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Bruceine D induces lung cancer cell apoptosis and
autophagy via the ROS/MAPK signaling pathway

in vitro and in vivo
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Abstract

Worldwide, lung cancer remains a leading cause of cancer mortality. Bruceine D (BD) has been shown to induce
pancreatic cancer cell death via several different mechanisms. In this study, we demonstrated that BD inhibited lung
cancer cell proliferation. Apoptosis and autophagy were the most important mechanisms involved in BD-induced lung
cancer cell death, and complete autophagic flux was observed in A549 and NCI-H292 cells. In addition, BD significantly
improved intracellular reactive oxygen species (ROS) levels. BD-mediated cell apoptosis and autophagy were almost
inhibited in cells pretreated with N-acetylcysteine (NAC), an ROS scavenger. Furthermore, MAPK signaling pathway
activation contributed to BD-induced cell proliferation inhibition and NAC could eliminate p-ERK and p-JNK
upregulation. Finally, an in vivo study indicated that BD inhibited the growth of lung cancer xenografts. Overall, BD is a
promising candidate for the treatment of lung cancer owing to its multiple mechanisms and low toxicity.

Introduction

Lung cancer is the leading cause of cancer incidence
death, with a 5-year survival rate of 18%". Although new
diagnostic techniques, chemotherapeutic agents and
therapeutic strategies have been developed for cancer
treatment, the disease remains a critical challenge due to
drug resistance, metastasis and low long-term survival
rates™.

The seeds of Brucea javanica have been used to treat
inflammation, malaria, and warts for many years®".
Recently, growing evidence has indicated that Brucea
javanica extracts exhibit potential anticancer activity”™’.
BD, a quassinoid compound, can be extracted from the
seeds of Brucea javanica. A previous study reported that
BD induced PANC-1 apoptosis via activating the p38-
MAPK signaling pathway®. In addition, p38-MAPK

Correspondence: Guotao Yang (yanggtxwk@163.com)

'Department of Thoracic Surgery, Qilu Hospital of Shandong University, 107
West Wenhua Road, Jinan 250012, P. R. China

%Key Laboratory of Chemical Biology (Ministry of Education), School of
Pharmaceutical Sciences, Shandong University, 44 West Wenhua Road, Jinan
250012, P. R. China

Edited by GM. Fimia

© The Author(s) 2020

pathway activation and NF-kappaB inhibition were cru-
cial for BD-mediated pancreatic cell death®. Furthermore,
BD suppressed hepatocellular carcinoma growth in vivo
and in vitro by diminishing Wnt translation activity'®.
Although the antitumor activity of BD has been reported
in many studies, the exact mechanisms have not yet been
demonstrated, particularly the mechanisms involved in
BD-induced lung cancer cell proliferation inhibition.
Autophagy is a cytoplasmic component degradation
process that is paramount in cellular homeostasis and
survival. The cardinal steps of autophagosomes formation
are regulated mainly by series of essential autophagy-
related (ATG) proteins''. Microtubule-associated protein
1 A/1B-light chain 3 (LC3) is considered to be one of the
most important regulators of the autophagy process'*?,
The precursor of LC3 is cleaved by ATG4B, resulting in
the cytosolic isoform LC3-1'*. Subsequently, phosphati-
dylethanolamine binds to LC3-I through ubiquitination to
form LC3-II response to autophagy inducers'>'®. Thus,
LC3-I and LC3-II transformation acts as an important
indicator for assessing autophagy activity'’. mTOR, a
serine/threonine kinase, is a master induction factor of
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autophagy'®'®. The direct phosphorylation of mTORC1
by Akt is critical to the activation of mTORC1%*. The
negative regulation of mTOR by AMPK is what links
cellular energy and mTORCI regulation®'. ULK, a serine/
threonine kinase, may function as a bridge between
energy sensors (mTOR, AMPK) and autophagosome
formation®?. During autophagy, cytoplasmic materials and
organelles are sequestered and engulfed by a double
membraned structure, termed the autophagosome, then
delivered to the lysosome for degradation and recy-
cling”**. Autophagy is a non-apoptotic cell death and
overwhelming evidence has elucidated the complex rela-
tionship between apoptosis and autophagy, the relation-
ship apoptosis and autophagy is unrevealed®>*°.

The accumulation of reactive oxygen species (ROS)
plays an important role in apoptosis and autophagy”’®, A
recent study suggested that ROS can inhibit MAPK/ERK
signaling decreasing the release of epidermal growth fac-
tor (EGF)”. Furthermore, EGFR phosphorylation and the
levels of its downstream effector phosphorylated ERK
were markedly inhibited in these cells via a ROS-
dependent pathway®. Therefore, ROS mediate the
MAPK signaling pathway and may be useful for cancer
therapy.

In the present study, we explored BD-induced antic-
ancer activity in vitro and in vivo. Our results indicated
that BD significantly suppressed A549 and NCI-H292 cell
proliferation. Moreover, the activation of ROS-mediated
MAPK pathways is essential for BD-mediated apoptosis
and autophagy.

Results
BD structure

'H and 'C nuclear magnetic resonance (NMR) was
used to identify the structure of BD (Fig. 1c, d). HPLC
analysis was performed in our study to confirm that BD
had a purity of >99% (Fig. 1b). >*C NMR (150 MHz,
DMSO-d): 198.8 (C-2), 174.2 (C-16); 163.8 (C-4), 124.5
(C-3); 22.5 (C-18), 11.4 (C-19), 18.7 (C-22). '"H NMR
(600 MHz, DMSO-dg) 6 ppm: 1.05 (3 H, s), 1.25 (3H, s)
1.90 (3H, s), 5.99 (1H, s, H-3), 291 (1H, d, J=12.7 Hz,
H-5), 2.16 (1H, d, J=14.3Hz, H-6a), 1.71 (1H, t, J=
13.8 Hz, H-6p), 5.17 (1 H, s, H-7), 2.34 (1 H, s, H-9), 4.92
(1H,s,H-11),4.13 (1 H, m, H-12), 4.97 (1 H, d, /= 5.0 Hz,
Ha-20), 3.70 (1 H, d, /= 5.0 Hz, Hb-20).

BD inhibits the proliferation of A549 and NCI-H292 lung
cancer cells in vitro

A549 and NCI-H292 cells were exposed to different
concentrations of BD for 24h and 48 h. A CCK-8 assay
was used to detect cell proliferation and viability. As
shown in Fig. 2a, BD inhibited human lung cancer cell
growth in a dose- and time-dependent manner. The IC50
(24 h) values for A549 and NCI-H292 cells were 36.76 and
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31.22 uM, respectively, and the IC50 (48 h) values were
17.89 and 14.42 pM, respectively. In addition, BD did not
show apparent toxicity in human umbilical vein cells EA.
hy926 or HUVECs (Fig. Sla, b).

Quantitative analysis of EAU incorporation indicated
that BD (20 uM) markedly inhibited the proliferation of
A549 and NCI-H292 cells (Fig. 2b, c). These results
provide further evidence that BD potentially inhibits lung
cancer cell proliferation in a dose-dependent manner.

BD induces mitochondria-dependent apoptosis in A549
and NCI-H292 cells

Annexin V-FITC and PI double staining was performed
to validate that cell apoptosis is involved in the cytotoxic
effects of BD. As shown in Fig. 3a, b, the proportion of
apoptotic cells increased after treatment with different
concentrations of BD. In addition, compared with the
control conditions, BD potentially increased the early
apoptosis rate in A549 cells and late apoptosis rate in NCI-
H292 cells. MMP depolarization is the final crucial step of
the early stage of cell apoptosis. The JC-1 staining results
indicated that the red/green ratio decreased after BD
treatment, and carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) was used as a positive control (Fig. 3c). Quanti-
tative studies also confirmed the MMP collapse (Fig. S2a,
b). Furthermore, Western blotting was used to investigate
the expression of apoptotic related proteins. As shown in
Fig. 3d, e, BD induced apoptosis by upregulating Bax
expression and decreasing the Bcl-2/Bax ratio and cyto-
chrome c¢ expression in the mitochondria. Cleaved cas-
pase-9, cleaved caspase-3, and cleaved PARP and
cytochrome ¢ upregulation in the cytoplasm was observed.
These results revealed that BD induced mitochondria-
dependent apoptosis in lung cancer cells.

BD induces autophagy in lung cancer cells

The irreversible caspase inhibitor z-VAD-fmk was used
to further confirm the mechanism by which apoptosis is
involved in BD-induced proliferation inhibition. Never-
theless, the inhibited cell viability induced by BD was
partly reversed by z-VAD-fmk (Fig. 4a), which means that
other mechanisms are likely also involved. We observed
red acidic vesicle accumulation under fluorescece micro-
scopy after staining with AO (Fig. 4b). In addition, we
investigated the expression of autophagy-related proteins
upon BD treatment. Western blot results revealed that
LC3-II/LC3-I ratio was strongly increased and that the
P62 level was decreased in a dose-dependent manner (Fig.
4c, d). Atg7, another key indicator of autophagy, was
upregulated with BD treatment. To further address the
role of BD-induced autophagy in lung cancer cells, we
generated stable GFP-LC3-expressing lung cancer cells.
The percentage of GFP-LC3-positive puncta was
increased in BD-treated cells (Fig. 4e). TEM images can
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Fig. 1 Structures of BD. a Chemical structure of BD. b HPLC chromatogram. ¢ ">C NMR spectrum of BD. d 'H-NMR spectrum of BD.
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directly indicate autophagosome formation. As shown in
Fig. 5c¢, massive intracellular autophagosome vacuoles
accumulated upon treatment with BD. As a result, the
present study showed that BD induced autophagy in
human lung cancer cells.

BD promotes autophagy flux in lung cancer cells

To dynamically visualize LC3-labelled cytoplasmic
vacuolation to further clarify whether the complete pro-
gression of autophagy was affected by BD, mRFP-GFP-
LC3 adenovirus was transfected into A549 and NCI-H292
cells. Compared with the relatively stable mRFP signal,
GEFP is more sensitive to acidic lysosomes. As shown in
Fig. 5a, A549 and NCI-H292 cells treated with BD
(20 uM) for 12 h had slight detectable yellow autophagic
LC3 puncta (mRFP+/GFP+) and red autophagic LC3
puncta (mRFP+4/GFP—) accumulation in the cytoplasm
compared with untreated control cells. More importantly,
red puncta (mRFP+GFP—) containing mRFP-LC3
became predominantly visible, but not green puncta
(mRFP—GFP+), in cells after 24 h of BD treatment. This
result suggests that BD treatment can induce both
autophagosome and autolysosome accumulation, con-
sistent with the Western blotting results.
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A549 and NCI-H292 cells were transfected with mRFP-
GFP-LC3 adenovirus and exposed to BD for 24 h. Rapa-
mycin (Rapa) was used as a positive control, and 3-MA
and chloroquine (CQ) were used for autophagic flux
detection. As shown in Fig. 5b, Rapa could enhance BD-
induced autolysosomes (red), and CQ could induce yellow
autophagic LC3 puncta (mRFP+/GFP+) accumulation. In
addition, the number of red puncta induced by BD was
reduced by 3-MA. Collectively, our confocal microscopy
images demonstrated that BD promotes autophagy flux in
lung cancer cells.

ROS accumulation and MAPK signaling pathway regulation
are involved in BD-induced proliferation inhibition

ROS generation is strongly associated with the regula-
tion of apoptosis. Our flow cytometry results revealed that
BD induced ROS production (Fig. 6a, b). In addition, BD
upregulated the expression of p-ERK and p-JNK while
decreasing phospho-p38 protein expression (Fig. 6¢, d).
The CCK-8 results indicated that NAC, an antioxidant,
rescued cell death (Fig. 6e). The upregulation of
apoptosis-related proteins induced by BD was diminished
by NAC (Fig. 6f). Furthermore, NAC abolished the
phosphorylation of ERK and JNK (Fig. 6g). To verify
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Fig. 2 BD inhibited cell proliferation in A549 and NCI-H292 cell lines. a Two human lung cancer cell lines (A549 and NCI-H292) were treated with
BD (2.5, 5, 10, 20, 30, and 40 uM) for 24 h and 48 h. The cell viability was evaluated by CCK-8. b A549 and NCI-H292 cells were treated with BD for 48 h.
Then cells were stained with Azide 594 (red) to detect EAU and DAPI (blue) to stained nuclei. Fluorescence images were obtained and analyzed with
a fluorescence microscope. ¢ Values are expressed as the mean +SD, n =3 *p < 0.05, **p < 0.01, and ***p < 0.001 compared to control groups.
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20 uM) for 48 h and stained with annexin v-FITC/PI and analyzed by flow cytometry. b Quantification of apoptotic cells induced by BD. Values are
expressed as the mean + SD, n = 3 *p < 0.05, **p < 0.01, and ***p < 0.001 compared to control groups. € The changes of MMP were monitored by JC-
1 fluorescent probe and observed by confocal microscopy. d The expression of apoptosis-related proteins were determined by western blotting. e
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fluorescent microscopy.

Fig. 4 BD induces autophagy in A549 and NCI-H292 cells. a Effect of pre-treatment with z-VAD-fmk (20 uM) on A549 and NCI-H292 cell survival
was evaluated by CCK-8 assay. b A549 and NCI-H292 cells were treated with BD for 24 h and stained with acridine orange. AO-stained cells were
observed by confocal microscopy. € A549 and NCI-H292 cells were treated with BD (5, 10, and 20 uM) for 24 h and the expression of LC3, p62, and
Atg7 was assessed by western blot. d Values are expressed as the mean +SD, n=3 *p < 0.05, **p < 0.01, and ***p < 0.001 compared to control

groups. @ A549 and NCI-H292 cells were infected with GFP-LC3-expressing vectors and then exposed to BD. GFP-LC3 punctae were acquired by

which kinase is essential for BD-induced apoptosis, U0126
(a MEK inhibitor), SP600125 (a JNK inhibitor), and
SB203580 (a p38 inhibitor) were used in our apoptosis
experiment. As shown in Fig. 6h, SP600125 suppressed
BD-induced apoptosis. A western blot assay was used to
assess ROS generation in BD-induced autophagy (Fig. 6g).
These results suggested that ROS generation may serve as
a critical initial mediator of BD-induced apoptosis and
autophagy.

z-VAD-fmk enhances autophagy, while CQ abolishes
apoptosis induced by BD

The relationship between apoptosis and autophagy was
also investigated in our study. The CCK-8 assay results
showed that the combination of BD with CQ or z-VAD-
fmk could mitigate the BD-induced cell proliferation
inhibition (Fig. 7c). Then, z-VAD-fmk, CQ, and 3-MA
were used to determine the association between apoptosis
and autophagy. Western blotting results demonstrated
that z-VAD-fmk and 3-MA could decrease the expression
of cleaved caspase-9 and cleaved PARP (Fig. 7d, f). The
fluorescence results were consistent with those of the
CCK-8 assay, revealing that z-VAD-fmk could slightly
promote LC3-II expression (Fig. 7d) and red acidic vesicle
accumulation induced by BD (Fig. 7a). As shown in
Fig. 7b, e, 3-MA could enhance BD-induced apoptosis,
and CQ could partly block BD-induced apoptosis.

BD inhibits the growth of lung cancer in vivo

A tumor xenograft mouse model was used to assess the
anticancer activity of BD in vivo. Tumor-bearing mice
received i.p. injections of saline, BD (40 mg/kg) and CDDP
(2 mg/kg) for 15 days. As shown in Fig. 8a, b, c and e, BD
significantly reduced the growth of xenograft tumors
without significant changes in body weight. We observed
an increase in the number of TUNEL-positive cells and
upregulation of LC3-1I, cleaved caspase-9 p-ERK and p-
JNK following BD treatment (Fig. 8d, g). H&E staining of
several of the most important organs was performed to
evaluate the cytotoxic effects of BD. As shown in Fig. 8f,
the H&E staining results suggested that BD exhibited no
significant toxicity in vivo.

Discussion

Searching for chemotherapeutic adjuvant drugs that
work through various anticancer mechanisms may lead to
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new targeted agents and therapeutic strategies. In this
study, we found that BD, a quassinoid compound, has
potential anticancer activity in A549 and NCI-H292 cells.
Our results reveal that BD induces lung cancer cell
apoptosis and autophagy, which is regulated by ROS
generation and the MAPK signaling pathway.

Apoptosis is characterized by cell shrinkage, chromatin
condensation, nuclear fragmentation, plasma membrane
blebbing, and debris clearance by neighbouring phago-
cytes®%. In our study, BD exhibited strong anticancer
activity and inhibited proliferation. In further experi-
ments, we found that BD could induce cell apoptosis and
that this type of pro-apoptotic activity cannot be entirely
blocked by z-VAD-fmk. TEM results revealed that BD
induced autophagy and facilitated autophagic flux in
lung cancer cells. Moreover, BD could cause ROS
overproduction and regulate apoptosis and autophagy
via the MAPK signaling pathway. Our results indicated
that Inhibiting apoptosis promoted autophagy, while
suppressing of autophagy diminished cell apoptosis
caused by BD.

ROS, small and highly reactive molecules, are the nor-
mal metabolite products of mitochondria, and ROS
overproduction serves as an important mediator in cell
death in response to various stimuli*>~*°, Accumulating
evidence has indicated that excessive ROS generation
contributes to cell cycle arrest and mitochondria-
dependent apoptosis®*?’. Our results revealed that BD
strongly induced ROS overproduction, MMP depolariza-
tion, cytochrome c release, caspase cascade activation, and
PARP cleavage. More importantly, BD-mediated apopto-
sis was almost entirely reversed by NAC.

Autophagy, a conserved catabolic process, is char-
acterized by double membrane autophagosome forma-
tion®®*.  Growing evidence has confirmed that
suppressing autophagy enhances therapeutic efficacy*>*.
LC3 is the most widely detected protein marker and is
considered to be reliably associated with completed
autophagosomes'”**>. In addition, the delivery of
ubiquitin-tagged substrates to autophagosomes and lyso-
somes is modulated by p62*’. Recent research has
demonstrated that Atg7 is essential for autophagy flux™*.
We observed that BD could increase the LC3-II/LC3-I
ratio, downregulate p62 expression and promote autop-
hagosome formation. Moreover, a dual fluorescent tag
indicated that BD facilitated autophagy flux.
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Fig. 5 BD induces autophagic flux in A549 and NCI-H292 cells. a A549 and NCI-H292 cells overexpressing mRFP-GFP-LC3 were treated with 20 uM
BD for the indicated times and then subjected to confocal microscopy. Scale bar: 10 um. b Cells overexpressing mRFP-GFP-LC3 were treated with BD,
Rapa, 3-MA and CQ for the indicated times and then observed under confocal microscopy. ¢ The formation of autophagosome was observed in
transmission electron microscopy, The scale bar in the original image and the enlarged image represents 0.6 pm and 1.2 um, respectively.
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Fig. 6 MAPK activation is triggered by BD and roles of ROS in autophagy and apoptosis induced by BD. a A549 and NCI-H292 cells were
treated with various concentrations of BD for 24 h and the level of ROS was determined by flow cytometry. b Quantitative analysis of the fluorescent
intensity is shown in histograms. Values are expressed as the mean + SD, n =3 *p < 0.05, **p < 0.01, and ***p < 0.001 compared to control groups. ¢
A549 and NCI-H292 cells were treated with BD (5, 10, and 20 uM) for 24 h and the expression of p-ERK, t-ERK, p38, p-p38, JNK, p-JNK, p-Akt, and t-Akt
was assessed by western blot. d Values are expressed as the mean + SD, n =3 *p < 0.05, **p < 0.01, and ***p < 0.001 compared to control groups. e
A549 and NCI-H292 cell viability was assessed by CCK-8. f A549 and NCI-H292 cells were pretreated with NAC for 2 h and treated with various
concentrations of BD. The expression of Bax, cytochrome ¢, cleaved caspase-3, cleaved PARP and cleaved caspase-9 was assessed by western blot. g
The expression of p-ERK, p-JNK, p-p38, LC3, and Atg7 was assessed by western blot. h Cells were pretreated with U0126, sp600125, SB203580 for 2 h
and exposed to BD for 48 h, then stained with annexin v-FITC/PI and analyzed by flow cytometry.

Although many studies have focused on the intricate
relationship between apoptosis and autophagy, the
mechanism is still undetermined®®. We observed that z-
VAD-fmk merely reversed BD-induced cell death and that
CQ could partly rescue BD-mediated proliferation inhi-
bition. Growing evidences indicates that ROS accumula-
tion plays an essential role in cell survival, cell death, and
autophagy activation®®*’. In our study, NAC almost
abolished BD-induced expression of autophagy- and
apoptosis-related proteins.

The MAPK signaling pathway is downstream of ROS
and plays an essential role in the induction of apoptosis
and autophagy®®. Many studies have demonstrated that
ROS accumulation could induce cell death through
MAPK activation®”*’. Western blot results indicated that
apparent increases in the phosphorylation levels of ERK
and JNK and NAC almost abolished this effect
mediated by BD.

Materials and methods
Reagents

Brucea javanica seeds were purchased from the Bozhou
Chinese herbal medicine market. BD was extracted from
the seeds of Brucea javanica (Supplementary Informa-
tion). Cell Counting Kit-8 (CCK-8; CK04-500, Dojindo,
Kumamoto, Japan), 2',7'-dichlorodihydrofluorescein dia-
cetate (DCFH-DA, Sigma), an Annexin V-FITC/propi-
dium iodide (PI) kit (BD Biosciences, San Jose, CA),
cisplatin (CDDP, Sigma-Aldrich, St. Louis, MO), dimethyl
sulfoxide (DMSO, Solarbio, China), carbonyl cyanide 3-
chlorophenylhydrazone (CCCP, Beyotime, China),
N-acetylcysteine (NAC, Sigma), acridine orange (AO,
Solarbio, China), and 5-ethynyl-2’-deoxyuridine (EdU,
Beyotime, China) were purchased from the indicated
suppliers. Primary antibodies for Bax, Bcl-2, caspase-9,
cleaved caspase-9, caspase-3, cleaved caspase-3, cyto-
chrome ¢, COX4, and GAPDH were purchased from
Proteintech Group (Wuhan, China). Akt, p-Akt, p-ERK1/
2, INK, p-JNK, and PB-actin antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX). t-ERK1/2,
p38, p-p38, p62, LC3, and Atg7 antibodies were pur-
chased from Abcam, and the PARP antibody was pur-
chased from Cell Signaling Technology (Beverly, MA).
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Cell lines and cell culture

A549 and NCI-H292 human lung cancer cell lines and
EA.hy926 or HUVECs human umbilical vein cell lines
were obtained from the Cell Bank of the Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). The cells were incubated in RPMI 1640/DMEM
(Gibco BRL, Grand Island, NY) with 10% fetal bovine
serum, and maintained in a 37 °C incubator with 5% CO,.

Cell viability assay

Cell Counting Kit-8 assays were performed to assess cell
viability. Briefly, cells were grown in 96-well plates and
incubated for 24 h at a density of 1.0 x 10* cells per well.
After treatment with BD for 24 h or 48 h, the cells were
incubated for an additional 4 h with 100 pl of RPMI 1640/
DMEM and 10pl of CCK-8 solution at 37°C. The
absorbance of each well was then read at 450 nm using a
microplate reader (Bio-Rad, Model 680, USA).

Cell proliferation assays

An EAU Cell Proliferation Kit with Alexa Fluor 594 was
used to evaluate cell proliferation according to the man-
ufacturer’s instructions. In brief, EQU, a thymidine analog,
was incorporated into A549 and NCI-H292 cells and
detected through the click reaction. The cells were
observed by fluorescence microscopy.

Apoptosis analysis by flow cytometry

Cells (4 x 10°) were seeded in 6-well plates, incubated
overnight and treated with different concentrations of BD.
Forty-8 h after treatment termination, the cells were
harvested with trypsin and washed with phosphate-
buffered saline (PBS) (3000rpm, 5min). Then, an
Annexin V-FITC/PI kit was used for cell staining
according to the manufacturer’s instructions. Finally, the
samples were analyzed by flow cytometry.

Measurement of intracellular ROS
2',7'-Dichlorodihydrofluorescein diacetate was used to
detect intracellular ROS levels. After incubation with BD
for 24 h, the cells were washed with PBS and incubated in
fresh medium containing DCFH-DA (10 pg/ml) at 37 °C
for 30 min. Then, the cells were collected and analyzed at
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Fig. 7 The relationship between apoptosis and autophagy. a Acridine orange-stained cells were observed by confocal microscopy. b A549 and
NCI-H292 cells were pretreated with Rapa (50 nM) and then treated with BD for 48 h. Then cells were stained with annexin v-FITC/PI and analyzed by
flow cytometry. € A549 and NCI-H292 cells were pretreated with CQ (20 uM) or z-VAD-fmk (20 uM) for 2 h and then treated with BD (20 uM) for 24 h.
CCK-8 assay was used to evaluate cell viability. d Cells were pretreated with z-VAD-fmk (20 uM) for 2 h and then treated with BD for 24 h. The
expression of cleaved caspase-9, LC3 and cleaved PARP was assessed by western blot. e A549 and NCI-H292 cells were pretreated with CQ (20 uM)
and then treated with BD for 48 h. Then cells were stained with annexin v-FITC/Pl and analyzed by flow cytometry. f Cells were pretreated with 3-MA
(5 mM) and then treated with BD for 24 h. The expression of cleaved caspase-9, LC3, and cleaved PARP was assessed by western blot.

an excitation wavelength of 488 nm and an emission
wavelength of 530 nm by a flow cytometer.

Detection of acidic vesicular organelles

Autophagy lysosomes, acidic vesicular organelles
(AVOs), are a morphological characteristic of autophagy
and can be stained with AO. Cells were seeded in confocal
dishes and treated with BD for 24 h. After treatment with
BD, the cells were stained with AO (10 pg/ml) for 30 min
and observed under a laser scanning confocal microscope
(LSM 700, Zeiss, Germany).

Autophagy analysis

A549 and NCIH-292 cells were transfected with mRFP-
GFP-LC3 adenovirus (Genechem Co Shanghai, China)
and GFP-LC3B-expressing vectors to detect autophago-
somes and autolysosomes. The cells were plated in con-
focal dishes and incubated overnight. After adenovirus
transfection for 48h, the cells were treated with BD.
Autophagic flux was observed with a laser scanning
confocal microscope (LSM 700, Zeiss, Germany) and
fluorescence microscopy.

Analysis of mitochondrial membrane potential (MMP)

5,5",6,6’-Tetrachloro-1,1',3,3'-tetraethyl benzimidazolyl-
carbocyanine iodide (JC-1) was used to determine MMP.
Cells were seeded in confocal dishes and incubated for
24 h. After treatment with BD, the cells were stained with
JC-1 for 45min at 37°C. After washing with PBS, we
acquired images using a laser scanning confocal micro-
scope (LSM 700, Zeiss, Germany).

Transmission electron microscopy

Cells were collected and fixed with 2.5% glutaraldehyde
at 4 °C overnight at room temperature. Following fixation
with 1% osmium tetroxide for 1-2h, the cells were
dehydrated with a series of graded alcohols. After being
embedded in epoxy resin, the samples were examined by
transmission electron microscopy.

Mitochondrial extraction

Mitochondria were extracted using a Cell Mitochondria
Isolation Kit (Beyotime, China). Cells were seeded in D-100
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dishes for 24 h. After incubation with EB30 for another
24h, the cells were homogenized with mitochondrial
extraction reagent and centrifuged at 600 x g and 4 °C for
10 min, and the supernatants were centrifuged for an
additional 15min (4°C, 12,000g). The resulting pellet
sediments contained the mitochondria.

Western blot analysis

Cell lysates were separated by SDS-PAGE (7-12%) at
120V and eletrotransferred onto nitrocellulose mem-
branes (Millipore). After blocking with 5% nonfat dry milk
in PBS, the membranes were incubated with the primary
antibodies at 4 °C overnight and with horseradish perox-
idase (HRP)-conjugated secondary antibodies for 1h at
room temperature. GAPDH and [-actin were used as
controls. Finally, specific antibody binding was analyzed
using Image Lab™ Software on a ChemiDoc XRS + (Bio-
Rad, USA).

Xenograft assays

BALB/c-nu mice (female, 4 weeks) were purchased
from Beijing Vital River Laboratory Animal Technology
Co, Ltd (Beijing, China). Cells were collected with PBS
and mixed with an equal volume of Matrigel at a final
concentration of 1x 10’/mL. Then the lung cancer cell
suspensions (100 pL) were injected subcutaneously. When
the volumes of the tumors grew to approximately
100 mm?®, the tumor-bearing mice were allocated ran-
domly into three groups: control group (saline i.p), BD
group (40mg/kg ip) and CDDP group (2mg/kg i.p)
(n=6). The mice were injected with saline, BD and
CDDP every 2 days for 15 days. The tumor volumes and
body weights were measured every 2 days. The research
protocol was performed strictly in accordance with the
institutional guidelines of the Animal Care and Use
Committee of Shandong University.

H&E staining

Tissue samples from the mice were fixed with formalin
and embedded in paraffin. After cutting into 4 um sec-
tions, the tumor and essential organ specinens were
stained with H&E, and histological examinations were
performed using an Olympus microscope (Japan).
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Fig. 8 BD inhibits the growth of lung cancer xenografts in vivo. a A549 cells were inoculated in BALB/c-nu mice. Once the tumor volume
reached around 100 mm?, mice were randomly allocated into three groups for treatment control group (saline i), BD group (40 mg/kg ip) and
CDDP group (2 mg/kg ip). b BD significantly inhibited the growth of tumor xenografts. ¢ Tumor volume was measured every two days. d H&E
staining and TUNEL assay were performed to examine histological morphology and apoptosis of tumor tissues. e Body weights were measured every
2 days. f H&E staining results showed no significant organ related toxicities. The expression of p-p38, p-JNK, p-ERK, LC3, and cleaved caspase-9 was

TUNEL assay

A TUNEL Assay Kit (Roche) was used to detect apoptosis.
The main protocols involve the following steps: depar-

affinization, rehydration,

postfixation, prehybridization,
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hybridization, endogenous peroxidase activity inhibition,
DAB color development, and counterstaining with hema-
toxylin. The sections were then dehydrated and mounted
with Permount.
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Statistical analysis

The experimental data were analysed using GraphPad
Prism software version 7. Two-tailed Student’s ¢-test was
utilized to determine significant p-values for comparison
of two groups. The results are presented as the mean + SD
from three independent experiments. The variance is
similar between the groups. *p < 0.05, **p < 0.01, and ***p
<0.001 were considered statistically significant.

Acknowledgements
This work was supported by the Science and Technology Development Project
of Shandong Province (2015GGH318004).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-2317-3).

Received: 14 October 2019 Revised: 30 January 2020 Accepted: 31 January
2020
Published online: 18 February 2020

References
1. Siegel, R. L, Miller, K. D. & Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 68,
7-30 (2018).

2. Valastyan, S. & Weinberg, R. A. Tumor metastasis: molecular insights and
evolving paradigms. Cell 147, 275-292 (2011).

3. Groome, P. A. et al. The IASLC Lung Cancer Staging Project: validation of the
proposals for revision of the T, N, and M descriptors and consequent stage
groupings in the forthcoming (seventh) edition of the TNM classification of
malignant tumours. J. Thorac. Oncol. 2, 694-705 (2007).

4. Subeki. et al. Screening of Indonesian medicinal plant extracts for antibabesial
activity and isolation of new quassinoids from Brucea javanica. J. Nat. Prod. 70,
1654-1657 (2007).

5. Zhao, L. et al. Apoptosis induction of dehydrobruceine B on two kinds of
human lung cancer cell lines through mitochondrial-dependent pathway.
Phytomedicine 23, 114-122 (2016).

6. Zhang, J. et al. Redox-sensitive micelles composed of disulfide-linked Pluronic-
linoleic acid for enhanced anticancer efficiency of brusatol. Int. J. Nanomed. 13,
939-956 (2018).

7. Zhang, J. Y. et al. Bruceine D induces apoptosis in human chronic myeloid
leukemia K562 cells via mitochondrial pathway. Am. J. Cancer Res. 6, 819-826
(2016).

8. Lau, S. T. et al. Bruceine D induces apoptosis in pancreatic adenocarcinoma
cell line PANC-1 through the activation of p38-mitogen activated protein
kinase. Cancer Lett. 281, 42-52 (2009).

9. Lay, S.T, Lin, Z X & Leung, P. S. Role of reactive oxygen species in brucein D-
mediated p38-mitogen-activated protein kinase and nuclear factor-kappaB
signalling pathways in human pancreatic adenocarcinoma cells. Br. J. Cancer
102, 583-593 (2010).

10. Cheng, Z. et al. Bruceine D inhibits hepatocellular carcinoma growth by
targeting beta-catenin/jagged1 pathways. Cancer Lett. 403, 195-205
(2017).

11. Codogno, P, Mehrpour, M. & Proikas-Cezanne, T. Canonical and non-canonical
autophagy: variations on a common theme of self-eating? Nat. Rev. Mol. Cell
Biol. 13, 7-12 (2011).

12, Ichimura, Y. et al. A ubiquitin-like system mediates protein lipidation. Nature
408, 483-492 (2000).

13. Noda, N. N, Ohsumi, Y. & Inagaki, F. Atg8-family interacting motif crucial for
selective autophagy. FEBS Lett. 584, 1379-1385 (2010).

Official journal of the Cell Death Differentiation Association

22.

23.

24.

25.

26.

27.

28.

29.

30.

3.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

Page 14 of 15

Kabeya, Y. et al. LC3, a mammalian homologue of yeast Apg8p, is localized in
autophagosome membranes after processing. EMBO J. 19, 5720-5728 (2000).
Kimura, S, Fujita, N, Noda, T. & Yoshimori, T. Monitoring autophagy in
mammalian cultured cells through the dynamics of LC3. Methods Enzymol.
452, 1-12 (2009).

Kuma, A, Matsui, M. & Mizushima, N. LC3, an autophagosome marker, can be
incorporated into protein aggregates independent of autophagy: caution in
the interpretation of LC3 localization. Autophagy 3, 323-328 (2007).

Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for
monitoring autophagy (3rd edition). Autophagy 12, 1-222 (2016).

Williams, A. et al. Novel targets for Huntington's disease in an mTOR-
independent autophagy pathway. Nat. Chem. Biol. 4, 295-305 (2008).
Ravikumar, B. et al. Inhibition of mTOR induces autophagy and reduces toxicity
of polyglutamine expansions in fly and mouse models of Huntington disease.
Nat. Genet. 36, 585-595 (2004).

Saucedo, L. J. et al. Rheb promotes cell growth as a component of the insulin/
TOR signalling network. Nat. Cell Biol. 5, 566571 (2003).

Inoki, K, Zhu, T. & Guan, K L. TSC2 mediates cellular energy response to
control cell growth and survival. Cell 115, 577-590 (2003).

Karanasios, E. et al. Autophagy initiation by ULK complex assembly on ER
tubulovesicular regions marked by ATG9 vesicles. Nat. Commun. 7, 12420 (2016).
Galluzz, L. et al. Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ. 25, 486-541
(2018).

De Duve, C. & Wattiaux, R. Functions of lysosomes. Annu. Rev. Physiol. 28,
435-492 (1966).

Fuchs, V. & Steller, H. Live to die another way: modes of programmed cell
death and the signals emanating from dying cells. Nat. Rev. Mol. Cell Biol. 16,
329-344 (2015).

Eisenberg-Lerner, A, Bialik, S, Simon, H. U. & Kimchi, A. Life and death partners:
apoptosis, autophagy and the cross-talk between them. Cell Death Differ. 16,
966-975 (2009).

Kaminskyy, V. O, Piskunova, T, Zborovskaya, |. B, Tchevkina, E. M. & Zhivo-
tovsky, B. Suppression of basal autophagy reduces lung cancer cell prolifera-
tion and enhances caspase-dependent and -independent apoptosis by
stimulating ROS formation. Autophagy 8, 1032-1044 (2012).

Ghavami, S. et al. STO0OA8/A9 induces autophagy and apoptosis via ROS-
mediated cross-talk between mitochondria and lysosomes that involves
BNIP3. Cell Res. 20, 314-331 (2010).

Chio, I. I. C. et al. NRF2 promotes tumor maintenance by modulating mRNA
translation in pancreatic. Cancer Cell 166, 963-976 (2016).

Su, X. et al. Vitamin C kills thyroid cancer cells through ROS-dependent inhi-
bition of MAPK/ERK and PI3K/AKT pathways via distinct mechanisms. Ther-
anostics 9, 4461-4473 (2019).

Green, D. R. & Llambi, F. Cell death signaling. Cold Spring Harb Perspect. Biol. 7,
2006080 (2015).

Kerr, J. F, Wyllie, A. H. & Currie, A. R. Apoptosis: a basic biological phenomenon
with wide-ranging implications in tissue kinetics. Br. J. Cancer 26, 239-257 (1972).
Clarke, H. J, Chambers, J. E, Liniker, E. & Marciniak, S. J. Endoplasmic reticulum
stress in malignancy. Cancer Cell 25, 563-573 (2014).

Gao, L. et al. Paeonol induces cytoprotective autophagy via blocking the Akt/
mTOR pathway in ovarian cancer cells. Cell Death Dis. 10, 609 (2019).
Kumar, K, Sabarwal, A. & Singh, R. P. Mancozeb selectively induces
mitochondrial-mediated apoptosis in human gastric carcinoma cells through
ROS generation. Mitochondrion 48, 1-10 (2019).

Liou, G. Y. & Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 44,
479-496 (2010).

Isomura, M. et al. Tributyltin-induced endoplasmic reticulum stress and its
Ca(2+)-mediated mechanism. Toxicol. Appl. Pharm. 272, 137-146 (2013).
Levine, B. & Kroemer, G. Autophagy in the pathogenesis of disease. Cell 132,
27-42 (2008).

Maiuri, M. C, Zalckvar, E, Kimchi, A. & Kroemer, G. Self-eating and self-killing:
crosstalk between autophagy and apoptosis. Nat. Rev. Mol. Cell Biol. 8, 741-752
(2007).

Hay, N. & Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 18,
1926-1945 (2004).

Degenhardt, K. et al. Autophagy promotes tumor cell survival and restricts
necrosis, inflammation, and tumorigenesis. Cancer Cell 10, 51-64 (2006).
Huang, W. P, Scott, S. V, Kim, J. & Klionsky, D. J. The itinerary of a vesicle
component, Aut7p/Cvt5p, terminates in the yeast vacuole via the autophagy/
Cvt pathways. J. Biol. Chem. 275, 5845-5851 (2000).


https://doi.org/10.1038/s41419-020-2317-3
https://doi.org/10.1038/s41419-020-2317-3

Fan et al. Cell Death and Disease (2020)11:126

43.

45.

Sahani, M. H, Itakura, E. & Mizushima, N. Expression of the autophagy substrate
SQSTM1/p62 is restored during prolonged starvation depending on tran-
scriptional upregulation and autophagy-derived amino acids. Autophagy 10,
431-441 (2014).

Janssen, A. F. J. et al. Probing aggrephagy using chemically-induced protein
aggregates. Nat. Commun. 9, 4245 (2018).

Yan, X. et al. Lup-20(29)-en-3beta,28-di-yl-nitrooxy acetate affects MCF-7 pro-
liferation through the crosstalk between apoptosis and autophagy in mito-
chondria. Cell Death Dis. 9, 241 (2018).

Scherz-Shouval, R & Elazar, Z. ROS, mitochondria and the regulation of
autophagy. Trends Cell Biol. 17, 422-427 (2007).

Official journal of the Cell Death Differentiation Association

47.

48.

49.

50.

Page 15 of 15

Scherz-Shouval, R. & Elazar, Z. Regulation of autophagy by ROS: physiology
and pathology. Trends Biochem. Sci. 36, 30-38 (2011).

Liu, Y. & Fan, D. Ginsenoside Rg5 induces G2/M phase arrest, apoptosis and
autophagy via regulating ROS-mediated MAPK pathways against human
gastric cancer. Biochem. Pharm. 168, 285-304 (2019).

Zhang, G. et al. beta-Thujaplicin induces autophagic cell death, apoptosis, and
cell cycle arrest through ROS-mediated Akt and p38/ERK MAPK signaling in
human hepatocellular carcinoma. Cell Death Dis. 10, 255 (2019).

Wang, L J. et al. Non-mitotic effect of albendazole triggers apoptosis of
human leukemia cells via SIRT3/ROS/p38 MAPK/TTP axis-mediated TNF-alpha
upregulation. Biochem. Pharm. 162, 154-168 (2019).



	Bruceine D induces lung cancer cell apoptosis and autophagy via the ROS/MAPK signaling pathway in�vitro and in�vivo
	Introduction
	Results
	BD structure
	BD inhibits the proliferation of A549 and NCI-H292 lung cancer cells in�vitro
	BD induces mitochondria-dependent apoptosis in A549 and NCI-H292 cells
	BD induces autophagy in lung cancer cells
	BD promotes autophagy flux in lung cancer cells
	ROS accumulation and MAPK signaling pathway regulation are involved in BD-induced proliferation inhibition
	z-VAD-fmk enhances autophagy, while CQ abolishes apoptosis induced by BD
	BD inhibits the growth of lung cancer in�vivo

	Discussion
	Materials and methods
	Reagents
	Cell lines and cell culture
	Cell viability assay
	Cell proliferation assays
	Apoptosis analysis by flow cytometry
	Measurement of intracellular ROS
	Detection of acidic vesicular organelles
	Autophagy analysis
	Analysis of mitochondrial membrane potential (MMP)
	Transmission electron microscopy
	Mitochondrial extraction
	Western blot analysis
	Xenograft assays
	H&#x00026;E staining
	TUNEL assay
	Statistical analysis

	ACKNOWLEDGMENTS




