
SCIENCE CHINA
Life Sciences

•   RESEARCH PAPER   • October 2018   Vol.61   No.10:1243–1253
doi: https://doi.org/10.1007/s11427-

017-9191-1

BCI induces apoptosis via generation of reactive oxygen species
and activation of intrinsic mitochondrial pathway in H1299 lung

cancer cells

Jong-Woon Shin1, Sae-Bom Kwon1, Yesol Bak1, Sang-Ku Lee2 & Do-Young Yoon1*

1Department of Bioscience and Biotechnology, Konkuk University, Seoul 05029, Republic of Korea;
2Targeted Medicine Research Center, Korea Research Institute of Bioscience and Biotechnology (KRIBB), Cheongju 28116, Republic of Korea

Received September 6, 2017; accepted September 26, 2017; published online March 8, 2018

The compound (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one (BCI) is known as an inhibitor of dual
specific phosphatase 1/6 and mitogen-activated protein kinase. However, its precise anti-lung cancer mechanism remains
unknown. In this study, the effects of BCI on the viability of non-small cell lung cancer cell lines NCI-H1299, A549, and
NCI-H460 were evaluated. We confirmed that BCI significantly inhibited the viability of p53(−) NCI-H1299 cells as compared
to NCI-H460 and A549 cells, which express wild-type p53. Furthermore, BCI treatment increased the level of cellular reactive
oxygen species and pre-treatment of cells with N-acetylcysteine markedly attenuated BCI-mediated apoptosis of NCI-H1299
cells. BCI induced cellular morphological changes, inhibited viability, and produced reactive oxygen species in NCI-H1299
cells in a dose-dependent manner. BCI induced processing of caspase-9, caspase-3, and poly ADP-ribose polymerase as well
as the release of cytochrome c from the mitochondria into the cytosol. In addition, BCI downregulated Bcl-2 expression and
enhanced Bax expression in a dose-dependent manner in NCI-H1299 cells. However, BCI failed to modulate the expression
of the death receptor and extrinsic factor caspase-8 and Bid, a linker between the intrinsic and extrinsic apoptotic pathways in
NCI-H1299 cells. Thus, BCI induces apoptosis via generation of reactive oxygen species and activation of the intrinsic pathway
in NCI-H1299 cells.
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INTRODUCTION
Lung cancer is a major cause of death worldwide (Siegel
et al., 2013) and approximately 75% lung cancer patients
die from non-small cell lung cancer (NSCLC) (Jemal et al.,
2011). Most cases are diagnosed at advanced, inoperable
stages (Pastorino, 2010); although surgery and chemothera-
peutics can be employed, most patients eventually succumb
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to death. Therefore, there is an unmet need for the develop-
ment of novel chemotherapeutic agents to prolong the sur-
vival of patients with NSCLC (Ali et al., 2017).
A tumor is a disease state characterized by uncontrolled cell

proliferation and loss of apoptosis. Apoptosis is a genetically
programmed and morphologically distinct form of cell death
process, which may be triggered by a variety of physiolog-
ical and pathological stimuli. Apoptosis is executed by dis-
tinct mechanisms depending upon the apoptotic stimuli and
may be induced by two major pathways: the intrinsic mito-
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chondria-dependent pathway and extrinsic death receptor-de-
pendent pathway (Ali et al, 2017; Liu et al., 2012). To main-
tain the balance between cell proliferation and death, home-
ostasis and apoptosis are programmed by our body system.
Apoptosis is characterized by cell shrinkage and chromatin
condensation and involves a cascade of events, which inac-
tivate critical survival pathways in multicellular organisms.
Inhibition of apoptosis may prevent physiological cell death,
leading to the development and progression of tumor malig-
nancy (Sipieter et al., 2014; Sankari et al., 2012).
Recent studies have revealed apoptosis as an ideal method

for the elimination of cancer cells (Jeong et al., 2010). How-
ever, most cancer cells avoid apoptosis through genetic or
morphological modifications. Defects in the apoptotic ma-
chinery provide a survival advantage to cancer cells and con-
fer resistance to current anticancer therapies. Targeting crit-
ical apoptosis regulators is an attractive cancer therapeutic
strategy (Lu et al., 2008). Therefore, agents that trigger apop-
tosis of tumor cells is the current focus of studies related to
anti-cancer drug discovery (Xiao et al., 2007).
Many chemotherapeutic agents induce mitochondria-tar-

geted apoptosis. The mitochondria-dependent (intrinsic)
pathway is activated from the cell interior in response to
severe stress such as DNA or cytoskeletal damage, decreased
mitochondrial membrane potential, and transcriptional or
post-translation activation of BH3-only pro-apoptotic B-cell
leukemia/lymphoma 2 (Bcl-2) family proteins (Ashkenazi,
2008). The decrease in the membrane potential induces
the release of apoptotic proteins, including cytochrome c,
from the mitochondria into the cytosol (Fulda et al., 2010).
Cytochrome c assembles with apoptotic protease-activating
factor-1 (Apaf-1) to activate caspase 9. As a consequence,
the caspase activates the effector caspases 3, 6, and 7 to carry
out apoptosis (Ashkenazi, 2008).
In this study, we assessed the effects of a chemotherapeutic

agent (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihy-
dro-1H-inden-1-one (BCI), known as an inhibitor of dual
specific phosphatase 1/6 as well as mitogen-activated protein
kinase (MAPK) in human lung cancer cells. We demon-
strated the effects of BCI on apoptosis through the generation
of reactive oxygen species (ROS) and activation of the
intrinsic pathway in NCI-H1299 cells.

RESULTS

BCI inhibits tumorigenic proliferation of NCI-H1299
lung cancer cells in a dose-dependent manner

The   of  BCI  on  the  viability  of  several  cell lines
was determined by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay. We compared the viability of BCI-treated
cells with that of the untreated control cells. Selected lung
cancer cell lines (NCI-H1299, NCI-H460, and A549) were

treated with various concentrations of BCI for different
time periods. As shown in Figure 1, the viability of lung
cancer cells decreased in a dose- and time-dependent man-
ner following treatment with BCI (the structure is shown
in Figure 1A). The cytotoxic effect of BCI was higher in
p53(−) NCI-H1299 cells as compared to NCI-H460 and
A549 cells, which express wild-type p53 (Figure 1B–D).
A549 and NCI-H460 cells were slightly inhibited by a high
concentration of BCI (Figure 1C and D). As the cytotoxic
effect of BCI was significant in p53(−) NCI-H1299 cells,
we used these cells in subsequent experiments to examine
the mechanism underlying BCI-induced apoptosis in lung
cancer.

BCI induces morphological changes and apoptosis in
NCI-H1299 cells

Features of apoptosis include membrane shrinkage, nuclear
fragmentation, and blebbing (Nagata, 2000). Therefore,
we evaluated changes in the cell membrane. Phase-con-
trast microscopy showed that BCI induced cell death and
morphological changes in NCI-H1299 cells in a dose-depen-
dent manner following 24-h treatment (Figure 2A). Upon
apoptosis induction, the lipid phosphatidylserine (PS) was
translocated from the inner to the outer cell membrane via
a flip-flop movement. Annexin V, a calcium-dependent
protein, is known to bind to PS with high affinity (Sankari
et al., 2012). Therefore, we performed annexin V-fluores-
cein isothiocyanate (FITC)/propidium iodide (PI) staining
to evaluate changes in the orientation of PS. Annexin
V-FITC/PI staining is generally used to detect apoptosis.
In comparison with the control cells, NCI-H1299 cells
treated with 1.25–5 μmol L−1 BCI for 24 h showed a dramat-
ically increased population of apoptotic cells, indicative of
BCI-mediated apoptosis in NCI-H1299 cells (Figure 2B).

BCI increases sub-G1 population of cells

Cell cycle dysregulation is a major feature of cancer cells.
Therefore, we examined whether BCI could regulate cell cy-
cle progression in NCI-H1299 cells. We assessed cell cy-
cle progression by flow cytometry. The sub-G1 population
contains hypodiploid fragmented DNA, a distinguishing fea-
ture of apoptosis. As shown in Figure 3A and B, BCI-treated
NCI-H1299 cells showed increased accumulation in sub-G1
phase as compared with the non-treated control cells. How-
ever, BCI treatment failed to show any significant alteration
in the expression of factors related to cell cycle, such as cy-
clin D1, cyclin E, and cyclin A (Figure 3C). Interestingly, the
expression level of p21 decreased with an increase in BCI
concentration (Figure 3D). As expected, Western blot analy-
sis revealed the absence of p53 expression in p53-knockout
NCI-H1299 cells. Together, these results show that BCI dra-
matically increased sub-G1 populations but failed to signifi-
cantly increase cell population in G0/G1, S, and G2 phases.
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Figure 1         (Color online) Effects of BCI on the viability of human NSCLC cell lines. Cytotoxic effects of BCI on lung cancer cell lines NCI-H1299 (A),
NCI-H460 (B), A549 (C) cells were evaluated. These cells were treated for 24–48 h with various concentration of BCI. Cell viability was determined by MTS
assay. Data are presented as the mean±SE (n=3). P<0.05 with one-way ANOVA; *, P<0.05, **, P<0.01 with Tukey’s HSD test for untreated cells versus
BCI-treated cells at indicated concentrations in each cell line.

Figure 2         (Color online) Effects of BCI on apoptosis in NCI-H1299 lung cancer cells. A, Microscopic images of NCI-H1299 cells treated with BCI for
24 h. The photographs were taken under phase-contrast microscope at a magnification of 100×. BCI induced morphological changes in NCI-H1299 cells. B,
After treatment with the indicated concentrations of BCI for 24 h, NCI-H1299 cells were stained with annexin V-FITC/PI.

BCI activates the intrinsic pathway by regulating Bcl-2
family

Apoptosis is induced through two distinct signaling path-

ways; the death receptor pathway is typically triggered by
ligation of death receptors such as Fas or tumor necrosis
factor receptor. These death receptors recruit Fas-associated
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Figure 3         (Color online) Effects of BCI on cell cycle progression in NCI-H1299 lung cancer cells. The cells were treated with 0–5 μmol L−1 BCI for 24 h. Fol-
lowing treatment, cells were fixed and stained with PI. A, Cell cycle profiles of BCI-treated NCI-H1299 cells. B, The population of cells in various phases of
cell cycle. Data are presented as the mean±SE (n=3). P<0.05 with one-way ANOVA; *, P<0.05, **, P<0.01 with Tukey’s HSD test for untreated cells versus
BCI-treated cells at indicated concentrations. C, Western blot of cell cycle regulatory factors. GAPDH was used as an internal control.

protein with death domain (FADD) and procaspase-8 to form
a death-inducing signaling complex (DISC), leading to the
proteolytic activation of caspase-8. Activated caspase-8 may
not only directly activate downstream caspase-3 but also
cleave Bid to truncated Bid (tBid), which in turn activates the
mitochondrial pathway (Li et al., 1998). BCI downregulated
or failed to affect the levels of death receptors and their lig-
ands such as DR3, DR5, DR6, FADD, TRAIL, TRADD, and
Fas and showed no significant effect on caspase-8 (Figure 4A
and B). These data suggest the noninvolvement of the extrin-
sic pathway in BCI-induced apoptosis. Next, we investigated
whether the intrinsic pathway was involved in BCI-induced
apoptosis. Mitochondrial dysfunction is the most important
factor in the intrinsic pathway. The intrinsic pathway in-
volves the release of mitochondrial cytochrome c into the
cytosol. Once released, cytochrome c combines with apop-
totic protease activating factor 1 (Apaf-1) and procaspase-9
to form apoptosome in the presence of ATP, resulting in the
activation of caspase-9 and caspase-3 (Li et al., 1997). To
confirm the important role of Bcl-2 family members in con-
trolling the release of cytochrome c from the mitochondria,
we performed Western blot analysis in NCI-H1299 cells.
Upon apoptosis induction, the pro-apoptotic protein Bax was
activated; in contrast, anti-apoptotic Bcl-2, but not Bcl-xL,
was inhibited by BCI treatment in NCI-H1299 cells (Figure
4C). Imbalance in the expression of pro- and anti-apoptotic
proteins is associated with cell death (Yang et al., 2003). As

the collapse of mitochondria membrane potential (MMP) is
a characteristic feature of the intrinsic pathway, the effect of
BCI on MMP level was also examined by flow cytometry
of JC-1-stained NCI-H1299 cells. While JC-1 aggregation
is a feature of healthy cells, apoptotic cells often display
JC-1 monomers. As shown in Figure 4D, MMP levels in
NCI-H1299 cells treated with various concentrations of
BCI were significantly right-shifted compared to those in
control cells. Thus, levels of MMP decreased following BCI
treatment in NCI-H1299 cells. To further confirm the release
of mitochondrial cytochrome c into the cytosol, Western blot
was performed using the cytosolic fraction of NCI-H1299
cells. As shown in Figure 4E, cytochrome c was released
into the cytosol. Taken together, these results indicate that
BCI induced apoptosis via the intrinsic pathway.

Effects of BCI on apoptosis-related factors in NCI-H1299
cells

To further investigate the mechanism underlying BCI-in-
duced apoptosis, we performed Western blot analysis for
the evaluation of apoptosis-related factors. A family of
cysteine proteases known as caspases mediates apoptosis in
mammalian cells (Alnemri et al., 1996). To maintain the
apoptotic program under control, caspases were expressed
in cells as inactive pro-caspases. During apoptosis, initiator
caspases such as caspase-9 and caspase-8 may be activated
by cleavage. Furthermore, these caspases cleave the precur-
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Figure 4         (Color online) Effects of BCI onMMP in NCI-H1299 lung cancer cells. Western blot of cytochrome c was performed using NE-PER. Briefly, 1.5×105
NCI-H1299 cells were treated with indicated concentration of BCI for 24 h. A and B, BCI failed to modulate death receptors and extrinsic factors, caspase-8
and Bid. C, Western blot analysis of the pro-apoptotic factors Bax and anti-apoptotic factors Bcl-xL and Bcl-2 in NCI-H1299 cells following BCI treatment. D,
Histogram profiles of JC-1 aggregation (FL-1, green) were obtained using flow cytometry. E, Fractionations of NCI-H1299 cells were prepared using NE-PER
nuclear cytoplasmic extraction reagent kit (Thermo, USA). Samples were normalized for the protein concentration with the Bradford assay and GAPDH. A total
of 50 μg of each cytoplasmic sample was analyzed by Western blot. Cytochrome c release was increased following BCI treatment in a dose-dependent manner.

sor forms of effector caspases such as caspase-6, caspase-7,
and caspase-3 (Cryns and Yuan, 1998; Salvesen and Dixit,
1997). In Figure 5A, caspase-9, which forms assembled
apoptosome with Apaf-1 and cytochrome c, was cleaved
by BCI in NCI-H1299 cells. In addition, BCI treatment
increased caspase-3 cleavage, followed by subsequent cleav-
age of poly ADP-ribose polymerase (PARP) (Figure 5A).
The cleaved PARP is a major characteristic of programmed
cell death (Alnemri et al., 1996). We elucidated whether BCI
would induce apoptosis in NCI-H460 and A549 cell lines,
which express wild-type p53 gene. However, BCI did not
induce apoptosis in NCI-H460 and A549 cells (Figure S1 in
Supporting Information). In order to confirm whether BCI
would induce apoptosis mediated via p53 or not, transfection
of p53 siRNA into NCI-H460 showed no cleaved forms of
caspase 3 and PARP, suggesting that BCI induces p53 inde-
pendent apoptosis (Figure S2 in Supporting Information). To
confirm caspase-dependent apoptosis, we performedWestern
blot analysis using Z-VAD-FMK, a pan-caspase inhibitor.
As shown in Figure 5B, pre-treatment with Z-VAD-FMK
prevented BCI-induced cleavage of PARP and caspases such
as caspase-3 and caspase-9. In summary, these results show
that BCI induced caspase-dependent apoptosis.

BCI treatment produces ROS and N-acetylcysteine
(NAC) reduces BCI-induced apoptotic effects in
NCI-H1299 cells

It has been reported that the increase in ROS production may
induce caspase activation, resulting in the induction of apop-
tosis (Han et al., 2017). We investigated the effects of BCI
on ROS-related factors by reverse transcription polymerase
chain reaction (RT-PCR) and quantitative PCR (qPCR). PCR
analyses revealed that superoxide dismutase 2 (SOD2) and
catalase, anti-apoptotic and ROS scavenger proteins, were
dramatically decreased by BCI in NCI-H1299 cells, while
other ROS scavenger proteins such as thioredoxin and perox-
iredoxin-1 were unaltered (Figure 6A and B). Furthermore,
we used 2′,7′-dichlorofluorescin diacetate (DCF-DA) to in-
vestigate ROS production in the presence of BCI and found
that the generation of ROS was increased following treat-
ment of NCI-H1299 cells with BCI in a dose-dependent man-
ner (Figure 6C). To investigate whether ROS would affect
cell viability, NCI-H1299 cells were pre-treated with NAC
(ROS scavenger). In comparison with the BCI-treated group,
NAC-treated group showed a dramatic recovery in cell via-
bility. These results suggest that enhanced ROS played an
important role in BCI-induced apoptosis.
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Figure 5         Effects of BCI on apoptosis-related factors in NCI-H1299 cells. NCI-H1299 cells were treated with BCI for 24 h. A, Western blot analysis of caspase
9, caspase 3, and PARP. GAPDH was used as an internal control. B, Effects of caspase inhibitors in BCI-treated NCI-H1299 cells. The cells were pretreated
with the pan-caspase inhibitor Z-VAD-FMK (20 μmol L−1) for 3 h, followed by their treatment with BCI for 24 h.

Figure 6         BCI treatment produces ROS and NAC reduces BCI-induced apoptotic effects in NCI-H1299 cells. The cells were treated with BCI for 24 h and
the mRNA levels of SOD2 (A and B) and other anti-oxidant enzymes were assessed by RT-PCR. C, BCI treatment resulted in ROS generation in NCI-H1299
cells, as detected by fluorescence microplate reader. D, NAC pre-treatment increased the cell viability. Data were presented as the mean±SE (n=3). P<0.05
with one-way ANOVA; *, P<0.05, **, P<0.01 with Tukey’s HSD test for untreated cells versus BCI-treated cells at indicated concentrations.

DISCUSSION

The compound BCI is a cell-permeable cyclohexylamino-
indenone that acts as an allosteric inhibitor against MAPK
phosphatase activity of dual specificity protein phosphatase
(DUSP) 1/6. The phosphorylation of extracellular signal-reg-
ulated kinase (ERK) is enhanced in HeLa cells overexpress-
ing human DUSP1 and DUSP6. BCI blocks DUSP6 activ-
ity and enhances the expression of target genes of fibroblast

growth factor in Zebrafish embryos. In vitro studies support
a model, wherein BCI inhibits DUSP6 catalytic activation by
ERK2 substrate binding (Molina et al., 2009). How BCI in-
duces apoptosis in lung cancer cells is, however, still ques-
tionable. Therefore, we evaluated the mechanism underlying
BCI-mediated apoptosis.
The main purpose of our study was to confirm the anti-can-

cer effect and associated mechanisms of BCI in human
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lung cancer cells. We investigated the anti-cancer effects
of BCI in NCI-H1299 cells and found that BCI inhibited
tumor growth by ROS generation and induced apoptosis in
NCI-H1299 cells in a dose-dependent manner via caspase
activation and PARP cleavage (Figures 2A and 5A and B).
As shown in Figure 1A–C, the anti-cancer effect of BCI
was higher in NCI-H1299 cells as compared to NCI-H460
and A549 cells, which express wild-type p53 gene. Hence,
we used NCI-H1299 cells for the subsequent experiments.
We investigated whether p53 plays essential roles in the
cytotoxic effect of BCI. NCI-H460 and A549 cells were
transfected with p53 siRNA, followed by their treatment
with BCI for 24 h. BCI had no effect on p53(+) lung cancer
cells transfected with p53 siRNA (Figure S2 in Supporting
Information) (Bak et al., 2011). These results demonstrate
that p53 played no role in BCI-induced cytotoxicity, sug-
gestive of the involvement of other factors in BCI-induced
cytotoxicity. In addition, we evaluated the cytotoxic mech-
anism of BCI against NCI-H1299 cells. Previous studies
have indicated that oxidative stress plays an important role
in regulating apoptosis in tumor cells. Apoptosis may be in-
duced by chemotherapeutic agents via enhancement in ROS
generation and perturbation of redox homeostasis (Dixit et
al., 2009; Dixit et al., 2014).
Apoptosis is induced by two major pathways: intrinsic and

extrinsic pathways. The intrinsic pathway is associated with
mitochondrial membrane permeabilization and cytochrome c
release from the mitochondria into the cytosol (Kroemer et
al., 1998; Mignotte and Vayssiere, 1998). In the cytosol,
cytochrome c assembles into the apoptosome with Apaf-1
and caspase-9. The activated caspase-9 is an effector cas-
pase (Rodriguez and Lazebnik, 1999). The extrinsic pathway
receives signals through the binding of the extracellular re-
ceptor ligand to pro-apoptotic death receptors located on the
cell surface (Ashkenazi and Dixit, 1998). Death receptors
along with the ligand formDISC composed of death receptor,
FADD, and caspase-8 (Kischkel et al., 1995). These DISCs
promote a downstream signaling cascade, resulting in apop-
tosis induction (Algeciras-Schimnich et al., 2003; Lavrik et
al., 2005; Wilson et al., 2009). The imbalance between anti-
apoptotic proteins such as Bcl-xL and Bcl-2 and pro-apop-
totic proteins such as Bax and Bad determines the fate of cells
(van Gurp et al., 2003). Mitochondria play an important role
in death signal amplification and transduction of the apoptotic
response. An important role of mitochondria in apoptotic
signaling is to translocate cytochrome c from the mitochon-
drial inner membrane into the cytosol. Upon its release, cy-
tochrome c together with Apaf-1 activates caspase-9, which
in turn activates caspase-3 (Kroemer and Reed, 2000). The
release of cytochrome c and cytochrome c-mediated apopto-
sis is regulated by Bcl-2 family members such as Bcl-2 and
Bax, which are important regulators. In response to a variety
of anticancer drugs, Bax translocates to the mitochondria and

binds to the mitochondria membrane, allowing the release of
cytochrome c (Li et al., 2012). However, Bcl-2 prevents cy-
tochrome c efflux by binding to the mitochondria membrane
and forming a heterodimer with Bax, resulting in the neutral-
ization of pro-apoptotic effects (Huang et al., 2006). Thus,
the balance between Bcl-2 and Bax is important for deter-
mining cell fate, including survival and death. We found that
BCI treatment increased the ratio of Bax/Bcl-2. These results
may be important in BCI-induced apoptosis.
The process of BCI-induced apoptosis involved activation

of caspase-3 and caspase-9, and treatment with a pan-caspase
inhibitor markedly prevented BCI-induced cell apoptotic ef-
fects. Therefore, BCI-induced apoptosis depends on the ac-
tivation of caspases, in particular, caspase-3 and caspase-9
(Figure 5B). However, BCI treatment failed to promote acti-
vation of caspase-8 or its upstream molecules such as FasL
and Fas. Taken together, BCI activates apoptosis through
the intrinsic pathway but not the extrinsic pathway. Apop-
tosis and cell cycle arrest are considered as the major reasons
for the inhibition of cell proliferation (King and Cidlowski,
1998). During cell division, the cells in G2/M phase contain
more DNA than those in G0/G1 phase. Cells in Sub-G1 phase
have hypodiploid fragmented DNA, which is an important
marker of apoptosis (Karna et al., 2011). Cyclins such as cy-
clin D1, A, and E promote cell cycle progression. Moreover,
each cyclin is involved in a specific phase of the cell cycle
(Evans et al., 1983). PI is an intercalating agent that can pen-
etrate the cell membrane of only dead cells, thereby distin-
guishing these cells from the living cells (Moore et al., 1998).
Our results suggest that BCI treatment failed to induce cell
cycle arrest but increased sub-G1 populations in NCI-H1299
cells. To determine whether BCI induces cell death, we per-
formed the annexin V-FITC/PI staining. Apoptosis induction
results in the flip-flop of lipid molecules on the surface of the
cell, followed by the binding of annexin V to the cell surface
(Vermes et al., 1995). BCI-treated cells showed significant
level of apoptosis compared to untreated cells.
In conclusion, BCI has significant anti-cancer effects

against lung cancer cells and increases sub-G1 populations
in NCI-H1299 cells (Figure 3A and B). BCI enhanced ROS
level and induced an imbalance in Bcl-2 family proteins
such as Bcl-2, Bax, and MMP, leading to apoptosis via the
intrinsic pathway (Figure 6).
Taken all data, BCI enhanced the level of cellular reactive

oxygen species, and also inhibited anti-oxidant enzymes such
as SOD2 and catalase in NCI-H1299 cells. BCI induced pro-
cessing of caspase-9, caspase-3, and poly ADP-ribose poly-
merase as well as the release of cytochrome c from the mito-
chondria into the cytosol. In conclusion, BCI induces apopto-
sis via generation of reactive oxygen species and activation of
the intrinsic pathway such as downregulation of Bcl-2 expres-
sion and enhanced Bax in NCI-H1299 cells. This is the first
study to demonstrate the molecular mechanism of BCI-me-
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diated inhibition of lung cancer cell proliferation. Thus, BCI
may serve as a potential therapeutic agent for the treatment
of human lung cancer (Figure 7).

MATERIALS AND METHODS

Reagents

The stock solution of BCI (200 mmol L−1) in dimethyl sul-
foxide (DMSO) was stored in the dark at 4°C and diluted
in Roswell Park Memorial Institute (RPMI)-1640 medium
immediately before use. CellTiter 96 AQueous One Solution
Cell Proliferation Assay Reagent (MTS) was purchased
from Promega (USA) and PI, from Sigma-Aldrich (USA).
NE-PER nuclear and cytoplasmic extraction reagents were
obtained from Pierce (USA). Antibodies specific to PARP,
caspase-3, caspase-8, caspase-9, p53, Bcl-2, Bcl-xL, Bax,
Bid and cytochrome c were procured from Cell Signaling
Technology (USA). The anti-rabbit IgG horseradish peroxi-
dase (HRP)-conjugated secondary antibody, anti-mouse IgG
HRP-conjugated secondary antibody, and BCI were supplied
by Millipore (USA). Antibodies specific to p27, p21, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
purchased from Santa Cruz Biotechnology (USA). JC-1
(5,50,6,60-tetrachloro-1,10,3,30-tetraethyl benzimidazoly-
carbocyanine chloride) was obtained from Enzo (USA).

General caspase inhibitor Z-VAD-FMK was supplied by
R&D Systems (USA) and the FITC-Annexin V apoptosis
detection kit I, by BD Biosciences (USA). DCF-DA was
procured from Abcam (UK) and siRNA p53, from ST Pharm
(Korea).

Cell lines

Human NSCLC cell lines, including human lung adenocar-
cinoma cell line A549, human lung adenocarcinoma cell line
NCI-H1299, and human large cell lung carcinoma cell line
NCI-H460, were purchased from the American Type Culture
Collection (USA). Cells were cultured in RPMImedium (Ko-
rea) containing 10% (v/v) heat-inactivated fetal bovine serum
(USA). Cells were incubated at 37°C in an atmosphere of 5%
CO2/95% air with saturated humidity.

Cell viability assays

Cell viability was assessed by the MTS dye reduction
assay, which measures mitochondrial respiratory func-
tion. Lung cancer cells were seeded (1×104 cells mL−1) in
100 μL medium/well in 96-well plates, incubated overnight,
and treated with various concentrations of BCI for 24 h. Cell
viability was calculated by assessing MTS metabolism, as
previously reported (Bak et al., 2013). Briefly, media sam-
ples (100 μL)  were removed and incubated with 100 μL  of

Figure 7         (Color online) Schematic representation of potential BCI-induced apoptotic pathway in NCI-H1299 cells. BCI enhances ROS level, inhibits anti-
oxidant enzymes such as SOD2 and catalase and induces an imbalance between Bcl-2 family proteins such as Bcl-2, Bax, and MMP, leading to apoptosis via
intrinsic pathway. BCI also induced processing of caspase-9, caspase-3, and PARP as well as the release of cytochrome c from the mitochondria into the cytosol.
In conclusion, BCI induces apoptosis via generation of reactive oxygen species and activation of the intrinsic pathway via induction of an imbalance between
Bcl-2 family proteins such as Bcl-2 and Bax in NCI-H1299 cells. The arrows symbolize the activation of the signal pathways; the closed lines symbolize the
repression of the signals.
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MTS-PMS mix solution for 1 h at 37°C. Optical absorbance
was measured at 492 nm wavelength using an enzyme-linked
immunosorbent assay reader (Apollo LB 9110, Berthold
Technologies GmbH & Co. KG, Germany). p53 siRNA was
purchased from ST pharm (Korea).

Annexin V and PI staining

NCI-H1299 lung cancer cells (1.5×105 cells mL−1) were
seeded into 60 mm culture dishes and incubated overnight.
Cells were treated with BCI for 24 h, harvested using
trypsin-ethylenediaminetetraacetic acid (EDTA), and washed
with phosphate-buffered saline (PBS). Annexin V and PI
staining were performed using FITC-Annexin V apoptosis
detection kit I according to the manufacturer’s instructions.
Data were analyzed by flow cytometry using a FACSCalibur
instrument and CellQuest software (BD Biosciences).

Cell cycle analyses by flow cytometry

Cell cycle analysis was performed by PI staining and flow cy-
tometry. NCI-H1299 cells (1.5×105 cells mL−1) were seeded
into 60 mm culture dishes and treated with various concen-
trations of BCI for 24 h. Cells were harvested with trypsin-
EDTA and fixed with 80% ethanol. Next, the cells were
washed twice with cold PBS and centrifuged to discard the
supernatant. The pellet was resuspended and stained with
PBS containing 50 μg mL−1 PI and 100 μg mL−1 RNase A for
20 min in the dark. DNA content was analyzed by flow cy-
tometry using a FACSCalibur instrument and CellQuest soft-
ware.

Western blot analysis

Cells were treated with the specified concentrations of BCI
for 24 h, harvested, washed with PBS, and recentrifuged
(1,890×g, 5 min, 4°C). The resulting cell pellets were re-
suspended in lysis buffer containing 50 mmol L−1 Tris (pH
7.4), 1.5 mol L−1 sodium chloride, 1 mmol L−1 EDTA, 1%
NP-40, 0.25% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), and a protease inhibitor cocktail. The cell
lysates were incubated on ice for 1 h and clarified by cen-
trifugation at 17,010×g for 30 min at 4°C. Protein content
was quantified by the Bradford assay (Bio-Rad, USA) using
an UV spectrophotometer. Cell lysates were separated by
12%–15% SDS polyacrylamide gel electrophoresis. Proteins
were transferred onto polyvinylidene difluoride membranes
(Millipore), which were blocked in 5% non-fat dried milk
dissolved in Tris-buffered saline containing Tween-20
(2.7 mol L−1 sodium chloride (NaCl), 53.65 mmol L−1 potas-
sium chloride (KCl), 1 mol L−1 Tris-HCl, pH 7.4, 0.1%
Tween-20) for 1 h at room temperature. The membranes
were incubated overnight at 4°C with specific primary anti-
bodies. After washing, the membranes were incubated with
the secondary antibodies (HRP-conjugated anti-rabbit or
anti-mouse IgG) for 1 h at room temperature. The blots were

washed and analyzed using West-queen and Western blot
detection system (iNtRON Biotechnology, Seongnam, South
Korea).

Nuclear and cytoplasmic fractionation

Cells treated with BCI were collected and fractionated us-
ing NE-PER nuclear and cytoplasmic extraction reagents
(Thermo Fisher Scientific Inc., USA) according to the
manufacturer’s instruction. Briefly, the treated cells were
harvested with trypsin-EDTA and centrifuged at 500×g for
3 min. The cell pellet was suspended in 200 μL cytoplas-
mic extraction reagent I by vortexing. The suspension was
incubated on ice for 10 min, followed by the addition of
11 μL of a second cytoplasmic extraction reagent II. The
reaction was vortexed for 5 s, incubated on ice for 1 min, and
centrifuged for 5 min at 16,000×g. The supernatant fraction
was transferred to a pre-chilled tube. The insoluble fraction
was resuspended in 100 μL nuclear extraction reagent by
vortexing for 15 s. The reaction tube was incubated on ice
for 10 min and centrifuged for 10 min at 16,000×g. The
resulting supernatant constituting the nuclear extract was
used for the subsequent experiments.

Analysis of MMP

We evaluated MMP (Δψm) by JC-1 staining and flow cytom-
etry. NCI-H1299 cells were seeded into 60 mm culture dishes
(1.5×105 cells mL−1) and treated with various concentrations
of BCI. Cells were harvested with trypsin-EDTA and trans-
ferred into 1.5 mL tubes. JC-1 (5 μg mL−1) was added to the
cells and mixed until it was completely dissolved, followed
by incubation of cells in the dark for 10 min at 37°C in an
incubator. The cells were centrifuged (300×g, 5 min, 4°C),
washed twice with PBS, and resuspended in 200 μL PBS.
The solutions were divided using a FACSCalibur instrument
and analyzed by Cell Quest software. The protocol was per-
formed in minimal light.

RT-PCR

Cells treated with BCI were harvested. RNA was ex-
tracted using an easy-BLUETM total RNA extraction kit
(iNtRon Biotechnology, Korea) according to the man-
ufacturer’s instructions. cDNA products were obtained
using M-MuLV reverse transcriptase (New England Bio-
labs, USA). Each sample contained one of the following
primer sets: FAS, 5′-AGGGATTGGAATTGAGGAAG-3′
(forward), 5′-ATGGGCTTTGTCTGTGTACT-3′ (re-
verse); TRAIL, 5′-GTCTCTCTGTGTGGCTGTAA-3′
(forward), 5′-TGTTGCTTCTTCCTCTGGCT-3′ (re-
verse); GAPDH, 5′-GGCTGCTTTTAACTCTGGTA-3′
(forward), 5′-TGGAAGATGGTGATGGGATT-3′ (re-
verse); DR5, 5′-CAGAGGGATGGTCAAGGTCG-3′
(forward), 5′-TGATGATGCCTGATTCTTTGTGG-3′
(reverse); DR6, 5′-TGCAGTATCCGGAAAAGCTC-3′
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(forward), 5′-TCTGGGTTGGAGTCATGGAT-3′ (re-
verse); DR3, 5′-CTACTGCCAACCATGCCTAG-3′ (for-
ward), 5′-TCGCCATGTTCATAGAAGCC-3′ (reverse);
FADD, 5′-GGGGAAAGATTGGAGAAGGC-3′ (for-
ward), 5′-CAGATTCTCAGTGACTCCCG-3′ (reverse);
TRADD, 5′-CTATTGCTGAACCCCTGTCC-3′ (for-
ward), 5′-AGAATCCCCAATGATGCACC-3′ (reverse);
SOD2, 5′-TATAGAAAGCCGAGTGTTTCCC-3′ (for-
ward), 5′-GGGATGCCTTTCTAGTCCTATTC-3′ (reverse);
catalase, 5′-GGGATCTTTTAACGCCATT-3′ (forward),
5′-CCAGTTTACCAACTGGATG-3′ (reverse); peroxire-
doxin-1, 5′-GCTTTCAGTGATAGGGCAGA-3′ (forward),
5′-AAGACCCCATAATCCTGAGC-3′ (reverse); thiore-
doxin, 5′-GAAGCTCTGTTTGGTGCTTTG-3′ (forward),
5′-CTCGATCTGCTTCACCATCTT-3′ (reverse).

Caspase inhibitor assay

The apoptosis mechanism was analyzed using caspase
inhibitors. NCI-H1299 cells (1.5×105 cell mL−1) were
seeded in 60 mm cell culture dishes and treated
with 20 μmol L−1 pan-caspase inhibitors. After 3 h,
5 μmol L−1 BCI was added to each plate. After 24 h, the
cells were harvested and used for Western blot analyses.

Detection of intracellular levels of ROS

We used DCF-DA cellular ROS detection assay kit (Ab-
cam, UK) to detect the accumulation of intracellular
ROS in NCI-H1299 cells. Briefly, NCI-H1299 cells
(2×104 cells well −1) were seeded into dark 96-well plates
and incubated for 24 h. The cells were stained with
25 μmol L−1 DCF-DA for 45 min and treated with various
concentrations of BCI (0, 1.25, 2.5, and 5 μmol L−1) for
24 h. The fluorescence intensity of each well was quantified
with a fluorescence microplate reader (Gemini EM, Molec-
ular Devices, USA) at Ex/Em=485/538 nm. The experiments
were performed at least thrice.
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