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Abstract

NADPH oxidase–derived reactive oxygen species (ROS) poten-
tiate receptor tyrosine kinase (RTK) signaling, resulting in
enhanced angiogenesis and tumor growth. In this study, we report
that BJ-1301, a hybrid of pyridinol and alpha-tocopherol, exerts
anticancer effects by dual inhibition of NADPH oxidase and RTK
activities in endothelial and lung cancer cells. BJ-1301 suppresses
ROS production by blocking translocation of NADPH oxidase
cytosolic subunits to the cell membrane, thereby inhibiting acti-
vation. The potency of RTK inhibition by BJ-1301 was lower than
that of sunitinib (a multi-RTK inhibitor), but the inhibition of
downstream signaling pathways (e.g., ROS generation) and sub-

sequent biological changes (e.g., NOX2 induction) by BJ-1301
was superior. Consistently, BJ-1301 inhibited cisplatin-resistant
lung cancer cell proliferation more than sunitinib did. In xeno-
graft chick ormouse tumormodels, BJ-1301 inhibited lung tumor
growth, to an extent greater than that of sunitinib or cisplatin.
Treatments with BJ-1301 induced regression of tumor growth,
potentially due to downregulation of autocrine-stimulatory
ligands for RTKs, such as TGFa and stem cell factor, in tumor
tissues. Taken together, the current study demonstrates that BJ-
1301 is a promising anticancer drug for the treatment of lung
cancer. Mol Cancer Ther; 16(10); 2144–56. �2017 AACR.

Introduction
Lung cancer is the leading cause of cancer-associated deaths (1),

and non–small cell lung cancer (NSCLC) constitutes over 80% of
lung cancers. With advancements in the study of cancer biomar-
kers, NSCLC treatments have gone from platinum-based chemo-
therapy (associated with a low response rate) to targeted therapy
using inhibitors of EGFR tyrosine kinase based on the identifica-
tion of sensitizing mutations within EGFRs (2, 3). However, the
number of cases suitable for such EGFR-targeted therapy is small
(4), and the overall 5-year survival rate is still low (5).

NADPH oxidase (NOX) is a multicomponent enzyme that
consists of plasma membrane-spanning catalytic (i.e., gp91phox
and p22phox) and regulatory/cytosolic (i.e., p47phox, p67phox,
and GTPase Rac1) components (6). Functionally distinct homo-
logs of gp91phox (denoted NOX1 to NOX5, DUOX1, and
DUOX2) are expressed in a tissue-specific manner (7); NOX2 is
the major catalytic isoform in endothelial cells (8), and NOX4 is
the major catalytic isoform in renal and vascular smooth muscle
cells (9). Furthermore, cancer cells originating from different
tissues overexpress different isoforms of the catalytic unit. NOX1
and DUOX2 are overexpressed in colorectal and pancreatic can-
cers, NOX4 is overexpressed in premalignant fibrotic lung and
liver tissues, and NOX5 is overexpressed in melanoma and
prostate cancers (10). Such hyperactivation or overexpression of
NOX is implicated in the pathogenesis of cancers (10, 11). NOX2
activation has been shown to enhance angiogenesis, tumor
growth, aggressiveness, and metastases (12). Furthermore, tumor
promoter–induced isotype switching from NOX1 to NOX2 is
associated with malignant progression of colon cancer (13).

Activation of NOX is coupled with stimulation of various cell
membrane receptors as growth factors (14, 15). Upon binding to
growth factors, receptor tyrosine kinase (RTK) phosphorylates
tyrosine residues in its intracellular domain, which then activates
downstream signaling molecules such as PI3K/protein kinase B
(Akt) andMAPKs. This leads to phosphorylationofNOXcytosolic
components (i.e., p47phox and p67phox) and triggers translo-
cation of these subunits along with Rac1 to the cell membrane
(16), activating NOX and subsequently generating superoxide
anion. Superoxide anion is dismutated to hydrogen peroxide and
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subsequently converted into other reactive oxygen species (ROS).
ROS, in turn, enhances the activity of the redox-dependent tran-
scription factor, NF-kB (16), upregulating its target genes, includ-
ing NOX2 and growth factors (13, 17). Following the initial
activation of RTK, the function of growth factors and NOX is
reinforced by a positive feedback mechanism. Inhibition of NOX
bypharmacologic inhibition or knockdownusing siRNAs leads to
decreased lung cancer cell invasion and metastases (18, 19),
suggesting that NOX is a promising target for novel anticancer
drug development (16, 20).

In agreement with findings that ROS promote angiogenesis
and tumor growth (21, 22), recent studies have shown that
disruption of redox-sensitive signaling pathways by free-radical
scavengers, such as vitamin E (23), suppresses lymphocyte- and
VEGF-induced angiogenesis (24, 25). Among members of the
vitamin E family, tocotrienols, which possess better antioxida-
tive activity than tocopherols (26, 27), have been shown to
exert cancer preventive and antiangiogenic activities (28, 29).
However, the use of tocopherols and tocotrienols at high
dosages is potentially associated with an increased incidence
of heart failure and mortality (30, 31), necessitating the devel-
opment of potent agents that inhibit the redox-sensitive sig-
naling pathways.

In this study, the mode of anticancer activity was characterized
for a synthetic analogue of a-tocopherol (a-TOH), BJ-1301. BJ-
1301 (Fig. 1A) is an aminopyridinol derivative ofa-TOH that was
previously shown to exhibit strong antioxidant activity (32). Our
results show that the anticancer activity of BJ-1301 is mediated
through inhibition of RTK signaling in association with NOX2.

Materials and Methods
Reagents and antibodies

The endothelial growth medium (EGM)-2 bullet kit was pur-
chased from Cambrex. Matrigel was obtained from BD Bios-
ciences. a-TOH was purchased from Sigma-Aldrich. Sunitinib
malate was obtained from Selleckchem (Selleckchem). BJ-1301
(Fig. 1A) was prepared using a previously reported synthetic
method (32) in the laboratories of Prof. Byeong-Seon Jeong
(College of Pharmacy, Yeungnam University, Republic of Korea)
and Dr. Jin-Mo Ku (Bio-Center, Gyeonggi Institute of Science and
Technology Promotion, Republic of Korea). Cisplatin was
obtained from Shandong Boyuan Pharmaceutical Co. Ltd..
SR11302 and SU4312 were obtained from Tocris Bioscience
(Tocris House). Apocynin, VAS2870, SB203580, PD98059,
BAY-117085, and pyrrolidine dithiocarbamate (PDTC) were pur-
chased from Sigma Aldrich. SP600125 was received from Calbio-
chem. Antibodies directed against phospho-p38, p38, phospho-
ERK, ERK, phospho-JNK, JNK, p65NF-kB, phospho-p85-PI3K (at
Tyr488), p85-PI3K, phospho-AKT (at T308), AKT, and p-IkBwere
purchased from Cell Signaling Technology Inc.. NOX-2 mAbs, as
well as phospho-p47phox, stem cell factor (SCF), TGF-a, NOX-1,
ras, lamin B, b-actin, and NOX-4 antibodies were obtained from
Abcam. Antibodies against IkB, p47phox, Rac, and p67phox were
purchased from Santa Cruz Biotechnology.

Cell culture
Human umbilical vein endothelial cells (HUVEC) were pur-

chased from Lonza in 2010. Bovine Aortic Endothelial Cells
(BAOEC) were received as a kind gift from Dr. You Mie Lee
(Kyungpook National University, Daegu, Republic of Korea) in

2017. The human lung cancer cell line, A549, was obtained from
ATCC in 2008 and H1299 was purchased from Korean cell line
bank (Seoul, Korea) in 2009. BAOECs were grown in DMEM
obtained from Hyclone supplemented with 10% FBS and 1%
penicillin/streptomycin. HUVECs were grown on a 0.2% gelatin-
coated flask and supplemented with endothelial cell growth
supplement (EGM-2 SingleQuots). HUVECs between passage
number 2 and 6 were used in our experiments. A549 and
H1299 human lung cancer cells were grown in DMEM
and RPMI1640, respectively, supplemented with 10% FBS, 100
IU/mL penicillin, and 100 mg/mL streptomycin in a humidified
incubator at 5% CO2/95% air.

Proliferation assay
Cells were seeded in 96-well plates and serum-starved for 24

hours, followed by treatment with VEGF (20 ng/mL) or FBS
(10%) in the absence or presence of test compounds for 72 hours.
After incubation, the number of viable cells was measured using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. Color intensities were measured using a
microplate reader (Versamax, Molecular Devices, Inc.).

Kinase assay
A kinase insert domain receptor (KDR; Promega #V2681),

platelet-derived growth factor receptor beta (PDGFRb; Promega
#V3731), and c-KIT (Promega #V4498) kinase enzyme systems,
along with the adenosine diphosphate (ADP)-glow kinase assay
kit (Promega #V9101) were used to perform kinase assays fol-
lowing themanufacturer's instructions. Briefly, the reactions were
started after adding 50mmol/L adenosine triphosphate (ATP,final
concentration) to a 0.2 mg/mL mixture of poly (Glu4, Tyr1), test
drug, and 1.5 ng KDR, 10 ng PDGFRb, or 20 ng c-KIT enzyme. The
reaction was carried out at room temperature for a specified
period of time. After adding detection reagents, luminescence
was measured using a Fluostar Optima microplate reader (BMG
Labtech GmbH).

Western blot and subcellular fractionation
Cytoplasmic and nuclear proteins were extracted from cells

using a NE-PER kit (Pierce-Thermo). To determine total protein,
cells and tissues were lysed using radioimmunoprecipitation
buffer containing a 1� protease and phosphatase inhibitor cock-
tail. The lysateswere centrifuged at 12,000 rpm for 10minutes and
the supernatant portion was collected. HUVECs were stimulated
with VEGF for 5 minutes following pretreatment with the com-
pounds for 1 hour; 100 mL of subcellular fractionation (SF) buffer
was added to the cell pellet. The cell suspension was passed
through a 30 G needle 35 times and centrifuged at 700 � g for
10 minutes at 4�C. The supernatant portion was centrifuged at
100,000 rpm (Sorvall RC M120 EX ultracentrifuge) for 1 hour at
4�C. Supernatant containing the cytosol fraction was collected
and the pellet was resuspended in 60 mL SF buffer. The suspension
was sonicated for 30 seconds four times. After centrifuging sam-
ples at 100,000 rpm for 1hour at 4�C, supernatants containing the
membrane fraction were saved.

Protein concentrations were determined using a BCA protein
reagent kit (Pierce-Thermo). Equal amounts of protein were
loaded and separated using SDS-PAGE. After incubation with
respective antibodies, proteins were detected using a LAS-4000
mini imager (Fujifilm).

Anticancer Effects of BJ-1301 on Lung Cancer

www.aacrjournals.org Mol Cancer Ther; 16(10) October 2017 2145

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/10/2144/1853535/2144.pdf by guest on 19 M
ay 2023



Figure 1.

Differential effects of a-TOH and BJ-1301 on VEGF-induced angiogenesis. A, Chemical structures of BJ-1301 and a-TOH. B, HUVECs (1 � 104 per well in a
48-well plate) were starved with 1% FBS medium for 24 hours and stimulated with VEGF (20 ng/mL). Different concentrations of BJ-1301 or
a-TOH were introduced to the culture for 48 or 72 hours. C, Effects of BJ-1301 on KDR (VEGFR2) tyrosine kinase activity were compared with those of
a-TOH, which were measured using KDR and ADP glow kinase assay kits. D, HUVECs were treated with the indicated concentrations of BJ-1301 or a-TOH for 1
hour followed by treatment with VEGF for 5 minutes; VEGF-induced MAPKs were subsequently observed. E, HUVECs were pretreated with BJ-1301
or a-TOH followed by treatment with VEGF for 30 minutes. Cytosolic and nuclear protein extracts were analyzed using specific antibodies against phospho-I-
kB, I-kB, and NF-kB. b-Actin and lamin B were used as loading controls. b-Actin and lamin B were used as loading controls. � , P < 0.05 versus
vehicle-treated control; #, P < 0.05 versus VEGF alone. F, Images show the CAM tissues underneath each filter disk that were treated with the
indicated concentrations of drug for 3 days in the presence of VEGF.
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Chick chorioallantoic membrane model of angiogenesis
Angiogenesis was examined using previously published meth-

ods (33, 34). VEGF (20 ng/CAM)was dissolved in PBS containing
0.1% BSA and added topically to the sterile disk on top of 9-day-
old chick embryo CAMs. a-TOH, BJ-1301, or vehicle was then
applied topically to the chick chorioallantoic membranes (CAM).
The CAM tissue directly beneath the disk was resected from the
embryo after 72 hours and harvested under light microscopy
(Leica). The number of new blood vessel branch points contained
in a circular region equal to the area of the filter disk was then
counted for each section. The resulting angiogenesis index is
expressed as the mean � SEM of the new branch points for each
set of samples. Inhibition ratio (%) of compounds was calculated
according to the following equation:

Angiogenesis inhibition ratio %ð Þ ¼ B½ �� A½ �ð Þ= B½ � � 100

where [A] and [B] represent angiogenesis after a 3-day incubation
with VEGF in the presence or absence of test compounds,
respectively.

In the tumor angiogenesis experiments, all procedures were the
same as described above, except that H1299 or A549 human lung
cancer cells (2 � 106 cells/CAM) were inoculated onto the CAM
instead of VEGF (35). The number of vessel branch points con-
tained in a tumor region was counted by two double-blinded
observers. The tumor tissue growing on top of the CAM was
isolated from the membrane and weighed.

Intracellular ROS measurements
Intracellular ROS generation was measured using the dichlor-

ofluorescin diacetate (DCF-DA) fluorescent dye. Serum-starved
cells were cotreated with VEGF in the presence or absence of
compounds. After incubation for 5 minutes, DCF-DA (5 mmol/L)
was added to the cells at 37�C, and the cells were imaged using an
inverted fluorescent microscope (TE2000-U; Nikon).

Superoxide anions were measured as previously published
with slight modifications (36). Briefly, A549 and H1299 (1 �
105 cells/well) cells and HUVECs (0.5 � 105 cells/well) were
seeded inwhite opaque 96-well plates. On the following day, cells
were pretreated with drugs for 1 hour and then a stimulator for
3 hours. Chemiluminescence was measured using lucigenin
(400 mmol/L) in a Fluostar Optima microplate reader.

Confocal laser scanning microscopy
HUVECs were seeded on a confocal dish at a density of 5� 104

cells/cm2. Serum-starved cells were pretreated with test com-
pounds for 1 hour and stimulated with VEGF or 12-O-tetrade-
canoylphorbol-13-acetate (TPA) for 2 minutes. Cells were fixed
with paraformaldehyde (3.7%) in PBS, permeabilizedwith Triton
X-100 (0.1%) for 10 minutes, and blocked with BSA (3%) for
1 hour. Samples were incubated overnight at 4�C with primary
antibody, then with secondary antibody (IgG-FITC), and stained
with 40,6-diamidino-2-phenylindole (DAPI) for 10 minutes and
photographed using a confocal A1 imaging system (400�, Nikon
Corp.).

Quantitative real-time PCR
Total RNA from HUVECs was isolated using TRIzol reagent

(Life Technologies Inc.). Quantitative analysis of mRNA was
performed using the QuantiTect SYBR Green PCR kit (Qiagen).
The primer sequences are specified in Supplementary Table S1.

mRNA copy number determination
Copy number of NOX1, NOX2, and NOX4 was determined

according to the established protocols with some modifications
(13). Briefly, human NOX1, NOX2, and NOX4 cDNAs (Invitro-
gen) were cloned into the pcDNA5/FRT/TO vector (Invitrogen).
Copy number was calculated using the following equation:

DNA copiesð Þ¼ 6:02� 1023 copies=moleð Þ�DNA concentration gð Þ� �
=

DNA length bpð Þ � 660 g=mol=bpð Þ½ �:

Through serial dilution of NOX1, NOX2, and NOX4 plasmids
(from 101 to 105), standard curves of each were generated using
Quantitect Probe PCR kit (Qiagen) and probe and primer mix for
NOX1 (Hs01071088_m1), NOX2 (Hs00166163_m1), and
NOX4 (Hs01379108_m1; Thermo Fisher Scientific Corporation).
cDNA synthesized from the isolated RNA was subjected for
qRT-PCR using specific probe and primer mix for NOX1, NOX2,
and NOX4 (Thermo Fisher Scientific) on Corbett Rotor-Gene
(Qiagen). Copy number of NOX1, NOX2, and NOX4 in the cells
were determined from the standard curve.

Antitumor activity measurements in A549 xenografted mouse
tumor models

A549 cells (1 � 107 cells) were injected subcutaneously in the
right flank of 6-week old BALB/C female nude mice purchased
from Orient Co. Ltd.. Tumor volume was calculated according to
the following equation:

V mm3
� �¼ Length=2 � Widthð Þ2

When tumor volume reached 200mm3,micewere divided into
different groups and injected intraperitoneally with drugs once
daily. At the end of treatment,mice were sacrificed and the excised
tumors were photographed and weighed.

Animal experiments were conducted in accordance with the
institutional guidelines of the Institute of Laboratory Animal
Resources (1996) and of Yeungnam University for the Care and
Use of Laboratory Animals (2009).

Statistical analysis
Data are presented as themeans� SEM. Statistical analysis was

performed using one-way ANOVA followed by the Student–New-
man–Keuls comparison (GraphPad Prism 5.0 software) for cal-
culating differences between groups. P values <0.05 were consid-
ered statistically significant.

Results
BJ-1301 inhibits angiogenesis by modulating RTK signaling

Considering the previously reported antiangiogenic activity of
vitamin E, we first examined the inhibitory effects of BJ-1301 on
angiogenesis in vitro in HUVECs. We included a-TOH as a refer-
ence compound. HUVECs were treated with BJ-1301 or a-TOH
along with VEGF for 48 and 72 hours, and then cell proliferation
was measured. VEGF-induced proliferation was significantly
inhibited by BJ-1301 in a concentration-dependent manner (Fig.
1B), and the antiproliferative effect of BJ-1301 was greater than
that of a-TOH (Fig. 1B). BJ-1301 alone without VEGF treatment
did not induce viability decrease in endothelial cells (Supple-
mentary Fig. S1A) or HUVEC proliferation (Supplementary Fig.
S1B). To further assess inhibitory effect of BJ-1301 on VEGF-
induced angiogenesis, tube formation assays were performed.
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VEGF-induced endothelial tube formation was significantly
inhibited by BJ-1301 in a concentration- (Supplementary Fig.
S1C, top) and time-dependent (Supplementary Fig. S1D) man-
ner. Similarly, VEGF-induced endothelial invasionwas also inhib-
ited (Supplementary Fig. S1C, bottom). The inhibitory effects of
BJ-1301 on tube formation and invasion were greater than those
of a-TOH at a concentration of 1 mmol/L. Differences in the
antiangiogenic effects of the two compounds correspond to their
inhibitory activities against VEGFR2 tyrosine kinase, the receptor
isoform mediating major growth effects of VEGF (37), as mea-
sured by a KDR kinase activity assay. KDR kinase activity was
inhibited by BJ-1301 and a-TOH (maximally �80% and �30%,
respectively; Fig. 1C). Furthermore, IC50 values for KDR kinase
activitywere estimated to be0.51 and>10mmol/L for BJ-1301 and
a-TOH, respectively (Fig. 1C; Supplementary Table S2), indicat-
ing greater potency of BJ-1301 as an inhibitor of VEGFR2 tyrosine
kinase activity. Consistentwith the inhibitory activities of BJ-1301
anda-TOHonVEGFR2 tyrosine kinase activity, BJ-1301wasmore
efficient at suppressing downstream signaling pathways of
VEGFR2-induced MAPK phosphorylation, p38, ERK1/2, and JNK
than that of a-TOH in HUVECs (Fig. 1D). Similarly, VEGF-
induced cytosolic IkB phosphorylation and NF-kB nuclear trans-
location were significantly suppressed by BJ-1301, with stronger
activity than that of a-TOH at a concentration of 1 mmol/L (Fig.
1E). As observed in HUVEC proliferation, BJ-1301 alone treat-
ment had no effect on basal status of MAPK (Supplementary Fig.
S2A), NF-kB nuclear translocation (Supplementary Fig. S2B), and
ROSproduction inHUVECs (Supplementary Fig. S2C). The in vivo
antiangiogenic activity of a-TOH and BJ-1301was also compared
using CAM assay. VEGF-induced blood vessel formation in
the growing CAM was significantly suppressed by administration
of a-TOH and BJ-1301 (Fig. 1F). The BJ-1301 ID50 was 0.007
pmol/CAM (Supplementary Table S3), which was approximately
200-fold more potent than that of a-TOH (1.1 pmol/CAM).

Next, we examinedwhether BJ-1301 exerts inhibitory effects on
other RTKs, such as PDGFRb and c-KIT, similar to sunitinib that
has been approved to treat several cancers. BJ-1301 significantly
inhibited PDGFRb (Fig. 2A) and c-KIT (Fig. 2B) tyrosine kinases
with IC50 values of 0.45 and 0.38 mmol/L, respectively (Supple-
mentary Table S2). These data indicate that BJ-1301 is a less potent
multi-RTK inhibitor than that of sunitinib (38). To determine
whether the antiangiogenic activities ofa-TOHandBJ-1301 result
in inhibition of tumor growth similar to that of sunitinib, the
compounds were tested in CAMs inoculated with H1299 human
lung cancer cells. Implanted tumor-induced angiogenesis was
significantly suppressed by a-TOH, sunitinib, and BJ-1301 in a
dose-dependent manner; BJ-1301 showed the strongest inhibi-
tory effects (Fig. 2C and D). The implanted tumor growth was
suppressed by the compounds, with BJ-1301 being the most
efficacious (Fig. 2D). Similar antiangiogenic and antitumor activ-
ity of BJ-1301 was also observed in CAMs inoculated with A549
human lung cancer cells (Fig. 2E and F).

BJ-1301 inhibits NOX2 activation and expression
Next, we examined whether the strong antiangiogenic and

antitumor activities of BJ-1301 were associated with its strong
antioxidant activity. Activation of growth factor receptor (e.g.,
VEGFR) upon binding of its ligand (e.g., VEGF) leads to NOX2
activation and subsequent ROS generation (39). To determine
whether the antiangiogenic activity of BJ-1301 is associated with
its antioxidant activity, ROS generated by VEGFweremeasured in

HUVECs; a-TOH, sunitinib, SU4312 (a specific VEGFR2 tyrosine
kinase inhibitor; ref. 40), apocynin (41), and VAS2870 (42) were
included as controls. BJ-1301 inhibited VEGF-induced produc-
tion of ROS in a concentration-dependent manner, and its poten-
cywas better than that ofa-TOH, apocynin, or VAS2870 (Fig. 3A),
but similar to that of sunitinib and SU4312 (IC50 values of 0.151,
0.707, 0.102, 0.120, 21.37, and 5.75 mmol/L for BJ-1301, a-TOH,
sunitinib, SU4312, apocynin, and VAS2870 respectively, Supple-
mentary Table S4). We observed a linear dose–response curve for
a-TOH, whereas BJ-1301 showed a sigmoidal dose–response
curve, indicating that BJ-1301 suppresses ROS formation in a
different manner from that of a-TOH. To determine whether the
inhibitory action of BJ-1301 on ROS production is attributable to
inhibition of NOX activity, we examined whether BJ-1301 inhi-
bits NOX-associated ROS generation using chemical stimulators
of NOX that do not activate VEGFR2. TPA activates NOX through
protein kinase C, whereas geranylgeranyl pyrophosphate (GGPP)
and mevalonate (Mev) directly activate NOX through posttrans-
lational modification of Rac1 (43, 44). BJ-1301 inhibited TPA-
induced superoxide production in a concentration-dependent
manner and was more potent than a-TOH, sunitinib, SU4312,
apocynin, or VAS2870 (Fig. 3C; Supplementary Table S4). Fur-
thermore, BJ-1301 inhibited GGPP- or Mev-induced superoxide
production (Fig. 3D and E) to a greater extent than that ofa-TOH.
To verify the direct inhibitory activity of NOX2 activation by
BJ-1301, membrane translocation of cytosolic components was
examined in HUVECs. In an immunocytochemistry assay,
BJ-1301, but not a-TOH, significantly blocked VEGF- and TPA-
induced Rac1 translocation to the plasmamembrane (Fig. 3F and
G), which was further confirmed by quantitating Rac1 level in the
cytosol andplasmamembrane (Fig. 3H).Western blot results also
show that BJ-1301 inhibits VEGF-induced phosphorylation of
p47phox and its translocation to the membrane in HUVECs in a
concentration-dependent manner (Fig. 3H), whereas a-TOH had
no effect on p47phox phosphorylation or translocation of
p47phox and p67phox. Results from the immunocytochemistry
assay using anti-p67phox antibodies also show that BJ-1301
inhibits VEGF- or TPA-induced translocation (Fig. 3I and J) of
p67phox to the cell membrane in a concentration-dependent
manner. Such inhibition was not observed for a-TOH.

Binding of growth factors to RTK triggers MAPK and NF-kB
activation, leading to upregulation ofmultiple target gene expres-
sion including NOX2. VEGF enhanced the mRNA expression of
NOX2, p47phox, and p67phox, with no changes in p22phox or
p40phox expression in HUVECs, in a time- and concentration-
dependent manner starting as early as 30 minutes after VEGF
treatment (Fig. 4A). Also, VEGF-treated HUVECs induced 4-fold
increase in ROS production within 5 minutes and subsequent
modest increase reaching maximum level at 1 hour (Fig. 4B).
VEGF-induced upregulation of NOX2, p47phox, and p67phox
subunits was blocked by inhibitors of MAPK (SB203580, a p38
inhibitor (45); SP600125, a JNK inhibitor (46); and PD98059, an
ERK inhibitor (47), NF-kB (PDTC) (48), and IkB kinase (BAY-
117085; ref. 49), but not by the activator protein-1 (AP-1)
inhibitor SR11302 (50; Fig. 4C).NOX isoformsweredifferentially
expressed in HUVECs, as shown in copy number measurement of
NOX1, NOX2, and NOX4 mRNAs (Fig. 4D). NOX4 is expressed
more than 100 times thanNOX2, whereasNOX1 expression level
was very low in HUVECs. Treatment with VEGF enhancedNOX2,
but not of NOX1 or NOX4 mRNA expressions, and BJ-1301
suppressed VEGF-inducedNOX2 increase (Fig. 4D). Furthermore,
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Figure 2.

BJ-1301–induced inhibition of multi-RTK suppresses tumor-induced angiogenesis and tumor growth. A and B, The effects of BJ-1301 on PDGFRb (A) and
c-KIT (B) tyrosine kinase activity were compared with those of a-TOH using PDGFRb or c-KIT ADP glow kinase assays. � , P < 0.05 versus vehicle-treated control.
C–F, For measurement of tumor-induced angiogenesis, H1299 (C and D) and A549 (E and F) cells (2 � 106 cells/CAM) were loaded onto each CAM, and the
indicated dose of the compoundswas given at the timeof implantation. After incubating for 5 days, both angiogenesis and tumorgrowth on theCAM tissues shown in
(C and E) were quantified and are expressed as the number of new vessel branches formed and tumor weights (D and F). Tumor masses isolated from CAMs are
shown in the rectangular box. � , P < 0.05 versus vehicle-treated control. #, P < 0.05 versus sunitinib- or a-TOH–treated group.
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Figure 3.

BJ-1301 suppresses VEGF- and TPA-generated ROS via NOX2 inhibition in HUVECs. A–C, VEGF (20 ng/mL)- or TPA (12 ng/mL)-induced ROS in serum-
starved HUVECs were measured by detecting DCF fluorescence using microfluorometry (A, C) and fluorescent microscopy (B). D and E, Superoxide
radical production was measured using a lucigenin chemiluminescence assay. Data points represent the means � SEM of three independent experiments.
� , P < 0.05 versus vehicle-treated control; #, P < 0.05 versus GGPP- or Mev-treated group. F and G, HUVECs were pretreated with the indicated
concentration of BJ-1301 or a-TOH (1 mmol/L) for 1 hour prior to treatment with VEGF or TPA for 5 minutes (confocal microscopy and Western blot analysis).
After drug treatment, cells were stained with anti-Rac antibodies and FITC-conjugated anti-goat IgG. DAPI was used to stain nuclear DNA. Cellular Rac
distribution was visualized using confocal microscopy. Upper, Rac distribution; middle, DAPI; lower, merged Rac and DAPI distributions. H, Protein extracts
from cytosolic and membrane fractions were prepared and analyzed using specific antibodies against phospho-p47phox, p47phox, p67phox, Rac1, and
b-Actin. M, cell membrane; C, cytosol. �, P < 0.05 versus vehicle-treated control; #, P < 0.05 versus VEGF alone. I and J, Confocal microscopy visualization
of p67phox. Upper, p67phox distribution; middle, DAPI; lower, merged p67phox distribution and DAPI.
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BJ-1301 inhibited VEGF-induced upregulation of NOX2,
p47phox, and p67phox mRNA (Fig. 4E) and protein (Fig. 4F)
expressions in HUVECs, which is similar to that observed from
NF-kB and IKK inhibitors. NOX2-selective action of VEGF and BJ-
1301 was further confirmed by immunoblot assay including
positive and negative controls (Supplementary Fig. S3).

BJ-1301 inhibits growth of cisplatin-resistant lung cancer cells
To determine whether NOX2 inhibition by BJ-1301 in cancer

cells leads to altered lung cancer cell proliferation, we examined
A549 (wild-type p53 gene) and H1299 (p53 null) human NSCLC
proliferation in the presence of BJ-1301. a-TOH (a compound
that does not inhibit NOX activity), cisplatin (a component of the

Figure 4.

BJ-1301 blocks VEGF-induced expression of NADPH oxidase subunits through regulation of MAPKs and NF-kB. A, VEGF increased mRNA expression of
NOX2, p47phox, and p67phox, but not p22phox or p40phox, as measured by real-time PCR in a time- and concentration-dependent manner. B, VEGF-treated
HUVECs showed increased superoxide production up until 1 hour as measured by a lucigenin luminescence assay. C, VEGF-induced NADPH oxidase
expressionwas suppressed by pretreatment of cells withMAPK inhibitors such as SB203580 (SB, 20 mmol/L), SP600125 (SP, 20 mmol/L), PD98059 (PD, 20 mmol/L),
PDTC (100 mmol/L), and BAY (10 mmol/L), but not SR11302 (20 mmol/L). D, mRNA copy number of NOX1, NOX2, and NOX4 was calculated in HUVECs
pretreated with BJ-1301 followed by treatment with VEGF (20 ng/mL) for 1 hour using validated quantitative ABI PCR primers with Quantitect Probe PCR mix.
E, mRNA expression of NOX subunits was analyzed by real-time PCR in HUVECs treated with BJ-1301 or a-TOH followed by VEGF for 1 hour. F, Western blot
analyses of VEGF-induced NOX2, p47phox, and p67phox protein expression in HUVECs pretreated with the drugs at an indication concentrations for 1 hour.
Bar graphs represent the means � SEM of three independent experiments. � , P < 0.05 versus vehicle-treated control. #, P < 0.05 versus VEGF alone.
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nontargeted NSCLC chemotherapy regimen), and sunitinib (a
multi-RTK inhibitor and component of targeted NSCLC therapy)
were included as controls. Both A549 (Fig. 5A) and H1299 (Fig.

5B) cells showed resistance to cisplatin (for 72 hours treatment,
IC50¼11.22mmol/L and19.05mmol/L for A549 andH1299 cells,
respectively). a-TOH showed very weak inhibitory effects on

Figure 5.

Inhibitory effects of BJ-1301 on proliferation, intracellular signaling molecule activation, and autocrine growth factor expression in lung cancer cells. A and B, Cancer cells,
A549 (A) and H1299 (B) were starved with medium containing minimum level (0.2%) of serum for 24 hours then stimulated with high level (10%) of serum for
72 hours. Drugs were introduced to the culture simultaneously with serum after starvation. � , P < 0.05 versus vehicle-treated control. C, Superoxide radical production
was measured with a lucigenin luminescence assay in cancer cells pretreated with BJ-1301 or sunitinib 1 hour prior to serum (1%), TPA (12 ng/mL), or VEGF (20 ng/mL)
treatment. Data points represent themeans� SEMof three independent experiments. � , P < 0.05 versus vehicle-treated control, #, P < 0.05 versus stimulus-treated group.
D and E, Phosphorylation of PI3K/Akt and Ras/ERK signaling (D) and target gene product (SCF, TGF-a, and NOX isotypes) expression (E) in A549 and H1299 lung cancer
cells analyzed by Western blot analysis. Bar graphs represent the means � SEM of three independent experiments. � , P < 0.05 versus vehicle-treated control.
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cancer cell proliferation (IC50 values of 74.1 mmol/L and 87.9
mmol/L for A549 and H1299 cells, respectively), while BJ-1301
showed IC50 values of 0.58 and 0.87 mmol/L in A549 and H1299
cells, respectively. Sunitinib showed less potent IC50 values (1.31
and 1.86 mmol/L in A549 and H1299 cells, respectively) than
those of BJ-1301. Interestingly, BJ-1301 inhibited serum (1%)-,
TPA- or VEGF-induced superoxide radical production inA549 and
H1299 cancer cells to a greater extent than that of sunitinib (Fig.
5C). To determine whether the increased inhibition of ROS
production by BJ-1301 (despite the much weaker RTK inhibitory
activity than that of sunitinib) is connected to RTK signal trans-
duction, we examined activation of downstream signaling mole-
cules by phosphorylation in lung cancer cells. BJ-1301 inhibited
phosphorylation of PI3K/Akt and Ras/ERK signaling pathways
downstream of growth factor receptors in A549 and H1299 cells,
and the effects were stronger than those of sunitinib (Fig. 5D).
Consequently, downregulation of RTK downstream targeted
gene expression, including TGF-a (an EFGR ligand) and SCF
(a c-KIT ligand), by BJ-1301 was greater than that of sunitinib in
lung cancer cells (Fig 5E). NOX isoforms were differentially
expressed in two cancer cell lines; NOX1 and p67phox mRNA
levels in A549 cells were higher than H1299, while NOX2,
NOX4, and p47phox mRNA levels were higher in H1299 cells
than in A549 cells (Supplementary Fig. S4; Supplementary
Table S5). As in HUVECs, BJ-1301 treatment downregulated
expression of the major catalytic subunit NOX2 (but not NOX1
or NOX4) in both A549 and H1299 cells to a greater extent than
that of sunitinib (Fig. 5E).

BJ-1301 exhibits better anticancer activity than sunitinib in
mice

To confirm the anticancer activity of BJ-1113 in vivo, we
examined its antitumor effects in mice xenografted with A549
cells and compared them with the effects of a-TOH, sunitinib,
or cisplatin. On the basis of preliminary results showing that
cisplatin (3 mg/kg) treatment is highly toxic in mice, a lower
dose (i.e., 1 mg/kg) was used. BJ-1301 dose-dependently sup-
pressed tumor growth to a greater extent than that of cisplatin
(Fig. 6A). Furthermore, BJ-1301 at a dose of 5 mg/kg inhibited
tumor growth in mice to a greater extent than that of sunitinib at
a dose of 40 mg/kg, with tumor volumes being 80.6% and
tumor weights being 88.9% lower in the BJ-1301–treated group
(mean tumor volume 603 � 38 mm3 and tumor weight 0.70 �
0.15 mg) than those of the vehicle-treated controls (mean
tumor volume 3,110 � 340 mm3 and tumor weight 6.28 �
0.51 mg; Fig. 6A and B). While cisplatin-treated mice showed
progressive losses in body weight (a marker of toxicity), body
weights of BJ-1301–treated mice did not decrease (Fig. 6C),
suggesting a lack of toxicity. BJ-1301 decreased the expression of
TGF-a, SCF, and NOX2 in the tumor tissues in a dose-depen-
dent manner (Fig. 6D).

Discussion
Previous studies have shown that natural or synthetic anti-

oxidants including vitamin E inhibit angiogenesis via inhibit-
ing one of multiple downstream pathways triggered upon RTK
activation (i.e., PI3K/PDK/Akt). In the current study, we report
that BJ-1301 (an aminopyridinol derivative of a-TOH) inhibits
the regulatory network composed of RTK and NADPH oxidase
and thus effectively blocks overall RTK activation and angio-

genesis, presenting a potent and efficacious therapeutic agent
against lung cancer.

Our results show that BJ-1301 and a-TOH inhibit ROS gener-
ation triggered by various stimuli at different efficacy. BJ-1301
inhibited the rise in intracellular ROS level which triggers the
activation of redox-sensitive MAPKs and NF-kB as well as upre-
gulation of NOX2, p47phox, and p67phox expression in both
endothelial cells and lung cancer cells, to a greater extent than
a-TOH did. The higher efficacy of BJ-1301 can be attributed to
different modes of action for inhibiting NADPH oxidase acti-
vation and subsequent ROS generation. Of note, NADPH
oxidase activation requires membrane localization of cytosolic
subunits through either phosphorylation of Rac and p47phox
via VEGF- or TPA-induced phosphokinase C (PKC) activation
(51) or prenylation of Rac by GGPP and Mev (52). a-TOH
blocked ROS production induced by VEGF and TPA, but not
GGPP or Mev, suggesting that a-TOH suppresses the activation
of NADPH oxidase via inhibition of PKC. These results are
consistent with those of previous studies in monocytes and
microglia showing that a-TOH inhibits the assembly and
activation of NADPH oxidase through inhibition of PKC
(53, 54). In contrast, BJ-1301 inhibited ROS production trig-
gered by any of the stimuli (VEGF, TPA, GGPP, and Mev),
suggesting that BJ-1301 inhibits NADPH oxidase activation
suppressing via both p47phox phosphorylation and Rac acti-
vation and translocation. Indeed, results from Western blots
and confocal microscopy showed that BJ-1301 inhibits trans-
location of NADPH oxidase induced by VEGF and TPA. These
effects were obvious starting at the concentration of 0.1 mmol/L,
and the inhibitory effect reached maximum at the concentra-
tion of 1 mmol/L. Although our current study showed that
a-TOH at concentration of 1 mmol/L failed to inhibit translo-
cation of p67phox to cell membrane, it has been shown that
a-TOH could also block p67phox translocation at higher
concentration (100 mmol/L; ref. 55). This further demonstrates
better efficacy of BJ-1301 than that of a-TOH.

Our current results clearly demonstrate that NOX2, but not
NOX1 or NOX4, is the target gene of RTK and NOX activation in
both HUVECs and lung cancer cells. This is in line with our
previous study that the feed-forward effects of NOX2-derived
ROS on induction of NOX2 and other target genes (e.g., matrix
metalloproteinase-7) in colon cancer, leading to a highly meta-
static phenotype (13). The current study also reveals that
decreased NOX2 expression is associated with lower expression
of TGF-a and SCF in lung cancers. TGF-a is a member of the EGF
family. It is excreted to the microenvironment of cancer cells,
binds to EGFR, and activates mitogenic signaling, serving as an
autocrine factor for tumor growth. SCF, a ligand of c-KIT, is
another autocrine factor that has a mitogenic and angiogenic
activity (56). While c-KIT expression is normally restricted in
primitive hematopoietic cells, endothelial cells, and interstitial
cells of Cajal, many carcinoma cells, including lung cancer cells,
express functional c-KIT (57, 58). STI-571 (Gleevec), a c-KIT
inhibitor, suppresses growth of cisplatin-resistant A549 lung
cancer cells, and combination treatment with STI-571 and cis-
platin results in synergistic effects on cytotoxicity in cells (59).
Together, these results indicate that the inhibition of these auto-
crine factors serves as an effective approach to suppress tumor
growth and angiogenesis, by blocking the autoregulatory loop
that is critical for lung tumor growth. Downregulation of NOX2
by BJ-1301 and subsequent suppression of TGF-a and SCF
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expression thus should serve as a promising therapeutic agent
against lung cancer.

Our current results clearly demonstrate that BJ-1301 possesses
inhibitory activity against RTKs (i.e., VEGFR2, PDGFRb, and
c-KIT). Notably, BJ-1301 exhibited better RTK inhibitory activity
as compared with a-TOH, which has an IC50 greater than
10 mmol/L). Interestingly, however, BJ-1301 inhibited prolifera-
tion, signaling molecule activation, and RTK target gene expres-
sion in cisplatin-resistant lung cancer cells to amuch greater extent
than that of sunitinib. These superior effects of BJ-1301 were also
prominent in in vivo tumor models; BJ-1301 treatment (5 mg/kg)
completely blocked NOX2, TGF-a, and SCF expression in
tumor-bearing mice while the inhibition by sunitinib (at 40
mg/kg) was incomplete. The better efficacy of BJ-1301 is
explained in part by its dual inhibition of RTK and NADPH
oxidase. RTK and NADPH oxidase activate each other and
synergistically enhance expression of autocrine factors for
tumor growth (e.g., TGF-a and SCF). Dual inhibition of both
RTK and NADPH oxidase thus inhibit tumor growth more
effectively than the inhibitors of single pathway.

In conclusion, our current results demonstrate that BJ-1301 is a
promising candidate for the management of tumor angiogenesis
and growth via inhibition of RTK and NADPH oxidase activities.
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Figure 6.

Tumor regression effects of BJ-1301 on A549 lung tumor xenografts in nude mice. A and B, BJ-1301, sunitinib, a-TOH, or cisplatin was administered
intraperitoneally to BALB/c nude mice bearing A549 human lung cancer cells (1 � 107 cells/mouse) for 39 consecutive days. In each group, six mice were
used. Subcutaneous A549 lung tumor growth was monitored by measuring tumor size (A). Tumor tissues were isolated and their weights (B) recorded. � , P < 0.05
versus vehicle-treated control mice. C, Unlike cisplatin, treatment with BJ-1301 (5 mg/kg) for 39 days did not alter body weight. D, Protein extracts from
tumor tissues were analyzed for SCF and TGF-a expression. � , P < 0.05 versus vehicle-treated controls.

Gautam et al.

Mol Cancer Ther; 16(10) October 2017 Molecular Cancer Therapeutics2154

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/10/2144/1853535/2144.pdf by guest on 19 M
ay 2023



Grant Support
This work was supported by the Basic Science Research Program through the

National Research Foundation of Korea (NRF) funded by the Korean govern-
ment (MSIP; NRF-2014R1A2A2A01006833 and NRF-2014R1A4A1071040;
through J.A. Kim).

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received December 28, 2016; revised April 18, 2017; accepted May 17, 2017;
published OnlineFirst May 23, 2017.

References
1. Siegel R, NaishadhamD, Jemal A. Cancer statistics, 2013. CA Cancer J Clin

2013;63:11–30.
2. Keedy VL, Temin S, Somerfield MR, Beasley MB, Johnson DH, McShane

LM, et al. American Society of Clinical Oncology provisional clinical
opinion: epidermal growth factor receptor (EGFR) mutation testing for
patients with advanced non–small-cell lung cancer considering first-
line EGFR tyrosine kinase inhibitor therapy. J Clin Oncol 2011;
29:2121–7.

3. Pirker R, Herth FJ, Kerr KM, Filipits M, Taron M, Gandara D, et al.
Consensus for EGFRmutation testing in non-small cell lung cancer: results
from a European workshop. J Thorac Oncol 2010;5:1706–13.

4. Korpanty GJ, Graham DM, Vincent MD, Leighl NB. Biomarkers that
currently affect clinical practice in lung cancer: EGFR, ALK, MET, ROS-1,
and KRAS. Front Oncol 2014;4:204.

5. Suleiman AA, Nogova L, Fuhr U. Modeling NSCLC progression: recent
advances and opportunities available. AAPS J 2013;15:542–50.

6. Babior BM. NADPH oxidase. Curr Opin Immunol 2004;16:42–7.
7. Krause KH. Tissue distribution and putative physiological function of NOX

family NADPH oxidases. Jpn J Infect Dis 2004;57:S28–9.
8. Konior A, SchrammA, Czesnikiewicz-GuzikM, Guzik TJ. NADPHoxidases

in vascular pathology. Antioxid Redox Signal 2014;20:2794–814.
9. Takac I, Schr€oder K, Brandes RP. TheNox family ofNADPHoxidases: friend

or foe of the vascular system? Curr Hypertens Rep 2012;14:70–8.
10. Roy K, Wu Y, Meitzler JL, Juhasz A, Liu H, Jiang G, et al. NADPH oxidases

and cancer. Clin Sci 2015;128:863–75.
11. Hussain SP,Hofseth LJ, Harris CC. Radical causes of cancer. Nat Rev Cancer

2003;3:276–85.
12. Liu L, Rezvani HR, Back JH, Hosseini M, Tang X, Zhu Y, et al. Inhibition of

p38 MAPK signaling augments skin tumorigenesis via NOX2 driven ROS
generation. PLoS One 2014;9:e97245.

13. Banskota S, Regmi SC, Kim JA. NOX1 to NOX2 switch deactivates AMPK
and induces invasive phenotype in colon cancer cells through overexpres-
sion of MMP-7. Mol Cancer 2015;14:1.

14. Okamura N, Sakai T, Nishimura Y, Sakai M, Araki S, Yamaguchi M, et al.
Decavanadate inhibits the cell-free activation of neutrophil NADPH oxi-
dase without affecting tyrosine phosphorylation. Biol Pharm Bull 1999;
22:799–804.

15. Colavitti R, Pani G, Bedogni B, Anzevino R, Borrello S,Waltenberger J, et al.
Reactive oxygen species as downstream mediators of angiogenic signaling
by vascular endothelial growth factor receptor-2/KDR. J Biol Chem
2002;277:3101–8.

16. Paletta-Silva R, Rocco-Machado N, Meyer-Fernandes JR. NADPH oxidase
biology and the regulation of tyrosine kinase receptor signaling and cancer
drug cytotoxicity. Int J Mol Sci 2013;14:3683–704.

17. Anrather J, Racchumi G, Iadecola C. NF-kB regulates phagocytic NADPH
oxidase by inducing the expression of gp91phox. J Biol Chem 2006;
281:5657–67.

18. Luxen S, Belinsky SA, Knaus UG. Silencing of DUOX NADPH oxidases by
promoter hypermethylation in lung cancer. Cancer Res 2008;68:1037–45.

19. Han M, Zhang T, Yang L, Wang Z, Ruan J, Chang X. Association between
NADPH oxidase (NOX) and lung cancer: a systematic review and meta-
analysis. J Thorac Dis 2016;8:1704.

20. Block K, Gorin Y. Aiding and abetting roles of NOX oxidases in cellular
transformation. Nat Rev Cancer 2012;12:627–37.

21. Szatrowski TP, Nathan CF. Production of large amounts of hydrogen
peroxide by human tumor cells. Cancer Res 1991;51:794–8.

22. Monte M, Davel L, de Lustig ES. Hydrogen peroxide is involved in
lymphocyte activation mechanisms to induce angiogenesis. Eur J Cancer
1997;33:676–82.

23. Wells SR, Jennings MH, Rome C, Hadjivassiliou V, Papas KA, Alexander JS.
Alpha-, gamma- and delta-tocopherols reduce inflammatory angiogenesis

in human microvascular endothelial cells. J Nutr Biochem 2010;21:
589–97.

24. Monte M, Davel LE, De Lustig ES. Inhibition of lymphocyte-induced
angiogenesis by free radical scavengers. Free Radic Biol Med 1994;17:
259–66.

25. AbidM, Kachra Z, Spokes KC, AirdWC.NADPHoxidase activity is required
for endothelial cell proliferation and migration. FEBS Lett 2000;486:
252–6.

26. Serbinova E, Kagan V, Han D, Packer L. Free radical recycling and intra-
membranemobility in the antioxidant properties of alpha-tocopherol and
alpha-tocotrienol. Free Radic Biol Med 1991;10:263–75.

27. Suzuki YJ, Tsuchiya M, Wassall SR, Choo YM, Govil G, Kagan VE, et al.
Structural and dynamic membrane properties of alpha-tocopherol and
alpha-tocotrienol: implication to the molecular mechanism of their anti-
oxidant potency. Biochemistry 1993;32:10692–9.

28. McIntyre BS, Briski KP, Gapor A, Sylvester PW. Antiproliferative and
apoptotic effects of tocopherols and tocotrienols on preneoplastic and
neoplastic mouse mammary epithelial cells. Proc Soc Exp Biol Med
2000;224:292–301.

29. Constantinou C, Papas A, Constantinou AI. Vitamin E and cancer: an
insight into the anticancer activities of vitamin E isomers and analogs. Int J
Cancer 2008;123:739–52.

30. Miller ER, Pastor-Barriuso R, Dalal D, Riemersma RA, Appel LJ, Guallar E.
Meta-analysis: high-dosage vitamin E supplementation may increase all-
cause mortality. Ann Intern Med 2005;142:37–46.

31. Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, Gluud C. Antioxidant
supplements for prevention of mortality in healthy participants and
patients with various diseases. Cochrane Libr 2012.

32. NamT-G, Ku J-M, ParkH-G, Porter NA, Jeong BS.New synthetic route toN-
tocopherol derivatives: synthesis of pyrrolopyridinol analogue of
a-tocopherol from pyridoxine. Org Biomol Chem 2011;9:1749–55.

33. Park BC, Park SY, Lee JS, Mousa SA, Kim JT, Kwak MK, et al. The anti-
angiogenic effects of 1-furan-2-yl-3-pyridin-2-yl-propenone are mediated
through the suppression of both VEGF production and VEGF-induced
signaling. Vascul Pharmacol 2009;50:123–31.

34. Gautam J, Banskota S, Regmi SC, AhnS, JeonYH, JeongH, et al. Tryptophan
hydroxylase 1 and 5-HT 7 receptor preferentially expressed in triple-
negative breast cancer promote cancer progression through autocrine
serotonin signaling. Mol Cancer 2016;15:75.

35. Kim JA, Cho KB, Kim MR, Park BC, Kim SK, Lee MY, et al. Decreased
production of vascular endothelial growth factor in adriamycin-resistant
breast cancer cells. Cancer Lett 2008;268:225–32.

36. Regmi SC, Park SY, Ku SK, Kim JA. Serotonin regulates innate immune
responses of colon epithelial cells through Nox2-derived reactive oxygen
species. Free Radic Biol Med 2014;69:377–89.

37. Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L. VEGF receptor
signalling? In control of vascular function. Nat Rev Mol Cell Biol
2006;7:359–71.

38. Kumar R, Crouthamel M, Rominger D, Gontarek R, Tummino P, Levin R,
et al. Myelosuppression and kinase selectivity of multikinase angiogenesis
inhibitors. Br J Cancer 2009;101:1717–23.

39. Heppner DE, HristovaM,Dustin CM,Danyal K, Habibovic A, van der Vliet
A. The NADPH oxidases DUOX1 and NOX2 play distinct roles in redox
regulation of epidermal growth factor receptor signaling. J Biol Chem
2016;291:23282–93.

40. Kim DG, Kang Y, Lee H, Lee EK, Nam T-G, Kim JA, et al. 6-Amino-2, 4, 5-
trimethylpyridin-3-ols: a new general synthetic route and antiangiogenic
activity. Eur J Med Chem 2014;78:126–39.

41. Marin M, Giner RM, Rios JL, del Carmen Recio M. Protective effect of
apocynin in a mouse model of chemically-induced colitis. Planta Med
2013;79:1392–400.

Anticancer Effects of BJ-1301 on Lung Cancer

www.aacrjournals.org Mol Cancer Ther; 16(10) October 2017 2155

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/10/2144/1853535/2144.pdf by guest on 19 M
ay 2023



42. Stielow C, Catar RA, Muller G, Wingler K, Scheurer P, Schmidt HH, et al.
Novel Nox inhibitor of oxLDL-induced reactive oxygen species formation
in human endothelial cells. Biochem Biophys Res Commun 2006;
344:200–5.

43. Park SY, Lee JS, Ko YJ, KimAR, ChoiMK, KwakMK, et al. Inhibitory effect of
simvastatin on the TNF-a-and angiotensin II-induced monocyte adhesion
to endothelial cells is mediated through the suppression of geranylgeranyl
isoprenoid-dependent ROS generation. Arch Pharm Res 2008;
31:195–204.

44. Banskota S,Gautam J, Regmi SC,GurungP, ParkMH,KimSJ, et al. BJ-1108,
a 6-amino-2, 4, 5-trimethylpyridin-3-ol analog, Iihibits serotonin-induced
angiogenesis and tumor growth through PI3K/NOX pathway. PLoS One
2016;11:e0148133.

45. Barancik M, Bohacova V, Kvackajova J, Hudecova S, Breier A. SB203580, a
specific inhibitor of p38-MAPK pathway, is a new reversal agent of P-glyco-
protein-mediated multidrug resistance. Eur J Pharm Sci 2001;14:29–36.

46. Bennett BL, Sasaki DT, Murray BW, O'Leary EC, Sakata ST, Xu W, et al.
SP600125, an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proc
Natl Acad Sci U S A 2001;98:13681–6.

47. Reiners JJ, Lee JY, Clift RE, Dudley DT, Myrand SP. PD98059 is an
equipotent antagonist of the aryl hydrocarbon receptor and inhibitor of
mitogen-activated protein kinase kinase.Mol Pharmacol 1998;53:438–45.

48. Choi M, Hwang YS, Kumar AS, Jo H, Jeong Y, Oh Y, et al. Design and
synthesis of 3, 4-dihydro-2H-benzo [h] chromene derivatives as potential
NF-kB inhibitors. Bioorg Med Chem Lett 2014;24:2404–7.

49. Watamoto T, Egusa H, Sawase T, Yatani H. Screening of pharmacologically
active small molecule compounds identifies antifungal agents against
Candida Biofilms. Front Microbiol 2014;6:1453.

50. Huang C, Ma WY, Dawson MI, Rincon M, Flavell RA, Dong Z. Blocking
activator protein-1 activity, but not activating retinoic acid response

element, is required for the antitumor promotion effect of retinoic acid.
Proc Natl Acad Sci U S A 1997;94:5826–30.

51. Lodewijk V, Leitges M, Altschuler G,Mistry N,Mcdermott A, Jurgen R, et al.
Protein kinase C-b contributes to NADPH oxidase activation in neutro-
phils. Biochem J 2000;347:285–9.

52. Kinsella BT, ErdmanR,MalteseW.Carboxyl-terminal isoprenylationof ras-
related GTP-binding proteins encoded by rac1, rac2, and ralA. J Biol Chem
1991;266:9786–94.

53. Venugopal SK, Devaraj S, Yang T, Jialal I. Alpha-tocopherol decreases
superoxide anion release in human monocytes under hyperglycemic con-
ditions via inhibition of protein kinase C-alpha. Diabetes 2002;51:
3049–54.

54. Wilkinson BL, Landreth GE. The microglial NADPH oxidase complex as a
source of oxidative stress in Alzheimer's disease. J Neuroinflammation
2006;3:30.

55. Egger T, Hammer A, Wintersperger A, Goti D, Malle E, Sattler W. Modu-
lation of microglial superoxide production by a–tocopherol in vitro:
attenuation of p67phox translocation by a protein phosphatasedependent
pathway. J Neurochem 2001;79:1169–82.

56. Lennartsson J, Ronnstrand L. The stem cell factor receptor/c-Kit as a drug
target in cancer. Curr Cancer Drug Targets 2006;6:65–75.

57. DiPaola RS, Kuczynski WI, Onodera K, Ratajczak MZ, Hijiya N, Moore J,
et al. Evidence for a functional kit receptor in melanoma, breast, and lung
carcinoma cells. Cancer Gene Ther 1996;4:176–82.

58. Levina V, Marrangoni A, Wang T, Parikh S, Su Y, Herberman R, et al.
Elimination of human lung cancer stem cells through targeting of the stem
cell factor–c-kit autocrine signaling loop. Cancer Res 2010;70:338–46.

59. Zhang P, GaoWY, Turner S, Ducatman BS. Gleevec (STI-571) inhibits lung
cancer cell growth (A549) and potentiates the cisplatin effect in vitro. Mol
Cancer 2003;2:1.

Mol Cancer Ther; 16(10) October 2017 Molecular Cancer Therapeutics2156

Gautam et al.

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/10/2144/1853535/2144.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




