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Highlights

e 10 new 1,2-Oxazines were synthesized and evaluated for their anticancer
activity.

e 3iis lead cytotoxic agent which increased SubG1 cell population of HCC
cells.

e p65 siRNA transfection significantly reduced the 3i induced DNA
fragmentation.

e 3i decreased DNA binding and NF-xB-dependent luciferase reporter gene

expression.

Abstract

Constitutive activation of NF-kB is associated with proinflammatory diseases and suppression
of the NF-«kB signaling pathway has been considered as an effective therapeutic strategy in the
treatment of various cancers including hepatocellular carcinoma (HCC). Herein, we report the
synthesis of 1,2 oxazines and their anticancer potential. The antiproliferative studies presented
3-((4-(1H-benzo[d]imidazol-2-yl)piperidin-1-yl)methyl)-4-phenyl-4,4a,5,6,7,7a-
hexahydrocyclopenta [e][1,2]oxazine(3i) as a lead cytotoxic agent against HCC cells. Flow
cytometric analysis showed that 3i caused a substantial increase in the subG1 cell population.
Annexin-V-FITC-PI staining showed a significant increase in the percentage of apoptotic cells
on treatment with 3i. Transfection with p65 siRNA significantly reduced the 3i induced DNA
fragmentation indicating that 3i may primarily mediate its proapoptotic effects by abrogating
the NF-kB signaling. In addition, treatment of HCC cells with 3i decreased the DNA binding
ability of NF-xB and NF-«kB-dependent luciferase expression. Taken together, this report

introduces 1,2-oxazine that potently targets the NF-xB signaling pathway in HCC cells.

Keywords: Oxazine; NF-kB; Anticancer; DNA fragmentation.



Introduction

The nuclear factor-kB (NF-kB) signaling pathway is a key player in the maintenance of
homeostasis by regulating growth, immune system, and inflammation [1-4]. The deregulation
of NF-kB signaling results in initiation and progression of several diseases such as cancer,
rheumatoid arthritis, colitis, atherosclerosis, asthma, diabetes, stroke, muscle wasting,
neurodegenerative diseases and viral infections [5-8]. NF-«kB is a quiescent transcription factor
that ubiquitously resides in the cytoplasm of all the mammalian cells. It was initially discovered
by Ranjan Sen and David Baltimore in 1986 as a DNA binding protein that interacts with
enhancer elements of the immunoglobulin kappa light chain gene in B cells [9-12]. Since its
discovery, NF-kB has been recognized as a widely studied transcription factor and can regulate
the expression of about 500 genes [13-16]. NF-kB is associated with a family of inhibitory
proteins called kB (IkBa/IkBp/IkBeg) in the cytoplasm of the unstimulated cell [17-20]. The
presence of ligand on the membrane receptor initiates the cascade of signaling events that
stimulate the phosphorylation, ubiquitylation, and degradation of IkB protein which leads to
the relocation of NF-kB into the nucleus. In the nucleus, NF-kB binds to specific DNA
elements and regulates the expression of genes that encodes apoptosis regulators (Bcl-2, Bcl-
xL, Bim, IAP, XIAP, TRAF-1/2), cell adhesion molecules (CD44, Fibronectin, ICAM-1,
VCAM-1, NCAM, P-Selectin), cytokines (BAFF, TNF-a/p, RANTES, CXCL5/6, Trefoil
factor 3), growth factors (VEGF-C, SCF, PIGF, NGF, M-CSF), and transcription regulators
(Bcl-3, c-rel, HIF-1, nfkbl, nfikb2, p53, Stat5a) [21-24]. NF-kB modulates the expression of
oncogenic genes involved in inflammation, cell growth, and survival, apoptosis and cancer
progression [25]. Mounting shreds of evidence suggest that NF-kB is often overactivated in
many tumors [26, 27]. NF-kB has been identified as a potent tumor promoter and several
chemical entities have been developed to target NF-kB in preclinical cancer models [28-30].

Notably, constitutive activation of NF-kB was found more frequently in hepatocellular



carcinoma tumor tissues than its normal counterpart suggesting its role in tumorigenesis [31-
33]. Therefore, NF-kB represents a novel and unique molecular target for therapeutic

intervention against several cancers including hepatocellular carcinoma.

Oxazine derivatives have been evaluated extensively and reported to possess good anticancer
potential in various preclinical tumor models [34-40]. Some of the oxazine derivatives have
been reported to interfere with the NF-xB signaling pathway to impart their anticancer activity.
v- and d-tocotrienol conjugated oxazines significantly decreased the levels of phosphorylated
NF-kB and IkB in the tumor tissues from mice [41]. In another study, 2-ethoxy-4,5-diphenyl-
1,3-oxazine-6-one (EDPOQ) decreased the nuclear levels of NF-xB in LPS-treated rat
pheochromocytoma (PC12) cells [42]. In our previous study, we identified 2-((2-acetyl-6,6-
dimethyl-4-phenyl-5,6-dihydro-2H-1,2-oxazin-3-yl)methyl)isoindoline-1,3-dione (API) as an
inhibitor of NF-kB signaling pathway [37]. The structures of EDPOO and API are presented
in Figure 1. In our continued efforts to identify pharmacologically important small molecules
[43-48], and to identify potent NF-kB inhibitor than the previously reported oxazines, we
synthesized a panel of novel 1,2 oxazines and evaluated their anticancer and NF-kB inhibitory
activities in tumor cells. Several hepatocellular carcinoma cell lines including HepG2 and
HCCLM3 possess constitutive activation of NF-kB and we have demonstrated previously that,
NF-kB targeting compounds display good cytotoxicity towards HepG2 and HCCLM3 cells.
Therefore, we used HepG2 and HCCLM3 cells as representative cell lines to evaluate the

possible NF-kB inhibitory effect of new oxazines.

Material and methods

All chemicals used were purchased from Sigma-Aldrich. 'H and 3C NMR spectra were
recorded on a Bruker WH-200 (400MHz) spectrometer in CDClz or DMSO-ds as a solvent,
using TMS as an internal standard and chemical shifts are expressed as ppm. Mass spectra were
determined on an Agilent ESI MS and the elemental analyses were carried out using an
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Elemental VVario Cube CHNS rapid analyzer. The progress of the reaction was monitored using
TLC pre-coated silica gel G plates. The small interfering RNA (siRNA) for NF-kB (sc-29410)
and scrambled control (sc-37007) was obtained from Santa Cruz Biotechnology. DNA
fragmentation assay kit was purchased from Roche Applied Science (CA, USA). HepG2 and
MDA-MB-231 cells were previously obtained from American Type Culture Collection
(ATCC) and the cells stock was maintained in our laboratory. DNA binding assay was

performed using TransAM NF-«kB Kit (ActiveMotif, USA).

Chemistry

Typical procedure for the synthesis of bromomethyl 1,2 oxazine derivatives (1a-f)

The synthesis of bromomethyl 1,2 oxazine derivatives was carried out as described previously
[75]. In brief, the formation of 1,2-oxazine was achieved by inverse electron demand Diels—
Alder reaction of nitroalkenes derived from nitroethane to olefines. The appropriate 1,2-
oxazine-N-oxide (0.1 mol) was slowly added to a stirred solution of trimethylsilyl bromide
(39.6 mL, 0.3 mol) and EtsN (16.7 mL, 0.12 mol) in CH2Cl> (0.5 L) at —80 °C. The resulting
mixture was stirred for 1 h at —80 °C, then MeCN (50 mL) was added and the temperature was
increased to —30 °C within 1 h. The mixture was kept at —30 °C for 3 h and then diluted with
EtOAc (0.5 L) and poured into a mixture of EtOAc (1.0 L) and a saturated aqueous solution of
NaHCO3 (0.5 L). The aqueous phase was back-extracted with EtOAc (2 x 100 mL), and the
combined organic layers were washed with H>O (2 x 100 mL) and brine (200 mL) and dried
(Na2S04). The solvents were evaporated in vacuo and the residue was filtered through a thin
layer of silica gel. The obtained 3-bromomethyl-substituted 5,6-dihydro-4H-1,2-oxazines 1,

which serve as key precursors for the synthesis of new 1,2-oxazines (3a-j).

General procedure for the synthesis of N-alkylated 1,2 oxazine derivatives (3a-j)
To asolution of amines (250 mg) in 5 mL of 2-butanone, SCS-Bi>03 (0.8 eq), and bromomethyl
1,2 oxazine (la-f) (0.1 mmol) was added and the reaction mixture was stirred at room
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temperature for 2 h. The progress of the reaction was monitored using thin-layer
chromatography. After completion of the reaction, contents were filtered to remove the base.
Subsequently, water (10 mL) was added and the product was extracted from the aqueous layer
using ethyl acetate (5 mL). The extraction with ethyl acetate was repeated thrice and dried with
magnesium sulfate, filtered, and concentrated in vacuum. The crude product was purified by

recrystallization using ethanol.

6-(tert-butyl)-8-fluoro-1-((4-(4-methoxyphenyl)-4a,5,6,7,8,8a-hexahydro-4H-
benzo[e][1,2]oxazin-3-yl)methyl)-2,3-dimethylquinolin-4(1H)-one (3a)

393.2mg (Yield 78%); Off-white solid; mp: 156-157 °C; IR Vmax: 2928.94cm™ v (ch)
,1601.74cm™  (c=0), 1510.77cm™ V (c.c), 1246.71cm™ V (c.c), 1104.54cm™ (c.r) , 946.45cm”
14 (c0); 'H NMR (CDCls , 400 MHz) :7.52 (s , 1H), 7.36-7.33 (m, 1H), 7.11 (d ,J=8.4Hz,
2H), 6.88 (d, J=8.8Hz,2H), 4.54 (d, J=10.4Hz, 1H), 4.43 (d, J=10.8Hz, 1H), 3.79 (s, 3H),
3.77-3.76 (m,1H), 3.58 (s, 1H), 2.64 (s, 3H), 2.20 (s, 3H), 2.10 (d, J=13.6 Hz, 1H), 1.77 (d,
J=12Hz, 2H), 1.66 (d, J=12.8 Hz, 2H), 1.49-1.42 (m, 2H), 1.39-1.37 (m, 2H), 1.28 (s, 9H); 1*C
NMR (CDCls, 100 MHz): 160.3, 158.8, 158.6, 156.2, 152.3, 148.9, 148.9, 133.0, 129.2, 123.7,
122.3, 144.4, 114.1, 112.1, 111.7, 1115, 76.6, 73.2, 69.2, 55.2, 43.1, 39.1, 35.4, 31.0, 29.2,
27.6,24.9,24.1,19.9, 12.3; LCMS (ESI) [M+H]*: 505.33. Anal. Calcd for CaiHa7N,: C, 73.78;

H, 7.39; N, 5.55. Found: C, 73.81; H, 7.35; N, 5.58.

6-(tert-butyl)-1-((4-(4-chlorophenyl)-6,6-dimethyl-5,6-dihydro-4H-1,2-oxazin-3-yl)methyl)-
8-fluoro-2,3-dimethylquinolin-4(1H)-one (3b)

433.2mg (Yield 90%); Off-white solid; mp: 138-139 °C; IR Vmax: 1650cm™ (c=0),1491.93cm
'V (c0), 1011.25cm™ v c.p), 694.78cm™ v c.ciy ; *H NMR (CDCls, 400 MHz) &: 7.48 (s,1H),
7.38-7.34 (m, 3H), (d, J=8Hz, 2H), 4.53 (d, J=12Hz, 1H), 4.29 (d, J=8Hz, 1H), 3.82-3.78 (m,
1H), 2.64 (s, 3H), 2.17-2.12 (m, 1H), 2.06 (s, 3H), 1.92-1.86 (m ,1H), 1.40-1.35 (m, 6H), 1.32
(s, 9H);**C NMR (CDCls, 100 MHz): 160.3, 154.3, 149.1, 138.3, 133.4, 129.7, 129.4, 123.6,
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122.2, 112.0, 111.7, 75.2, 73.5, 40.2, 37.0, 35.1, 31.0, 28.3, 24.0, 22.6, 12.2; LCMS (ESI)
[M+H]": 483.27. Anal. Calcd for C2sH32N2: C, 69.62; H, 6.68; N, 5.80. Found: C, 69.67; H,

6.73; N, 5.79.

6-(tert-butyl)-1-((6,6-dimethyl-4-phenyl-5,6-dihydro-4H-1,2-oxazin-3-yl)methyl)-8-fluoro-
2,3-dimethylquinolin-4(1H)-one (3c)

394.2mg (Yield 88%); Off-white solid; mp: 140-141 °C; IR Vmax: 1601.47cm?  (c=o0),
1394.94cm™ v (c.c), 1060.9cm™ v (c.;p, 1009.51cm™ o) ; *H NMR (CDCls, 400 MHz) &:
7.56 (s, 1H), 7.35-7.31 (m, 5H), 7.25-7.22 (m, 1H), 4.53 (s, 1H), 4.31 (d, J=12Hz, 1H), 3.80
(s,1H), 2.63 (s, 3H), 2.16 (s, 2H), 8 (s, 3H), 1.41-1.38 (m, 6H), 1.33 (s, 9H); 3C NMR (CDCl3
, 100 MHz): 160.3, 158.8, 154.9, 149.0, 139.8, 129.2, 128.3, 127.5, 123.7, 122.1, 112.2, 111.8,
111.6, 76.7, 75.2, 73.4, 40.4, 37.6, 35.1, 31.1, 28.3, 24.1, 22.7, 12.2; LCMS (ESI) [M+H]™:
449.29. Anal. Calcd for CogHssN2: C, 74.97; H, 7.42; N, 6.25. Found: C, 74.99; H, 7.45; N,

6.28.

4-(4-chlorophenyl)-3-((4-((4-chlorophenyl)(phenyl)methyl)piperazin-1-yl)methyl)-6,6-
dimethyl-5,6-dihydro-4H-1,2-oxazine (3d)

428.6mg (Yield 79%); Off-white solid; mp: 132-133 °C; *H NMR (CDCls, 400 MHz) §: 7.44-
7.39 (m, 4H), 7.28-7.21 (m, 9H), 5.60 (s, 1H), 4.17 (s, 2H), 2.78-2.61 (m, 9H), 1.98-1.81 (m,
2H), 1.34 (s, 3H), 1.23 (m, 3H); LCMS (ESI) [M+H]": 523.52. Anal. Calcd for

CaoH33CI2N3OC, 68.96; H, 6.37; N, 8.04; Found: C, 68.98; H, 6.38; N, 8.06

3-((4-((4-chlorophenyl)(phenyl)methyl)piperazin-1-yl)methyl)-6,6-dimethyl-4-phenyl-5,6-
dihydro-4H-1,2-oxazine (3e)

281.6mg (Yield 66%); White solid; mp: 141-142 °C; IR Vmax: 2971.8cm™~ (c.1y) , 1489.64cm
1 (c=0), 1294.03cm™V (c.c), 1092.92cm™ V (c-0) , 720.15cm™ V (c-cpy; *H NMR (CDCls, 400

MHz) §: 7.33-7.27 (m, 7TH), 7.22-7.17 (m, 7TH), 4.17 (s, 1H), 3.56 (t, J=0Hz, 1H), 2.79 (d,



J=13.2Hz, 1H), 2.70 (d, J=12.8 Hz, 1H), 2.43-2.31 (m, 6H), 2.10 (s, 2H), 2.04-199 (m, 1H),
1.94-1.88 (m, 1H), 1.32 (s, 3H), 1.20 (m, 3H); **C NMR (CDCls , 100 MHz):157.0, 142.2,
141.3,140.7, 132.5,129.1, 128.6, 128.6, 127.7, 127.1, 126.9, 75.6, 74.3, 59.5, 53.0, 52.1, 39.9,
37.9, 28.5, 22.8; LCMS (ESI) [M+H]": 488.26. Anal. Calcd for CaHa4N3: C, 73.83; H, 7.02;

N, 8.61. Found: C, 73.85; H, 7.04; N, 8.65.

3-((4-((4-chlorophenyl)(phenyl)methyl)piperazin-1-yl)methyl)-6,6-dimethyl-5,6-dihydro-
4H-1,2-oxazin-4-yl benzoate (3f)

259.7mg (Yield 70%); Off-white solid; mp: 146-147 °C; IR Vmax: 1612.09cm™ V' (c=0),
1512.04cm™ v (c=c) ,1246.9cm™ v (c.c), 1034.19cm™ V (c.0),725.76cm™ V' ccy ; 'H NMR
(CDCls, 400 MHz) 8:7.99 (d, J=6Hz, 2H), 7.58 (s, 1H), 7.44-7.22 (m, 11H),  5.64 (s, 1H),
4.05 (s, 1H), 3.39 (d, J=12.8Hz, 1H), 3.08 (d, J=12.8Hz, 1H), 2.45-2.33 (m, 4H), 2.21 (s, 4H),
1.97-1.95 (m, 1H), 1.41-1.31 (m, 6H); 3CNMR: 165.33, 153.04, 142.22, 141.35, 133.32,
132.45, 129.62, 129.12, 128.53, 127.75, 127.09, 75.40, 74.32, 60.35, 58.86, 53.24, 51.63,
36.42, 26.02, 25.44; LCMS (ESI) [M+H]": 532.26. Anal. Calcd for C31H31CIN3O3: C, 69.98;

H, 6.44; N, 7.90; Found: C,70; H, 6.46; N, 7.92.

3-((4-(1H-benzo[d]imidazol-2-yl)piperidin-1-yl)methyl)-4-(4-methoxyphenyl)-4a,5,6,7,8,8a-
hexahydro-4H-benzo[e][1,2]oxazine (39)

524.1mg (Yield 92%); White solid; mp: 141-142 °C; *H NMR (CDCls , 400 MHz) &: 7.51 (s,
2H), 7.20-7.08 (m, 2H), 6.98-6.90 (m, 2H), 6.81-6.9 (m,2H), 4.17 (s,2H), 3.77 (s, 3H), 3.58-
3.51(m,1H), 2.95-2.80 (m, 4H), 2.17-2.01 (m, 1H), 2.05-1.89 (m, 8H), 1.39 (s, 3H), 1.34 (s,
3H); ®*CNMR (CDCls, 100 MHz): 158.5, 157.7, 157.6, 132.5, 129.6, 122.1, 114.6, 74.3, 59.8,
55.2, 54.3, 51.8, 39.9, 37.0, 36.4, 31.3, 31.1, 28.5. 22.8; LCMS (ESI) [M+H]": 459.31. Anal.

Calcd or CogHasN4: C, 73.33; H, 7.47; N, 12.22. Found: C, 73.35; H, 7.49; N, 12.24.



3-((4-(1H-benzo[d]imidazol-2-yl)piperidin-1-yl)methyl)-4-(4-methoxyphenyl)-6,6-dimethyl-
5,6-dihydro-4H-1,2-oxazine (3h)

419.3mg (Yield 78%); Off-white solid; mp: 135-136 °C ; IR Vmax: 1511.85cm™ v ),
1246.29cm™V (c.c),1032.8cm™ v (c-0) ; 'H NMR (CDCls, 400 MHz) & : 9.3 (s, 1H), 7.4-7.2
(m, 2H), 7.1-7.0 (m, 2H), 6.9-6.8 (M, 4H) 5.0 (s, 2H), 4.1-4.0 (m,1H), 3.8 (, 3H), 3.1-3.0 (m,
1H), 2.8-2.7 (m, 2H), 2.2-1.6 (m, 8H), 1.4 (s, 3H), 1.2 (s, 3H); LCMS (ESI) [M+H]*: 433.27

Anal.Calcd for CosH32N4: C, 72.19; H, 7.46; N, 12.95. Found: C, 72.23; H, 7.42; N, 12.99.

3-((4-(1H-benzo[d]imidazol-2-yl)piperidin-1-yl)methyl)-4-phenyl-4,4a,5,6,7,7a-
hexahydrocyclopenta[e][1,2]oxazine (3i)

318.9mg (Yield 77%) ; Off-white solid; mp: 137-138 °C; IR Vmax: 2928.89cm™ v (chj,
1610.38cm™ v (c=0), 1247.58cm™*V (cc), 1034.22cm™V (c.0) ; *H NMR (CDCls, 400 MHz) &:
7.59 (m, 2H), 7.48 (m, 2H), 7.29-7.13 (m, 5H), 4.11 (s, 2H), 3.41 (s, 1H), 2.43 (m, 2H), 2.17
(m, 2H), 2.02-1.88 (m, 4H), 1.71-1.41 (m, 10H); 3C NMR (CDCls , 100 MHz): 164.6, 156.1,

156.8, 140.7, 139.2, 132.5, 130.0, 129.6, 121.5, 117.6, 74.02, 56.7, 54.4, 51.8, 40.3, 39.6, 37.1,

36.2, 31.2, 30.9, 28.4, 22.7; HRMS (ESI) (M+Na)*: 437.2316.

3-((4-(1H-benzo[d]imidazol-2-yl)piperidin-1-yl)methyl)-6,6-dimethyl-5,6-dihydro-4H-1,2-
oxazin-4-yl benzoate (3j)

477.3mg (Yield 86%); Off-white solid; mp: 140-141 °C; IR V max: 2934 cm™ v (c.n),1610cm?
vV (c=0), 1510cm™ + (c=c), 1247cm™ v (c.c), 1034cm™ v (c.0); *H NMR (CDCls, 400 MHz) &:
7.55 (s, 2H), 7.25-7.19 (m, 2H), 7.05-7.03 (m, 2H), 6.84-6.82 (m, 3H), 4.01 (s, 1H), 3.77 (s,
3H), 3.44 (m,1H), 3.08-2.87 (M, 4H),2.74 d, J=10Hz, 2H), 2.22-2.01 (m, 8H), 1.35 (s, 3H),
1.24 (s, 3H); 3 C NMR (CDCls, 100 MHz): 158.4, 157.6, 154.2, 133.7, 129.3, 122.2, 114.3,
114.1, 60.1, 55.2, 54.4, 51.9, 42.9, 38.7, 36.2, 30.9, 30.7, 29.2, 27.5, 25.0, 19.9; LCMS (ESI)
[M+H]": 447.24. Anal. Calcd for CosHzoNa4: C, 69.93; H, 6.77; N, 12.55. Found: C, 69.95; H,

6.79; N, 12.58.



Pharmacology

MTT assay

Cytotoxicity of the newly synthesized compounds was evaluated using MTT assay against
hepatocellular carcinoma cells as described previously [51]. Briefly, HepG2 and HCCLM3
liver cancer cells were cultured in DMEM containing 10% FBS. For cytotoxicity assay (5 X
10%/well) were incubated in triplicate in a 96-well plate, in the presence of different
concentrations of compounds at a volume of 0.2 mL, for different time intervals at 37°C.
Thereafter, 20 uL MTT solution (5 mg/mL in PBS) was added to each well. After 2 h of
incubation at 37°C, the media was carefully removed, and the purple crystals were dissolved
in 0.1 mL of DMSO. Finally, the optical density (OD) at 570 nm was measured using the Tecan

plate reader.

Flow cytometric analysis

Flow cytometric analysis was performed to determine whether 3i can induce apoptosis of
HepG2 and HCCLM3 cells as reported earlier [76, 77]. Briefly, hepatocellular carcinoma cells
(5 X 10°) were plated in a 60 mm petri dish and 24 h later the cells were exposed to compound
3i (50 uM) for 0, 24, 48 and 72 h. Thereafter cells were washed, fixed with 70% ethanol, and
incubated for 30 min at 37°C with 0.1% RNase A in PBS. Cells were washed again,
resuspended, and stained with PBS containing 25 pg/mL propidium iodide (PI) for 15 min at
room temperature. The cell cycle distribution across the various phases was analyzed using the

flow cytometer.

Annexin V/PI apoptosis assay

Phosphatidylserine exposure and cell death were assessed by FACS analysis using Annexin-
V-Pl-stained cells as described previously [57, 58]. Briefly, 5x10° HepG2 cells were seeded in
a 60 mm petri dish and incubated with 3i (50 uM) for indicated time points and DMSO treated
samples were used as a control. Cells were then washed with Annexin V binding buffer (10mM
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HEPES/NaOH, pH7.4, 140mM NaCl, 2.5mM CacCly), stained with Annexin V FITC for 30
min at room temperature in the dark, then washed again and resuspended in Annexin V binding

buffer containing PI. Samples were analyzed immediately using the flow cytometer.

DNA fragmentation assay

DNA fragmentation assay was performed using the Cell Death Detection ELISApLus assay kit
(Roche, CA, USA) according to the manufacturer’s instructions. Briefly, HepG2 cells were
plated in 6-well plates and allowed to adhere for 24 h. HepG2 cells were then transfected with
either control siRNA or NF-kB-siRNA for 48 h and then treated with compound 3i (25 or 50
puM) for an additional 72 h after which the media was aspirated, the cells were washed with
cold PBS and incubated on ice for 30 min in cell lysis buffer. The cells were then scraped and
the lysates were collected in a centrifuge tube and vortexed to break up the cell aggregates. The
lysates were cleared by centrifugation at 5,000 rpm for 10 min at 4°C and the supernatant were
stored at -80°C. The cell lysates were added to lysis buffer provided with the kit and pipetted
on streptavidin coated 96-well microtiter plate to which immunoreagent mix was added and
incubated for 2 h at room temperature with continuous shaking at 500 rpm. The wells were
then washed with washing buffer, and the color was developed by the addition of a substrate
solution, which was read at 405 nM against the blank, reference wavelength of 490 nm after
10-15 min. The enrichment factor (total amount of apoptosis) was calculated by dividing the
absorbance of the sample (A405 nm) by the absorbance of the controls without treatment (A490

nm).

Western blot assay

HepG2 and MDA-MB-231 cells were plated in 6-well plates and allowed to adhere for 24 h.
On the day of transfection, lipofectamine was added to control or NF-xB siRNA (100 nM) in
a final volume of 1 mL of culture medium. After 48 hours of incubation following transfection,

the cells were lysed and 50 pg protein was taken for Western blot analysis. Briefly, 50 ug of
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nuclear proteins extracted from treated or control cells were resolved in 10% SDS gel. After
electrophoresis, the proteins were electro-transferred to a nitrocellulose membrane (Bio-Rad,
USA), blocked with Blocking One (Nacalai Tesque, Inc, Japan), and probed with p65 and 3-
actin primary antibody overnight at 4°C. The blot was washed and probed with horseradish
peroxidase-conjugated secondary antibody for 1 h and finally examined by chemiluminescence

substrate (ECL, GE Healthcare, UK).

NF-xB DNA binding assay

Activation of NF-kB was evaluated by DNA binding assay using TransAM NF-kB Kit
according to the manufacturer’s instructions. Briefly, 50 pg of nuclear protein was extracted
from 0, 10, 25 and 50 uM 3i treated cells for 8 h and were added into 96-well plate coated with
an unlabelled oligonucleotide containing the discrete single-stranded consensus binding site
for NF-xB (5’-GGGACTTTCC-3") and incubated for 1 h. The wells were washed and
incubated with antibodies against NF-xB p65 subunit. An HRP conjugated secondary antibody
was then applied to detect the bound primary antibody. HRP substrate was added and the color

produced provided the basis for colorimetric quantification as per kit manufacturer instructions.

NF-xB luciferase reporter assay

The effect of 3i on constitutive NF-kB-dependent reporter gene transcription in HepG2 and
HCCLM3 cells was determined. NF-kB responsive elements linked to a luciferase reporter
gene were transfected with wild-type or dominant-negative IkB. The transfected cells were
then treated with various doses of 3i for 6 h. Luciferase activity was measured with a Tecan
(Durham, NC, USA) plate reader and normalized to [3-galactosidase activity. All luciferase

experiments were done in triplicate and repeated twice.

In silico interaction analysis
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Discovery Studio 2.5 software from Accelrys was used for docking and visualization of the
results. Initially, we retrieved the crystal structure of the NF-xB p65 homodimer complex with
a DNA (PDB ID: 1RAM, 2.4 A resolution) cleaned, minimized the energy, and identified the
spatial region of p65. All the energy calculations were performed using the CHARMM force
field. The three-dimensional structures of all 1,2-oxazines were prepared and docked toward
the p65 using the LigandFit protocol of Discovery Studio. The binding pose of ligands was
evaluated using the interaction score function in the Ligand Fit module of Discovery Studio.
Results

Chemistry

Preparation of 1,2 oxazines
The substituted bromomethyl 1,2-oxazine derivatives were prepared as described earlier [49].

Given the biological significance of oxazines in NF-kB inhibition, we synthesized the new
derivatives of (1) via a C-N bond formation reaction as presented in Figure 2. In the present
synthetic strategy, we utilized three different secondary amines namely, 6-(tert-butyl)-8-fluoro-
2,3-dimethylquinolin-4(1H)-one (2a), 1-((4-chlorophenyl)(phenyl) methyl)piperazine (2b),
and 2-(piperidin-4-yl)-1H-benzo[d]imidazole (2c) for the preparation of title compounds.
Based on our previous experience, the utilization of these secondary amine intermediates (2a-
c) resulted in products with good biological activity and therefore 2a-c were chosen for
coupling reactions in the present study. Based on our earlier report [38, 50], we utilized the
mild basic characteristic of combustion-derived Bi.O3 (SCS-Bi»O3) to prevent the
decomposition of base sensitive bromomethyl 1,2-oxazine (1) and for C-N bond formation
reaction. The synthesis of the final product (3a-j) was achieved in good yield. All the newly
synthesized oxazine derivatives were characterized by *H NMR, *C NMR, CHN, and mass

analysis and structures are shown in table 1 and spectra are provided as supporting information.

Pharmacology
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1,2-Oxazines elicit growth inhibitory effect in HCC cells

Previous studies suggested that oxazine derived compounds possess good anticancer activity
towards various cancer models. Initially, we tested the anticancer potential of all the newly
synthesized compounds against HepG2 cells using MTT assay [51, 52]. Among the tested
compounds, 3e and 3i were found to be good anticancer agents with 1Csp values of 47.6 and
46.4 uM. The ICs values were determined using GraphPad Prism software[15]. The I1Cso value
of other compounds towards HepG2 cells is provided in table 1. Since compound 3i showed
relatively better anticancer potential, we further investigated the effect of 3i on the proliferation
of HCCLMB3 cells. Compound 3i exhibited good anticancer potential towards HCCLM3 with
an 1Cso value of 40.9 uM. Furthermore, we treated HepG2 and HCCLM3 cells with 3i in
different time-points at different doses as indicated in Figure 3. Compound 3i significantly
reduced the proliferation of both the cell lines in a dose- and time-dependent manner (Figure
3). We next evaluated the effect of 3i against normal hepatocytes (LO2) and did not find
significant cytotoxicity of the compound towards normal cells (Data not shown). Doxorubicin
and paclitaxel are used as reference compounds and ICsp values are 10 and 8 nM, respectively
towards HCCLM3 cells. The results indicate that the presence of cyclopentane ring fused to

the 1,2-oxazine heterocycle enhances the cytotoxic effect towards HCC cells.

3i increases the subG1 population in HCC cells

The activation of executioner caspases and caspase-activated DNases during apoptosis leads to
the cleavage of genomic DNA into oligonucleotide fragments and the cells with reduced DNA
are detected as subG1 cell population [53, 54]. Therefore, we treated HepG2 and HCCLM3
cells with 3i for different time intervals and analyzed the distribution of cells in various phases
of the cell cycle using propidium iodide staining as described earlier [55, 56]. The results

indicated that 3i caused a substantial increase in the accumulation of the subG1 population to
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20.2% in HepG2 and 48.8% in HCCLMS3 cells in a time-dependent manner (Figure 4). The

results clearly demonstrated the apoptosis inducing effect of 3i in HCC cells.

3i induces apoptosis in HCC cells

The appearance of phosphatidylserine in the outer leaflet of the plasma membrane is one of the
biochemical events in the cell committed to apoptosis which can be detected using annexin V-
FITC-PI staining [57, 58]. We next examined the effect of 3i on the translocation of
phosphatidylserine in HepG2 cells. 3i significantly increased the percentage of apoptotic cells
(55%) compared with DMSO-treated cells (3.8%) (Figure 5A). These findings provide another

direct evidence for apoptosis inducing effect of 3i.

Transfection with p65 siRNA blocks 3i induced DNA fragmentation in HCC cells

DNA fragmentation is one of the key events in the cells undergoing apoptosis [59, 60]. Hence,
we investigated whether the knockdown of NF-kB using siRNA could inhibit the 3i induced
DNA fragmentation in HepG2 cells. In 3i-treated, control siRNA transfected cells, we observed
a significant increase in DNA fragmentation (Figure 5B). In the cells transfected with NF-xB
SiRNA, we observed the significant decline in the 3i induced DNA fragmentation compared to
control siRNA treated group indicating that, 3i mediate its proapoptotic effects by abrogating
NF-kB signaling pathway in HepG2 cells. The efficiency of transfection was further confirmed
using western blotting analysis. The treatment of HepG2 and MDA-MB-231 cells with sSiRNA

efficiently downregulated the protein levels of NF- kB-p65 (Figure 5C).

3i inhibits the constitutive activation of NF-xB in HCC cells

Oh et al., identified 7-benzoyl-4-phenylcyclopenta[l,2]oxazine out of 7,243 diverse
compounds as a potent IKKp inhibitor which leads to the abrogation of NF-«kB signaling
pathway [61]. Hence, we evaluated whether 3i could inhibit the constitutive activation of NF-

kB in HepG2 and MDA-MB-231 cells. Initially, cancer cells were treated with 10, 25 and 50
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1M of 3i followed by preparation of nuclear extract and evaluation for NF-kB DNA activity.
We observed a significant decrease in DNA binding ability of NF-«B on 3i treatment in a dose
dependent fashion, thus indicating that 3i can also attenuate NF-«kB activation in different
tumour cell lines (Figure 6). The binding characteristics were typical for NF-«xB transcription
factors as noted by competition experiments with NF-«B-binding wild type (WT) DNA
oligonucleotides or mutated (MT) oligonucleotides in DNA binding assay (Figure 6). We next
examined the effect of 3i on the constitutive expression of the NF-xB-dependent reporter gene
in HCC cells. HCC cells were transfected with NF-kB responsive elements linked with
luciferase reporter gene with wild-type or dominant-negative IkB to study the effect of 3i on
constitutive activation of NF-kB. We observed a gradual decline in the expression of NF-kB-
dependent reporter gene in the presence of 3i with the maximum inhibition observed at 20 uM
(Figure 7A and B). These results indicate that 3i can potently affect the constitutive activation

of the NF-«B signaling pathway.

In silico interaction analysis of oxazines with p65

1,2-oxazines are reported as good anticancer agents and they induce anticancer activity via
inhibition of NF-kB at least partly in various cancer models. The o0xygen-containing
heterocyclic compounds such as helenalin selectively alkylate the p65 subunit and inhibit the
activation of NF-xB [62]. Here we used the crystal structure of homodimer of p65 with DNA
for in silico interaction analysis targeting the key amino acids of p65 that interacts with DNA
using the Discovery Studio LigandFit protocol [63]. Initially, we retrieved the crystal structure
of the NF-xB p65 homodimer complex with a DNA (PDB ID: 1RAM, 2.4 A resolution)
cleaned, minimized the energy, and identified the spatial region of p65. All the energy
calculations were performed using the CHARMM force field. The three-dimensional structures
of all 1,2-oxazines were prepared and docked toward the p65 using the LigandFit protocol of

Discovery Studio. The binding pose of ligands was evaluated using the interaction score
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function in the LigandFit module of Discovery Studio. The docking results were summarised
in table 2. The molecular interaction analysis revealed that the oxazines showed favorable
interaction with the target protein with docking scores (DS) ranging from 48 to 62 kcal/mole.
Interestingly, compound 3i showed the DS of 54 kcal/mole indicating that it has a relatively
high affinity towards p65, Additionally, the 3i established hydrophobic interaction with Tyr36
and Argl187 of p65, which are present at the vicinity of the hydrophobic region near Cys38 of
p65 protein (Figure 8A-C). In addition, we compared the binding affinity of compound 3i with
a previously reported NF-«kB inhibitor named CPP from our laboratory [21]. CPP presented the
docking score of 56 kcal/mole which is comparable to compound 3i and the interaction map of
CPP with p65. These results indicate that the compound 3i has a relatively better affinity for

p65.

Discussion

Oxazine is a six-membered heterocycle with oxygen and nitrogen as a heteroatom and this ring
system has been the part of various biologically active compounds. Oxazine derivatives were
demonstrated to exhibit good cytotoxic potential in different types of cancer cell lines and in
vivo models. In our previous study, an oxazine named CIMO inhibited the STAT3 signaling
in HCC cell lines and the orthotopic nude mice model [36]. Srinivas and colleagues showed
that 1,2-oxazines inhibit COX2 with high selectivity over COX1 [38]. In another study,
pyridine conjugated oxazinones abrogated NF-kB signaling and induced apoptosis of HCC
cells [14]. We also have shown that 1,2-oxazines inhibit the growth of colon cancer cells by
targeting the NF-kB signaling pathway and good anti-inflammatory activity was pronounced
in inflammatory bowel disease mice model [37]. Therefore, in continuation of our attempts to
explore oxazine derived potent NF-«B inhibitors, we prepared new 1,2-0xazine derivatives and
evaluated for cytotoxic potential towards HCC cells. We used HCC cells which possess

constitutive activation of NF-kB such as HepG2 and HCCLM3. Among the new chemical
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reagents, 3i showed relatively good cytotoxicity than other structural analogs without
significantly affecting the viability of normal cells. Mansouri and colleagues also reported the
similar cytotoxicity profile of oxazine derivatives towards chronic lymphocytic leukemia,
colon and breast cancer cells and less toxic effects towards non-cancerous peripheral blood
mononuclear cells [64]. However, the cytotoxic effect of the lead compound (3i) was
significantly less compared to the standard therapeutic agents such as doxorubicin and

paclitaxel.

The genomic DNA is fragmented during apoptosis and these cells are recognized as subG1
population in flow cytometric analysis [65]. 3i presented the increase in subG1 cells indicating
its proapoptotic activity and this effect was further confirmed by annexin V-FITC-PI staining.
3i significantly increased the FITC-PI stained cells indicating phosphatidylserine
externalization and internalization of propidium iodide. Furthermore, a large number of human
cancers possess persistent activation of NF-kB due to oncogenic mutations and
proinflammatory microenvironment and NF-kB has been entangled with the initiation and
progression of cancer and metastasis [66-68]. We have previously demonstrated that NF-xB
modulators induce apoptosis in cancer cells [69-71]. Treatment of NF-xB-p65 siRNA
transfected cells with 3i did not show increased DNA fragmentation, whereas the treatment of
scrambled siRNA transfected cells with 3i showed elevated DNA fragmentation. These results
indicated that 3i mediates proapoptotic effect only via targeting NF-xB signaling and
knockdown of p65 nullified the proapoptotic effect of 3i. By this result, we predict that 3i may
not be an effective cytotoxic agent towards NF-kB-negative cancer cells. Persistent activation
of NF-«B is seen in a wide range of tumors and its overexpression can be a predictive marker
of negative prognosis [72-74]. Although all the assays were performed with HCC cell lines, we
were interested to understand the effect of 3i on breast cancer cell line which possesses

constitutively active NF-«kB. Therefore, we selected two NF-kB expressing cancer cell lines
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(HepG2 and MDA-MB-231) of different tissue origin (liver and breast respectively) and tested
the effect of 3i on the DNA binding ability of NF-xB. Compound 3i decreased the DNA binding
ability of NF-xB in both cell lines suggesting that 3i interferes with the transcriptional activity
of NF-kB. The transcription inhibitory effect of 3i was pronounced by the results of luciferase
reporter gene expression. In conclusion, we report a new oxazine derived NF-«xB inhibitor in
HCC cells and validated in cell-based experiments and in silico analysis. Although the present
investigation establishes NF-kB as the major cellular target of oxazines, the further detailed
study is essential to learn about its off-targets, toxicity, and in vivo effects in suitable tumor

models.
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Figure legends

Figure 1: Structures of the previously reported biologically active oxazines that target NF-«xB.
Figure 2: The synthetic route for the preparation of title compounds (3a-j). 1a-f represents the
bromides that are used in the preparation of 1,2-oxazines (3a-j) and structures of bromides are
provided in Table 1.

Figure 3: 3i elicits growth inhibitory effects in HCC cells. HepG2 and HCCLM3 cells were
treated with different concentrations (25, 50 and 100 uM) of 3i at indicated time intervals (24,
48, and 72h) and then subjected to MTT assay as described in materials and methods (*p <
0.05).

Figure 4: 3i induced apoptosis in HCC cells. The distribution of cell cycle in 3i treated HepG2
and HCCLM3 cells were examined using flow cytometry. Cells were exposed to 3i (50 uM) at
indicated times (0, 24, 48 and 72 h), after which cells were harvested and stained with
propidium iodide.

Figure 5: (A) 3i induced apoptosis in HepG2 cells. Cells were exposed to 3i (50 uM) for 48 h,
after which cells were harvested and stained with Annexin V and propidium iodide. The
percentage of early and late apoptotic cells were detected using flow cytometry. Results show
early apoptosis, defined as annexin V-positive and Pl-negative cells, and late apoptosis, defined
as annexin V-positive and Pl-positive cells. (B) The knockdown of p65 by small interfering
RNA (siRNA) reduces the 3i-induced DNA fragmentation. HepG2 cells were transfected with
either control or p65 specific sSiRNA (50 nM). After 48 h, the cells were treated with 3i (25 or
50 uM) for 72 h, and the DNA fragmentation was analyzed by the ELISA assay Kit. The data
is expressed as mean + SD, compared with the untreated control, (*p < 0.05). (C) Western blot

analysis revealed that sSiRNA efficiently knocked down NF-kB-p65 in both the cell lines tested.
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Figure 6: (A) The effect of 3i on the constitutive DNA-binding activity of NF-«xB. 3i
downregulated NF-kB DNA binding ability in HepG2 and MDA-MB-231 cells. The cells were
treated with 0, 10, 25 and 50 uM 3i for 8 hr and nuclear extracts were prepared and 50 pg of
nuclear extract protein was used for DNA binding assay. The NF-kB DNA binding was
inhibited in a dose-dependent manner. WT (wild type oligonucleotide); MT (mutant
oligonucleotide). 3i was found to reduce the DNA-binding activity of constitutively activated

NF-xB.

Figure 7: (A and B) 3i suppresses constitutive activation of reporter gene expression. HepG2
(5 x 10°%/mL) and HCCLM3 (5 x 10%mL) cells were transfected with NF-kB luciferase and -
galactosidase reporter plasmid using lipofectamine, incubated for 24 h, and then treated with
3i for 5, 10, and 20 h. Cells were lysed in reporter lysis buffer and analyzed for luciferase
activity and normalized with B-galactosidase activity. Results are expressed as fold activity

over the activity of vector control. *p < 0.05.

Figure 8: In silico molecular interactions between p65 of NF-kB complex and the oxazines:
(A) DNA bound p65 subunit is shown, where the stick form of the amino acid Cys38 region
was used for docking studies (B & C) The surface view and interaction map for the lead
compound 3i interaction with p65 subunit in the hydrophobic region is shown. 3i established
hydrophobic interaction with Tyr 36 and Arg 187 of p65, which are present at the vicinity of

the hydrophobic region near Cys38 of p65 protein.
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Figure 8
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Table 1: The physical parameters of the newly synthesized oxazine derivatives.
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Table 2: In silico interaction results of p65 with oxazines.

Entry Mol. LS1D | LS2D | PLP1 | PLP2 | JAIN | -PMF -LE DS
Weight
3a 467.35 | 2.88 4.15 52.71 | 5433 | -2.41 | 56.66 | -18.45 | 61.34
3b 450.77 | 2.52 4.29 346 | 41.84 | -2.05 | 10.08 | -9.31 | 52.67
3c 41532 | 2.27 421 | 38.02 | 37.13 | -1.92 | 64.01 | -13.79 | 53.95
3d 407.75 | 2.04 4.33 49.9 | 5051 | -0.79 | 39.59 | -5.04 | 50.70
3e 453.8 | 2.05 445 | 60.69 | 60.82 | -0.58 | 34.26 | -8.24 | 58.15
3f 497.81 | 3.46 4.99 574 | 60.41 | -0.99 | 33.45 | -11.49 | 57.82
39 42433 | 4.04 3.79 | 36.38 | 34.15 | -0.92 | 57.24 | -11.83 | 53.83
3h 400.31 | 4.03 424 | 4466 | 39.87 | -1.01 | 49.35 | -10.5 | 56.16
3i 38431 | 1.74 3.87 51.15 | 48.75 | -0.91 | 36.15 | -10.48 | 53.87
3 416.31 | 2.27 453 | 55.77 | 53.53 | -1.38 | 60.66 | -9.50 | 56.27
CPP | 366.07 | 2.23 435 | 63.21 | 59.60 | -0.75 | 3231 | -7.24 | 56.12

LS1 and LS2: LigScorel and 2 are a fast, simple, scoring function for predicting
protein-ligand binding affinities.
PLP1 and PLP2, piecewise linear potentials 1 and 2 are fast, simple, docking function
that has been shown to correlate well with protein-ligand binding affinities.

JAIN, an empirical scoring function (lipophilic, polar attractive, and polar repulsive
interactions, solvation of the protein and ligand, and an entropy term for the ligand)
through an evaluation of the structures and binding affinities of a series of protein—
ligand complexes.

PMF, potential of mean force is the scoring function developed based on statistical
analysis of the 3D structures of protein-ligand complexes.
DS, Dock Score, ligand poses are evaluated and prioritized according to the Dock
Score function.
CPP is the previously reported NF-«xB inhibitor and it has been used as the reference
compound.
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