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Abstract

Butein, a member of the chalcone family, is a potent anticarcinogen against multiple cancers, but its
specific anti-NSCLC mechanism remains unknown. The present study examined the effects of
butein treatment on NSCLC cell lines and NSCLC xenografts. Butein markedly decreased NSCLC
cell viability; inhibited cell adhesion, migration, invasion, and colony forming ability; and induced cell
apoptosis and G2/M phase arrest in NSCLC cells. Moreover, butein significantly inhibited PC-9
xenograft growth. Both in vivo and in vitro studies verified that butein exerted anti-NSCLC effect
through activating endoplasmic reticulum (ER) stress-dependent reactive oxygen species (ROS)
generation. These pro-apoptotic effects were reversed by the use of 4- phenylbutyric acid (4-PBA),
CHOP siRNA, N-acetyl-L-cysteine (NAC) and Z-VAD-FMK (z-VAD) in vitro. Moreover, inhibition
of ER stress markedly reduced ROS generation. In addition, in vivo studies further confirmed that
inhibition of ER stress or oxidative stress partially abolished the butein-induced inhibition of tumor
growth. Therefore, butein is a potential therapeutic agent for NSCLC, and its anticarcinogenic
action might be mediated by ER stress-dependent ROS generation and the apoptosis pathway.
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Introduction

The morbidity and mortality rate of lung cancer
both rank the first in all kinds of malignant tumors
worldwide. Recently, although tremendous advances
have been made in lung cancer therapy, such as the
development of targeted therapies, less than 20%
patients can survive more than 5 years (1). Lung
cancer mainly consists of lung adenocarcinoma,
squamous cell carcinoma, large cell carcinoma,
adenosquamous carcinoma and small cell lung
cancer, with the adenocarcinoma being the most
diagnosed subtype (2). Considering the high mortality

rate and the unsatisfactory treatment outcomes of
non-small-cell lung cancer (NSCLC), greater efforts
should be made to investigate the underlying
mechanisms of NSCLC and to develop new
anti-NSCLC agents. Recently, butein has drawn
increasing attention for its satisfying anticancer effect
and slight side effect.

Butein, or 3,4,2",4'-tetrahydroxychalcone, is a
polyphenol that can be isolated from many kinds of
Chinese herbal medicine (3). Butein belongs to the
chalcone family of flavonoids. Chalcones and their
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derivatives are known to have numerous biological
properties, including anticancer, anti-inflammatory,
antioxidant,  anti-hyperlipidemia, @ and  other
properties (4). Studies have shown that Butein exerts
potent anticancer effect in ovarian cancer,
hepatocellular carcinoma, and bladder cancer (5-11).
In NSCLC, butein has been proved to induce A549
cells apoptosis (12), and enhance the anti-lung cancer
efficiency of gefitinib (13). These evidences showed
that butein might be a good anti-NSCLC agent.
However, exact effects of butein on various NSCLC
cell types and xenografts, as well as the underlying
mechanisms, remain unknown.

Endoplasmic reticulum (ER) is a type of
organelle in eukaryotic cells, which is mainly
responsible for the balance of intracellular Ca?*,
modification of proteins, lipid metabolism,
carbohydrate metabolism and detoxification (14, 15).
ER stress can be activated by various physiological
and pathological stressors, and induces accumulation
of unfolded proteins (16). Accumulation of unfolded
proteins activates unfolded protein response (UPR),
which is the molecular basis of ER stress. Moderate
activation of UPR helps to address the unfolded
proteins and restore ER homeostasis (17, 18).
However, if ER stress prolongs, UPR will be over
activated and further trigger cell apoptosis (14).
Previous studies have confirmed that some flavonoids
and chalcones exert anticancer effects by activating ER
stress (14, 19-21). However, whether ER stress
mediates butein-induced NSCLC apoptosis still
remains unclear.

Superoxide anionradical (Oz) is a by-product of
mitochondria, which can form other reactive oxygen
species (ROS) (22). ROS accumulation can activate
redox-signaling pathways, some of which are often
associated with ER stress (10). Previous studies have
shown that, butein induces ROS generation in
multiple cancer types, which leads to cell apoptosis
and cell cycle arrest (10, 23). However, the roles of
ROS in the anti-NSCLC effects induced by butein
have not been totally illuminated.

In the present study, we investigated the
anti-NSCLC effects of butein, and the vital roles of ER
stress and ROS signaling in this process both in vitro
and in vivo.

Materials and Methods

Animals

8-week-old male nude mice weighing 19-21 g
were purchased from the Laboratory Animal Centre
of the Fourth Military Medical University (FMMU,
Xi'an, China). The in vivo study design was approved
by the Ethics Committee of FMMU. All the in vivo

experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health
(National Institutes of Health Publication No. 85-23,
revised 1996). All the mice were raised in a
specific-pathogen-free environment at 26 °C with a 12
h light and 12 h dark cycle in the Laboratory Animal
Centre of FMMU. All the mice had free access to
regular rodent chow and tap water.

Materials

Butein, N-acetyl-L-cysteine = (NAC), 4,6-
diamidino-2-phenylindole (DAPI), dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Cell counting kit 8 (CCK8) was
purchased from 7-sea Biotechnology (Shanghai,
China). Propidium lodide (Pl) was purchased from
Merck Millipore (Darmstadt, Germany). RNase A,
Triton X-100 and DCFH-DA were purchased from
Solarbio life science (Beijing, China). Terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) kits were purchased from Roche
Diagnostics (Mannheim, Germany). JC-1, crystal
violet and goat serum were purchased from the
Beyotime Institute of Biotechnology (Nanjing,
Jiangsu, China). Caspase-3, caspase-8 and caspase-9
activity assay kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, Jiangsu,
China). A glutathione (GSH) assay kit was obtained
from Shanghai Enzyme-linked Biotechnology Co.,
Ltd. (Shanghai, China). Anti-cell division cyclin 25
homolog C (Cdc25C), Cyclin B1, Bax, Bcl-2, ATF4,
C/EBP homologous protein (CHOP), X-box binding
protein 1 (XBP1) antibodies were purchased from
Abcam (Cambridge, UK). Anti-cell division cycle 2
(Cdc2), p-actin, p53 upregulated modulator of
apoptosis (PUMA), superoxide dismutase 2 (SOD2),
protein kinase RNA-like ER kinase (PERK),
phospho-PERK(Thr980),  eukaryotic  translation
initiation factor 2a (elF2a), phospho-elF2a (Ser51),
inositol-requiring kinase 1a (IREla) antibodies were
purchased from Cell Signaling Technology (Beverly,
MA, USA). The Cy3 goat anti-rabbit IgG was
purchased from Abbkine (California, USA).
Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum (FBS) were purchased from Gibco
(Grand Island, NY, USA). Penicillin/streptomycin
was purchased from Thermo Fisher Scientific (Breda,
Netherlands).

Cell culture

NSCLC cell lines were purchased from the cell
bank of Type Culture Collection of Chinese Academy
of Sciences (Shanghai, China). Cells were cultured in
complete medium [90% DMEM, 10% FBS, penicillin
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and streptomycin (100 units/ml, respectively)] and
incubated at 37 °C with 95% air and 5% CO,. Butein,
NAC (10 mM), and 4-PBA (10 mM) were diluted in
DMSO first and further diluted in FBS-free DMEM
before added to cells (the final concentration of DMSO
in medium is 0.1%). Cells in the control group were
cultured with PBS-free DMEM containing 0.1%
DMSO. The dosages of these drugs were determined
according to previous studies and our previous data
(24, 25).

Cell viability assessment

Spectrophotometry was utilized to detect cell
viability in adherence to the CCK-8 manufacturer’s
instructions. NSCLC cells were taken and seeded in
96-well plates (10,000 cells per well). After 12 h
attachment, the medium was replaced with FBS-free
DMEM (with 0.1% DMSO) or butein (20 pM, 40 pM or
60 pM) and further incubate for 24 h or 48 h. Then the
medium was discarded and 100 pl of DMEM and 10
pl of CCK-8 was added to each well. After further
incubation for 2 h, cells were subjected to optical
density (OD) values detection at 450 nm. Then the
data was collected and analyzed. The OD value of the
wells in control group was normalized to 100%. All
the experiments were repeated 6 times.

Cell wound-healing, adhesion and matrigel
invasion assay

According to our previous data, treatment with
lower dose of butein (less than 20 pM) for 24 h exerted
little influence on cell viability. To confirm the effects
of butein on NSCLC cell adhesion, migration,
invasion and proliferation, low butein concentration
(® 1M, 10 pM and 20 pM) was used in this part. Cells
were cultured in 6-well plates (5x10° cells per well) in
the logarithmic growth phase. When the cells had
grown to confluence, a 200 pl micropipette tip was
used to make a linear wound in the middle of the
well. The floating cells were washed with PBS 3 times.
After exposed to butein for 24 h, the images of the
wounds were captured (X100 magnification), and the
distance between the wound edges were calculated
and analyzed.

For the adhesion assay, cells were collected,
seeded in a 96-well plate and allowed to attach for 30
min. The medium was then discarded and adherent
cells were stained with MTT for 4 h. Then images
were obtained and 100 pl of DMSO were added to
each well to dissolve the formazan. After 15 min of
dissolution, the OD values were measured using a
spectrophotometer at 490 nm. The OD value reflects
the number of adherent cells, which is directly
proportional to the cell adhesive capacity.

Matrigel invasion assay was performed to detect

the invasion ability of tumor cells. Cells were collected
and seeded in a transwell chamber (Corning, NY,
USA). The bottom of the transwell chamber was
covered with 300 ng/ml Matrigel (BD Biosciences,
San Jose, CA, USA). Medium with butein or other
drugs was added into the upper chamber, while
medium with 20% FBS was added to the lower
chamber. After incubating in 37 °C with 5% CO. for 24
h, the upper chamber was taken for detection. Cells
adhered to the underside of the chamber were
visualized with 0.5% (w/v) crystal violet for 20 min.
After that, images were captured (x200) in 5 random
fields to calculate cell numbers.

Colony formation assay

A 14-day long colony formation assay was
performed as previously described (26). Briefly, cells
were cultured in 6-well plates (2x10° cells per well)
with complete medium. 12 h later, the medium was
discarded and cells were subjected to Butein or other
treatment. The medium was renewed every 3 days
and the exposure lasted for 14 days. Then, the cells
were fixed and further visualized with 0.5% (w/v)
crystal violet.

Analysis of cell apoptosis by TUNEL staining

The apoptosis rate was assessed with TUNEL
staining. It was conducted in adherence to the
manufacturer’s instructions. In brief, cells were fixed
and subjected to 0.5% Trixon-X 100 for 20 min.
Working solution of TUNEL was prepared and add to
each dish for 1 h at 37 °C. After that, cells were stained
with DAPI for 10 min. An Olympus FV1000
microscope was used to capture images and Image
Pro Plus software was used to count the apoptotic
cells.

Cell cycle detection

Cells were cultured in complete medium for
attachment. Then, the cells were exposed to relative
treatments for 24 h. After exposure, cells were
harvested, centrifuged and suspended in 400 pl of PBS
with 0.2% Triton X-100, 100 pg/ml RNase A and 50
pg/ml PI for 30 min at 4 °C away from light. All
samples were detected on a NovoCyte flow cytometer
(ACEA Bioscience, San Diego, CA, USA).

Mitochondrial membrane potential (MMP)
detection

The loss of MMP has been proven to indicate
early apoptosis. Fluorescent dye JC-1 was used to
detect MMP levels as previously described (27).
Briefly, cells were seeded in Petri dishes and
treatments were given. Cells were then subjected to
JC-1 fluorescent dye for 20 min in the dark. An
Olympus FV1000 microscope was used to capture
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images, and the ratio of green fluorescence intensity
to red fluorescence intensity was calculated to analyze
the early cell apoptosis.

Measurement of ROS, NADPH oxidase
activity, and GSH level

For ROS detection, cells were seeded in specific
dishes (Corning, NY 14831 USA) designed for laser
scanning confocal microscopy. After treatment, cells
were subjected to 5 pM DCFH-DA at 37 °C for 30 min.
An Olympus FV1000 microscope was then used to
capture images (Ex: 488 nm, Em: 522). Fluorescence of
the control group was defined as 100% and
fluorescence of other groups was normalized to that
of control group.

NADPH oxidase activity assay was conducted in
adherence to the manufacturer’s instructions (28).
Briefly, cells were collected, lysed, and the
supernatants in Krebs-HEPES buffer were added with
5 pM lucigenin and further incubated away from light
for 10 min at 37 °C. After that, 100 pM NADPH was
added and allowed to react for 1 min. Then the
chemiluminescences were determined immediately.
The chemiluminescence of control group was
normalized to 100%.

GSH levels were determined in adherence to the
manufacturer’s instructions (27). The fluorescent
intensity was measured using an FLX 800
fluorescence microplate reader (Ex: 335 nm, Em: 541
nm). The GSH level in the control group was
normalized to 100%.

Detection of the activities of caspases

The activities of caspases were determined using
commercial kits. It was performed in adherence to the
instructions. Briefly, cells were collected, lysed and
added with a specific buffer. Ac-DEVD-pNA,
Ac-IETD-pNA, LEDH-pNA were used for activity
detection of caspase 3, caspase 8, caspase 9
respectively. The pNA-conjugated substrate was
prepared before detection. After reaction, the tubes
were placed at 37 °C for 2 h. Then the OD value of
each tube was determined at 405 nm. A calibration
curve was made and the caspase activity in each
sample was calculated.

RNA-seq

The RNA-seq was entrusted to Chi-Biotech
(Shenzhen, Guangdong, China). The heatmap of
representative gene was conducted by Multiple
experiment viewer 4.9.0 (29-31).

Western blotting

Western blotting was conducted to asses protein
expression as previously described. In brief, after
treatment, the cells were collected and homogenized

in lysis buffer with 1% phosphatase inhibitor and 1%
protease inhibitor cocktail for 20 min at 4 °C. After
that, the lysates were centrifuged (12,000 xg, 15 min),
and the supernatant was collected. For xenograft
protein extraction, the xenografts were taken and cut
into pieces before being added to the lysis buffer; the
other procedures were the same as the cell protein
extraction. The extracted protein solutions were
boiled with loading buffer. And then the equal
proteins were subjected to SDS-PAGE and further
transferred to PVDF membrane. The membranes were
incubated with relative primary and secondary
antibodies. The anti-Cdc25 (1:1000), Cyclin Bl
(1:1000), Cdc2 (1:1000), B-actin (1:2000), Bax (1:1500),
Bcl2 (1:1500), PUMA (1:1000), SOD2 (1:1000), p-PERK
(1:1000), PERK (1:1000), p-elF2a(1:1000), ATF4
(1:1000), CHOP (1:1000), IRE1a (1:1000), XBP1 (1:1000)
were used as primary antibodies. Expressions of
proteins were determined using an enhanced
chemiluminescence method with a Bio-Rad imaging
system (Bio-Rad, Hercules, CA, USA).

siRNA transfection

A human CHOP siRNA was purchased from
GenePharma (Shanghai, China). For the siRNA
transfection, cells seeded in six-well plates were
cultured overnight before being transfected with a
mixture of siRNAs (90 pg), Lipofectamine 2000
(Invitrogen, Life Technologies, Carlsbad, CA) and
antibiotics-free medium for 90 min. Then the medium
was discarded and the cells were washed with PBS.
After that, the cells were cultured with complete
medium in 37 °C for 24 h. Finally, the target mRNA
levels and protein expressions of targeted genes were
detected to confirm the transfection efficiency.

Establishment of the xenograft model

The node mice were divided into 4 groups,
namely the control group, the butein treatment group,
the butein + 4-PBA group, and the butein + NAC
group. PC-9 (1x 107) cells were subcutaneously
injected into right rear limbs. The mice were weighted
and the xenografts were measured every 3 days. The
tumor size was estimated as (length x width?)/2.
After cells were injected, mice were given 100 pl of
PBS (i.p.), butein (10 mg/kg, i.p.) (32), butein plus
4-PBA (50 mg/kg, i.p.) (33), or butein plus NAC (1
g/L, in drinking water) (34) every day. On the 28t
day, mice were sacrificed and the xenografts were
harvested for further detection.

Statistical analyses

All data are presented as the means £ SEM. Data
were analyzed with SPSS 18.0 software for windows
(SPSS Inc., Chicago, USA). Statistical significance for
each variable was evaluated by one-way ANOVA. P
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value <0.05 was considered statistically significant.

Results

Butein treatment reduced the viability of
NSCLC cells in a dose-dependent manner

We first assessed the sensitivity of HBE cells and
NSCLC cells to butein. HBE cells, A549, PC-9, SPC-A1
and H1299 cells were treated with butein (20 pM, 40
M, and 60 pM) for 24 or 48 h. The dose of butein was
based on our previous data (Figure S1). Cells showed
a significant shrinkage after butein treatment (Fig. 1A,
A549 and PC-9 cell morphology images are shown).
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Cell viability was detected and the result showed that
butein treatment markedly reduced cell viability of
NSCLC cells and HBE cells in a dose-dependent
manner (Fig. 1B - 1C). A549, PC-9 and SPC-A1 cells
were more sensitive to butein than HBE cells for both
24 h and 48 h (Fig. 1B - 1C). These results indicated
that butein significantly inhibited cell growth and
reduced cell viability of NSCLC and HBE cells, and
butein exerted a greater inhibitory effect on NSCLC
cells at specific range of doses, which makes it
potentially useful for cancer treatment.
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Figure 1. Effects of butein treatment on NSCLC cell viability and adhesion, migration, invasion ability. (A) Morphology of A549 and PC-9 cells after
butein treatment for 24 h. (B) Viability of NSCLC cells and HBE cells after exposed to butein for 24 h. (C) Viability of NSCLC cells and HBE cells after exposed to
butein for 48 h. The results are expressed as the mean + SEM, n=6. aP < 0.05 versus control group, bP < 0.05 versus 20 uM butein group, <P < 0.05 versus 40 uM butein
group. (D) Representative adhesion images of A549 and PC-9 cells after butein treatment. (E) The adhesion ability of A549 and PC-9 cells after butein treatment. (F)
Representative wound healing images of A549 and PC-9 cells after butein treatment. (G) The migration ability of A549 and PC-9 cells after butein treatment. (H)
Representative matrigel invasion images of A549 and PC-9 cells after butein treatment. (I) The migration ability of A549 and PC-9 cells after butein treatment. In
Figure D-l, the results are expressed as the mean * SEM, n=6. 2P < 0.05 versus control group, bP < 0.05 versus 5 uM butein group, <P < 0.05 versus 10 uM butein group.
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Butein treatment reduced A549 and PC-9 cell
adhesion, migration and invasion ability

The adhesion ability, migration ability and
invasion ability of these two NSCLC cell lines were
determined by adhesion assay, wound-healing assay
and transwell invasion assay, respectively. In our
previous study, low concentrations of butein (5 pM,
10 pM, and 20 pM) had very little damage on the
viability of NSCLC cells after 24 h. Therefore, these
doses were used for the cell adhesion, migration and

invasion assays. Treatment with butein for 24 h
dose-dependently inhibited cell adhesion capacity of
both A549 and PC-9 cells (Fig. 1D - 1E). Furthermore,
incubation with butein for 24 h significantly reduced
the cell migration capacity of A549 and PC-9 cells, as
indicated by wider wounds after butein treatment in
contrast to that of the control group (Fig. 1F - 1G).
Moreover, transwell invasion assay showed that
butein treatment reduced cell invasion capacity in a
dose-dependent manner (Fig. 1H-1I).
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Figure 2. Effects of butein treatment on NSCLC cell proliferation ability and cell cycle distribution. (A) Representative images of clonogenic survival
assay after butein treatment. (B) The clonogenicity of A549 and PC-9 cells after butein treatment. the results are expressed as mean * SEM, n=6. 2P < 0.05 versus
control group, bP < 0.05 versus 5 M butein group, <P < 0.05 versus 10 uM butein group. (C) Representative images of cell cycle distribution after butein treatment.
(D) Cell cycle distribution of A549 cells after butein treatment. (E) Cell cycle distribution of PC-9 cells after butein treatment. (F) Expressions of cell cycle markers.
In Figure C-F, all of the results are expressed as mean + SEM, n=6. 2P < 0.05 versus control group, bP < 0.05 versus 20 uM butein group, <P < 0.05 versus 40 uM butein

group.
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Butein inhibited NSCLC cell proliferation

To examine the anti-proliferative effect of butein,
we analyzed the clonogenicity of A549 and PC-9 cells
after butein treatment. To avoid cell death induced by
high concentrations of butein, low doses of butein (5
M, 10 pM, and 20 pM) was used. As shown in Fig.
2A-2B, butein reduced the clonogenicity of these two
cell lines in a dose-dependent manner.

Butein induced A549 and PC-9 cells G2/M
phase arrest

To illuminate the mechanisms involved in the
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G2/M phase were significantly increased after butein
treatment, especially in the 60 pM group (Fig. 2C-2D).
Furthermore, protein expression of cell cycle markers
confirmed this effect. As shown in Fig. 2E-2G, the
expression of cdc25¢, Cylin-B1 and cdc?2 significantly
decreased after butein treatment.
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Figure 3. Effects of butein treatment on NSCLC cell apoptosis rate and MMP. (A) Representative images of A549 and PC-9 TUNEL staining. (B) Analysis
of A549 and PC-9 apoptosis rate. (C) Representative images of A549 and PC-9 MMP detection. (D) Analysis of A549 and PC-9 MMP lose. All of the results are
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Butein induced A549 and PC-9 cell
mitochondrial membrane depolarization and
apoptosis

Cell apoptosis was investigated through MMP
detection, TUNEL staining, and caspase-3, caspase-8
and caspase-9 activity detection in adherence to
manufacturers” instructions. The expression of key
apoptotic regulators, such as Bcl2, Bax and PUMA
was detected by western blot analysis. Butein induced
a notable increase in the apoptosis rate. After treated
with 20 pM, 40 pM, and 60 pM butein for 24 h, the
apoptosis rate increased to 13.5 £ 1.1 %, 21.3 £ 1.6 %,
32.6 £2.2 % in A549 cell line and t0 9.7 +1.5 %, 18.7 £
1.9 %, 29.9 £ 2.5 % in PC-9 cell line, respectively (Fig.
3A-3B). This effect was further validated by MMP
detection. As shown in Fig. 2C-2D, with the increase
of butein concentrations, red fluorescence intensity
decreased and green fluorescence intensity grew
stronger in both the A549 and PC-9 cell lines,
indicating that apoptosis was induced by butein.
Consistent with results of TUNEL staining and MMP
detection, butein increased Bax and PUMA
expressions and decreased Bcl2  expression.
Furthermore, detection of caspase-3, caspase-8 and
caspase-9 activity was conducted to assess the
activation of pro-apoptotic pathways. After exposed
to butein (20 uM, 40 pM, and 60 pM) for 24 h, the
caspase-3 activities increased to (168.6 = 16.2) %,
(267.4 £17.9) %, (431.8 + 20.1) % in A549 cells and to
(142.3 + 14.6) %, (195.7 + 15.3) %, (367.8 + 17.2) % in
PC-9 cells, compared to that of the control group,
respectively; The caspase-8 activities increased to
(133.1 +13.1) %, (131.2 + 13.5) %, (143.2 + 13.7) % in
A549 cells and to (148.1 + 14.1) %, (1624 * 13.2) %,
(171.3 £ 14.8) % in PC-9 cells, compared to that of the
control group, respectively; The caspase-9 activities
increased to (164.8 £12.9) %, (192.6 +13.6) %, (267.2 =
15.7) % in A549 cells and to (158.9 +13.2) %, (212.3 +
15.8) %, (248.2 +16.4) % in PC-9 cells compared to that
of the control group, respectively.

Butein induces A549 and PC-9 cell apoptosis
by activating oxidative stress

Cell oxidative stress is an endogenous regulator
of cell fate and cell cycle distribution. Previous studies
have shown that butein increases ROS generation in
hepatoma cancer cells (10). Here we determined
whether ROS plays a role in butein induced NSCLC
apoptosis. ROS were detected utilizing a DCFH-DA
fluorescent dye. As shown in Fig 4E-4F, after butein
treatment, intracellular ROS generation was
significantly increased. NADPH oxidase activity was
also significantly increased after Butein treatment,
comparing to the control group (Fig. 4G). SOD2, an
anti-redox enzyme that locates in cell mitochondria,

was significantly decreased by butein (Fig. 4I). In
addition, the cellular GSH level was decreased by
butein (Fig. 4H), indicating the occurrence of
oxidative stress after butein treatment.

Butein activated cellular endoplasmic
reticulum stress

To further explore the underlying molecular
basis of the effects of butein on NSCLC cells, RNA-seq
based on transcriptome analysis was conducted, and
the differential expressions of ER stress markers,
apoptosis-related genes and cell cycle-related genes
are shown in the heatmap (Fig. 5A). ER stress
markers, which are marked with black arrows, were
significantly elevated after butein treatment. In
addition, some apoptosis-related genes, which are
marked with red arrows, were also increased by
butein treatment.

ROS accumulation can be both a stimulator and
result of ER stress (35, 36). It is well known that
activation of the ER stress pathway by small
molecules can trigger cancer cell apoptosis. Under
non-stress conditions, PERK is banded with BIP and
remains inactivated. Stress activation can separate BIP
from PERK, causing PERK to  become
auto-phosphorylated and further activates elF2a.
Activated elF2a increases the expression of ATF4 and
CHOP, which promote cell apoptosis under ER stress.
IREla sis banded with BIP under non-stress
conditions and is separated from BIP under stress
conditions. Activated IREla slices the mRNA of XBP1
and promoting XBP1 mRNA translation. In this study,
we detected key indicators of the three pathways of
ER stress. After treated with butein for 24 h, the
phosphorylation levels of PERK and elF2a were
dose-dependently increased (Fig. 5B-5C). Moreover,
expressions of ATF4 and CHOP were increased by
butein (Fig. 5B-5C). IREla and XBP1 showed slight
increases in expression after exposure to butein in
comparison with the control group (Fig. 5B-5C).

ER stress inhibition attenuated butein-induced
ROS generation and apoptosis

To confirm whether butein induces NSCLC cell
apoptosis through the ER stress pathway, we used
4-PBA, an ER stress inhibitor, to suppress ER stress
activation and used siRNA to knock down CHOP
expression in PC-9 cells. 4-PBA decreased PERK and
elF2a phosphorylation levels, and decreased ATF4
and CHOP expressions. CHOP siRNA significantly
reduced CHOP expression without affecting other ER
stress markers. (Fig. 6A). Cell viability detection
showed that, both ER stress inhibition and CHOP
silencing attenuated the butein-induced cell viability
loss (Fig. 6B). Previously, we found that ROS
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activation mediated butein induced cell injury. Since
oxidative stress can be cause or consequence of ER
stress, ROS generation was detected after ER stress
inhibition. We demonstrated that both 4-PBA and
CHOP silencing markedly reversed butein induced
ROS generation (Fig. 6C). This result indicated that
ROS generation induced by butein was ER stress
dependent. ER stress might be an upstream regulator

of ROS generation. Furthermore, compared with the
butein group, inhibition of ER stress and knocking
down of CHOP expression both reduced butein
induced apoptosis, as indicated by the decreased
apoptosis rate (Fig. 6D), decreased caspase activity
(Fig. 6E), decreased Bax/Bcl2 ratio and decreased
PUMA expression (Fig. 6F).
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Figure 5. Effects of butein treatment on NSCLC cell ER stress pathways. (A) Representative Heatmap of gene expression levels. The black arrows indicate
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NAC treatment impaired the pro-apoptotic
effects of butein

To test whether ROS mediated butein-induced
apoptosis, NAC, a specific ROS scavenger, was used
to reduce ROS generation. As shown in Fig. 7A, the
use of NAC attenuated the butein induced reduction
in cell viability. DCFH-DA staining showed that NAC
treatment significantly decreased butein-induced ROS
generation (Fig. 7B) and TUNEL staining showed that
NAC reduced butein-induced cell apoptosis (Fig. 7C).
In addition, western blot analysis of apoptosis
markers showed that co-treatment with NAC
decreased Bax/Bcl2 ratio and PUMA expression (Fig.
7D). Furthermore, cell cycle detection showed that
ROS inhibition helped to reverse the G2/M phase

arrest inducted by butein (Fig. 7E). These results
demonstrated that ROS activation is a key process in
butein induced cell inhibition.

The pan-caspase inhibitor z-VAD partially
blocked butein-induced cell apoptosis

Previously, we confirmed that caspase 3, caspase
8, and caspase 9 activities were activated by butein.
Since caspase pathways are the ultimate mediators of
cell apoptosis, we further validated their roles in
butein induced apoptosis using z-VAD, a pan-caspase
inhibitor. After treated with butein and z-VAD, cell
viability loss induced by butein was notably
decreased but not totally abolished, indicating that
caspase related apoptosis pathway played a crucial
role in butein induced cell inhibition.
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Butein significantly inhibited the growth of
PC-9 tumor xenografts in nude mice, and
blocking ER stress or ROS impaired the in vivo
inhibitory effect of butein.

As shown in Fig. 8A-8D, butein treatment
significantly inhibited PC-9 tumor xenograft growth.
Co-treatment with 4-PBA or NAC markedly impaired
the inhibitory effects of butein. Immunofluorescent

staining showed that butein treatment induced an
abrupt increase in PUMA expression (Fig. 8E). Both
4-PBA and NAC attenuated this effect (Fig. 8E).
Western bolt detection showed that 4-PBA and NAC
reversed the butein-induced increase in CHOP
expression and the Bax/Bcl2 ratio (Fig. 8F). Taken
together, these results showed that butein inhibited
PC-9 tumor xenograft growth in vivo by triggering
ER stress and ROS generation.
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Discussion

Butein is a member of the chalcone family of
flavonoids and exists in some traditional Chinese
herbal medicine plants (37). Such plants have been
widely used in Chinese traditional medicine to cure
inflammatory diseases, atherosclerosis, cough and

even cancers (38). Experimentally, butein has been
proved to be an organ protective agent, as well as a
tumor suppressor. These very different functions of
butein might be attributed to different tissue types
and different pathological processes. Zhu et al. found
that butein alleviates sepsis induced brain injury
through activating SIRT1 (39). Song et al. discovered

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

1649

that butein promotes white adipose tissue browning
via increasing Prdm4 expression (40). These studies
indicate that butein plays a role in anti-inflammation
and lipid metabolism. While, experimentally, butein
has also been reported to inhibit a wide range of
tumor types. Studies reported that multiple signaling
pathways are associated with the anticancer activity
of butein. For instance, Yit and colleagues firstly
proved that butein exerts cytotoxic effects on human
colon adenocarcinoma cell proliferation (41);
additionally, butein inhibits telomerase activity by
downregulating hTERT gene expression and further
inhibits human leukemia cell proliferation and
differentiation (42). Butein also increase the apoptosis
level of human hepatoma cells treated by TRAIL
through upregulating DR5 and inhibiting NF-xB (43).
In NSCLC, butein induces A549 cell apoptosis via
inhibiting cyclooxygenase 2 expression (12) and
overcomes gefitinib-resistance in HCCS827 cells
through targeting both EGFR and MET (13).
However, investigation of the effects of butein in
NSCLC has been far from sufficient, and a
comprehensive study is needed to elucidate the exact
anti-NSCLC effects of butein and the detailed
underlying mechanisms. In our present study, butein
treatment dose- and time-dependently suppressed
cell wviability of NSCLC cells (Fig. 1A-1C).
Additionally, butein markedly inhibited PC-9 tumor
growth in vivo (Fig. 8A-8D). We also observed that
butein significantly reduced NSCLC cell migration,
adhesion, invasion and proliferation (Fig. 1D-11, Fig.
2A-2B), which are major activities associated with
tumor metastasis. Furthermore, butein arrested
NSCLC cells at G2/M phase through regulating
Cdc25C, Cyclin Bl and Cdc2 (Fig. 2C-2F). Similar
results have been reported in other cancer types (10,
44, 45). In addition, butein treatment induced NSCLC
cell apoptosis, which was indicated by TUNEL
staining results, MMP lose, increased Bax/Bcl2 ratio
and increased caspases activity (Fig. 3, Fig. 4A-4D).
ROS plays a vital role in cell division, cellular
senescence and cell signaling. ROS accumulation has
been proven to induce cell injury and many other
impacts. Many bioactive agents exert anticancer
effects via over-activating ROS generation. Studies
have illuminated that butein might also exerts
anticancer effects via regulating ROS generation.
Moon et. al. found butein triggers hepatoma cancer
cells G2/M phase arrest and induced cell death by
increasing ROS level. Chen et. al. demonstrated that
ROS generation mediates butein-induced
neuroblastoma cell apoptosis. We observed that
butein markedly triggered ROS accumulation in
NSCLC cells and further induced cell apoptosis (Fig.
4E-41). More specifically, butein treatment increased

A549 and PC-9 cells ROS generation, activated
activity of NADPH oxidase and decreased GSH
content. SOD2 was also decreased by butein,
indicating that butein might induce ROS and cell
injury via alterations in mitochondrial integrity. NAC,
a ROS scavenger, was used to confirm the roles of
ROS in the anti-NSCLC effects of butein and we
observed that treatment with NAC impaired the
butein-induced ROS burst and cell cycle arrest (Fig.
7A-7E). These results showed that ROS generation is
an important mediator in the anti-NSCLC effect of
butein. However, the signaling pathways between
butein and ROS still remain unclear.

ER stresses represent a condition, in which
unfolded protein accumulates and UPR was
activated. UPR activation is the molecular basis of ER
stress. During growth of solid cancers, more proteins
were synthesized and folded in ER due to the high
metabolic level. However, blood supply is often
deficient (14). Therefore, hypoxia and nutrient
deprivation induce ER stress. Moderate level of ER
stress helps to address unfolded proteins accumulated
in the ER and restore ER function, while server ER
stress will induce cell apoptosis. ER stress mainly
contains 3 pathways which can be initiated by PERK,
IRE1 and ATF6 (18, 46). Chalcone derivatives other
than butein have been demonstrated to exert
anticancer effects via regulating the UPR; for example,
Lee et al. found that a synthetic chalcone activates
UPR and cell apoptosis in breast cancer (20), and Gil
et al. proved that another synthetic chalcone
derivative triggers UPR-associated apoptosis in A549
cells (47). The present study first confirmed that
butein induced ER stress and activated the UPR
pathways in NSCLC cells. RNA-seq and western blot
showed that butein increased the mRNA and protein
levels of some UPR markers and apoptosis related
proteins (Fig. 5A-5C). Interestingly, western blot
showed that butein mainly affected PERK pathway,
indicated by activated elF2a phosphorylation levels,
and increased ATF4, CHOP expressions (Fig. 5B-5C).
To confirm the exact role of ER stress in
butein-induced cell apoptosis, siRNA targeting CHOP
and 4-PBA, a chemical ER stress inhibitor were used.
Pre-treatment of CHOP siRNA or 4-PBA could
reverse the loss in cell viability and the increase in
apoptosis rate induced by butein (Fig. 6B, Fig. 6D-6F).
Moreover, ER stress inhibition reduced ROS
generation triggered by butein, as indicated by
reduced ROS levels (Fig. 6C). These results
demonstrated that ER stress and ROS generation
mediated the anti-NSCLC effect of butein.

ROS plays a dual role in ER stress signaling. ROS
act as signaling intermediates and report ER stress to
the UPR, which helps to alleviate the protein burden
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in ER. Prolonged activation of ER stress induces
pro-apoptotic proteins such as CHOP. CHOP then
initiate a secondary rise in ROS. This secondary
increase in ROS, together with CHOP associated
apoptosis pathway, contributes to cell death (48, 49).
In the present study, butein treatment triggered ER
stress and increased ROS generation in NSCLC cells.
More, CHOP siRNA and 4-PBA significantly reduced
ROS generation and alleviated cell injury, which
indicated that ROS generation in this process is ER
stress dependent. Our previous studies also proved
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approach of some anticancer flavonoids or their
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Mitochondria-dependent apoptosis and caspase
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processes. The change of permeability of
mitochondrial membrane can trigger caspase
pathway and further induce cell apoptosis (20, 50).
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Figure 8. Inhibitory effects of butein on in vivo xenografts and the role of ER strass and ROS generation. PC-9 cells were subcutaneously injected
into right rear limbs. Over the course of 22 days, butein significantly suppressed the growth of PC-9 tumor xenografts compared to the vehicle control; Co-treatment
of 4-PBA or NAC impaired this effect. (A) Photograph of the nude mice on day 22. (B) Tumor volumes of the xenografts. (C) Photographs of the collected xenografts
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Representative band and quantitative analysis of apoptosis associated proteins. All of the results are expressed as the mean * SEM, n=6. aP < 0.05 versus Control

group, P < 0.05 versus butein group.
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ratio was increased by butein (Fig. 4A). In addition,
activation of caspase-3, caspase-8 and caspase-9 were
also detected (Fig. 4B-4D), indicating that
receptor-dependent and mitochondrial apoptotic
pathways were activated by butein treatment. We
further confirmed the action of caspases in
butein-induced NSCLC inhibition through utilizing

(Fig. 7F-7G). These results were consistent with Khan
and collages’ study demonstrating that z-VAD
reversed butein-induced caspases activation in
prostate cancer cells (51). Notably, recent studies by
Moon et al. reported that z-VAD did not significantly
affect butein-induced apoptosis in human hepatoma
cancer cells (10). This difference might due to different

tumors, different dosage of butein and the complex
mechanisms regulated by butein.

z-VAD, a pan-caspase inhibitor. We observed that
pretreatment with z-VAD significantly preserved cell
viability and attenuated butein-induced apoptosis
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Figure 9. Schematic diagram summarizing the anti-NSCLC action of butein via activation of ER stress and ROS generation. The invivo and in vitro
experiments showed that butein triggered ER stress and upregulated p-PERK, p-elF2a levels and ATF4, CHOP, IRE1a, XBPI expressions. Activation of ER stress
further induced oxidative stress, indicated by increased ROS concentration, down-regulated SOD2 expression, decreased the MMP, decreased GSH and increased
NADPH oxidase activity, which contributed to cell apoptosis, cell cycle arrest and inhibition of tumor behaviors. However, administration of 4-PBA, CHOP siRNA
or NAC partially blocked the anti-NSCLC action of butein. Butein also inhibited cell adhesion, migration and invasion, and the underlying mechanisms still needs
further investigation.
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The present study mainly investigated the
mechanisms involved in butein-induced apoptosis
and cell cycle arrest, while the molecular basis of the
anti-migration and anti-invasion effects of butein was
not further detected in the present study. To fully
display the effects of butein on NSCLC cells, we
showed the anti-migration and anti-invasion roles of
butein at the beginning of the study. We found that
low concentrations of butein (lower than 20 pM) can
inhibit cell migration and invasion, without affecting
cell viability. The mechanisms that butein inhibits
NSCLC cell migration and invasions still need further
investigation.

In summary, the present study demonstrates
that butein induces NSCLC apoptosis and cell cycle
arrest by activating ER stress and ROS pathway (Fig.
9). Inhibition of ER stress, ROS generation, and
caspase activity can reverse butein-induced NSCLC
cell apoptosis and cell cycle arrest. Consequently,
butein might be a promising anti-NSCLC agent, while
more comprehensive studies on mechanisms and side
effects are needed before applied in clinic.
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