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Honokiol triggers receptor-interacting protein
kinase 3-mediated cell death of neuroblastoma
cells by upregulating reactive oxygen species
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Abstract. Neuroblastoma is the most common form of child-
hood extracranial tumor and almost half of neuroblastoma
cases occur in infants under two years old. Neuroblastoma
accounts for ~6-10% of childhood cancers and 15% of
cancer-associated childhood mortality. However, an effec-
tive treatment remains to be developed. Honokiol exhibits
long-lasting central muscle relaxation, anti-inflammatory,
antibacterial, antimicrobial, antiulcer, antioxidation,
antiaging and antitumor effects. Honokiol has been previ-
ously demonstrated to kill neuroblastoma cells, however,
the underlying mechanism of action remains unclear. The
present study reports that honokiol inhibits the growth of
neuroblastoma cells via upregulation of reactive oxygen
species (ROS). MTT assays demonstrated that treatment
of Neuro-2a neuroblastoma cells with honokiol resulted in
time- and dose-dependent inhibition of cell proliferation,
which was associated with upregulation of the protein
expression of receptor-interacting protein kinase 3 (RIP3), as
demonstrated by western blot analysis. Furthermore, knock-
down of RIP3 by small interfering RNA, or pharmacological
inhibition of RIP3 by the RIP3 specific inhibitor necrosul-
fonamide, reversed honokiol-induced loss of cell viability in
Neuro-2a cells. Importantly, honokiol significantly increased
the intracellular ROS levels as determined by a 2',7'-dichlo-
rofluorescin diacetate assay, while ROS scavenger N-acetyl
cysteine significantly prevented the induction of ROS and
RIP3 by honokiol. The results of the present study indicate
that honokiol may suppress the growth of neuroblastoma
Neuro-2a cells, at least partially, through ROS-mediated
upregulation of RIP3.
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Introduction

Neuroblastoma originates from the neural crest of the sympa-
thetic nervous system (1), and is the most common solid tumor
in children in terms of incidence and also mortality, with 800
new cases diagnosed each year in the United States (2). Almost
half of patients with neuroblastoma are children younger than
two years old, with a median age of 17 months at diagnosis.
Neuroblastoma accounts for 8-10% of all pediatric malignant
tumors and 15% of cancer-associated death in children (3-5).
Patients with neuroblastoma are usually treated with a combi-
nation of chemotherapy, surgery and radiation (6). However,
the majority of patients will develop certain complications,
including infertility, hearing loss and cardiac dysfunction,
following these procedures (7). In 2015, the molecular-targeted
drug dinutuximab, in combination with granulocyte
macrophage colony-stimulating factor, interleukin-2 and
isotretinoin, was approved as treatment for high-risk neuro-
blastoma, however, various serious adverse reactions, which
include infusion reactions and neuropathy, have been reported
to be associated with this treatment regimen (8). Therefore, it
is of high importance to identify and develop treatments for
neuroblastoma that exhibit increased potency and reduced side
effects.

Honokiol [2-(4-hydroxy-3-prop-2-enyl-phenyl)-4-prop-2
-enylphenol] is a soluble, nontoxic, natural small-molecule
polyphenol from the magnolia plant. It has been reported
to inhibit thegrowth of various types of cancer cells (9),
including oral squamous cell carcinoma (10), glioblastoma
multiforme (11), human prostate cancer (12) and melanoma
cells (13). A previous report also demonstrated that honokiol
kills neuroblastoma cells (14), indicating that honokiol
may be a promising agent for neuroblastoma treatment.
However, the molecular pharmacology of honokiol in the
suppression of cancer cell growth and proliferation is largely
unknown.

The present study treated the Neuro-2a mouse neuroblas-
toma cell line with honokiol and demonstrated that honokiol
inhibited the growth of Neuro-2a cells in a time- and
dose-dependent manner. Further mechanistic investigation
revealed that honokiol triggered receptor-interacting protein
kinase 3 (RIP3)-mediated loss of cell viability in neuro-
blastoma cells via the generation of reactive oxygen species
(ROS).
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Materials and methods

Reagents. Honokiol and MTT were purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
Necrosulfonamide (Nec) was from Abcam (Cambridge, MA,
USA). N-acetyl-L-cysteine (NAC) and Lipofectamine 2000
were obtained from Invitrogen (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). RIP3 small interfering (si)RNA
(5'-CCAGAGACCUCAACUUUCA-3") and control siRNA
(5'-UUCUCCGAACGUGUCACGUTT-3") were purchased
from Qiagen, Inc. (Valencia, CA, USA). Rabbit anti-RIP3
(#95702) and (-actin antibodies (#8457) were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA).

Cell culture and treatments. Neuro-2a mouse neuroblas-
toma cells were obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were grown in
Dulbecco's modified Eagle's medium (Thermo Fisher
Scientific, Inc.) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (Thermo Fisher Scientific, Inc.), 2 mM
L-glutamine, 100 IU/ml penicillin and 100 yg/ml streptomycin
in an incubator at 37°C with 5% CO,. Transfection of 100 nM
siRNA with Lipofectamine 2000 was performed according to
the manufacturer's protocol. Neuro-2a cells were treated with
60 uM honokiol alone, or in combination with 100 nM RIP3
siRNA for 24 h or with 1 M RIP3 specific inhibitor Nec for
48 h. For the ROS scavenger assay, Neuro-2a cells were treated
with vehicle, 60 M honokiol or a combination of 1 uM NAC
and 60 M honokiol for 48 h. Control cells were treated with
DMSO instead of honokiol throughout the study.

MTT assay. The cytotoxicity of honokiol in Neuro-2a cells
was determined using an MTT colorimetric assay. Briefly,
Neuro-2a cells were seeded in 200 ul at a concentration of
1x10* cells/well in 96-well tissue culture plates and incubated
at 37°C with 5% CO,. The next day, cells were treated with
0, 30, 60 or 120 #M honokiol for 24, 48 and 72 h. Following
incubation, 20 yl MTT reagent (5 mg/ml) was added to each
well and incubated for another 3 h. MTT solution was removed
and dimethylsulfoxide was added to each well to dissolve
the blue formazan product. The absorbance at 550 nm was
recorded. The relative inhibition rate of the cells was calculated
according to the following equation: Relative inhibition rate of
cells = (1 - absorbance value of sample) / (absorbance value of
control) x 100. Data were calculated from three independent
experiments.

Western blot analysis. Total proteins were extracted from
2x10 cultured cells using radioimmunoprecipitation assay
lysis buffer (1% Nonidet P-40, 0.5% sodium deoxycholate
and 0.1% SDS in 1X phosphate buffer solution) containing
protease inhibitors (2 gg/ml aprotinin, 2 ug/ml leupeptin
and 1 mM phenylmethylsulfonyl fluoride) for 30 min on ice.
Following centrifugation at 12,000 x g for 15 min at 4°C, the
supernatant was resuspended in buffer containing 1% SDS
and 1% dithiothreitol, and heated at 100°C for 5 min. The
protein concentration was quantified using a bicinchoninic
acid protein assay, and an equal amount of protein (20 ug)
was electrophoresed by 10% SDS-PAGE and transferred onto
nitrocellulose membranes. Following blocking with 5% non-fat
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dry milk in TBS-Tween-20 (TBS-T; 10 mM Tris-HCI, pH 8.0,
100 mM NacCl and 0.05% Tween-20) at room temperature for
1 h, the membrane was incubated at 4°C overnight with rabbit
anti-RIP3 (1:1,000; #95702) or anti-f-actin (1:1,000; #8457)
primary antibodies (both from Cell Signaling Technology,
Inc.). Following incubation, the membrane was washed
twice with TBS-T for 15 min and incubated with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
(Abcam, ab6721, 1:5,000) at room temperature for 1 h. After
washing with TBS-T, the immunoreactivities were visualized
by an ECL plus chemiluminescence kit (Beyotime Institute of
Biotechnology, Haimen, China) according to manufacturer's
protocol (Pierce; Thermo Fisher Scientific, Inc.). The relative
optical density of bands were analyzed using Image-Pro Plus
6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).

Measurement of intracellular ROS. Levels of ROS were
measured using the ROS assay kit from Beyotime Institute
of Biotechnology, according to the manufacturer's protocol.
Briefly, following treatment, 1x10° Neuro-2a cells were incu-
bated with 10 M non-fluorescent probe 2'7'-dichlorofluorescin
diacetate (DCFH-DA) for 20 min at room temperature.
DCFH-DA is able to penetrate the cellular membrane and be
hydrolyzed to dichlorofluorescin (DCFH) carboxylate anion.
DCFH is subsequently oxidized by ROS, which results in
the formation of fluorescent dichlorofluorescein (DCF). DCF
fluorescence was detected using fluorescence spectroscopy
with maximum excitation and emission of 495 and 529 nm,
respectively.

Statistical analysis. All statistical analyses were performed
using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla,
CA, USA). Data are presented as the mean + standard error of
the mean. One-way analysis of variance was used to compare
differences among three or more groups, which was followed
by Bonferroni post-hoc testing for multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Honokiol inhibits the proliferation of Neuro-2a mouse
neuroblastoma cells in a time- and dose-dependent manner. To
assess the effects of honokiol on the growth of neuroblastoma
cells, Neuro-2a cells were treated with 0, 30, 60 or 120 uM
honokiol for 24, 48 and 72 h. Cell viability was assessed by
MTT assay. As demonstrated in Fig. 1, following treatment for
24 h, 30, 60 and 120 uM honokiol resulted in inhibition of
cell proliferation by 12, 25 and 30%. Furthermore, increased
inhibitory effects were observed when the treatment time
was extended to 48 and 72 h. These results demonstrate that
honokiol inhibited the growth of Neuro-2a cells in a time- and
dose-dependent manner.

Honokiol promotes the expression of RIP3 in Neuro-2a
neuroblastoma cells. Necrosis is the process of cell death
caused by various external factors, including toxins, infec-
tions and trauma, or induced by specific genes in a regulated
manner (15). RIP3 has an essential role in the necrosis
pathway (16) and a recent study reported that stress induced
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Figure 1. Honokiol inhibits the proliferation of Neuro-2a cells. Mouse
neuroblastoma cells were treated with 0, 30, 60 and 120 M for 24, 48 and
72 h. Cell viability was assessed by MTT assay. Relative inhibition rate of
cells = (1 - absorbance value of sample) / (absorbance value of control) x 100.
Data were calculated from three independent experiments. "P<0.05 vs.
control group.

RIP3 upregulation in neuroblastoma cells (17). To investigate
the mechanism and potential role of RIP3 in the suppression
of neuroblastoma cell proliferation by honokiol, the protein
expression of RIP3 in Neuro-2a cells was investigated using
western blot analysis following treatment of cells with various
concentrations (0, 30, 60 and 120 M) of honokiol for 48 h.
Compared with the untreated control, 30 M marginally
increased RIP3 protein expression, while 60 and 120 xM
honokiol significantly increased the protein expression of
RIP3 (Fig. 2). These results indicate that honokiol promoted
the expression of RIP3 in Neuro-2a neuroblastoma cells.

Silencing RIP3 by siRNA or pharmacological inhibition
of RIP3 prevents honokiol-induced loss of cell viability
in Neuro-2a neuroblastoma cells. The observed induction
of RIP3 indicates that RIP3 may have an important role in
honokiol-mediated necrosis of Neuro-2a cells. To test this
hypothesis, the present study knocked down RIP3 in Neuro-2a
cells by siRNA. Compared with scrambled control siRNA
(NC control), transfection of 100 nM RIP3 siRNA reduced
the protein expression of RIP3 in Neuro-2a cells (Fig. 3A).
Analysis of the relative optical density of RIP3 bands demon-
strated that RIP3 siRNA significantly decreased the protein
level of RIP3 (Fig. 3B), compared with the control. Neuro-2a
cells were also treated with 60 M honokiol alone, or in
combination with RIP3 siRNA transfection for 24 h or treat-
ment with 1 zM RIP3 specific inhibitor Nec for 48 h (Fig. 3C).
Cell viability was assessed by MTT assay. Compared with the
control group, 60 M honokiol significantly reduced the cell
viability of Neuro-2a cells, which was significantly reversed
by Nec and RIP3 siRNA treatments (Fig. 3C). These results
indicate that induction of RIP3 contributed to the observed
honokiol-mediated loss of cell viability in Neuro-2a cells.

Honokiol inhibits Neuro-2a neuroblastoma cell growth via
ROS-mediated upregulation of RIP3. To investigate whether
honokiol inhibits Neuro-2a neuroblastoma cell growth via
ROS-mediated upregulation of RIP3, Neuro-2a cells were
treated with vehicle, honokiol (30, 60 and 120 M) or a
combination of ROS scavenger NAC (1 M) and honokiol
(60 uM) for 48 h. The intracellular ROS levels were measured
using DCFH-DA. Compared with the vehicle control, 60 and
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120 uM honokiol significantly increased the intracellular ROS
levels, while NAC treatment significantly prevented the induc-
tion of ROS by honokiol (Fig. 4A). In addition, Neuro-2a cells
were treated with vehicle, 60 M honokiol or a combination
of 1 uM NAC and 60 uM honokiol for 48 h, and the protein
expression of RIP3 was determined by western blot analysis. As
demonstrated in Fig. 4B, the 60 xM honokiol-induced increase
of RIP3 protein expression was reversed to a certain extent by
NAC. Analysis of the relative optical density of RIP3 bands
demonstrated that 60 xM honokiol significantly increased the
protein expression of RIP3, compared with the control group,
which was significantly prevented by NAC (Fig. 4C). These
results indicate that honokiol may suppress Neuro-2a neuro-
blastoma cell growth, at least partially, through ROS-mediated
upregulation of RIP3.

Discussion

Honokiol has been demonstrated to inhibit the growth of
various types of cancer cells (9-14). However, the molecular
mechanism of honokiol in the suppression of cancer cell
growth and proliferation is largely unknown. The present
study demonstrated that honokiol inhibited the growth of
Neuro-2a neuroblastoma cells in a time- and dose-dependent
manner, which was accompanied by upregulation of RIP3.
Furthermore, silencing RIP3 by siRNA or pharmacological
inhibition of RIP3 reversed honokiol-induced loss of cell
viability in Neuro-2a cells. Importantly, honokiol significantly
increased the intracellular ROS levels and the expression of
RIP3, while the ROS scavenger NAC significantly prevented
the induction of ROS and RIP3 by honokiol. These results
indicate that honokiol may trigger RIP3-mediated loss of cell
viability in neuroblastoma cells via the generation of ROS.

Honokiol has been demonstrated to inhibit the growth of
human glioma via multiple mechanisms. Honokiol was reported
to suppress human glioma growth via induction of apoptosis
and cell cycle arrest in tumor cells by activating a p53/cyclin
Dl/cyclin dependent kinase (CDK) 6/CDK4/E2F transcrip-
tion factor 1-dependent pathway (18). Notably, honokiol was
also reported to induce autophagy in neuroblastoma cells via
the phosphatidylinositol 3-kinase/Akt/mechanistic target of
rapamycin and endoplasmic reticulum stress/ROS/extracel-
lular signal-regulated kinase 1/2 signaling pathways, and the
suppression of cell migration (19). In addition, necrosis is the
process of cell death that is caused by certain external factors,
which include toxins, infections and trauma, or induced by
specific genes in a regulated manner (15). The results of the
present study indicated that honokiol induced the expression
of RIP3, which is upregulated by stress in neuroblastoma cells
and has an essential role in necrosis (16-17). Furthermore,
silencing RIP3 by siRNA or pharmacological inhibition
of RIP3 reversed honokiol-induced loss of cell viability in
Neuro-2a cells. The current study has identified an additional
mechanism by which honokiol induces loss of cell viability
in neuroblastoma cells, indicating that honokiol may be a
potential candidate drug for treating brain tumors such as
neuroblastoma.

It was reported that honokiol inhibited the growth of malig-
nant glioma via ROS (20). Furthermore, it has been reported that
ROS inhibited RIP protein-induced necroptosis of MiaPaCa-2
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Relative expression

Figure 2. Honokiol stimulates the expression of RIP3 in Neuro-2a neuroblastoma cells. Neuro-2a cells were treated with the indicated concentrations (30, 60 or
120 #M) of honokiol for 48 h. (A) Protein expression of RIP3 was examined using western blotting with $-actin as loading control. (B) Relative optical density
of RIP3 bands to 3-actin bands was analyzed using Image-Pro Plus 6.0 software. ““P<0.001 vs. control group. RIP3, receptor-interacting protein kinase 3.
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Figure 3. Inhibition of RIP3 prevents honokiol-induced loss of cell viability in Neuro-2a neuroblastoma cells. (A) Neuro-2a cells were transfected with 100 nM
NC control or RIP3 siRNA with Lipofectamine 2000 for 48 h. The protein expression of RIP3 was assessed by western blot analysis with 3-actin as loading
control. (B) Relative optical density of RIP3 bands to 3-actin bands was analyzed using Image-Pro Plus 6.0 software. (C) Neuro-2a cells were treated with
60 M honokiol alone, or in combination with RIP3 siRNA transfection for 24 h or treatment with 1 M RIP3 specific inhibitor Nec for 48 h. Cell viability
was assessed by MTT assay. “P<0.01 and ““P<0.001 vs. control group; “P<0.05 and *"P<0.01 vs. honokiol group. RIP3, receptor-interacting protein kinase 3;
siRNA, small interfering RNA; NC control, scrambled control siRNA; Nec, necrosulfonamide.
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Figure 4. ROS scavenger NAC prevents the honokiol-induced increase of RIP3 in Neuro-2a neuroblastoma cells. (A) Neuro-2a cells were treated with vehicle,
30, 60 and 120 M honokiol, or a combination of ROS scavenger NAC (1 #M) and honokiol (60 M) for 48 h. The intracellular ROS levels were measured
using 2', 7'-dichlorofluorescin diacetate. (B) Neuro-2a cells were treated with vehicle, 60 #M honokiol or a combination of 1 #M NAC and 60 M honokiol for
48 h, and the protein expression of RIP3 was determined by western blot analysis with (3-actin as loading control. (C) Relative optical density of RIP3 bands to
B-actin bands was analyzed using Image-Pro Plus 6.0 software. "P<0.05, “P<0.01 and ““P<0.001 vs. control group; “P<0.05 and ""P<0.001 vs. 60 M honokiol
group. ROS, reactive oxygen species; NAC, N-acetyl-L-cysteine; RIP3, receptor-interacting protein kinase 3; ns, not significant.
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and BxPC-3 cells (21). These advances led us to hypothesize
that honokiol may suppress neuroblastoma cell growth via
ROS-mediated upregulation of RIP3. Indeed, the present study
revealed that honokiol significantly increased the intracellular
ROS levels and the protein expression of RIP3, while the ROS
scavenger NAC significantly prevented the induction of ROS
and RIP3 expression by honokiol. These results indicate that
honokiol may stimulate the expression of RIP3, at least partially,
through the production of ROS in neuroblastoma cells.

In conclusion, the present study demonstrated that honokiol
inhibited cell proliferation, promoted the production of ROS
and stimulated the protein expression of RIP3 in Neuro-2a
mouse neuroblastoma cells. The results of the current study
indicate that honokiol may suppress neuroblastoma cell
growth via ROS-mediated upregulation of RIP3, providing the
basis for further development of honokiol for the treatment of
neuroblastoma.
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