell cycle arrest, induce the
generation of reactive oxygen species (ROS), custiation of intracellular C&,
loss of mitochondrial membrane potential#m), up-regulation the pro-apoptosis

proteins Bak, Bax and Bim, down-regulation the -apiptosis proteins Bcl-2 and
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Bcl-xl, increases the level of cytochrome c, casghsand caspase-9 and their
activated forms in MGC-803 cells in a dose-depehdemner, and finally triggering
a caspase-dependent intrinsic mitochondria-mediegédidapoptosis. Compountla
also demonstrated potent anticancer efficiencyivo with low toxicity and could be

served as a promising lead compound for furtheg deevelopment.

4. Experimental section

4.1. Chemistry

All reagents were purchased from commercial soueses were used without
further purification. Melting points were recordexh a X-5 apparatus without
correction. NMR spectra were recorded in CPGt in DMSO4ds on a Bruker
Advance (500 or 400 MHz) with TMS as the interrtahslard. HRMS were measured

in ESI mode and the mass analyzer was TOF.

4.1.1. Synthesis of ethyl 3-ox0-3,4-dihydroquinioeal-carboxylateZ).

The solution of benzene-1,2-diamine (1.09 g, 10 ithrand diethyl 2-bromo-
-malonate (1.9 mL, 11 mmol) in ethanol (20 mL) wséisred at room temperature for
4 h until the reaction completed (monitored by TLOhen the solvent was
evaporated under reduced pressure, washed withigaatr ether (10 mLx 3) to give a
pale-yellow solid. The solid was dissolved in 10Q raf isopropanol, cerium
trichloride heptahydrate (1.86 g, 5 mmol) and wgteb mL) were added and the
mixture was stirred under 1 atm oxygen at room taioire for 6 h until the reaction
completed (monitored by TLC). The solvent was evafsal under reduced pressure
and the solid was washed with water (10 mL x rtvide a yellow soli® (2.86 g),
yield 67%, mp 175-177 °C, which was used in neeppsivithout further purification.

4.1.2. General Procedure for Synthesigle6 and13.

Compound2 (2.18 g, 10 mmol) and benzene-1,2-diamine (1.302gmmol) in
PhO (10 mL) was heated to reflux for 2 h until thacon completed (monitored by

TLC). Then the mixture was cooled, filtered, anck tholid was washed with
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petroleum ether (15 mL x 3) to give 2.28 g of gse¥id 4, which was used in next
step without further purification. Compoun8is6 and 13 were synthesized followed

the same procedure.

4.1.3. General Procedure for Synthesig-€® and14.

The mixture of compound (0.52 g, 2 mmol) and redistilled PQ(b mL) was
heated in 90 °C for about 2 h under nitrogen atrnesp After completion (monitored
by TLC), the excess PO{Was removed under reduced pressure and ice-wa®er w
poured in. The solid was filtered and washed widier The dry crude product was
further purified by column chromatography on siligel eluted with ethyl
acetate/petroleum ethev:(V = 1:8) to afford pale-yellow solid (0.49 g), yield 88%,
mp 216-218 °C. Compound®3-9 and 14 were synthesized followed the same

procedure.

4.1.4. Preparation of compountl8-12 and 15-20.
4.1.4.1. General procedure

A solution of compound3 (or 8 or 9 or 14) (0.5 mmol) and amine derivatives
(2.5 mmol) in toluene (5 mL) was heated in 90 °C 105 h until the reaction
completed (monitored by TLC). Then the solvent wasoved under reduced
pressure and the residue was purified by columanshtography on silica gel eluted
with ethyl acetate/petroleum ether to provide12 or 15-20.
4.1.4.2. 3-(1H-Benzo[d]imidazol-2-yB-(N-3-dimethylaminopropyl)aminoquin-
-oxaline (L0a), 0.14 g, vyield 92%, pale yellow solid, m.p. 1756, *H NMR (500
MHz, DMSO4g) ¢ 13.39 (s, 1H), 9.87 (] = 5.4 Hz, 1H), 7.94 (dd] = 8.5, 0.8 Hz,
1H), 7.73-7.62 (m, 4H), 7.45-7.42 (m, 1H), 7.342(4), 3.71-3.67 (m, 2H), 2.41 (t,
J = 6.9 Hz, 2H), 2.20 (s, 6H), 1.89-1.83 (m, 2E: NMR (125 MHz, DMSOdg) 6
150.8, 149.8, 142.7, 135.6, 132.7, 131.3, 128.8,112124.7, 57.3, 45.7, 38.9, 26.9.
HRMS (ESI)m/zcalcd for GoHaaNg [M+H] " 347.1984, found 347.1986.

4.1.4.3. 3-(1H-Benzold]imidazol-2-yl)-2-(N-3-morpine-4-ylpropyl)aminoquin-
-oxaline (LOb), 0.176 g, vyield 91%, yellow solid, m.p. 210-211, & NMR (400
MHz, DMSO-Ug) 6 13.40 (s, 1H), 9.84 (] = 3.6 Hz, 1H), 7.94 (d] = 5.4 Hz, 1H),

7.79 (d,J = 5.3 Hz, 1H), 7.66-7.63 (m, 3H), 7.45-7.41 (m),1H38-7.35 (m, 1H),
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7.30 (t,J = 5.1 Hz, 1H), 3.71-3.68 (m, 2H), 3.59Jt= 3.0 Hz, 4H), 2.46 () = 4.6
Hz, 2H), 2.40 (s, 4H), 1.91-1.86 (m, 2KJC NMR (100 MHz, DMSOdg) 6 150.8,
149.8, 143.1, 142.6, 135.7, 134.6, 132.7, 131.8,92126.1, 124.9, 124.7, 123.1,
119.9, 112.8, 66.7, 56.4, 53.9, 38.9, 25.8. HRMSIEn/z calcd for GoHasNeO
[M+H] * 389.2090, found 389.2075.

4.1.4.4. 3-(1H-benzo[d]imidazol-2-yl)-2-(N-3-(1H-bhazol-1-yl)propyl)aminoquin-
-oxaline (L0, 0.165 g, yield 89%, pale yellow solid, m.p. 2056-2C,*H NMR (500
MHz, DMSO-dg) 6 13.47 (s, 1H), 9.89 (1 = 5.6 Hz, 1H), 7.95 (d] = 8.1 Hz, 1H),
7.73 (s, 1H), 7.65-7.63 (m, 4H), 7.47-7.43 (m, TH28 (s, 1H), 7.02 (s, 2H), 6.94 (s,
1H), 4.16 (t,J = 6.9 Hz, 2H), 3.64-3.61 (m, 2H), 2.23-2.20 (m).Z*C NMR (125
MHz, DMSOg) ¢ 150.7, 149.8, 143.1, 142.4, 137.8, 135.8, 1353.6, 132.7,
131.3, 128.9, 126.2, 125.0, 124.9, 123.1, 120.9,81112.8, 44.4, 38.0, 30.6. HRMS
(ESI)m/zcalcd for GiHooN; [M+H] ™ 370.1780, found 370.1767.

41.45. 3-(3-(1H-Benzo[d]imidazol-2-yl)-2-(N-3-hgdylpropyl)aminoquinoxaline
(10d), 0.147 g, yield 92%, pale yellow solid, m.p. 20892C,*H NMR (400 MHz,
DMSO-tg) 0 13.39 (s, 1H), 9.86 (1 = 3.6 Hz, 1H), 7.95-7.93 (m, 1H), 7.83 {5
5.4 Hz, 1H), 7.67-7.62 (m, 3H), 7.45-7.42 (m, 1H38-7.35 (m, 1H), 7.32—7.29 (m,
1H), 4.66 (t,J = 3.4 Hz, 1H), 3.75-3.71 (m, 2H), 3.65-3.62 (m,),2H94-1.90 (m,
2H). °C NMR (100 MHz, DMSOdg) 6 150.8, 149.8, 143.1, 142.6, 135.7, 134.5,
132.7,131.3, 128.9, 126.1, 124.9, 124.7, 123.0,0,212.8, 59.1, 38.1, 32.5. HRMS
(ESI)mvz calcd for GgH1gNsO [M+H]™ 320.1511, found 320.1497.

4.1.4.6. 3-(1H-Benzo[d]imidazol-2-yl)-2-(N-2-dimgiliminoethyl)aminoquinoxaline
(108, 0.136 g, yield 82%, pale yellow solid, m.p. 16851 °C,"H NMR (400 MHz,
DMSO-ds) 0 13.36 (s, 1H), 9.96 (8 = 3.4 Hz, 1H), 7.94 (d] = 5.3 Hz, 1H), 7.78 (d,
J=4.9 Hz, 1H), 7.66—7.62 (m, 3H), 7.45-7.42 (m),1H36 (d,J = 4.3 Hz, 1H), 7.31
(d, J = 4.8 Hz, 1H), 3.74-3.71 (m, 2H), 2.64 Jt= 8.4 Hz, 2H), 2.30 (s, 6H}C
NMR (100 MHz, DMSOsdg) 6 150.7, 149.7, 143.1, 142.6, 135.7, 134.6, 13R3T1,2,
128.9, 126.1, 124.9, 124.7, 123.0, 120.0, 112.82,58.8, 39.1. HRMS (ESHvz
calcd for GoH21Ng [M+H] ™ 333.1827, found 333.1811.

4.1.4.7. 3-(1H-Benzo[d]imidazol-2-yl)-2-(N-2-morpim@-4-ylethyl)aminoquin-
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-oxaline (LOf), 0.179 g, yield 96%, pale yellow solid, m.p. 25882C,"H NMR (400
MHz, DMSO-dg) ¢ 13.36 (s, 1H), 10.05 (8 = 3.2 Hz, 1H), 7.94 (d] = 5.4 Hz, 1H),
7.80 (d,J = 5.3 Hz, 1H), 7.67-7.63 (m, 3H), 7.45-7.43 (m),1H38-7.36 (m, 1H),
7.34-7.31 (m, 1H), 3.78-3.75 (m, 2H), 3.71J(t 3.0 Hz, 4H), 2.70 (t) = 4.1 Hz,
2H), 2.55 (s, 4H)*C NMR (100 MHz, DMSOds) 6 150.7, 149.8, 143.2, 142.6,
134.6, 131.2, 128.9, 126.1, 124.9, 124.7, 123.0,811112.8, 67.0, 56.8, 53.6, 37.9.
HRMS (ESI)m/z calcd for GiH2aNgO [M+H]" 375.1933, found 375.1917.

4.1.4.8. 3-(Benzold]thiazol-2-yB-(N-3-dimethylaminopropyl)aminoquinoxaline
(11a), 0.117 g, yield 81%, pale yellow solid, m.p. 13351°C,'H NMR (400 MHz,
DMSO-dg) 6 9.28 (t,J = 5.4 Hz, 1H), 8.18 (tJ = 7.8 Hz, 2H), 7.87-7.86 (m, 1H),
7.68-7.60 (m, 3H), 7.57—7.54 (m, 1H), 7.44—7.411H), 3.73-3.69 (m, 2H), 2.66 (t,
J = 6.9 Hz, 2H), 2.38 (s, 6H), 1.99-1.94 (m, 2HL NMR (100 MHz, DMSOdg) &
169.2, 153.4, 149.9, 143.0, 135.7, 135.2, 134.2,2013129.2, 127.4, 127.3, 126.2,
125.2, 124.0, 122.9, 56.5, 44.5, 40.5, 38.8, 2HRMS (ESI) calcd for H2:NsS
[M+H]" 364.1596, found 364.1584.

4.1.4.9. 3-(Benzold]thiazol-2-yl)-2-(N-3-morpholideylpropyl)aminoquinoxaline
(11b), 0.197 g, yield 97%, pale yellow solid, m.p. 13382 C,'H NMR (400 MHz,
DMSO-dg) ¢ 9.23 (t,J = 5.3 Hz, 1H), 8.20-8.13 (m, 2H), 7.86 (W= 8.2 Hz, 1H),
7.69-7.54 (m, 4H), 7.44-7.40 (m, 1H), 3.72-3.67 2iM), 3.58 (t,J = 4.4 Hz, 4H),
2.47-2.44 (m, 2H), 2.40 (s, 4H), 1.93-1.86 (m, 2£0.NMR (100 MHz, DMSOds)

0 169.3, 153.3, 149.9, 143.1, 135.7, 135.2, 13432,3], 129.2, 127.4, 127.3, 126.1,
125.2, 123.9, 122.9, 66.7, 56.4, 53.9, 39.1, 2HRMS (ESI) nVz calcd for
C2,H24N50S [M+H]" 406.1701, found 406.1686.

4.1.4.10. 3-(Benzold]thiazol-2-yl)-2-(N-3-(1H-Imizxta-1-ylpropyl)aminoquinoxaline
(110, 0.187 g, yield 97%, pale yellow solid, m.p. 1456°C,"H NMR (400 MHz,
DMSO-tg) 6 9.22 (t,J = 3.6 Hz, 1H), 8.17 () = 5.4 Hz, 2H), 7.85 (dd] = 5.5, 0.7
Hz, 1H), 7.71 (s, 1H), 7.67-7.64 (m, 1H), 7.62-7(68 2H), 7.55-7.52 (m, 1H),
7.42-7.40 (m, 1H), 7.27 (§ = 0.7 Hz, 1H), 6.93 (s, 1H), 4.15 (t,= 4.6 Hz, 2H),
3.62-3.59 (m, 2H), 2.23-2.19 (m, 2HYC NMR (100 MHz, DMSQdg) § 169.2,
153.3, 149.8, 142.9, 137.8, 135.8, 135.2, 134.2,213129.1, 128.9, 127.3, 127.2,

126.1, 125.2, 124.1, 122.8, 119.8, 44.4, 38.1, .3BIRMS (ESI) m/z calcd for
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C21H1N6S [M+H]" 387.1392, found 387.1373.

4.1.4.11. 3-(3-(Benzol[d]thiazol-2-yl)-2-(N-3-hydytpropyl)aminoquinoxaline 1(Ld),
0.151 g, yield 90%, yellow solid, m.p. 178-179 & NMR (400 MHz, DMSOds) &
9.37 (t,J = 3.4 Hz, 1H), 8.18 (1) = 5.8 Hz, 2H), 7.87 (d] = 5.4 Hz, 1H), 7.68-7.63
(m, 2H), 7.62-7.59 (m, 1H), 7.57-7.54 (m, 1H), #A31 (m, 1H), 3.74-3.71 (m,
2H), 3.66 (t,J = 4.0 Hz, 2H), 1.94-1.89 (m, 2HY’C NMR (100 MHz, DMSQdg) &
169.2, 153.3, 149.9, 143.1, 135.7, 135.2, 134.2,213129.2, 127.3, 127.2, 126.1,
125.1, 124.1, 122.9, 59.4, 38.6, 32.2. HRMS (E%1) calcd for GgH17N4OS [M+H]"
337.1123, found 337.1106.

4.1.4.12. 3-(Benzo[d]thiazol-2-yl)-2-(N-2-dimethylemoethyl)aminoquinoxaline
(118, 0.154 g, yield 88%, yellow solid, m.p. 77-79 °€, NMR (400 MHz,

DMSO-dg) ¢ 9.53 (t,J = 3.0 Hz, 1H), 8.19 (d) = 5.2 Hz, 1H), 8.08 (d] = 5.4 Hz,

1H), 7.86 (d,J = 5.4 Hz, 1H), 7.67—7.60 (m, 3H), 7.56-7.54 (m),1H43—-7.40 (m,
1H), 3.69— 3.66 (m, 2H), 2.63 (,= 4.0 Hz, 2H), 2.33 (s, 6H}*C NMR (100 MHz,

DMSO-g) ¢ 169.0, 153.3, 149.8, 143.2, 135.7, 135.3, 13432.2, 129.2, 127.4,
127.3, 126.1, 125.0, 123.9, 122.9, 57.8, 45.6, .3BIRMS (ESI) nVz calcd for

C1oH20N5S [M+H]" 350.1439, found 350.1423.

4.1.4.13. 3-(Benzo[d]thiazol-2-yl)-2-(N-2-morphalid-ylethyl)aminoquinoxaline
(11f), 0.182 g, yield 93%, pale yellow solid, m.p. 15827°C,"H NMR (400 MHz,
DMSO-dg) 6 9.49 (t,J = 2.8 Hz, 1H), 8.23 (d] = 5.2 Hz, 1H), 8.16 (d] = 5.4 Hz,
1H), 7.90 (dJ = 5.5 Hz, 1H), 7.70-7.65 (m, 3H), 7.60-7.57 (m),1H46—7.43 (m,
1H), 3.78-3.75 (m, 2H), 3.71-3.70 (m, 4H), 2.72 &, 4.0 Hz, 2H), 2.55 (s, 4H}°C
NMR (100 MHz, DMSOsdg) 6 169.2, 153.5, 149.8, 143.2, 135.7, 135.3, 13438,3],
129.2, 127.5, 127.3, 126.2, 125.2, 123.7, 123.00,686.8, 53.6, 37.8. HRMS (ESI)
m/z calcd for GiH2,:NsOS [M+H]" 392.1545, found 392.1526.

4.1.4.14. 3-(Benzo[d]oxazol-2-y2-(N-3-dimethylaminopropyl)aminoquinoxaline
(12a), 0.159 g, vyield 91%, pale yellow solid, m.p. 61-%3 *H NMR (400 MHz,

DMSO-dg) d 8.99 (t,J = 5.4 Hz, 1H), 7.94-7.91 (m, 3H), 7.69-7.65 (m,)1H
7.64-7.62 (m, 1H), 7.58-7.54 (m, 1H), 7.52-7.49 (Hl), 7.44-7.42 (m, 1H),

3.69-3.65 (M, 2H), 2.41 (i = 6.7 Hz, 2H), 2.21 (s, 6H), 1.87-1.82 (m, 2HC
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NMR (100 MHz, DMSOsdg) 6 160.0, 150.5, 150.1, 143.0, 140.6, 135.9, 1325,7],
129.5, 127.7, 126.2, 126.0, 125.2, 120.8, 112.04,545.7, 39.4, 26.6. HRMS (ESI)
mvz calcd for GoH2oNsO [M+H]" 348.1824, found 348.18009.

4.1.4.15. 3-(Benzo[d]oxazol-2-yl)-2-(N-3-morpholifgylpropyl)aminoquinoxaline
(12b), 0.182 g, vyield 93%, pale yellow solid, m.p. 1189FC,*H NMR (400 MHz,
DMSO-dg) 6 8.91 (t,J = 5.5 Hz, 1H), 7.97—7.93 (m, 3H), 7.71-7.68 (m),1H64 (d,
J=8.3 Hz, 1H), 7.59-7.57 (m, 1H), 7.53-7.51 (m),TH47-7.44 (m, 1H), 3.72-3.69
(m, 2H), 3.60 (tJ = 4.5 Hz, 4H), 2.45 () = 6.9 Hz, 2H), 2.40 (s, 4H), 1.91-1.86 (m,
2H). °C NMR (100 MHz, DMSOdg) 6 160.1, 150.6, 150.1, 143.0, 140.6, 132.6,
129.7, 127.7, 126.2, 126.1, 125.3, 120.8, 112.07,686.3, 53.9, 39.1, 25.6. HRMS
(ESI)mvz calcd for GoH24N50, [M+H] ™ 390.1930, found 390.1912.

4.1.4.16. 3-(Benzo[d]oxazol-2-yl)-2-(N-3-(1H-Imid&A-ylpropyl)aminoquinoxaline
(120), 0.169 g, yield 90%, pale yellow solid, m.p. 17782 C,'H NMR (400 MHz,
DMSO-dg) d 8.88 (t,J = 5.5 Hz, 1H), 7.98-7.95 (m, 3H), 7.71-7.69 (m,)2H
7.65—-7.64 (m, 1H), 7.59-7.56 (m, 1H), 7.53-7.511hh), 7.47-7.45 (m, 1H), 7.26 (s,
1H), 6.91 (s, 1H), 4.15 (8 = 6.9 Hz, 2H), 3.65-3.62 (m, 2H), 2.23-2.19 (m).2fC
NMR (100 MHz, DMSOsg) ¢ 160.1, 150.5, 150.1, 142.8, 140.6, 137.8, 1363Q,6
129.7, 129.6, 128.9, 127.7, 126.3, 126.0, 125.4,012119.8, 112.0, 44.4, 38.2, 30.5.
HRMS (ESI) calcd for gH1gONs [M+H] " 371.1620, found 371.1603.

4.1.4.17. 3-(3-(Benzo[d]oxazol-2-yl)-2-(N-3-hydriprgpyl)aminoquinoxaline 12d),
0.151 g, yield 94%, yellow solid, m.p. 188-189 *8,NMR (400 MHz, DMSOds) &
8.90 (t,J = 4.8 Hz, 1H), 7.93-7.91 (m, 3H), 7.67—-7.62 (m),2ZH55 (t,J = 7.7 Hz,
1H), 7.49 (tJ = 7.5 Hz, 1H), 7.43-7.41 (m, 1H), 3.71-3.68 (m),28162 (t,J = 6.1
Hz, 2H), 1.92-1.87 (m, 2H}>*C NMR (100 MHz, DMSOds)  160.0, 150.5, 150.1,
142.9, 140.6, 135.8, 132.5, 129.7, 129.5, 127.6,22125.9, 125.2, 120.9, 111.9,
59.2, 38.5, 32.3. HRMS (ESHvz calcd for GgH17N4O> [M+H]" 321.1351, found
321.1335.

4.1.4.18. 3-(Benzo[d]oxazol-2-yl)-2-(N-2-dimethyiaaethyl)aminoquinoxalinele),
0.131 g, yield 78%, pale yellow solid, m.p. 86—&7 *H NMR (400 MHz, DMSO¢)

9 9.07 (t,J = 4.8 Hz, 1H), 7.95-7.93 (m, 2H), 7.90 {d= 7.8 Hz, 1H), 7.69-7.67 (m,
24



1H), 7.64 (dd,) = 5.5, 0.6 Hz, 1H), 7.58-7.55 (m, 1H), 7.52—7.49 {H), 7.45-7.42
(m, 1H), 3.70-3.67 (m, 2H), 2.62 (,= 6.2 Hz, 2H), 2.30 (s, 6H}*C NMR (100
MHz, DMSO-dg) 6 160.0, 150.5, 150.1, 143.0, 140.6, 135.9, 132297 129.5,
127.7, 126.2, 126.0, 125.2, 120.9, 112.0, 57.97,4%.1. HRMS (ESIj/'z calcd for
C1oH20NsO [M+H]* 334.1668, found 334.1651.

4.1.4.19. 3-(Benzo[d]oxazol-2-yl)-2-(N-2-morpholisg/lethyl)aminoquinoxaline
(12f), 0.155 g, yield 82%, pale yellow solid, m.p. 15331°C,"H NMR (500 MHz,
DMSO-tg) 6 9.22 (s, 1H), 7.94 (d] = 8.1 Hz, 2H), 7.88 (d) = 7.7 Hz, 1H), 7.70—
7.63 (m, 2H), 7.59-7.52 (m, 2H), 7.44 Jtz 7.4 Hz, 1H), 3.70 (d) = 3.8 Hz, 6H),
2.69 (t,J = 6.0 Hz, 2H), 2.53 (s, 4H)*C NMR (125 MHz, DMSOdsg) 6 160.0, 150.5,
150.1, 143.0, 140.7, 123.5, 129.7, 129.6, 127.%,2,2126.1, 125.2, 120.6, 112.0,
67.0, 56.5, 53.5, 37.9. HRMS (EStyz calcd for GiH2:NsO, [M+H]" 376.1773,
found 376.1757.

4.1.4.20. 3-(5-Chlorobenzo[d]oxazol-2-48}(N-3-dimethylaminopropyl)aminoquin-
-oxaline (15a), 0.085 g, vield 51 %, pale yellow solid, m.p. 1287 °C,’*H NMR
(400 MHz, CDC}) o 8.90 (s, 1H), 8.04-8.02 (m, 1H), 7.82-7.81 (m,,ITHY2-7.61
(m, 3H), 7.45-7.38 (m, 2H), 3.83-3.87 (m, 2H), 261 = 7.1 Hz, 2H), 2.32 (s, 6H),
2.02-1.95 (m, 2H)*C NMR (100 MHz, CDGJ) § 161.2, 150.7, 148.8, 143.6, 141.9,
136.1, 132.2, 130.8, 129.7, 128.7, 127.2, 126.8,8,220.3, 112.3, 57.6, 45.6, 39.4,
27.1. HRMS (ESI)Wz caled for GoH2:CINsO [M+H]* 382.1429, found 382.1418.

4.1.4.21. 3-(5-Methylbenzo[d]oxazol-2-#)(N-3-dimethylaminopropyl)aminoquin-
-oxaline (16a), 0.043 g, yield 27 %, pale yellow solid, m.p. 1224 °C'H NMR
(400 MHz, CDC}) ¢ 9.08 (s, 1H), 8.05 (dl = 8.3 Hz, 1H), 7.71 (d] = 8.3 Hz, 1H),
7.64-7.60 (m, 3H), 7.42-7.38 (m, 1H), 7.28 (s, 1H34 (dd,J = 12.4, 6.7 Hz, 2H),
2.58 (t,J = 7.3 Hz, 2H), 2.52 (s, 3H), 2.36 (s, 6H), 2.092(m, 2H)*C NMR (100
MHz, CDCE) ¢ 160.0, 150.7, 148.6, 143.3, 141.0, 136.1, 13532,8, 129.7, 129.5,
128.2, 126.2, 124.7, 120.3, 111.0, 57.4, 45.3,,3%62, 21.6. HRMS (EShHvz calcd
for Co1H24Ns0 [M+H]" 362.1975, found 362.1968.

4.1.4.22. 3-(5-(Tert-butyl)benzo[d]oxazol-2-H(N-3-dimethylaminopropyl)amino-

-quinoxaline 17a), 0.092 g, yield 52 %, pale yellow solid, m.p. 1112 °C*H NMR
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(400 MHz, CDCH) 6 9.07 (t,J = 5.2 Hz, 1H), 8.03 (ddl = 8.3, 1.0 Hz, 1H), 7.82 (d,

= 1.5 Hz, 1H), 7.69-7.67 (m, 1H), 7.65-7.63 (m, 1HH0-7.56 (m, 1H), 7.52 (dd,

= 8.7, 1.9 Hz, 1H), 7.38-7.34 (m, 1H), 3.80 (d& 12.4, 6.9 Hz, 2H), 2.30 (s, 6H),
2.02-1.95 (m, 2H), 1.40 (s, 9HJC NMR (100 MHz, CDGJ) § 159.0, 149.6, 147.8,
147.3, 142.2, 139.7, 135.0, 130.6, 128.6, 128.5,112123.7, 123.5, 115.8, 109.7,
56.5, 44.5, 38.2, 34.0, 30.7, 26.1. HRMS (ESI}¥ calcd for GsHzoNsO [M+H]"
404.2445, found 404.2440.

4.1.4.23. 3-(6-Chlorobenzo[d]oxazol-2-48}(N-3-dimethylaminopropyl)aminoquin-
-oxaline (18a), 0.144 g, vield 86 %, pale yellow solid, m.p. 1667 °C,*H NMR
(400 MHz, CDC}) ¢ 8.92 (s, 1H), 8.03 (d) = 8.3 Hz, 1H), 7.76-7.70 (m, 3H),
7.65-7.61 (m, 3H), 7.43-7.38 (m, 2H), 7.83-7.78 2id), 2.53-2.50 (m, 2H), 2.30
(s, 6H), 2.03-1.93 (m, 2HY’C NMR (100 MHz, CDGJ) ¢ 160.6, 150.7, 150.5, 143.5,
139.6, 136.1, 132.6, 132.1, 129.7, 128.8, 126.8,112424.8, 121.0, 112.1, 57.6, 45.6,
39.4, 27.1. HRMS (ESIhm/z calcd for GgH»:CINsO [M+H]* 382.1429, found
382.1426.

4.1.4.24. 3-(6-Methylbenzo[d]oxazol-2-@)(N-3-dimethylaminopropyl)aminoquin-
-oxaline (19a), 0.078 g, vield 60 %, pale yellow solid, m.p. 1223 °C,'*H NMR
(400 MHz, CDC}) ¢ 9.09 (s, 1H), 8.06-8.04 (m, 1H), 7.72-7.70 (m,,2ZH§4—7.60
(m, 1H), 7.55 (s, 1H), 7.42—7.38 (m, 1H), 7.25J¢, 8.6 Hz, 1H), 3.84-3.79 (m, 2H),
2.57-2.53 (m, 5H), 2.34 (s, 6H), 2.06-1.98 (m, 2f0.NMR (100 MHz, CDGJ) 6
159.5, 150.7, 150.6, 143.2, 138.7, 137.7, 136.1,713129.6, 129.5, 126.6, 126.2,
124.6, 119.8, 111.6, 57.5, 45.5, 39.3, 27.0, 2HRMS (ESI) m/z calcd for
C21H24Ns0 [M+H]" 362.1975, found 362.1970.

4.1.4.25. 3-(Naphtho[1,2-d]oxazol-2-2} (N-3-dimethylaminopropyl)aminoquin-
-oxaline @0a), 0.068 g, yield 39 %, pale yellow solid, m.p. 1445 °C,*H NMR
(400 MHz, CDC}) 6 9.19 (s, 1H), 8.55-8.54 (m, 1H), 8.07-7.98 (m,,ZH39—7.86
(m, 2H), 7.74-7.72 (m, 2H), 7.64-7.59(m, 2H), 7.A39 (m, 1H), 3.87-3.86 (m,
2H), 2.67 (t,J = 6.9 Hz, 2H), 2.40 (s, 6H), 2.16-2.10 (m, 2B0: NMR (100 MHz,
CDCl) ¢ 159.1, 150.5, 148.1, 143.1, 136.4, 136.2, 13137,41, 129.6, 129.5, 128.9,
128.2, 127.6, 126.2, 126.0, 124.7, 122.0, 111.4/,55.4, 39.2, 27.1. HRMS (ESI)

m/z calcd for G4H24NsO [M+H]" 398.1976, found 398.1974.
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4.1.4.26.  3-(5-Chlorobenzo[d]oxazol-2-#}(N-3-diethylaminopropyl)aminoquin-
-oxaline (L5¢g), 0.033 g, vyield 18.5 %, pale yellow solid, m.p13112 °C!H NMR
(500 MHz, CDC}) ¢ 8.86 (s, 1H), 8.04 (dJ =8.3 Hz, 1H), 7.81-7.80 (m, 1H),
7.72-7.62 (m, 3H), 7.45-7.39 (m, 2H), 3.80-3.76 2i), 2.69-2.66 (m, 2H), 2.63
(dd,J = 11.4, 5.7 Hz, 4H), 2.01-1.95 (m, 2H), 1.08)( 5.7 Hz, 6H)*C NMR (125
MHz, CDCk) ¢ 161.2, 150.7, 148.8, 143.6, 141.9, 136.1, 1323P,8], 129.7, 128.7,
127.2, 126.3, 124.8, 120.3, 112.3, 50.5, 47.1,,3%6%, 11.7. HRMS (EShHvz calcd
for CooH,sCINSO [M+H]" 410.1742, found 410.1735.

4.1.4.27. 3-(5-Methylbenzo[d]oxazol-2-2)(N-3-diethylaminopropyl)aminoquin-
-oxaline (L6g), 0.060 g, vield 35 %, pale yellow solid, m.p. 88=€,'H NMR (400
MHz, CDCL) 6 9.08 (s, 1H), 8.06 (d] = 8.3 Hz, 1H), 7.71 (d] = 8.4 Hz, 1H), 7.65-
7.63 (m, 3H), 7.41 (t) = 9.5 Hz, 1H), 7.29-7.27 (m, 1H), 3.84-3.79 (m,).2H
2.84-2.80 (m, 2H), 2.76-2.74 (m, 4H), 2.52 (s, 39 (t,J = 7.0 Hz, 2H), 1.17 (1]

= 7.1 Hz, 6H)}*C NMR (100 MHz, CDG)) § 159.9, 150.7, 148.6, 143.2, 141.0,
136.1, 135.3, 131.8, 129.7, 129.5, 128.2, 126.2,8,220.3, 111.0, 50.2, 46.9, 39.2,
25.8, 21.6, 11.0. HRMS (ESHvz calcd for GsHgNsO [M+H]* 390.2288, found
390.2276.

4.1.4.28.  3-(5-(Tert-butyl)benzo[d]oxazol-2-ZH(N-3-diethylaminopropyl)amino-
-quinoxaline 17g), 0.129 g, yield 68 %, pale yellow ot NMR (400 MHz, CDC})

5 9.07 (t,J = 5.1 Hz, 1H), 8.04 (dd] = 8.3, 1.0 Hz, 1H), 7.83-7.82 (m, 1H), 7.70 (dd,
J=28.4,0.9 Hz, 1H), 7.64 (d,= 8.7, 1H), 7.61-7.57 (m, 1H), 7.52 (dd= 8.7, 1.9
Hz, 1H), 7.38-7.34 (m, 1H), 3.78-3.73 (m, 2H), 2886 (m, 2H), 2.63 (q] = 7.2
Hz, 4H), 2.01-1.94 (m, 2H), 1.40 (s, 9H), 1.08J(t 7.2 Hz, 6H).**C NMR (100
MHz, CDCk) ¢ 160.1, 150.7, 148.8, 148.3, 143.3, 140.8, 1363Q,7, 129.6, 129.4,
126.2, 124.8, 124.5, 116.8, 110.7, 50.5, 47.0,,3%9%0, 31.7, 26.6, 11.8. HRMS
(ESI)m/z calcd for GgH34NsO [M+H]" 432.2758, found 432.2754.

4.1.4.29. 3-(6-Chlorobenzo[d]oxazol-2-+4)(N-3-diethylaminopropyl)aminoquin-
-oxaline (8g), 0.118 g, yield 69 %, pale yellow solid, m.p. 78=,"H NMR (400
MHz, CDCk) ¢ 8.88 (s, 1H), 8.03 (1] = 8.4 Hz, 1H), 7.76-7.71 (m, 3H), 7.67-7.62

(m, 1H), 7.44-7.39 (m, 2H), 3.81-3.76 (m, 2H), 2(68) = 7.2 Hz, 2H), 2.65-2.59
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(m, 4H), 2.02-1.95 (m, 2H), 1.12-1.07 (m, 6K¢ NMR (100 MHz, CDGJ) 6 160.6,
150.7, 150.5, 143.5, 139.6, 136.1, 132.6, 132.9,7,2128.8, 126.3, 126.1, 124.8,
120.9, 112.1, 50.5, 47.1, 39.5, 26.6, 11.7. HRMSI\EVz calcd for G.H»:CINsO
[M+H]* 410.1724, found 410.1736.

4.1.4.30. 3-(6-Methylbenzo[d]oxazol-2-2)(N-3-diethylaminopropyl)aminoquin-
-oxaline (L9¢g), 0.120 g, yield 70 %, pale yellow oiH NMR (400 MHz, CDCJ) §
9.01 (t,J = 5.1 Hz, 1H), 8.03 (dd] = 8.3, 1.0 Hz, 1H), 7.70 (dd,= 8.4, 1.0 Hz, 1H),
7.65—-7.63 (m, 1H), 7.61-7.56 (m, 1H), 7.50 (s, TH3}8-7.34 (m, 1H), 7.20 (dd,=
8.2, 0.8 Hz, 1H), 3.77-3.72 (m, 2H), 2.68-2.64 #H), 2.62 (q,J = 7.2 Hz, 4H),
2.50 (s, 3H), 2.00-1.93 (m, 2H), 1.06 Jt= 7.1 Hz, 6H)*C NMR (100 MHz,
CDCls) ¢ 159.5, 150.6, 150.5, 143.2, 138.6, 137.6, 1363Q,6, 129.6, 129.4, 126.6,
126.2, 124.5, 119.8, 111.5, 50.5, 47.0, 39.5, 284), 11.7. HRMS (ESkvz calcd
for CoaH2gNsO [M+H]" 390.2288, found 390.2286.

4.1.4.31. 3-(Naphtho[1,2-d]oxazol-22)(N-3-diethylaminopropyl)aminoquinoxaline
(20g), 0.094 g, yield 50 %, pale yellow solid, m.p. 1222 °C,*H NMR (400 MHz,
CDCl3) ¢ 9.15 (s, 1H), 8.55-8.53 (m, 1H), 8.06 {d= 8.3 Hz, 1H), 8.01-8.00 (m,
1H), 7.92-7.87 (m, 2H), 7.74-7.70 (m, 2H), 7.6507(&, 2H), 7.43—-7.39 (m, 1H),
3.84 (d,J = 5.8 Hz, 2H), 2.77 () = 7.2 Hz, 2H), 2.69 (q] = 7.2 Hz, 4H), 2.15-2.05
(m, 2H), 1.10 (tJ = 7.2 Hz, 6H)C NMR (100 MHz, CDGJ) ¢ 159.2, 150.5, 148.1,
143.2, 136.4, 136.1, 131.6, 131.4, 129.6, 129.8.912128.2, 127.5, 126.2, 126.0,
124.7, 122.0, 111.4, 50.8, 47.1, 39.6, 26.9, 1HRMS (ESI) nVz calcd for
CaeH2eNsO [M+H]" 426.2289, found 426.2283.

4.2. Biological activity
4.2.1. Anti-proliferative activity

Cells were seeded in 96-well plates and incubategtnoght in 180uL of
medium containing 10% Fetal Bovine Serum (GibcoA)U®n the following day, 20
uL of compounds at different concentrations wereeadthb each well and incubated
for 48 h. Then, 1QuL of 5 mg/mL MTT solution was added into each weatid

incubated for 4 h at 37 °C. The culture medium e removed, and 10@. of
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DMSO was added to dissolve the formazan dye befaasuring the absorbance at
570 nm in a multiwell plate reader. Cell viabiliyas calculated using the following
formula: cell viability (%) = (A7odAs70d * 100%, A70e and Aszoc represented the
absorbance values from the experimental and cogttooips, respectively.

4.2.2. DNA intercalation assay

250 ng of negatively supercoiled pBR322 DNA wasubated with EB, the
selected compounds at concentrations ofubl) or the indicated concentrations of
12ain a total volume of 1@QL at 37 °C for 1h. Then, the reaction was termiddig
the addition of 2 mL loading buffer (0.25% bromopbkblue, xylene cyanol EF
0.25% and 40% glycerol). The samples were electngded on a 1.5% agarose gel
and stained with 0.xg:mL™ EB. DNA bands were visualized by transillumination
with UV light.

4.2.3. DNA Topo | inhibitory assay

A mixture of 1 U of Topoisomerase I, the indicahcentrations of CPT, the
tested compounds at concentrations ofib) or the indicated concentrations Iifa
was incubated at 37 °C in Topo | buffer for 30 miien, 250 ng of pBR322 DNA
was added in a total volume of fiQ and further incubated at 37 °C for 30 min. The
reaction was terminated by the addition of 2 mldiog buffer, and the mixture was
electrophoresed on a 1% agarose gel in 1 x TAEebédt 90 min at 80 V and stained
0.5ug/mL of EB. DNA bands were visualized by transilination with UV light.

4.2.4. Topo I-mediated DNA-unwinding assay

A mixture of 5 U of Topoisomerase |, 250 ng pBRI2WA was incubated at
37 °C in Topo | buffer for 30 min. Then, the indied concentrations of CPT or EB,
50 uM the tested compounds, or the indicated conceémmimiof 12a was added in a
total volume of 1QuL and further incubated at 37 °C for 30 min. Thact®n was
terminated by the addition of 2 mL loading buff€he mixture was electrophoresed
on a 1% agarose gel in 1 x TAE buffer for 90 mi@@tv and stained with 04og/mL

of EB. DNA bands were visualized by transillumioatwith UV light.
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4.2.5. Cell apoptosis assay

MGC-803 cells were seeded at a concentratio® ®f1¢ cells/mL in DMEM
medium with 10% FBS in 6-well plates with a finakdia volume of 2 mL. The
plates were incubated overnight after treatmenth wilifferent concentrations
compoundl2afor 24 h. Cells were collected and washed witld ¢@BS three times,
resuspended in 1 x Binding Buffer at a density ef I’ cells/mL, stained with FITC
Annexin V and PI for 20 min at 25 °C in the darkdaanalyzed on a flow cytometer
equipped with a 488 nm argon laser (Becton-Dickmsdnalysis was performed

using the system software (Cell Quest).

4.2.6. Cell cycle assay

The MGC-803 cells line was treated with diffsreoncentrations of compound
12aand incubated for 48 h, followed centrifugatiori200 rpm for 6 min. Cells were
washed twice with PBS and then fixed with ice-cé@%o ethanol in PBS at —20 °C
overnight. The cells were treated with 0§mL of RNase A in the dark at 37 °C in a
water bath for 30 min before washing with PBS, atdining with 1 mg/mL
propidium iodide (PI) in the dark at 37 °C for 5SrmAnalysis was performed with the
ModFit LT software.

4.2.7. ROS generation assay

MGC-803 cells were seeded into six-well plagdiured to 80% confluency,
and treated with compouri?a at concentrations of 2.5, 5 and {18l for 24 h. The
cells were harvested, washed with ice-cold PBS,iacubated with DCFH-DA (in a
final concentration of 10QM) at 37 °C for 20 min in the dark. Finally, thellsevere
resuspended in 504 of PBS and analyzed on a flow cytometer equippéd a 488

nm argon laser (Becton-Dickinson)

4.2.8. Intracellular C&" assay

MGC-803 cells were seeded into six-well plaésa concentration of 2 x 40
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cells/mL in DMEM medium with 10% FBS and treatedtiwicompoundl2a at
concentrations of 2.5, 5 and u® for 24 h. The cells were harvested, washed once
with ice-cold PBS, and incubated with Fluo-3 AM(B! in a final concentration) at
37 °C for 20 min in the dark. Finally, the cellsreeesuspended in 500 of PBS
and analyzed on a flow cytometer equipped with & B&h excitation wavelength

laser (Becton- Dickinson)

4.2.9. Mitochondrial membrane potential assay

MGC-803 cells (1 x Tocells) were seeded in six-well tissue culturegsaand
12awas added to the culture medium (2.5, 5.0p¥0in a final concentration). After
incubation for 24 h at 37 °C, the cells were hae@swashed once with ice-cold PBS,
and incubated with fng/mL fluorescent probe JC-1 at 37 °C for 20 mirtha dark.
Finally, the cells were resuspended in 500 of PBS and analyzed on a flow

cytometer equipped with a 488 nm excitation wavgtletaser (Becton- Dickinson).

4.2.10. Western Blotting assay

MGC-803 cells were grown in 100 mm tissue culttighes at 1 x 10cells until
80% confluency. The cells were treated wifta at indicated concentrations for 24 h,
washed once with ice-cold PBS followed by a lysiffdr solution (50 mM Tris HCI,
300 mM NacCl, 1% Triton X-100, 10% glycerol, 1.5 niWyCl,, 1 mM CaC}, 1 mM
PMSF and 1% protease inhibitor cocktail). & of protein was loaded onto a 10 or
12% SDS-PAGE, electrophoresed, and transferredRYRF membrane (Millipore,
USA). The membranes were blocked with 5% skim nwilkTris buffered saline
containing 0.1% tween 20 (TBST) and probed witlnairiy antibodies at a dilution of
1:1000 at 4 °C overnight. The blots were washedosad to HRP-conjugated
anti-rabbit 1I9G (Cell Signaling Technology Inc, UB#t a dilution of 1:2000 at 25 °C
for 2 h, and visualized by an ECL Western blot eys{Kodak, USA).

4.2.11. In vitro assay of caspase-3/9 activity

The assay was performed based on the ability oattige enzyme to cleave the

chromophore from the enzyme substrate FITC-DEVD-F{{ti{ caspase-3) or FITC-
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LEHD-FMK (for caspase-9). ThE2atreated cells and control cells were harvested at
a density of 1x19cells/mL in RPMI 1640 medium supplemented with 18&S. 300

uL each of the induced and control cultures wereubvated with fL of
FITCDEVD-FMK or FITC-LEHD-FMK for 1 h in a 37 °C rubator with 5% CO2.
Flow cytometric analysis was performed using a FASfall flow cytometer
equipped with a 488 nm argon laser. Results anesepted as the percent change of

the activity compared to the untreated control.

4.2.12. Molecular docking

Discovery Studio (vision 2017R2, BIOVIA, USA) wasployed to carry on
molecular docking. The crystal structures of theaey complex (PDB code 1T8lI),
containing Topo |, DNA, and CPT, was downloadedrfrthe Protein Data Bank
(http://www.rcsb.org). All bound water and ligandsre eliminated from the protein
and the polar hydrogen was added. The structuretheofternary complex were
prepared and CHARMmM force field was employed anduhele Topo | complex was
defined as a receptor. The 3D structured 2d were generated and minimized and
docking into the three-dimensional structure of @ dollowing CDOCKER protocol.
Types of interactions of the docked protein witlahd were analyzed at the end of

molecular docking [50].
4.2.13. In vivo xenograft model assay

The assays were carried out as described previauglyminor modifications
[33]. Pathogen-free male BALB/C nude mice aged @&kse(Changzhou Cavens
Experimental Animal Co., Ltd., Changzhou, China)revaeised to establish the
MGC-803 xenograft model. The mice were raised uraettrolled environmental
conditions (12 h light-dark cycle at 2€ and 66-85% humidity). Solid tumors were
introduced by subcutaneous injection of 5%XM5C-803 cells into the flank region of
the nude micen( = 6). The tumor-bearing mice were treated i.phwiehicle (5%
DMSO in saline, v/v) or with 6 or 12 ma " 12a (dissolved in saline to form a
solution of 0.6 mg/mL or 1.2 mg/mL, respectivelgr @ days. CPT (6 mg Ky per 2
days) was used as a positive control (7.2 mg CPS digsolved in 0.72 mL DMSO

and diluted with 11.28 mL saline to form a soluti@n0.6 mg/mL). The tumor size
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and body weight of the mice were measured threestimweek. The tumor size was
determined by measuring the lengthand width ) and calculating the volum¥ &

Iw?/2). All data are shown as mean + standard devigf®) using two-tailed Student
t tests and one-way ANOVA with Bonferroni multippgemparison post-test. P less

than 0.05 was considered as the threshold forfgignce.

4.2.14. Statistical analysis

Data are reported as means + SD. Statistical asakas performed using SPSS
17.0 software (Chicago, IL, USA), P<0.05 were cdased as statistically significant.
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Highlights

1. 30 novel 3-benzolylquinoxaline derivatives were rationally designed and

synthesized.

2. 12a exhibits potent antitumor efficacy in vitro and in vivo with low toxicity.

3. 12a inhibits the Topo | via Topo I-mediated DNA unwinding.

4. 12a regulates multiple signaling pathways and induces apoptosisin tumor cell.



