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ABSTRACT

We have synthesized bioactive 1,4-disubstituted 1,2,3-triazole analogues containing 2H-1,4-benzoxazin-
3-(4H)-one derivatives via 1,3-dipolar cycloaddition in the presence of Cul. All the reactions proceeded
smoothly and afforded its desired products in excellent yields. Among these analogues, 3y exhibited a
better cytotoxic effect on human hepatocellular carcinoma (HCC) Hep 3B cells and displayed less cyto-
toxicity on normal human umbilical vein endothelial cells, compared with Sorafenib, a targeted therapy
for advanced HCC. 3y also induced stronger apoptosis and autophagy. Addition of curcumin enhanced 3y-
induced cytotoxicity by further induction of autophagy. Using gene expression signatures of 3y to query
Connectivity Map, a glycogen synthase kinase-3 inhibitor (AR-A014418) was predicted to display similar
molecular action of 3y. Experiments further demonstrate that AR-A014418 acted like 3y, and vice versa.
Overall, our data suggest the chemotherapeutic potential of 3y on HCC.

Apoptosis
Autophagy
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© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

1,2,3-triazoles exhibit a wide spectrum of biological properties
such as anti-bacterial, anti-allergic, anti-fungal, anti-epileptic and
anti-HIV  activity [1-6]. Additionally, 1,2,3-triazoles have

Abbreviations: AO, acridine orange; AVOs, acidic vesicular organelles; C-Map,
connectivity Map; CuAAC, copper (I)-catalyzed azide-alkyne cycloaddition; DMEM,
Dulbecco's modified Eagle medium; DMSO, dimethyl sulfoxide; FDA, the U.S. Food
and Drug Administration; GSK-3, glycogen synthase kinase-3; HCC, hepatocellular
carcinoma; HUVEC, human umbilical vein endothelial cells; ICsp, the 50% inhibitory
concentration; MTT, 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide; PI, propidium iodide; SEMs, standard errors of the means.
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widespread applications as light stabilizers, corrosion retarding
agents, fluorescent whiteners, and optical brighteners [7]. Conse-
quently, synthetic approaches toward 1,2,3-triazoles have attracted
significant attention [8—13]. Over the past few years, copper (I)-
catalyzed azide-alkyne cycloaddition (CuAAC) has received
considerable attention with respect to its use in the construction of
1,4-disubstituted 1H-1,2,3-triazoles due to a number of advantages
it possesses which include high regioselectivity, high quantitative
product yields, a broad range of substrate scope, and mild reaction
conditions [14,15]. Meldal and Sharpless independently reported
the 1,3-dipolar cycloaddition of alkyne and azide in the presence of
a catalytic amount of Cu(I)-catalyst in early 2002 [ 14—17]. After this
discovery, the cycloaddition reaction has been well utilized for the
synthesis of various novel 1,2,3-triazoles including fused triazoles
[2,18—29], triazolo heterocyclic frameworks [6,19,30—36], and
macrocyclic triazoles [37—42]. This click chemistry is a widely uti-
lized application in peptide chemistry [43—50], as well as in car-
bohydrate chemistry [51—59].
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Scheme 1. Some of the biologically important structures of the 2H-1,4-benzox azin-3-
(4H)-one analogues containing triazole moieties.

Table 1
Investigation of solvent effect on the model reaction between alkyne and azide.

@k@

Cul (0.3 equiv)

Furthermore, 2H-1,4-benzoxazin-3-(4H)-one and its derivatives
are ubiquitous heterocyclic compounds known to possess a range
of biological and medicinal properties including anti-pyretic, anti-
inflammatory, anti-hypertensive, and anti-ulcer effects, and have
been used as potassium channel modulators, anti-rheumatic
agents, and plant resistance factors against microbial diseases and
insects [60—66]. Of particular interest are the 2H-1,4-benzoxazin-
3-(4H)-one analogues containing azoles and their derivatives,
which display anti-fungal activity against Candida albicans
[60,63,67—70]. Examples of the 2H-1,4-benzoxazin-3-(4H)-one
analogues containing triazole and their derivatives are presented in
Scheme 1. Among these selected examples, compound A1 is a novel
class of anti-Candida agent, which exhibits excellent anti-Candida

s
@ L{ET}T

Solvent
Condition N
%
1a 2a 3a

Entry Solvent Condition Time Yield of 3a (%)*¢
1 1,4-dioxane It 13 h 93
2 DMSO It 1h 73
3 DMF It 3h 69
4 DMSO 100 °C 24h _P
5 ACN reflux 5h 71
6 THF reflux 6h 68
7 Toluene 80 °C 8h 63
8 EtOH reflux 24 h 65
9 H,0 80°C 40 min 73
10 Neat 80°C 1h 53
11 1,4-dioxane 80°C 45 min 97

2 All the reactions were carried out on 1.0 mmole scale.
b Reaction was carried out in the absence of Cul.
¢ Isolated yields.

Table 2

Examination of various copper catalysts and amount of catalyst on the model reaction between alkyne and azide.

Cataly st
N -
Nay
1,4-dioxane, 80°C \—Q\/ |
N
X
1a 2a 3a
Entry Catalyst Equivalent Time Yield of 3a (%)™
1 none - 24 h ——b
2 CuS04-5H,0 0.3 24h trace ©
3 Cu(OAC), 0.3 1h 89
4 Cu(acac);, 0.3 1h 87
5 CuCl 03 1h 82
6 CuBr 0.3 1h 86
7 Cul 0.05 35h 91
8 Cul 0.1 3h 92
9 Cul 0.15 25h 92
10 Cul 0.2 15h 94
11 Cul 03 45 min 97

2 All the reactions carried out on 1.0 mmole scale.
b Recovered starting materials.
¢ Isolated yields.
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activity, as recently reported by Borate et al. [67]. Similarly, com-
pounds A2 and A3 are non-glucoside potent and are highly selec-
tive sodium glucose co-transporter 2 (SGLT2) inhibitors (a diabetes
drug) [68]. Several diabetes drugs have been shown anti-cancer
activity with high dose in many cancer cell lines. Hence, 2H-1,4-
benzoxazin-3-(4H)-one and triazole moieties provide us new

Table 3
Scope of the reaction with respect to alkyne.*

III@

ab,c

Cul (0.3 equiv)

1 4 dioxane

pharmacophors for compound modification against cancer cells.
Human HCC is the fifth most common cancer and the third
leading cause of cancer-related death in the world [71]. More than
75% of the cases occur in the Asia-Pacific region. Patients with HCC
have a poor prognosis and die within several months of diagnosis
[72]. Chemotherapy and surgery are the primary ways to deal with
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2 All the reactions were carried out on Tmmole scale.
b Isolated yields.
¢ Reaction in the presence of DIPEA.
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HCC. However, anti-cancer therapy for HCC is still limited by
intrinsic drug resistance [73]. Sorafenib, an oral multikinase in-
hibitor with anti-proliferation and anti-angiogenic properties [74],
is an U.S. Food and Drug Administration (FDA)-approved drug for
advanced renal cancer and is also the only FDA-approved targeted
therapy for advanced HCC [75]. Sorafenib has also been demon-
strated to inhibit the proliferation of many other human cancer
cells such as non-small cell lung cancer, breast, colon, and pancreas
cancers [76,77]. Inhibition of serine/threonine kinase c-Raf and b-
Raf, platelet-derived growth factor receptor-o. and 3, cytokine re-
ceptor ¢-KIT, and the receptor tyrosine kinases Flt-3 by Sorafenib
has been observed [78—80]. Nevertheless, Sorafenib only improved
overall survival by nearly 3 months in patients with advanced HCC
[81], and the improvement seems to be poor for those with hepa-
titis B [82]. Moreover, it seems to have a distinct adverse effect
profile and reduces patients' quality of life. A meta-analysis of
clinical trials shows that patients who took Sorafenib had many
undesirable side effects, including increases in the risk of hyper-
tension, bleeding, and arterial thromboembolism [83—86]. Major
side effects, such as diarrhea, fatigue, and hand-foot syndrome,
increased in patients with advanced cirrhosis and in those who
received combination therapy of Sorafenib and 5-fluorouracil [82].
Therefore, there is an urgent need to develop novel therapeutic
agents for treatment of HCC.

Due to the shortage of new drugs for treating cancers and the
rising expense of drug development, methodologies that allow the
exploration of associations among diseases, genes, and chemical
expression profiles may yield potential therapeutic targets. The
Connectivity Map (C-Map) is a database containing the gene
expression profiles of 4 different cancer cells treated with 1309
drugs, including FDA-approved drugs and other small molecules
[87,88]. Thus, C-Map provides information indicating which genes
were up- or down-regulated by FDA-approved drugs and/or other
small molecules. We hypothesized that if a compound displays a
similar gene expression profile to that of an FDA-approved drug on
the C-Map, the compound may have similar molecular mechanisms
to those of the FDA-approved drug. In our recent publications, we
demonstrated that, using gene expression signatures to query C-
Map, a small molecule (Trifluoperazine, an anti-psychotic agent;
Antimycin A, an anti-fungal agent) exhibited an anti-tumor effect
and enabled lung cancer stem-like cells to overcome drug resis-
tance in vitro and in vivo [89,90]. The target identification of new
compounds based on 2H-1,4-benzoxazin-3-(4H)-one and triazoles
moiety is an ideal example by applying C-Map.

Programmed cell death can be divided into two main categories:
apoptosis (Type I) and autophagy (Type II). Insufficient apoptosis
contributes to the pathogenesis of cancer, and induction of
apoptosis has been suggested to be a promising strategy for treat-
ing cancers [91]. Typical morphological features of apoptotic cell
death are condensed chromatin in the nucleus, DNA fragmentation,
phosphatidylserine externalization, and generation of apoptotic
bodies [92]. Autophagy is also a normal physiological process. The
dynamic process of autophagy involves protein degradation and
recycling of injured organelles during nutrient starvation and stress
[93]. Recent studies on autophagy-induced death of breast, colon,
prostate, and brain cancer cells in various anti-cancer therapies,
such as chemotherapy, irradiation, and hyperthermia, have
renewed interest in autophagy in the field of oncology [94,95].

In the present study, the newly synthesized novel compounds
were examined for their anti-cancer potential. Induction of
apoptosis and autophagy was examined. Our results indicate that
3y at a lower concentration exhibited a better cytotoxic effect than
that of Sorafenib on human HCC cells via induction of apoptosis and
autophagy. It is noteworthy that 3y was relatively nontoxic to hu-
man normal cells. Combination of 3y with curcumin, an active,

naturally occurring anti-cancer compound found in turmeric, a
common ingredient in curry [96,97], increased 3y-induced cyto-
toxicity on HCC cells. Using gene expression signatures of 3y to
query the C-Map, a small molecule, AR-A014418, an inhibitor of
glycogen synthase kinase-3 (GSK-3) [98], was predicted to act
similarly to 3y. Further experiments confirmed that 3y exhibited a
cytotoxic effect by the induction of autophagy, and 3y also behaved
like AR-A014418 to suppress expression of phospho-GSK-38.

2. Results and discussion
2.1. Design and synthesis of compounds

More recently, we reported a simple and facile protocol for the
synthesis of 2H-1,4-benzoxazin-3(4H)-ones and their derivatives
[99]. Owing to the biological importance of 1,2,3-triazoles and 2H-
1,4-benzoxazin-3(4H)-ones scaffolds, we were primarily interested
in the synthesis of 4-((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)-2H-
benzo[b] [1,4] oxazin-3(4H)-one (3a) from 4-(prop-2-ynyl)-2H-
benzo[b] [1,4]oxazin-3(4H)-one (alkyne 1a) and benzylazide via
1,3-dipolar cycloaddition in the presence of suitable metal catalysts.
First, we performed a model reaction between alkyne 1a with
benzyl azide in the presence of Cul (0.3 equiv) in 1,4-dioxane at
room temperature for 13 h leading to the formation of 4-((1-
benzyl-1H-1,2,3-triazol-4-yl)methyl)-2H-benzo|[ b] [1,4]oxazin-
3(4H)-one (3a) in 93% yield (Table 1, entry 1). Next, we investigated
the effect of solvents on the formation of 4-((1-benzyl-1H-1,2,3-
triazol-4-yl)methyl)-2H-benzo[b] [1,4]oxazin-3(4H)-one. Later
performing the reactions in dimethyl sulfoxide (DMSO), DMF as
solvents at room temperature produced 73% and 69% low product
yields with several unidentified side products, respectively (Table 1,
entries 2 and 3). We conducted same reaction in the absence of
copper catalyst in DMSO at 100 °C for 24 h, the reaction did not lead
to the formation of the required product (3a), and therefore we
recovered the starting materials (Table 1, entry 4). Next we
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Fig. 1. Crystal structure of compound (3a) [103].
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conducted the reactions in MeCN, THF furnished the moderate
product yields (Table 1, entries 5 and 6). Employing the similar
reaction conditions in toluene at 80 °C afforded moderate product
yield (Table 1, entry 7). With protic solvents such as EtOH, H,O
under the same reaction conditions at 80 °C also produced mod-
erate product yield (Table 1, entries 8 and 9). We performed the
reaction under neat reaction condition at 80 °C furnished the low
product yield (Table 1, entry 10). Applying the similar reaction
conditions in 1,4-dioxane at 80 °C afforded the excellent product
yield (Table 1, entry 11). The Cul catalyzed 1,3-dipolar cycloaddition

Table 4

Scope of the reaction with respect to azide.*"*

80°C, 65-

Cul (0.3 equlv) \\FO
+ R-N; N

1 4 dioxane
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reaction in 1,4-dioxane at 80 °C improved the product yields as well
as reduced the reaction time. The results are summarized in Table 1.
The starting materials including alkynes and azides were prepared
according to previously reported procedure [100—102].

We next investigated the effect of the various copper catalysts
on the formation of triazole (3a). Among the copper catalysts that
we tested, Cul afforded the excellent product yield (Table 2, entry
11). The reaction did not lead to the formation of the required
product (3a) in the absence of copper catalyst (Table 2, entry 1).
With CuSO35H,0, very trace amount of desired product 3a was

/
98%

2b-20 30-3ab R
0 0 0
N N. N N K N N.
\_glﬁ Me \—glﬂ Me \‘QI’\I OMe
\_N \_N Me \_N
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2 All the reactions were carried out on 1 mmole scale.
b Isolated yields.
¢ Reaction in the presence of DIPEA.



C.-L. Su et al. / European Journal of Medicinal Chemistry 132 (2017) 90—107 95

isolated (Table 2, entry 2). Employing the similar reaction condi-
tions with Cu(OAc),, Cu(acac), catalysts were also effective and
afforded good yields (Table 2, entries 3 and 4). Other copper cata-
lysts such as CuBr, CuCl furnished the moderate product yields
(Table 2, entries 5 and 6). We next investigated the amount of Cul
required to catalyze the transformation. As little as 0.05 equivalent
of Cul under the similar reaction conditions afforded the required
product (3a) in 91% yield after 3.5 h (Table 2, entry 7). By means of
0.1 equivalent of Cul the product yield was afforded 92% yield after
3 h(Table 2, entry 8). Applying the similar reaction conditions with
0.15 equivalents of Cul produced the desired product (3a) in 92%
yield after 2.5 h (Table 2, entry 9). Employing the similar reaction
conditions with 0.2 equivalent of Cul afforded (3a) in 93% yield after
1.5 h (Table 2, entry 10). On the other hand, using 0.3 equivalent of
Cul as a catalyst afforded the required product in 97% yield in
45 min (Table 2, entry 11). We observed some dependence on the
amount of Cul used, with good improvement (reaction running
time is decreased) upon increasing the catalyst loading to 0.3
equivalents. Hence, the optimum conditions involved in a reaction
using alkyne (1.0 equiv) and azide (1.2 equiv) with Cul (0.3 equiv) in
1,4 dioxane (3.0 mL) as solvent heating at 80 °C. The results are
summarized in Table 2.

With the optimized reaction condition in our hand, we per-
formed the reactions with various substituted alkyne 1a (Table 3).
As shown in Table 3, benzyl azide treated with various substituted
alkyne 1a (Table 3, entries 1—14) to furnish the corresponding 1,4
disubstituted  1,2,3-triazole analogues containing 2H-1,4-
benzoxazin-3-(4H)-one derivatives (3a-3n) in moderate to excel-
lent product yields. The results were summarized in Table 3. The
methyl substituent containing compounds underwent smooth re-
action and produced excellent product yields (Table 3, entries 2 and
6). The halo substituent containing compounds well tolerated and
afforded excellent product yields (Table 3, entries 3, 7 and 8). The
electron donating groups like methoxy substituent containing
compounds furnished the good product yield (Table 3, entries 4 and
9). The electron withdrawing group like ester substituent con-
taining compound furnished the good product yield (Table 3, entry
10). The methyl and halo substituent containing compounds pro-
duced good product yield (Table 3, entry 5). The alkyl and aryl
substituted compounds underwent longer running reaction of 3 h,
but afforded good product yields (Table 3, entries 11, 12 and 13).
Particularly noteworthy is that the 4-(prop-2-ynyl)-2H-pyrido|[3,2-
b] [1,4]oxazin-3(4H)-one afforded low product yield (Table 3, entry
14). All the 1,4-disubstituted 1,2,3-triazole analogues containing
2H-1,4-benzoxazin-3(4H)-one derivatives (3a-3n) obtained were
fully characterized by the spectral techniques IR, 'H, >C NMR and
HRMS. The crystal structure of compound (3a) was shown in Fig. 1.

To further explore the generality and scope of this methodology,
a range of azides were investigated (Table 4). All the azides were
smoothly reacted with alkyne under the optimized reaction con-
dition and afforded its required product (30-3ab) in moderate to
excellent yields, as single regioisomer (Table 4, entries 1—14). The
moderately electron donating substituents like methyl and ter-
tiarybutyl groups at para position containing benzyl azides fur-
nished 96% and 91% product yields, respectively (Table 4, entries 2
and 5). The strong electron donating group like methoxy at para
position containing benzyl azides afforded excellent product yield
(Table 4, entry 3). The chloro substituent at para position containing
benzyl azide produced in good yield (Table 4, entry 4). It is
particularly noteworthy is that strong electron withdrawing groups
like nitro at para position containing benzyl azide afforded mod-
erate product yield (Table 4, entry 5). Employing the similar reac-
tion conditions, the aryl azides such as (2-azidoethyl)benzene, (E)-
(3-azidoprop-1-enyl)benzene and 1-(azidomethyl)naphthalene
were smoothly reacted with alkyne 1a and furnished the its

corresponding products 97%, 90% and 91% yields, respectively
(Table 4, entries 6, 7 and 8). The quinoline nucleus containing azide
was under went smooth reaction with alkyne 1a and it produced
desired product in moderate yield (Table 4, entry 9). Whereas
indole nucleus containing azide was well tolerated under the
similar reaction conditions with alkyne 1a and furnished its cor-
responding product in excellent yield (Table 4, entry 10). Applying
the similar reaction conditions between 2-(2-azidoethyl)-1,3-
dioxolane with alkyne 1a the reaction was proceeded smoothly
and afforded its corresponding product in good yield (Table 4, entry
11). This successful results were prompted us to extend the scope
towards different aliphatic azides such as 1-azidohexane, methyl 2-
azidoacetate and ethyl 2-azidoacetate were reacted smoothly with
alkyne 1a and furnished its desired products in excellent yields
(Table 4, entries 12, 13 and 14). The results are summarized in
Table 4. All the 1,4 disubstituted 1,2,3-triazoles analogues con-

taining  2H-1,4-benzoxazin-3(4H)-one derivatives (30-3ab)
Table 5
The ICsq of the synthetic novel compounds listed in Table 3 on human cancer cells.
Hep 3B (M) HT-29 (uM)
3a 84.5 >100
3b >100 54.9
3c 0.9 >100
3d 9.2 9.3
3e >100 19.6
3f >100 >100
3g 55.5 76.5
3h >100 >100
3i >100 >100
3j 171 41.5
3k >100 >100
31 61.8 >100
3m >100 >100
3n 8,7 12.8

Human HCC Hep 3B cells and human colorectal cancer HT-29 cells were treated with
0,5, 10 uM of the indicated compound for 6 days. A concentration of 10 uM was used
because, in general, the ICso should be less than 10 uM for further clinical applica-
tion. Growth inhibition was evaluated by MTT assay. The values of ICso were
calculated by interpolation and extrapolation. Results were representative of three
independent experiments. Oxaliplatin, a FDA-approved anti-cancer drug, was used
as a positive control, and the ICso values on Hep 3B and HT-29 were determined to
be 3.3 and 3.4 uM.

Table 6
The ICsq of the synthetic novel compounds listed in Table 4 on human cancer cells.
Hep 3B (uM) HT-29 (uM)
3aa >100 50.8
3ab 19.0 36.4
30 >100 28.6
3p 25.6 25.1
3q >100 185
3r >100 219
3s 29.6 15.6
3t 66.0 48.8
3u 389 >100
3v 15.2 17.0
3w >100 >100
3x 70.0 15.2
3y 0.5 5.7
3z >100 344

Human HCC Hep 3B cells and human colorectal cancer HT-29 cells were treated with
0, 5,10 uM of the indicated compound for 6 days. A concentration of 10 uM was used
because, in general, the ICs¢ should be less than 10 uM for further clinical applica-
tion. Growth inhibition was evaluated by MTT assay. The values of ICso were
calculated by interpolation and extrapolation. Results were representative of three
independent experiments. Oxaliplatin, a FDA-approved anti-cancer drug, was used
as a positive control, and the ICso values on Hep 3B and HT-29 were determined to
be 3.3 and 3.4 uM.
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Fig. 2. The cytotoxic effects of 3y and Sorafenib. (A) Cytotoxicity of 3y and Sorafenib on human cancer and normal cells. After treatment, growth inhibition was evaluated by MTT
assay. Data from at least three independent experiments at 48 h were used to calculate ICso. The ICsq for 3y in HUVEC cells was extrapolated. The data were expressed as means +
SEMs. Means in the same cell type without a common letter differ, P < 0.05. (B) 3y induced apoptosis of Hep 3B cells in a time- and dose-related manner. (C) Sorafenib-induced
apoptosis of Hep 3B cells was only observed at a higher concentration for a longer period of time. After treatment, Hep 3B cells were stained with PI before flow cytometry. The
percentages in the figure indicate the percentages of apoptotic cells. The percentages of cells at different phases of cell cycle were also determined. The data were analyzed by one-
way ANOVA. Differences among groups were analyzed by Duncan'’s multiple range tests. Means in each cell cycle without a common letter differ, P < 0.05. (D) 3y induced autophagy
of Hep 3B cells in a time- and dose-related manner. (E) Sorafenib-induced autophagy of Hep 3B cells was only observed at a higher dosage for a longer period of time. After
treatment, Hep 3B cells were stained with AO before flow cytometry. The percentages in the figure indicate the proportion of cells (upper two quadrants) with AVOs staining. Data
are presented as means + SEMs. The data were analyzed by one-way ANOVA. Differences among groups were analyzed by Duncan's multiple range tests. Means without a common
letter differ, P < 0.05. Results are representative of three independent experiments.
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Fig. 2. (continued).
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Fig. 2. (continued).

obtained were fully characterized by the spectral techniques IR, 'H,
13C NMR and HRMS.

2.2. Growth inhibition of human cancer cells by the novel synthetic
compounds

To examine if these newly synthetic compounds exhibit anti-
cancer effect, the growth of human HCC Hep 3B and human colo-
rectal cancer HT-29 cells in the presence of these compounds was
determined and the 50% inhibitory concentration (ICsp) was
calculated. The Hep 3B cell line (American Type Culture Collection,
Rockville, MD) contains an integrated hepatitis B virus genome and
expresses hepatitis B surface antigen, as well as expresses mutated
p53, one of most frequently mutated gene in HCC. The HT-29 cell
line is apoptosis-resistant to 5-fluorouracil/leucovorin or oxalipla-
tin due to fully functional stat6 signaling and the lack of a functional
pro-apoptotic p53.

First, we tested the compounds in Table 3 using 3-[4,5-
Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay. Compounds with a variety of substituents connected to 2H-
1,4-benzoxazin-3-(4H)-one exhibited varies toxicity on Hep 3B and
HT-29 cancer cells (Table 5). Among these compounds, 3d with
methoxyl group connected to 2H-1,4-benzoxazin-3-(4H)-one
showed high potency in inhibiting cell growth. Due to the solubility
of 3a, the inhibition of cell growth is less than 3d. However, the high
yield of synthetic step and feasible purification drive us to modify
3a by connecting a variety of azide groups.

The compound structures shown in Table 4 and IC5g with Hep 3B
and HT-29 are listed in Table 6. Among these compounds, 3y dis-
played the lowest value of IC5q for both cancer cell lines, suggesting
that 3y exhibited the best cytotoxic effect. It is noteworthy that Hep
3B cells were more sensitive to 3y compared to HT-29 cells.
Therefore, Hep 3B cells were used in the following experiments to
determine the cytotoxic mechanism of 3y.

2.3. 3y exhibited better cytotoxic effect than sorafenib when HCC
Hep 3B cells were treated at a lower concentration for a shorter
period of time

To determine the chemotherapeutic potential of 3y on HCC, Hep

3B cells were treated with 3y or Sorafenib, the only FDA-approved
targeted therapy for HCC. As shown in Fig. 2A, the growth of Hep 3B
cells was inhibited by 3y and Sorafenib separately in a time- and
dosage-dependent manner. At a concentration of 20 uM, Sorafenib
exhibited a better cytotoxic effect (40.2 and 68.4%, respectively)
than that of 3y (24.1 and 53.4%, respectively) at 24 and 48 h.
However, 10 uM 3y exhibited a higher percentage of growth inhi-
bition (18.0%) than that of Sorafenib (8.6%) at 24 h, suggesting that
3y, at a lower concentration and for a shorter period of time, dis-
played a better cytotoxic effect than that of Sorafenib. To insure the
sustaining effect of the compounds, cells were treated for 6 days
(Table 6). Since the standard treatment of Sorafenib is 400 mg,
twice a day [104], The better cytotoxic effect of 3y than Sorafenib at
the early time points suggested the application of 3y.

2.4. 3y displayed lower cytotoxicity on human normal cells

To compare the side effects of 3y with those of Sorafenib, normal
human umbilical vein endothelial cells (HUVEC) were used. As
shown in Fig. 2A, at a time point of 24 h, 12.5, 25, and 50 pM Sor-
afenib induced growth inhibition rates of 37.4, 41.4, and 60.0% on
HUVEC, which were higher (15.2, 23.8, and 21.5%, respectively) than
those of 3y. For a longer period of time (48 h), treatment of HUVEC
with Sorafenib (12.5, 25, and 50 uM) also exhibited a stronger in-
hibition effect on HUVEC compared with that of 3y. To determine
the cytotoxicity of 3y and Sorafenib separately on human cancer
and normal cells, the ICsq for Hep 3B and HUVEC were calculated
and extrapolated, respectively (Fig. 2A). It is noteworthy that the
ICs of 3y for Hep 3B cells was similar to that of Sorafenib, and that
of 3y for normal HUVEC was significantly higher (P < 0.05) than
that of Sorafenib, suggesting that 3y has milder side effects than
those of Sorafenib.

2.5. 3y induced apoptosis of Hep 3B cells

Apoptosis (programmed cell death type 1) has attracted
considerable attention in cancer therapy research as the induction
of apoptosis has been shown to be a potentially promising
approach for cancer treatment [105]. Apoptotic signaling cascades
ultimately lead to fragmentation of DNA [105] and formation of
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apoptotic bodies [106], and therefore apoptotic cells with reduced
DNA content produce a peak at the sub-G1 position [107]. The in-
hibition of cell growth using MTT assay (Fig. 2A) may result from
the induction of cell death and/or suppression of cell proliferation.
In order to understand the possible mechanisms of 3y-induced
cytotoxicity on HCC, phases of the cell cycle, including the sub-G1
phase of Hep 3B cells, were determined using propidium iodide
(PI) staining before flow cytometry. The anti-cancer drug Sorafenib
was used as a positive control. As shown in Fig. 2B, 3y increased the
percentages of Hep 3B cells at the sub-G1 phase, representing
apoptosis [107], in a time-related manner. Ten pM 3y significantly
(P < 0.05) increased the apoptotic rates from 22.4% at 24 h to 41.4%
and 54.0% at 48 h and 72 h, respectively. Significant (P < 0.05) el-
evations in the percentages of apoptotic cells from 34.1% at 24 h to
57.2% and 65.7% at 48 h and 72 h were also observed when Hep 3B
cells were treated with 20 uM 3y. Dose-related increases in
apoptosis by 3y were found in Hep 3B cells, ranging from 3.6% in
non-treated cells to 12.4, 22.2, and 34.1% in those treated with 5, 10,
and 20 uM 3y for 24 h, respectively. Dose-dependent increases in
the cells at the sub-G1 phases were also observed when Hep 3B
cells were treated with 3y for 48 and 72 h. The distributions of the
cell cycle phases indicate that 3y only induced apoptosis of Hep 3B
cells and did not cause cell cycle arrest at the GO/G1, S, or G2/M
phases. The decrease in percentages of cells at GO/G1, S, and G2/M
may have been due to the increase of cells at the Sub-G1 phase.

Sorafenib also induced apoptosis of Hep 3B cells in a time- and
dose-related manner (Fig. 2C). However, significant increases were
only observed when Hep 3B cells were treated with 10 uM Sor-
afenib for 48—72 h or with 20 uM Sorafenib for 24—72 h. Although
the treatment of Hep 3B cells with 20 uM of 3y (65.7%) or Sorafenib
(65.0%) for 72 h resulted in similar percentages of cells at the sub-
G1 phase, treatments of 3y either at a lower concentration or for a
shorter period of time led to greater increases in apoptotic rates
compared with those treated with Sorafenib under corresponding
conditions. The mean plasma concentration of sorafenib in HCC
patients receiving a standard treatment with sorafenib (400 mg,
twice a day) is about 10 pM [ 104]. The greater elevation in apoptosis
in response to 10 uM of 3y than Sorafenib, suggesting 3y may be a
better apoptosis inducer.

2.6. 3y triggered autophagy of Hep 3B cells

Recent research indicates that autophagy (programmed cell
death type II) and apoptosis may be interconnected in the deter-
mination of a cell's fate. To examine whether 3y is able to induce
autophagy in HCC cells, Hep 3B cells were stained with acridine
orange (AO) before flow cytometry. As shown in Fig. 2D, 3y induced
autophagy of Hep 3B cells in a time-related manner. At a concen-
tration of 10 uM, 3y increased the percentages of cells undergoing
autophagy from 2.4% at 24 h to 20.3% and 49.4% at 48 h and 72 h,
respectively. At a concentration of 20 pM, 3y elevated the per-
centages of autophagic cells from 5.5% at 24 h to 37.0% and 57.0% at
48 h and 72 h, respectively. Dose-related induction of autophagy by
3y was also observed in Hep 3B cells, except for the time point at
24 h. At 48 h, 3y induced autophagy in a dose-related manner,
ranging from 1.1% in non-treated cells to 5.1, 20.3, and 37.0% in
those treated with 5, 10, and 20 uM 3y, respectively. Dose-related
elevation in autophagy by 3y was also observed in Hep 3B cells at
72 h.

Sorafenib also induced autophagy of Hep 3B cells in a time- and
dose-related manner (Fig. 2E). Although Sorafenib-induced auto-
phagy was greater than 3y, especially at a higher concentration
(10 uM for 72 h and 20 puM for 24—72 h), it is noteworthy that the
lower concentrations of 3y (5—10 uM for 48 h and 5 pM for 72 h)
seemed to induce a greater percentage of autophagy compared
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Fig. 3. The combination effect of 3y and curcumin. (A) Curcumin enhanced cytotoxicity
of 3y. Human HCC Hep 3B cells were treated with 3y with or without curcumin for
48 h. Growth inhibition was evaluated by MTT assay. The data are expressed as means
+ SEMs. Means without a common letter differ, P < 0.05. Data from at least three in-
dependent experiments were used to calculate the interaction (q value) of 3y and
curcumin. (B) Curcumin did not promote 3y-induced apoptosis using flow cytometry.
After treatment, Hep 3B cells were stained with PI before flow cytometry. The per-
centages in the figure indicate the percentages of apoptotic cells. The percentages of
cells at different phases of cell cycle were also determined. Means in each cell cycle
without a common letter differ, P < 0.05. (C) Curcumin increased autophagy marker
LC3-II expression in 3y-treated cells. After treatment, whole cell lysates were subjected
to Western blot analysis. Anti-caspase 3 and anti-LC3 antibodies served as probes. -
actin served as a loading control. The intensity of each protein expression band of at
least three independent experiments was quantified by densitometry normalizing to
that of B-actin, with control level arbitrarily set to 1. Data are presented as means +
SEMs. Means in each protein without a common letter differ, P < 0.05. Results are
representative of three independent experiments.
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with Sorafenib under the same experimental conditions.
Although 3y appears to be marginally better than Sorafenib
(Fig. 2), lower cytotoxicity of 3y on normal human cells suggested
the application of 3y. The adverse effects of Sorafenib include in-
creases in the risk of hypertension, bleeding, and arterial throm-
boembolism [83—86], reducing patients' quality of life.

2.7. Curcumin-enhanced cytotoxic effect of 3y by further induction
of autophagy, not apoptosis

Curcumin, an active, naturally occurring compound present in
turmeric, is a safe and readily available food ingredient worldwide
which has been shown to have chemopreventive and chemother-
apeutic potential in human cancers [108]. Recently, curcumin-
induced enhancement in anti-tumor activity and reduction in
adverse reactions of doxorubicin, the FDA-approved anti-cancer
drugs used routinely as a single drug for advanced HCC, has been
reported [109]. 3y exhibited significant cytotoxicity on Hep 3B cells
(Figs. 1-2), suggesting the anti-cancer potential of 3y for HCC. The
experiments were carried out to determine if addition of curcumin
altered the cytotoxic effect of 3y. Hep 3B cells were incubated with
3y with or without curcumin for 48 h, and MTT assay was per-
formed to determine the cytotoxicity of the cells. As shown in
Fig. 3A, 3y alone induced growth inhibition of Hep 3B cells in a
dose-related manner. Curcumin alone also significantly suppressed
the growth of Hep 3B cells. It is noteworthy that combination of 3y
and curcumin significantly increased the cytotoxicity of 3y.
Although it produced an additivity effect (mean g ranges from 0.89
to 0.96), the cytotoxicity of the combination treatment was very
similar to that of curcumin alone. To determine if induction of
apoptosis and cell cycle arrest were involved in curcumin-
enhanced cytotoxic activity of 3y, the 3y-induced increases in the
percentage of cells at different cell cycles were examined. As shown
in Fig. 3B, 3y or curcumin alone induced apoptosis, and 3y induced

A
Hep-3B 1 uM > 3.0
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a significantly greater effect than that of curcumin. Addition of
curcumin did not further increase 3y-induced apoptosis. To confirm
that the induction of apoptosis was not involved, expression of
cleavage-caspase 3, representing the activation of extrinsic and/or
intrinsic apoptotic pathways [110], was determined. As shown in
Fig. 3C (upper panel), addition of curcumin did not increase 3y-
induced cleavage-caspase 3 expression, confirming that the in-
duction of apoptosis was not involved in the curcumin-enhanced
cytotoxicity. It is noteworthy that expression of autophagy
marker LC3-II increased significantly (P < 0.05) when curcumin and
3y were coadministrated compared with that achieved by curcu-
min or 3y alone, suggesting that further induction of autophagy
was involved in curcumin-enhanced cytotoxicity on HCC Hep 3B
cells. In a previous study, the data revealed that autophagy is
downregulated in human hepatitis B virus-associated HCC speci-
mens, and that low level of autophagy occurs during hepatitis B
virus-associated HCC development [111]. Induction of autophagy of
Hep 3B cells (The cell line contains an integrated hepatitis B virus
genome and expresses hepatitis B surface antigen; ATCC) in
response to 3y (Fig. 2D) and elevation of 3y-induced autophagy by
co-treatment of curcumin (Fig. 3C) suggest a new avenue for the
treatment of HCC. Enhancement of cytotoxicity by addition of
curcumin was also observed in HCC Hep G2 and lung adenocarci-
noma A549 cells [112,113]. Curcumin, is a highly pleiotropic mole-
cule which exhibits an anti-cancer effect in vitro, in vivo, and in
human clinical trials [96,108,114]. Induction of tumor apoptosis,
autophagy, and inhibition of tumor proliferation, invasion, angio-
genesis, and metastasis are possible anti-cancer mechanisms of
curcumin [115—117]. Since turmeric is an ingredient commonly
used in the traditional diet of many Asian countries and is
frequently used in Indian herbal medicine, the increase in anti-
cancer activity by addition of curcumin suggests that the intake
of foods rich in curcumin or curcumin-containing supplements
may have a role to play in cancer prevention and therapy.
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Fig. 5. (continued).

2.8. 3y behaved similarly to AR-A014418, and vice versa

To elucidate other biological mechanisms of 3y, the gene
expression changes of Hep 3B cells induced by 3y were obtained
using the L1000 profiling platform. To obtain the predictive drug
lists, both gene signatures from 1 uM to 10 uM treatments were
employed to query C-Map respectively using the following 4
criteria: (1) the fold change of the expression level was set at log2
value as > 2.5 and < —2.5, (2) the fold change of the expression level
was set at log2 value as > 3.0 and < —3.0, (3) top 10 of up- and
down-regulated probe sets, and (4) top 20 of up- and down-
regulated probe sets. Furthermore, we only selected drugs with
enrichment score >0.5, and P value < 0.01 as candidates, and
ranked the priority by their frequency from eight queries. Taken
together, we found that AR-A014418 (an inhibitor of GSK-3) [98]

might display similar molecular action to that of 3y. One of the
query results is shown in Fig. 4 and Supporting Information. To
confirm this result, the growth of Hep 3B cells in response to AR-
A014418 was evaluated. As shown in Fig. 5A, AR-A014418 sup-
pressed the growth of the cells in a time- and dose-related manner.
Twenty uM 3y and 10 pM AR-A014418 separately inhibited the
growth of Hep 3B cells to a similar extent from 0 to 72 h. Although
AR-A014418 did not induce apoptosis (Fig. 5B), it triggered auto-
phagy in a time- and dose-related manner at higher tested con-
centrations of 10—40 pM and longer time (72 h, Fig. 5C). 3y induced
autophagy (Fig. 2D) to a greater extent compared with AR-A014418
(Fig. 5C). Western blot analysis of caspase 3 and LC3-II confirmed
that AR-A014418 induced autophagy but not apoptosis (Fig. 5D). To
determine if 3y behaved like AR-A014418 (a GSK-3 inhibitor), GSK-3
activity was examined. As shown in Fig. 5E, there was significant

letter differ, P < 0.05. (C) AR-A014418 induced autophagy of Hep 3B cells. After treatment, Hep 3B cells were stained with AO before flow cytometry. The percentages in the figure
indicate the proportion of cells (upper two quadrants) with AVOs staining. Data are presented as means + SEMs. Means without a common letter differ, P < 0.05. (D) AR-A014418
increased autophagy marker LC3-II expression. (E) 3y inhibited phosphor-GSK-3p expression. Whole cell lysates were subjected to Western blot analysis. Anti-caspase 3, anti-LC3,
anti-phospho-GSK-3, anti-phospho-GSK-3p, and anti-GSK-3f antibodies served as probes. B-actin served as a loading control. The intensity of each protein expression band of at
least three independent experiments was quantified by densitometry normalizing to that of B-actin, with control level arbitrarily set to 1. Data are presented as means + SEMs.
Means in each protein without a common letter differ, P < 0.05. Results are representative of three independent experiments.
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suppression of expression of phospho-GSK-3f. These data suggest
that AR-A014418 acts similarly to 3y to suppress growth of Hep 3B
cells by induction of autophagy and that 3y behaved like AR-
A014418 to suppress expression of phospho-GSK-3p. GSK-3 is a
serine/threonine protein kinase that not only decreases glycogen
synthase activity but also plays an important role in the signaling
transduction involved in regulating cell proliferation and apoptosis.
GSK-3 has been suggested to be a major factor in cancer survival
since GSK-3 increases the activity of NF-kB, which is overexpressed
in many cancers, and is also correlated with chemo-resistance in
HCC [118,119]. In addition, reduction in phospho-GSK-38 at Ser9 has
been reported to decrease mTOR protein expression, leading to
autophagy induction [120,121]. The cytotoxicity of 3y on cancer
cells (Figs. 2A, 3A and 5A) may be due to the suppression of
phospho-GSK-38 at Ser9, but not total GSK-3f (Fig. 5E). The use of a
gene expression signature to predict that 3y acts like a GSK-3 in-
hibitor by querying C-Map and determining its molecular action
(Fig. 5E) revealed the chemotherapeutic potential of 3y for the
treatment of HCC, and further demonstrates the effectiveness of
this novel strategy for rapid drug discovery of cancer therapeutics.

Based on the structure of 3y and AR-A014418, there are some
common points. First, the length of 3y is almost the same as AR-
014418. In addition, the sharp of these two molecules are similar.
In the medicinal point of view, urea moiety of AR-A014408 can be
replaced by triazole component of the 3y. Moreover, the thiazole of
AR-A014408 is similar to oxazinone group of 3y. The methylene
anisole of AR-014418 in response to ethylene dioxolane of 3y stands
for flexity and hydrophobic property (see Scheme 2).

3. Conclusions

In conclusion, we have synthesized biologically and medicinally
important 1,4 disubstituted 1,2,3-triazole analogues containing 2H-
1,4-benzoxazin-3(4H)-one and their derivatives (3a-3ab) via 1,3-
dipolar cycloaddition using catalytic amount of Cul in excellent
product yields. Among these novel compounds, 3y exhibits cyto-
toxicity on human HCC Hep 3B cells but is relatively safe to human
normal HUVEC cells. Compared to the HCC-targeted therapy Sor-
afenib, 3y was found to inhibit the growth of and induce apoptosis
and autophagy of Hep 3B cells at a lower dosage for a shorter period
of time. Furthermore, coadministration of curcumin increased 3y-
induced cytotoxicity by further induction of autophagy. AR-
A014418, an inhibitor of GSK-3, was predicted to display a similar

3y

Scheme 2. The structure similarity of 3y and AR-A014418.

biological function of 3y by using gene expression signatures of 3y
to query C-Map. Further experiments demonstrate that AR-
A014418 indeed behaves like 3y to exhibit a cytotoxic effect by
induction of autophagy, and 3y also behaves like AR-A014418 to
suppress expression of phospho-GSK-3f. Our results suggest that
3y may have potential as a therapeutic agent in the treatment of
HCC, and the proposed novel gene screening platform is an ideal
alternative methodology to successfully identify novel synthetic
compounds for treatments of human cancers.

4. Experimental section
4.1. Cell culture and treatment

Human HCC Hep 3B cells and human colorectal cancer HT-
29 cells (American Type Culture Collection, Rockville, MD) were
maintained in complete Dulbecco's modified Eagle medium
(DMEM; GIBCO BRL, Gaithersburg, MD) containing 10% fetal bovine
serum (FBS; GIBCO BRL). Human HCC Hep 3B cell line was isolated
from a primary tumor obtained from an 8-year-old black male with
hepatocellular carcinoma [7]. Human colorectal cancer HT-29 cell
line was isolated from a primary tumor from a 44-year-old
Caucasian female with colorectal adenocarcinoma in 1964 [122].
HUVEC (a gift from Dr. Ying-Ray Lee, Department of Medical
Research, Ditmanson Medical Foundation, Chia-Yi Christian Hos-
pital, Chia-Yi, Taiwan) were cultured with EGM-2 Single Quots
(Clonetics, Lonza Walkersville, MD) containing 2% FBS (Clonetics),
0.1% heparin (Clonetics), 0.1% GA-10000 (Clonetics), 0.4% hFGF-B
(Clonetics), 0.1% R3-IGF-1 (Clonetics), 0.1% VEGF (Clonetics), 0.04%
hydrocortisone (Clonetics), and 0.1% ascorbic acid (Clonetics). Both
cells were maintained in a humidified atmosphere of 5% CO, and
incubated at 37 °C. Novel synthetic compounds and Sorafenib
(Nexavar®) stored at —20 °C were dissolved in 0.1% DMSO (Sigma,
St. Louis, MO) before experiment. Control cells were cultured in
complete DMEM containing vehicle (0.1% DMSO; this concentra-
tion was tested and revealed to be nontoxic to the cells).

4.2. Cell growth assay

The growth of cells was determined using a MTT (Sigma)
modified colorimetric assay [107]. After treatment, DMEM con-
taining curcumin, drugs or compounds were removed to avoid
color interference in the MTT assay. In the MTT assay, the yellow
color was taken up by live cells which then turned purple in color
due to the formation of formazan. The absorbance of each well was
determined at 590 nm in an ELISA Reader (MRX II, Thermo Fisher
Scientific Inc., Waltham, MA). The concentration of each compound
was tested in eight replicates. Viability of compound-treated cells
was expressed as a percentage of population growth relative to that
of untreated control cells. Cell death was calculated as a percentage
of inhibition as follows: % inhibition = (1 - mean experimental
absorbance/mean control absorbance) x 100. The values of 50%
inhibitory concentrations (ICsp) were calculated [107].

4.3. Cell cycle determination

Apoptosis was measured by the accumulation of sub-G1 DNA
content in the cells since apoptosis-induced fragmented DNA in
membrane-bound vesicles increased the hypodiploid (<2N) peak
[107]. After treatment, the cells fixed in 70% ethanol (Sigma) were
incubated with 40 pg/mL PI (Sigma) and 0.25 pg/mL RNase A
(AMRESCO Inc., Solon, OH) for 30 min at room temperature. The PI-
stained cells were sorted based on their DNA content in a FACScan
flow cytometer (Becton Dickson, Mountain View, CA) [107,123].
Results were analyzed with the Windows Multiple Document
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Interface software for Flow Cytometry (WinMDI 2.8, Scripps
Research Institute, San Diego, CA).

4.4. Determination of autophagy by formation of acidic vesicular
organelles (AVOs)

Autophagy requires formation of autophagosomes, which
therefore fuse with endosomes/lysosomes to form mature acidified
autolysosomes [124], which can be quantified by staining cells with
acridine orange (Sigma) and examining the green and red fluo-
rescence by flow cytometry [125]. After treatment, the cells stained
with 1.5 pg/mL AO in the dark for 15 min were detached by tryp-
sinization and sorted by FACScan flow cytometer (Becton Dickson,
Mountain View, CA) [126].

4.5. Western blot analysis

Protein contents of whole cell lysates were determined using
protein assay kit (Bio-Rad, Hercules, CA). SDS-PAGE was performed
using 10—12% polyacrylamide with running buffer (25 mM Tris,
192 mM glycine, and 3.5 mM SDS, pH 8.3). The protein bands on
polyacrylamide gels were electrophoretically transferred to poly-
vinylidene fluoride membranes (Millipore, Bedford, MA). The
membranes were then blocked with TBST (20 mM Tris, 137 mM
NaCl, and 0.05% Tween-20, pH 7.4) containing 5% skim milk at room
temperature for 2 h. The membranes were then probed with a
primary antibody and a secondary HRP-conjugate goat anti-rabbit
(1:5000) antibody (Millipore Corp., Billerica, MA). The primary
antibodies were obtained from the following sources: rabbit anti-
LC3B antibody was obtained from Abcam (Cambridge Science
Park, UK); Rabbit anti-caspase 3, rabbit anti-phospho-GSK-3a/f
(Ser21/9), and rabbit anti-GSK-3f antibodies were obtained from
Cell Signaling Technology, Inc. (Danvers, MA). Protein signals were
visualized by exposing to X-ray film (Kodak, Rochester, NY) after
staining with enhanced chemiluminescence reagents (PerkinElmer,
Boston, MA).

4.6. Biological function prediction of 3y using connectivity map

Connectivity Map is a database hosting gene expression profiles
of many FDA-approved drugs and other small molecules [87,88].
The L1000 profiling, a high-throughput gene expression profiling
technology [127] allowing effective acquisition of up- or down-
regulated genes in cancer cells at one time, was performed by
Genometry Inc. (MA, USA). About 1000 “landmark genes” per
sample were examined, which closely represents the data obtained
using a conventional microarray. As previously described [89], Hep
3B cells were treated with 3y (0—10 uM) for 6 or 24 h and then
subjected to L1000 profiling. The obtained gene expression signa-
ture was analyzed by comparing with the Connectivity Map 2.0
(http://www.broadinstitute.org/cmap) to predict functional
connections.

4.7. Interaction of two compounds

The effect of the interaction of curcumin with 3y on cell growth
inhibition was calculated using the method described by Jin [128].
Synergism, antagonism, and additivity were defined as q > 1.15,
q < 0.85, and between 0.85 and 1.15, respectively.

4.8. Statistics
The results were expressed as means + standard errors of the

means (SEMs). The data were analyzed by one-way ANOVA. Dif-
ferences among groups were analyzed by Duncan's multiple range

tests (SPSS software, version 14.0). Significant differences were
considered to be P < 0.05.
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