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Neferine promotes the apoptosis of HNSCC through
the accumulation of p62/SQSTMI1 caused
by autophagic flux inhibition
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Abstract. Head and neck squamous cell carcinoma (HNSCC),
one of the most common malignancies worldwide, often
has a poor prognosis due to the associated metastasis and
chemoresistance. Hence, the development of more effective
chemotherapeutics is critical. Neferine, a bisbenzylisoquino-
line alkaloid isolated from the seed embryo of Nelumbo
nucifera (common name: Lotus), exerts antitumor effects
by regulating apoptosis and autophagy pathways, making
it a potential therapeutic option for HNSCC. In our study, it
was revealed that neferine inhibited the growth and induced
the apoptosis of HNSCC cells both in vitro and in vivo.
Furthermore, the results revealed that neferine activated the
ASKI1/INK pathway by increasing reactive oxygen species
production, resulting in the subsequent induction of apoptosis
and the regulation of canonical autophagy in HNSCC cells.
Moreover, a novel pro-apoptotic mechanism was described for
neferine via the activation of caspase-8 following the accumu-
lation of p62, which was caused by autophagic flux inhibition.
These findings provided insights into the mechanisms respon-
sible for the anticancer effect of neferine, specifically
highlighting the crosstalk that occured between apoptosis and
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autophagy, which was mediated by p62 in HNSCC. Hence, the
neferine-induced inhibition of autophagic flux may serve as
the basis for a potential adjuvant therapy for HNSCC.

Introduction

Head and neck squamous cell carcinoma (HNSCC) originates
from the mucosal surfaces of the oral cavity, oropharynx, larynx,
and hypopharynx, accounting for more than 90% of the cancers
of the head and neck (1). As the sixth most common cancer
worldwide, HNSCC is highly aggressive and characterized by
complex genetic alterations, and current treatment options for
HNSCC consist of surgical interventions, radiotherapy, and
chemotherapy (2,3). Although a number of advances have been
made in these modalities, the recurrence rate remains high
owing to the development of chemotherapy resistance, resulting
in a low overall patient survival rate (4,5). Therefore, the identi-
fication of novel chemotherapeutic agents is urgently needed to
prevent cancer recurrence and delay cancer progression.

Compounds derived from plants have significantly contrib-
uted to the development of novel anticancer therapeutics.
Nelumbo nucifera (common name: Lotus) is widely used
in Indian and Chinese medicine for cardiovascular (6) and
pulmonary (7) diseases as well as nervous system-related
disorders (8). In addition, neferine, the major bisbenzyliso-
quinoline alkaloid isolated from the seed embryo of the lotus,
has recently been revealed to exert antitumor effects through
various pathways. For instance, neferine reportedly inhibited
the proliferation and growth of prostate cancer cell (9), osteo-
sarcoma (10), hepatocellular carcinoma (11), and lung cancer
cells (12). Neferine also exhibited the ability to suppress the
migration of gastrointestinal stromal tumor cells (13) and
glioma cells (14). Furthermore, recent research suggests that
neferine induces autophagy (15) and inhibits ovarian cancer
cell angiogenesis (16). However, the effects of neferine on
HNSCC have not yet been elucidated.

Macroautophagy is a major intracellular catabolic
mechanism that directs the degradation of cytoplasmic
components and organelles in the lysosome (17) that can
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have cytoprotective or cytopathic roles in response to various
stresses, including therapeutic stress. Autophagic flux denotes
the complete process of autophagy, including autophago-
some biogenesis, maturation, fusion with lysosomes, and the
breakdown of autophagic substrates inside the lysosome (18).
Indeed, autophagic flux induction or inhibition using natural
compounds has shown promise in the treatment of diseases
such as cancer (19). Additionally, apoptosis, another critical
catabolic pathway essential for the cellular response to toxic
agents, participates in extensive crosstalk with autophagy (20),
rendering both pathways crucial for the development of
effective cancer therapeutics.

Therefore, in the present study, HNSCC cell lines and a
xenograft mouse model were used to investigate the antitumor
mechanism of neferine between autophagy and apoptosis, with
the aim of presenting a promising alternative therapeutic agent
for HNSCC.

Materials and methods

Celllines and culture. The HNSCC cell lines used in the present
study were HN6 (tongue squamous cell carcinoma; provided
by the Shanghai Ninth People's Hospital, Shanghai, China),
HN30 (pharyngeal squamous cell carcinoma; provided by the
University of Maryland School of Dentistry, Maryland, USA)
and Cal27 (tongue squamous cell carcinoma; purchased from
ATCC). The control cell line was the human immortalized
oral epithelial cell line (HIOEC), which was established by
the Shanghai Ninth People's Hospital (21). All cell lines were
cultured in Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Gibco; Thermo Fisher Scientific, Inc.). Cells were cultured in
a humidified atmosphere containing 5% CO, at 37°C.

Cell proliferation assay. Cell viability was determined using
the Cell Counting Kit-8 (CCK-8) assay kit (Dojindo Molecular
Technologies, inc.). Briefly, HN6, HN30 and CAL27 cells
were seeded at a density of 5x10° cells/well in a 96-well plate,
with 200 1 DMEM medium (10% FBS). After incubation
with indicated concentrations of neferine (0, 7.5, 15, 22.5 and
30 uM; MCE), 10 ul CCK-8 reagent was added to each well,
and the absorbance was measured at 450 nm after 2 h of incu-
bation at 37°C in the incubator. All experiments were repeated
in triplicate.

Clonogenic assay. For the clonogenic assay, HN6, HN30 and
CAL27 single-cell suspensions were prepared. A total of
500 cells were seeded/well in 6-well plates at 37°C overnight.
The cells were treated with various concentrations (0, 1, 2, 5
and 10 uM) of neferine for 2 weeks. Cell colonies were fixed
with pure methanol for 15 min and stained with 0.1% crystal
violet (Beyotime Biotechnology) for 30 min at room tempera-
ture. The images were captured and scored with CanoScan
5600F (Canon, Inc.). Colonies of >50 cells were counted
to determine the surviving fraction. All experiments were
repeated in triplicate.

Cell cycle analysis. Single-cell suspensions were prepared, and
3x10° cells were seeded per well in 6-well plates overnight in

the cell incubator. After treatment with various concentrations
of neferine (0, 5, 10, 15 and 20 gM) for 24 h, HN6, HN30 and
CAL27 cells were collected and fixed in 3 ml cold 75% ethanol
at -20°C overnight. After washing with 2 ml of cold PBS, the
cells were resuspended and incubated with 0.5 ml of PBS
containing 100 xg/ml RNase (Beyotime Biotechnology) and
5 pg/ml propidium iodide (Shanghai Yeasen Biotechnology
Co., Ltd.) at room temperature for 30 min. The cell cycle
distribution was analyzed via BD FACSCalibur flow cytometer
(BD Biosciences) and ModFIT 5.0 software (Verity Software
House, Inc.).

Annexin V apoptosis assay. Apoptotic cells were identi-
fied using the FITC Annexin V Apoptosis Detection Kit
(BD Biosciences). A total of 3x10° cells were seeded per well
in 6-well plates overnight in the cell incubator. After treatment
with the indicated concentrations (0, 5, 10, 15 and 20 yM) of
neferine for 48 h, the cells were resuspended in binding buffer.
FITC Annexin V (5 ul) and PI (5 ul) were then added and
were incubated at room temperature for 15 min in the dark.
Apoptotic cells were analyzed via BD FACSCalibur flow
cytometer and FlowJo (V10) software (BD Biosciences).

Reactive oxygen species (ROS) assay. Intracellular ROS
levels were determined using the DCFH-DA fluorescent probe
(Beyotime Biotechnology). Briefly, 3x10° cells were seeded
per cell in 6-well plates overnight in the cell incubator. After
treatment with the indicated concentrations of neferine (0, 5,
10 and 20 M) for 12 h, HN6, HN30 and CAL27 cells were
incubated with DCFH-DA for 30 min in the cell incubator.
Dichlorofluorescein (DCF) fluorescence was then detected
via BD FACSCalibur flow cytometer (FITC-channel).
Fluorescence microscopy (magnification, x100; Carl Zeiss
AG) was used to capture images of the cells.

Cell migration assay. The cell migration assay was performed
using the Transwell system (24-wells, 8-ym pore size with
polycarbonate membrane; Corning Costar; Corning, Inc.).
HN30 and CAL27 cells were suspended in serum-free
medium (5.0x10%/ml), and 100 ul was added to the upper
chamber, whereas 600 ul of complete medium (10% FBS)
was added to the lower chamber. After 4 h, the media in the
upper chamber was replaced with media containing various
concentrations of neferine (0, 5, 10 and 20 uM, serum-free).
After 36 h, the chambers were fixed with 4% paraformalde-
hyde for 15 min and stained with 0.1% crystal violet for 30 min
at room temperature. The non-migrated cells were wiped
from the upper surface of the chamber using cotton swabs.
The successfully migrated cells were counted in three random
fields using a light microscope (magnification, x40; Olympus
Corporation).

Scratch assay. Scratch assays were applied to determine
cell mobility. First, 1x10° HN6, HN30 and CAL27 cells
were seeded per well in a 6-well plate in complete medium
overnight in the cell incubator to obtain a fully confluent
monolayer. After 12 h of starvation with DMEM (serum-free),
a 20-pl pipette tip was used to make a straight cell-free
‘scratch’ in each well. The cells were washed with PBS, and
serum-free medium was added with various concentrations
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of neferine (0, 5, 10, 15 and 20 uM). Finally, the migration
of the cells was captured using a phase contrast microscope
(magnification, x100; Olympus Corporation). Images of cells
were obtained at the matching reference points initially and
then at 12-h intervals. The wound closure of the scratch was
analyzed quantitatively.

Western blot analysis. Briefly, HN6, HN30 and CAL27 cells
were collected after specific treatments and lysed with RIPA
buffer (Beyotime Biotechnology). The protein concentra-
tion was measured using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Inc.). A total of 20 ug protein
in each sample was run on 10% SDS-PAGE gels and then
electro-transferred onto a PVDF membrane (EMD Millipore).
The membrane was blocked with 5% skimmed milk for 1 h
at room temperature and incubated overnight with primary
antibodies (1:1,000) at 4°C. The membrane was washed
and incubated with HRP-conjugated secondary antibodies
[cat. nos. 70-GAR0072 and 70-GAMO0072; 1:5,000; Multi
Sciences (LIANKE) Biotech, Co., Ltd.] for 1 h at the room
temperature. Protein bands were then detected using a chemi-
luminescence system (Immobilion Western Chemiluminescent
HRP Substrate; EMD Millipore). All bands were quantified
using ImageJ V1.8. 3-Actin was used as an internal control. The
primary antibodies were as follows: Anti-cleaved caspase-3
(product no. 9664; Cell Signaling Technology, Inc.; and cat.
no. sc-7272; Santa Cruz Biotechnology, Inc.), anti-cleaved
caspase-9 (cat. no. 10380-1-AP), anti-cleaved PARPI (cat.
no. 13371-1-AP), anti-Beclin-1 (cat. no. 11306-1-AP) and
anti-p62 (cat. no. 18420-1-AP) (all from ProteinTech Group,
Inc.), anti-BAX (cat. no. AF0054) and anti-B-Actin (cat.
no. AF0003) (both from Beyotime Biotechnology); anti-Bcl-2
(cat. no. sc-7382; Santa Cruz Biotechnology, Inc.), and
anti-LC3-I/II (product code 128025; Abcam Inc.).

Transmission electron microscopy (TEM) assay. After
neferine treatment (0 and 20 xM) for 24 h in the cell incubator,
HN30 and CAL27 cells were fixed with 2.5% glutaraldehyde
for 4 h and 1% OsO, (Solarbio Life Science) for 1 h at 4°C,
dehydrated with graded ethanol, embedded in propylene
oxide, sectioned at 70 nm and stained with 2% uranyl acetate
(Sigma-Aldrich; Merck KGaA) for 20 min at room tempera-
ture. The autophagosomes were visualized using electron
microscopy, as previously described (22,23).

Fluorescence imaging. HN30 and CAL27 cells were seeded
in 6-well plates overnight in the cell incubator and then trans-
fected with GFP-RFP-LC3 adenovirus (10® pfu/ml MOI=10;
Beyotime Biotechnology). After 24 h in the cell incubator, the
medium was removed and replaced with the indicated treat-
ments [neferine 10 yM, 24 h; EBSS (cat. no. E2888; Sigma
Aldrich; Merck KGaA), 6 h; chloroquine (MCE) 10 uM, 24 h].
Autophagic flux was measured via fluorescence microscopy
(magnification x400; Carl Zeiss AG).

RNA interference. The sequence for the small interfering
(si)RNA against p62 was 5'-GCATTGAAGTTGATATCG
AT-3' (24). The non-targeting siRNA control was obtained
from Dharmacon, Inc. CAL27 cells (3x10°) were seeded per
well in a 6-well plate and transfected with siRNA (75 pmol)

using Lipofectamine 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) for 12 h in the cell incubator. After 72 h, the
transfected cells were used for the neferine experiments.

Xenograft mouse model. The animal experiments were
approved by the Ethics Review Board at the Shanghai Ninth
People's Hospital (Shanghai, China). CAL27 cells (2x10)
suspended in 20% Matrigel (BD Biosciences) were subcutane-
ously injected into the dorsa of five-week-old male BALB/c
nude mice (Vital River, Inc.; Charles River Laboratories, Inc.)
in routine living and feeding conditions (temperature 24+2°C,
humidity 40-60%, 12-h light/dark cycle, sterile feed and filtered
water ad libitum). After 1 week, ten mice (tumors had formed)
were randomly divided into two groups (5 mice per group). The
mice were administered neferine (10 mg/kg) or PBS (control)
intraperitoneally. The tumor volume was measured every
4 days (V=LengthxWidth?x0.5). The humane endpoints were
as follows: i) maximum tumor volume 1,000 mm?; ii) tumor
ulceration or necrosis. The mice were anesthetized with diethyl
ether, then euthanized by cervical dislocation. A combination
of criteria in confirming death included lack of pulse, breathing,
corneal reflex, and response to firm toe pinch.

Immunohistochemical staining. Tissues were fixed with 4%
paraformaldehyde for 24 h at 4°C and dehydrated and embedded
in paraffin. The paraffin sections (4 ym) were deparaffinized,
rehydrated and subjected to antigen reparation (microwave oven,
6 min x 4 times), endogenous peroxidase inactivation (0.3%
H,0, 15 min), and nonspecific antigen blocking (FBS; Gibco;
Thermo Fisher Scientific, Inc.) for 15 min, at room tempera-
ture. The slides were then incubated with primary antibodies
overnight (4°C) and, subsequently, with a secondary antibody
for 15 min (at room temperature). Staining was detected using
a diaminobenzidine (DAB) reagent (Zhongshan Jingiao;
ZSGB-BIO, Inc.) for 1 min at room temperature. The intensity
and proportion of staining were scored by two pathologists
with an Olympus light microscope (magnification, x200). The
primary antibodies were as follows: Anti-cleaved caspase-3
(product no. 9664; 1:1,000; Cell Signaling Technology, Inc.);
anti-cleaved PARPI (cat. no. 13371-1-AP; 1:200), anti-Ki67
(cat. no. 10205-2-AP; 1:500), anti-LC3 (cat. no. 14600-1-AP;
1:400) and anti-p62 (cat. no. 18420-1-AP; 1:50) (all from
ProteinTech Group, Inc.). The secondary antibody was as
follows: HRP-conjugated [cat. no. 70-GAR0072; 1:1,000; Multi
Sciences(LIANKE) Biotech, Co., Ltd.].

Statistical analysis. Statistical comparisons between two
groups were performed using non-paired Student's t-test.
Statistical comparisons between multiple groups were
performed by Tukey's post hoc test with one-way ANOVA.
SPSS version 18.0 software (SPSS, Inc.) was used for statistical
analysis. For each of the three independent experiments, the
data are presented as the mean + SEM. P<0.05 was considered
to indicate a statistically significant difference.

Results
Neferine inhibits the proliferation and viability of HNSCC

cells through GI arrest. Three human HNSCC cell lines
(HN6, HN30, and CAL27) were used to detect the inhibitory
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effect of neferine on cell proliferation via CCK-8 assays. The
cell viabilities of HN6, HN30, and CAL27 were significantly
decreased in a concentration- and time-dependent manner
following treatment with neferine (Fig. 1A). The IC;, values
at 72 h were 13.13, 21.74, and 22.54 uM in HN6, HN30, and
CAL27 cells, respectively. Similarly, the colony forming
capacity was inhibited by neferine, in a concentration-depen-
dent manner (Fig. 1B). Hence, the cell cycle distribution was
examined via flow cytometry, which revealed that neferine
induced an obvious Gl cell cycle arrest in three cell lines. In
fact, the percentage of cells in the Gl phase increased from
44.86% (0 uM) to 63.78% (20 uM), whereas that in the S phase
decreased from 41.42% (0 uM) to 22.14% (20 uM) in the HN6
cells. Similar results were observed in the other two cell lines
(Figs. 1C and S1A). Collectively, these results indicated that
neferine exerted its inhibitory effect by inducing cell cycle
arrest in HNSCC cells.

To investigate the effects of neferine on HNSCC cell
motility, a scratch healing assay and Transwell assay were
performed. Neferine suppressed the healing and migra-
tion of HNSCC cells in a concentration-dependent manner
(Fig. S1B and C). Overall, these results indicated that neferine
exhibited potential anticancer properties.

Neferine induces ROS and activates the ASK1/JNK pathway to
promote apoptosis in HNSCC cells. To investigate the under-
lying mechanisms of neferine-induced cytotoxicity in HNSCC
cells, the number of apoptotic HN6, HN30, and CAL27 cells
was quantified via flow cytometry using FITC Annexin V/PI
staining in the presence or absence of neferine. The results
revealed that neferine increased apoptosis from 7.51% (0 uM)
to 11.81% (5 uM), 27.90% (10 uM), 49.10% (15 uM), and
64.70% (20 uM) in HNG6 cells (Fig. 1D). Similar trends were
observed in CAL27 and HN30 cells (Figs. 1D and S2A). In
addition, neferine decreased the Bcl-2/BAX ratio and triggered
the cleavage of caspase-8, caspase-9, caspase-3, and PARP-1
in a concentration- and time-dependent manner (Figs. 1E
and S2B). Collectively, these results indicated that neferine
effectively induced apoptosis in HNSCC cells.

ROS are a vital inducer of apoptosis (25,26). Therefore, to
explore whether the neferine-induced apoptosis was associ-
ated with ROS hypergeneration, the ROS levels were measured
via flow cytometry using the oxidation-sensitive fluorescent
probe DCF. The mean fluorescence intensity of DCF in the
neferine-treated HN30 cells increased by 2.62-fold (10 xM)
and 3.01-fold (20 M) compared to that in the control cells
(0 uM). Similar results were observed in CAL27 cells, but
not in HN6 (Fig. 2A). The fluorescence microscopy images
also confirmed an increase in ROS (Fig. 2B). Moreover,
considering that ROS reportedly activates the ASK1/JNK
signaling pathway to induce mitochondrial apoptosis via the
caspase family and Beclin-1-dependent autophagy (27,28),
the expression of ASK1/JNK protein in HN30 and CAL27
cells treated with neferine was also detected. It was revealed
that neferine upregulated the phosphorylation of ASK1/JNK
in a concentration- and time-dependent manner; however,
it did not alter the overall ASK1/JNK expression (Fig. 2C).
These results indicated that neferine induced ROS generation,
which activated the ASK1/JNK pathway to induce apoptosis
in HNSCC cells.

Neferine promotes the generation of autophagosomes while
inhibiting autophagy influx. A previous study revealed that
autophagy can be stimulated by ROS (26). Considering the
indistinct interaction between apoptosis and autophagy, the
effect of neferine on autophagy in the HNSCC cell lines
was also explored. Specifically, Beclin-1 expression was
analyzed owing to its important role in the initial steps of
canonical autophagy (29). The results revealed that Beclin-1
was increased in the neferine-treated HN30 and CAL27 cells
in a concentration- and time-dependent manner (Figs. 3A
and S3A). Moreover, LC3 and p62 represent universal markers
for autophagy. Specifically, the conversion of LC3-I to LC3-II
increases as autophagosomes mature, whereas p62 is degraded
in the autolysosome, causing its abundance to decrease with
activated autophagic flux (29). Our results revealed the
increased conversion of LC3-I to the LC3-II isoform in the
neferine-treated HN30 and CAL27 cells (Figs. 3A and S3A),
indicating the maturation of the autophagosomes. However, the
p62 protein level also increased. TEM revealed that treatment
with neferine increased the number of vacuoles containing
degradative cytoplasmic materials in the HN30 and CAL27
cells (Fig. 3B).

To further explore the influence of neferine on autophagy,
the autophagic flux was directly monitored using an autopha-
gosome-lysosome fusion inhibitor, chloroquine (29). First,
the LC3-II levels in HN30 and CAL27 cells during neferine
treatment, with or without chloroquine were examined.
Co-treatment increased the LC3-II levels more significantly
than chloroquine alone (Figs. 3C and S3B), indicating that
neferine promoted autophagosome biosynthesis. However, p62
abundance was not further increased in the presence of chlo-
roquine, suggesting that the neferine-induced upregulation of
p62 may be caused via the inhibition of autophagic degradation
(Figs. 3C and S3B). To further verify these results, the autoph-
agic flux was also examined by transfecting double-labeled
fluorescent LC3 adenovirus (mCherry-GFP-LC3) (30,31) into
HN30 and CAL27 cells. Colocalization (yellow) of both GFP
(green) and mCherry (red) fluorescence implied the genera-
tion of autophagosomes, whereas red puncta (mCherry* GFP")
indicated the generation of autolysosomes. The treatment
of neferine (5 M and 12 h) was not presented, because the
autophagosomes (fluorescent puncta) were little or blurry. The
treatment of neferine (10 M and 24 h) was an appropriate
condition, since autophagosomes were obvious for counting
and to perform the statistical analysis. As revealed in Fig. 3D
and E, the yellow puncta were increased without an accompa-
nying increase in the red puncta, indicating that the autophagic
flux was blocked. These results indicated that neferine induced
autophagosome biosynthesis while inhibiting autophagic flux
at the final degradation step in HNSCC cell lines.

Neferine-induced apoptosis is partially mediated by autophagy
influx suppression in HNSCC cells. To explore the functional
relationship between neferine-induced autophagy and apoptosis,
HN30 and CAL27 cells were treated with neferine (20 uM) in
the presence or absence of chloroquine (10 M) and apoptosis
analysis was performed. Treatment with chloroquine alone
had no obvious effect on cell apoptosis or viability in both cell
lines (Fig. 4A and B). However, chloroquine further amplified
neferine-induced cell cytotoxicity (Fig. 4A) and moderately
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(A) Flow cytometric analysis and histograms depicting ROS abundance in HNSCC cells treated with neferine for 24 h using the oxidation-sensitive fluorescent
probe DCF. (B) Fluorescence images demonstrating ROS abundance following neferine treatment. (C) Western blotting of ASK1/JNK signaling pathway
proteins in HNSCC cells treated with neferine in different conditions (0, 5, 10 and 20 uM; 0, 12, 24 and 48 h). “P<0.05 and “P<0.01. HNSCC, head and neck
squamous cell carcinoma; ROS, reactive oxygen species; DCF, dichlorofluorescein.
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intensified neferine-induced apoptosis, while inducing further
activation of caspase-8, caspase-3, and PARP1 (Figs. 4B and C,
and S4A and B). These results indicated that the inhibition of
autophagic flux by chloroquine promoted the neferine-induced
apoptosis of HN30 and CAL27 cells.

Since neferine was revealed to directly inhibit autophagic
flux, it could be concluded that the neferine-induced apoptosis
was partially enhanced by neferine-induced autophagic influx
inhibition. In addition, considering that the expression of
cleaved caspase-9 showed no noticeable difference between
the neferine group and the neferine + chloroquine group
(Figs. 4C and S4B), the further pro-apoptotic effects may be
executed by caspase-8, but not caspase-9.

Accumulation of p62 due to neferine-induced autophagy
influx inhibition promotes apoptosis in HNSCC cells. Previous

studies have revealed that p62 acts as a ‘bridge’ between
apoptosis and autophagy (32,33). Moreover, it was observed
that the neferine-induced autophagic flux inhibition caused an
increase in the p62 level (Fig. 3). Hence, to investigate the role
of p62 in the neferine-induced crosstalk between apoptosis
and autophagy, the expression of p62 was downregulated in
CAL27 cells, the CAL27 cells were treated with neferine,
and subsequently the level of apoptosis was quantified. Flow
cytometric analysis revealed that p62 knockdown allevi-
ated the neferine-induced apoptosis (from 43.3 to 29.7%) in
CAL27 cells (Fig. 4D). Moreover, the cleavage of specific
apoptosis-related proteins, caspase-8, caspase-3, and PARPI,
was decreased; however, the same effect was not observed for
cleaved caspase-9 (Figs. 4E and S4C). These results confirmed
that the neferine-induced accumulation of p62 activated
caspase-8 to promote apoptosis in HNSCC cells.
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Neferine inhibits the growth of HNSCC cells by inducing
apoptosis and autophagy in vivo. Next, to examine the effects
of neferine in vivo a murine xenograft model with CAL27
cells was used. The tumor volumes following treatment with
neferine were significantly smaller than that of the control.
The growth rate of tumors treated with neferine was also
slower than that of the control (Fig. 5A and B). Furthermore,
the immunohistochemical staining of xenograft tumor tissues
(Fig. 5C) revealed that treatment with neferine decreased the
expression of Ki67, a marker of cell proliferation. In addi-
tion, neferine increased the expression of cleaved caspase-3
and cleaved PARPI in the nucleus, indicating that neferine
induced the apoptosis of xenograft tumors. In accordance with
the in vitro results, neferine also increased the level of LC3-11
and p62, indicating that neferine induced autophagosome
generation and inhibited autophagy influx in vivo.

Discussion

Neferine is a plant-derived reagent that induces higher toxicity
in cancer cells compared to non-transformed cells (15). It has
also been reported to induce ovarian and hepatoma carcinoma
cell apoptosis and autophagy (16,34); however, one study
reported contradictory results indicating that neferine func-
tions as an autophagy inhibitor in ARPE-19 (35). In addition,
neither the effects of neferine on HNSCC nor the reciprocal
interaction between apoptosis and autophagy induced by
neferine had been previously characterized. Hence, the present
study aimed to elucidate the influence of neferine on autophagy
and apoptosis in HNSCC

Numerous studies have reported the inhibitory effects
elicited by neferine on cell proliferation, growth, migration,
and angiogenesis in different tumors (10,13,16). In fact, some
studies have even focused on ROS production as well as apop-
tosis and autophagy induction (15,34). However, most of these
previous studies were independent studies that did not evaluate
autophagic flux specifically. Herein, a multidimensional evalu-
ation was conducted and the pharmacological effect of neferine
was revealed to be undoubtedly versatile. First, it was revealed
that neferine inhibited the viability and colony formation of
cancer cells while arresting HNSCC cells in the G1/S phase.
Similar results were also reported in ovarian carcinoma via the
downregulation of cyclin E1 (16). Neferine was also revealed
to suppress the healing and migration of HNSCC cells, further
highlighting its potential anticancer properties, which were
verified in an in vivo murine xenograft model. Furthermore,
it was determined that neferine induced apoptosis and
autophagy while increasing the level of ROS production and
the activation of the ASK1/JNK pathway. Indeed, ROS served
as an initiator for the activation of ASK1 (oxidative stress
sensor) and JNK. Specifically, with the activation of JNK, the
mitochondrial apoptosis induced by Bcl-2 inhibition and the
canonical autophagy induced by JNK/Beclin-1 were sequen-
tial occurrences (36,37). Hence, neferine-induced ROS likely
served as an upstream effector for apoptosis and autophagy.
Moreover, the results indicated that neferine-induced autopha-
gosome biogenesis was determined by the Beclinl-dependent
canonical autophagy pathway. It was also a limitation of this
study that the effect of ROS on the ASK1/JNK pathway by
further interfering with ROS was absent. The treatment of
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neferine increased the level of ROS in HN30 and Cal27 cells,
but not in HNG6 cells. Although these 3 cell lines belong to head
and neck squamous cell carcinoma, they have different genetic
backgrounds and anatomical origins. Cell line disparity was
revealed when the effect of neferine was evaluated. In addition,
this result revealed that the inhibiting effects of neferine on
HNSCC were not only through the ROS pathway, but also other
mechanisms (for example, by the autophagic flux inhibition).

Autophagy serves as a crucial mechanism for the degra-
dation of harmful cellular components to mediate metabolic
adaptation and maintain energy homeostasis (38). Several
studies have revealed that autophagy exhibits a paradoxical role,
having either tumor-promoting or tumor-suppressive effects
on carcinoma (39,40). Moreover, the inhibition of autophagy
is regarded as a universal target for anticancer therapy (41). In
our research, neferine functioned as a double-edged sword for
autophagy in HNSCC. It was revealed that neferine induced
autophagosome generation, while also inhibiting autophagic
flux at the autophagosome degradation step as evidenced by the
increased conversion of LC3-I to LC3-II and the accumulation
of p62.

p62/SQSTMI is involved in the formation of autopha-
gosomes and is degraded by lysosomal proteases along with
autophagosomes (42). Hence, the inhibition of autophagic
flux by neferine caused the accumulation of p62. p62 is a
scaffold protein composed of five domains that organize
signal trafficking at critical points to regulate cell death and
survival (43,44). Specifically, the UBA domain of p62 interacts
with ubiquitinated proteins, thus, p62 recruits and oligomerizes
important signaling molecules (44). Moreover, p62 reportedly
provides a signal-organizing interface to recruit poly-ubiquiti-
nated caspase-8 and subsequently activate caspase-8 (33). The
present results revealed that neferine induced the accumula-
tion of p62, which subsequently enhanced neferine-induced
apoptosis. This was also confirmed by downregulation of
p62, however, the absence of experiments using a caspase-8
inhibitor is a limitation of our study. Hence, collectively, the
results indicated that p62 may function as a bridge between the
autophagy and apoptosis induced by neferine.

When treated with reagents that induce proteasome
inhibition or endoplasmic reticular stress, cells can activate
apoptosis directly through caspase-8 (45). This mechanism
is strengthened by the function of LC-3 and p62 (46,47).
Therefore, a novel mechanism is proposed for neferine in
which the accumulation of p62 by autophagic influx inhibition
promotes apoptosis through the activation of caspase-8, inde-
pendent of ROS, in HNSCC cells. The involvement of p62 in
neferine-induced cell apoptosis through caspase-8 activation
broadened our understanding of the mechanism responsible for
neferine-induced cell death. Moreover, the crosstalk between
autophagy and apoptosis may have required the participation
of p62 as a conjunction point in neferine-induced cell death.
Considering that the activation of caspase-8 was accompanied
with the accumulation of p62, it is plausible that caspase-8
may interact with p62 at the autophagosome surface during
neferine treatment.

In conclusion, considering the present findings of increased
apoptosis and interrupted autophagic flux, our study clarified
the underlying pro-apoptotic mechanism of neferine in
HNSCC through the inhibition of autophagic influx mediated

by p62, thereby providing new insights into the crosstalk
between apoptosis and autophagy while highlighting neferine
as a potential agent to improve the prognosis of HNSCC
patients (Fig. 6).
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