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Autophagy has dual roles in cancer, resulting in cellular adaptation to promote
either cell survival or cell death. Modulating autophagy can enhance the
cytotoxicity of many chemotherapeutic and targeted drugs and is
increasingly considered to be a promising cancer treatment approach.
Cynaropicrin (CYN) is a natural compound that was isolated from an edible
plant (artichoke). Previous studies have shown that CYN exhibits antitumor
effects in several cancer cell lines. However, it anticancer effects against
neuroblastoma (NB) and the underlying mechanisms have not yet been
investigated. More specifically, the regulation of autophagy in NB cells by
CYN has never been reported before. In this study, we demonstrated that
CYN induced apoptosis and protective autophagy. Further mechanistic studies
suggested that ER stress-induced autophagy inhibited apoptosis by activating
the p62/Keapl/Nrf2 pathways. Finally, in vivo data showed that CYN inhibited
tumour growth in xenografted nude mice. Overall, our findings suggested that
CYN may be a promising candidate for the treatment of NB, and the
combination of pharmacological inhibitors of autophagy may hold novel
therapeutic potential for the treatment of NB. Our paper will contribute to
the rational utility and pharmacological studies of CYN in future anticancer
research.
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Introduction

Neuroblastoma (NB), a malignant cancer originating from
sympathetic nerves, is known to be the most common
childhood,
approximately 15% of all cancer-related paediatric deaths
(Matthay et al,, 2016; Youlden et al, 2020). Currently, there
are multimodal strategies to treat NB, including surgery,

extracranial solid cancer in accounting for

radiotherapy, induction chemotherapy, immunotherapy and
autologous stem cell transplantation either in combination or
separately depending on the clinical features and disease stage
(Canete, 2020; Tas et al., 2020). However, the treatment of NB
remains unsatisfactory, and the prognosis of advanced NB in
children is poor, with a 5-year survival rate below 40% (Xu et al.,
2018). Thus, there is a continuing need to develop new treatment
strategies and drugs for NB.

Presently, there is mounting interest in the development of
alternative medicines from plant-derived natural products
with few side effects (Feng et al., 2011; Newman and Cragg,
2012; Fridlender et al., 2015). It has been estimated that
roughly half of the drugs used in clinical practice have been
derived from natural substances in recent years due to their
anticancer activity (Kingston, 2011). Cynaropicrin (CYN), a
sesquiterpene lactone, is a natural compound isolated from an
edible plant (artichoke) (Zaib and Khan, 2020). Previous
studies have reported that CYN exhibits phenomenal
versatile biological and pharmacological abilities, including
anti-inflammatory, antihepatitis C, antiparasitic, antibacterial,
antiphotoaging, and antihyperlipidaemic properties and so on
(Elsebai et al., 2016). More recently, the literature has
proposed the antitumour efficacy of CYN, such as against
colorectal cancer (Zheng et al., 2020), human melanoma (De
Cicco et al., 2021), anaplastic thyroid cancer (Lepore et al,,
2019), and lung carcinoma (Ding et al., 2021). However, to
date, there are no studies on CYN with respect to NB, and the
possible effects and underlying mechanisms of CYN on NB are
still elusive.

It is currently well established from research that natural
compounds possessing anticancer properties can induce
apoptosis by modulating various intracellular pathways,
including endoplasmic reticullum (ER) stress and autophagy
(Elmore 2007; Nikoletopoulou et al., 2013; Hasima and
Ozpolat, 2014). Notably, the functional association between
apoptosis, ER stress and autophagy is an extensive crosstalk
network (Song et al., 2017). The ER is an organelle that is
responsible for protein folding and calcium homeostasis
maintenance. ER stress occurs when homeostatic processes are
disrupted and primarily results in the activation of the unfolded
protein response (UPR). There are three distinct pathways in the
UPR: ATF6, PERK-elF2a-ATF4 and IRE1 (Healy et al., 2009).
Furthermore, accumulating evidence has demonstrated the vital
role of ER stress in apoptosis and autophagy in various tumour
cells. Therefore, targeting the ER stress response is an effective
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anticancer strategy. To date, recent studies have not revealed the
relationship between CYN and ER stress.

Autophagy, commonly referred to as macroautophagy, can
be triggered by ER stress (Radogna et al., 2015). The autophagic
pathway includes vesicle elongation, autophagosome formation,
maturation, autophagosome-lysosome fusion, and degradation
(Choi et al., 2013). Autophagy acts as a double-edged sword that
facilitates or inhibits apoptosis induction in cancer cells under
stress conditions (Su et al., 2015; Song et al., 2017). Increasing
evidence has indicated that inhibiting autophagy induced by
chemotherapy or targeted therapeutic drugs can lead to
favourable conditions in anticancer therapy by promoting
cancer cell apoptosis (Rangwala et al, 2014; Datta et al,
2019). Similarly, nuclear factor-erythroid 2-related factor 2
(Nrf2) is another cellular protective signalling pathway
conferring adaptive protection against proteotoxic stress.
Under physiological conditions, Nrf2 is carried to the
proteasome by Keapl and is maintained at a low level
through degradation by the ubiquitin proteasome system
(Schmoll et al., 2017). Under stress conditions, Nrf2 is
released from the Keapl-Nrf2 complex and translocates into
the nucleus (Itoh et al., 2003). In addition to this classical
pathway, in the p62-dependent noncanonical Keapl-Nrf2
pathway, p62 persistently activates Nrf2 through competitive
interaction with Keapl (Celesia et al., 2020; Dash et al., 2020).
Evidence has shown that the Nrf2 signal pathway is related to the
regulation of autophagy in cells under ER stress. Therefore, in
this study, we investigated the anticancer efficacy of CYN against
NB and further elucidated the role and potential mechanisms of
CYN on ER stress, autophagy and the Nrf2 pathway in NB cells.

Materials and methods
Reagents and antibodies

CYN (97% purity) was purchased from Chengdu Biopurify
Phytochemicals Ltd. (Chengdu, China), and a stock solution
(100 mM) in dimethyl sulfoxide (DMSO; >99.7%, Sigma—
Aldrich, St. Louis, MO, United States) was stored at —20°C.
The final concentrations of DMSO in all experiments were
lower than 0.1% (V/V). RAPA (100 nM), 3-Methyladenine (3-
MA, 2 mM), chloroquine (CQ, 10 uM) and TUDCA (2 uM) were
purchased from MCE (Monmouth Junction, NJ, United States).
Triton X-100, 4% paraformaldehyde and a bicinchoninic acid
(BCA) protein assay kit were purchased from Beyotime
Biotechnology (Shanghai, China). Primary antibodies against
Bax, Bcl-2, Beclin-1, LC3B, p62/SQSTMI1, Atg5, CHOP,
GRP78, ATF6, p-elF2a, IREla and LAMP-2 were purchased
from Abcam (Cambridge, United Kingdom). Primary antibodies
against PARP, cleaved caspase-3, caspase-3, Ki-67 and GAPDH
were purchased from Cell Signaling Technology (Danvers, MA,
United States).

frontiersin.org


https://www.geenmedical.com/article?id=33505963&type=true
https://www.geenmedical.com/article?id=33058354&type=true
https://www.geenmedical.com/article?id=30264682&type=true
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977622

Yang et al.

Cell culture

The human NB cell lines (SK-N-BE(2) and SH-SY5Y) and
human 293FT cells were obtained from the National
Collection of Authenticated Cell Cultures (Shanghai,
China). Cells were cultured in DMEM/F12 supplemented
with 10% FBS (all from Gibco-BRL, Grand Island, NY,
United States) and 1% penicillin—streptomycin (Beyotime
Biotechnology, Shanghai, China) at 37°C in a humidified
atmosphere containing 5% CO,.

Cell viability assay

SK-N-BE(2) and SH-SY5Y cells were seeded into 96-well
plates (2 x 10" cells per well) and incubated overnight. Then, the
cells were treated with different concentrations of CYN or
DMSO. After stimulation, cell proliferation was determined
using CCK-8 reagent (Dojindo Laboratories, Kumamoto,
Japan) every 24 h for four consecutive days. The absorbance
at 450 nm was measured with a microplate reader (Thermo
Fisher Scientific, Grand Island, NY). The viability of control
cells was taken as 100%.

EdU experiment
An EdU kit (Beyotime, Shanghai, China) was used for the

EdU the
instructions, the reaction solution was added to each well for

staining assay. According to manufacturer’s
2 h of incubation in the dark. Afterwards, the cells were fixed with
4% paraformaldehyde for 30 min, and 0.3% Triton X-100 was
added for 15 min at room temperature. After staining the nuclei
with Hoechst 33342, the cells were collected under a fluorescence

microscope (Olympus, Tokyo, Japan).

Colony formation assay

NB cells were inoculated in six-well plates (1000 cells/well)
and treated with different concentrations (0, 5, and 10 pM) of
CYN. After culturing for 14 days, cell colonies were immobilized
with 4% paraformaldehyde for 30 min and stained with 0.5%
crystal violet (Boster, Wuhan, Boster) for 15 min.

Lentivirus preparation and infection
For the downregulation of CHOP and Nrf2, shRNA

IGE
(Guangzhou, China). For lentivirus preparation, the packaging

sequences were synthesized by Biotechnology
plasmid psPAX2 and envelope plasmid pMD2.G were purchased

from IGE Biotechnology (Guangzhou, China). 293FT cells were
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cotransfected with pMD2.G, psPAX2 and CHOP
Nrf2 plasmids for 6 h, and then the cell medium was removed

or

for cell culture in fresh medium for 48 h. The viral supernatant
was collected, filtered, and concentrated by PEG-8000 (Beyotime,
Shanghai, China) precipitation. After incubation of the lentivirus
with NB cells for 24 h, puromycin (Sigma—Aldrich, St. Louis,
MO, United States) was used to screen for stable cell lines.

Cell cycle analysis

Flow cytometry was used to perform cell cycle analysis.
NB cells were trypsinized after CYN treatment for 24 h, fixed
with 75% ethanol at 4°C overnight, and then incubated with
50 ug/ml PI for 30 min at room temperature in the dark.
Subsequently, the cells stained with PI fluorescence were
detected with flow cytometry.

Annexin V/PI staining

The extent of apoptosis was determined using an Annexin
V/PI detection apoptosis kit (BD Biosciences, Heidelberg,
Germany). After CYN treatment for 24h, NB cells were
trypsinized with trypsin solution without EDTA, harvested,
washed with ice-cold PBS, and then resuspended in binding
buffer. Subsequently, the cells were incubated with Annexin V
and PI for 15 min at room temperature. After incubation, the
results were assessed by flow cytometry (BD Biosciences,
Heidelberg, Germany).

Western blotting analysis

Total protein was lysed in RIPA buffer (Beyotime
Biotechnology, Shanghai, China), and the cytoplasmic and
nuclear proteins were extracted with a nuclear and
cytoplasmic protein extraction kit (Beyotime Biotechnology,
Shanghai, China). The protein samples were separated via
SDS-PAGE and transferred to PVDF membranes. The
membranes were blocked with TBST containing 5% skim milk
for 1.5 h and subsequently incubated with primary antibodies at
4°C overnight, followed by incubation with secondary antibodies
at room temperature for 1 h. Finally, images of the western blot
bands were analysed using an ECL system (Perkin Elmer,

Waltham, MA, United States).

Immunofluorescence assay
After the designated treatments, NB cells were fixed in 4%

paraformaldehyde for 30 min, permeabilized with 0.3% Triton X-
100 for 15 min, incubated in 5% BSA for 1 h (all the above steps
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were conducted at room temperature), and incubated with
primary antibodies overnight at 4°C. The next day, Alexa
Fluor 594 goat anti-rabbit IgG (Jackson, West Grove, PA,
United States) or Alexa Fluor 488 goat anti-mouse IgG
(Jackson, West Grove, PA, United States) was used as the
secondary antibody. After incubation with the secondary
antibody at room temperature for 1h in the dark, the nuclei
were stained with DAPI (Biosharp, Shanghai, China) for 5 min.
Finally, the images were photographed by fluorescence
microscopy (Olympus, Tokyo, Japan).

Analysis of autophagy flux

NB transfected with the mRFP-GFP-
LC3 adenovirus (IGE Biotechnology, Guangzhou, China) for
subsequent experimental 24h in DMEM/
F12 supplemented with 10% FBS and 1% p/s. After washing
with PBS, the cells were immediately fixed with 4%
paraformaldehyde for 30 min, and 0.3% Triton X-100 was

cells were

studies for

added for 15min at room temperature. Subsequently, the
stained with DAPI
temperature. Autophagic flux measurements were performed

nuclei were for 5min at room
with laser scanning confocal microscopes (Olympus, Tokyo,

Japan).

Coimmunoprecipitation assay

After treatment with CYN, the total cellular proteins were
harvested by centrifugation and incubated with p62 or
Keapl antibody at 4°C overnight. Next, the cell lysates were
incubated with protein A/G agarose beads for 4 h at 4°C. After
elution from the bead-bound immunocomplexes, western
blotting, as described for the western blot assay, was carried
out to determine the protein levels.

Transmission electron microscopy

Transmission electron microscopy (TEM) was used to
visualize the autophagosomes and autolysosomes. NB cells
were harvested by fixed with 2.5%
glutaraldehyde overnight at 4°C, and postfixed with 1%
0sO4 (pH 7.4)
OsO4 removal, the samples were dehydrated in a graded
ethanol series (30-100%), infiltrated, and embedded in
resin. After polymerization of the resin at 55°C for 36h,
EM
UC?7 ultramicrotome (Leica, Nussolch, Germany). Sections

trypsinization,

for 2h at room temperature. After

serial  sections were cut with a  Leica

were stained with uranyl acetate and alkaline lead citrate and

then examined under a Gatan SC1000 (Model 832) CCD
camera (Gatan, Pleasanton, CA, United States).
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In Vivo experiments

Female BALB/c nude mice (4 weeks old) received a
subcutaneous injection of NB cells (2 x 10° cells per
mouse) suspended in 100 pl of extracellular matrix gel
(Corning, NY, United States) into their front flanks. The
mice were randomly divided into two groups (n = 5) and
treated with CYN once a day for 3 weeks (0 or 5 mg/kg, i.g.).
This concentration was referred to the article by Zhang et al.
(Zhengetal., 2020). Tumour volumes and mouse weights were
measured every 3 days. Tumour volumes were calculated with
the formula (length x width x height)/2. After 3 weeks, all the

mice were sacrificed by euthanasia, and afterwards,
the tumours were quickly collected for weight
measurements and then embedded in paraffin for

immunohistochemistry.

Immunohistochemistry

Tumour tissues were fixed in 4% paraformaldehyde and
embedded in paraffin for sectioning. The sections were
dewaxed in xylene and rehydrated in graded alcohol
(anti-Ki-67,
caspase-3, anti-Beclin-1, and anti-CHOP) were added for

solutions. Primary antibodies anti-cleaved
overnight incubation at 4°C, followed by staining with a
secondary antibody (Thermo Fisher Scientific, Grand

Island, NY) for 30min at 37°C. An ultrasensitive SP

(Mouse/Rabbit) IHC Kit and DAB Plus Kit (MXB
Biotechnologies, China) were wused following the
manufacturer’s  protocols.  Before dehydration and
mounting, the sections were counterstained with

haematoxylin. Finally, images were examined using an
Olympus microscope camera (Tokyo, Japan).

Statistical analysis of data

All experiments were repeated at least three times, and the
data are expressed as the mean + SD. Statistical significance was
analysed using t test (two groups) or one-way ANOVA (multiple
groups), and a p value <0.05 was considered statistically
significant.

Results

CYN inhibited the proliferation of NB cells

The chemical structure of CYN is shown in Figure 1A. To
determine the effect of CYN on the proliferation of NB cells,
the viability of NB cells treated with different concentrations
of CYN (0, 2.5, 5, 10, 20 and 40 uM) for 24, 48, 72 and 96 h was
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FIGURE 1

Effects of CYN on cell viability in NB cells. (A) The structure of cynaropicrin. (B,C) Cell viability was evaluated by CCK-8 assay. (D) IC50 was
analyzed via the cell viability assay. (E) Morphological changes of NB cells (Scale bar = 200 um). (F) Colony formation assay of NB cells treated with
CYN. (G) EDU incorporation assay of NB cells treated with CYN (Scale bar = 200 pm). *p < 0.05, ***p < 0.001 versus the control group

investigated by CCK-8 assay. The results showed that CYN
inhibited NB cell proliferation in a time- and dose-dependent
manner (Figures 1B,C). Further analysis showed that the
IC50 values for SK-N-BE(2) and SH-SY5Y cells were
9.731 and 5.738uM at 24h, respectively (Figure 1D).
Therefore, concentrations of 5 and 10 pM were selected for
the following experiments. Compared with the control, an
increase in the number of floating dead cells and cell
shrinkage, which are suggestive of cell death, were observed
24 h after CYN treatment (Figure 1E). Subsequently, a colony
formation assay was performed to further examine the CYN-
mediated inhibition of NB cell proliferation, and the results
showed that CYN significantly inhibited colony formation
(Figure 1F). Next, an EAU assay was used to examine the
antiproliferative activities of CYN against NB cells. As shown
in Figure 1G, CYN significantly suppressed DNA replication
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in NB cells. Collectively, these data proved that CYN had a
significant inhibitory effect on the proliferation of NB cells.

CYN induced cell cycle arrest and NB cell
apoptosis

To further determine whether cell cycle distribution and
apoptosis participate in the inhibition of NB cell proliferation, we
first investigated the effect of CYN on cell cycle distribution by
flow cytometry. The results showed that CYN treatment
markedly arrested NB cells at the G2 phase (Figure 2A). We
next explored the effect of CYN on the apoptosis of NB cells using
Annexin V/PI staining and flow cytometry. The flow cytometry
data revealed that CYN significantly increased the apoptosis rates
in NB cells with increasing dosage (Figure 2B). In addition,
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FIGURE 2

Effects of CYN on the cell cycle and apoptosis in NB cells. (A) Cell cycle was analyzed by flow cytometry. (B) Annexin V-FITC/PI staining and flow
cytometry were used to measure and analyze apoptotic NB cells treated with CYN for 24 h. (C) The expression levels of apoptosis markers were
measured by western blot analysis. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group.

western blot analysis showed that the expression levels of cleaved
PARP, cleaved caspase-3,
upregulated, while the expression level of Bcl-2 was
downregulated after treatment with CYN (Figure 2C). Thus,
the above evidence illustrated that CYN affected the proliferation
of NB cells by inducing cell cycle arrest and apoptosis.

and Bax were considerably

Frontiers in Pharmacology

06

CYN initiated autophagy and inhibited
autophagic flux in NB cells

The correlation between autophagy and apoptosis in tumour

cells has been previously reported (Rangwala et al., 2014; Su et al.,
2015; Song et al, 2017; Datta et al., 2019). To assess CYN-
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FIGURE 3

Effects of CYN on the autophagy level in NB cells. (A) Transmission electron microscopy (TEM) was utilized to observe the ultrastructure of
NB cells, and the arrows indicate autophagosomes. (B) The expression levels of autophagy markers were analyzed by western blotting. (C) Confocal
microscopy was utilized to detect fluorescence of mMRFP-GFP-LC3. (D) Western blotting analysis of LAMP-2 and p62 protein expression. *p < 0.05,

**p < 0.01, ***p < 0.001 versus the control group.

induced autophagy, transmission electron microscopy (TEM)
was used. The TEM images showed a notably increased number
of autophagic vacuoles (Figure 3A, red arrow) in the cytoplasmic
area of CYN-treated NB cells compared with the control
group. We also evaluated the expression levels of autophagy-
related proteins by western blotting. As shown in Figure 3B, CYN
increased Beclin-1, Atg5 and LC3B-II protein levels and the
LC3B-II/LC3B-I ratio.
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Furthermore, autophagic flux, as a dynamic process,

manifests as autophagosome formation and autophagic
degradation. Blocking the fusion of autophagosomes and
lysosomes impairs autophagic degradation (Mizushima et al.,
2010). Thus, NB transfected with mRFP-GFP-
LC3 adenovirus were applied to distinguish autophagosomes
and The GFP-tag in the mRFP-GFP-

LC3 fusion protein is quenched, while the mRFP-tag remains

cells

autolysosomes.
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in the acidic pH environment of autolysosomes. Therefore, in
early autophagosomes, the red puncta overlaid with the green
puncta and appeared yellow in the merged images, while in the
autolysosomes, the free red puncta did not cover the green
puncta and appeared red in the merged images. As shown in

Frontiers in Pharmacology

Figure 3C, RAPA (100 nM, an autophagy inducer) enhanced the
formation of both green and red puncta, and colocalization gave
rise to more yellow and red-only puncta, suggesting the
accumulation of autophagosomes and the maturation of
autolysosomes. Conversely, both CYN and CQ (10 uM, an
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inhibitor of autophagosome-lysosome fusion) dramatically
increased the number of red and green puncta. After
colocalization, yellow fluorescence significantly increased
instead of red fluorescence, indicating that CYN autophagic
flux blocked the autophagosome-autolysosome fusion process,
similar to CQ. Next, we examined the fluorescence colocalization
of LC3B and LAMP-2 LAMP-2, as an autophagosome-lysosomal
fusion marker, can reflect the maturation of autolysosomes.
Minimal colocalization of LC3B and LAMP-2 was found after
CYN treatment (Supplementary Figure S1), which further
confirmed that CYN can block autophagosome - lysosome
fusion. Additionally, stimulation of autophagic flux can cause
the depletion of p62, an autophagy adapter protein. The
implication is that upon the impairment of autophagic
degradation, p62 accumulates within cells. Herein, we found
that CYN suppressed the expression of LAMP-2 and increased
the expression of p62 in a dose-dependent manner (Figure 3D).
Taken together, these results suggested that CYN-induced
autophagosome accumulation was due to both the initiation

of autophagy and the inhibition of autophagic flux.

Autophagy stimulated by CYN partially
attenuated apoptotic cell death in NB cells

Having clearly established that CYN activated autophagy
in NB cells, we then attempted to determine the functional
relationship between autophagy and apoptosis after CYN
treatment. In our studies, the protein level of Atg5 was
significantly increased in NB cells after CYN treatment
(Figure 3B). To validate the relationship between CYN-
induced autophagy and apoptosis, we silenced Atg5 by
siRNA and used Annexin V-FITC/PI staining by flow
cytometry and western blotting to examin apoptosis. The
that of Atg5
attenuated LC3-II accumulation and increased apoptosis in
NB cells (Supplementary Figure S2). Additionally, Either
3 MA (2 mM, a specific early-phase autophagy inhibitor) or

results showed silencing significantly

CQ (10 uM, a specific late-phase autophagy inhibitor) was
used in NB cells. As illustrated in Figure 4A, cotreatment with
CYN and 3-MA resulted in markedly more apoptosis than
treatment with CYN (10 uM) alone. In addition, the western
blot data showed that CYN and 3 MA cotreatment attenuated
the effects of CYN on the expression levels of autophagy-
related proteins (Beclin-1, Atg5 and LC3B) and increased the
expression of apoptotic markers compared with CYN
treatment (Figure 4B). The above results suggested that
inhibiting autophagy with 3 MA enhanced the apoptotic
effects of CYN in NB cells. Contrary to the above results,
CQ partly abolished the induction of cell apoptosis induced by
CYN (Figure 4C). Consistent with the results from flow
CQ effectively inhibited the CYN-induced
upregulation of the expression of apoptotic markers

cytometry,

Frontiers in Pharmacology

09

10.3389/fphar.2022.977622

(Figure 4D). In addition, CQ enhanced the effect of CYN
on the expression level of LC3B but had no effect on Beclin-1
and Atg5. These data suggested that CYN played a protective
role in CYN-induced NB cell apoptosis by initiating autophagy
and blocking autophagosome-lysosomal fusion.

NB cell apoptosis induced by CYN could
Be partially abrogated by autophagy
mediated by triggering ER stress

Increasing evidence has indicated that ER stress is related to
autophagy and apoptosis (Song et al.,, 2017). Considering the
mutual connection among autophagy, apoptosis and ER stress,
we explored the effects of CYN on ER stress components and its
relationship with autophagy and apoptosis. First, we used
western blotting to examine the expression levels of the ER
stress markers CHOP, BIP, ATF6, p-elF2a and IREla. As
shown in Figure 5A, CYN (10 uM) treatment upregulated ER
stress-associated proteins in a dose-dependent manner. Next, we
ascertained the relationship among autophagy, apoptosis and ER
stress in NB cells. CHOP is the downstream target for three
branches of ER stress signalling, namely, eIF2a, ATF6 and IREla
(Datta et al., 2019). Thus, shRNA targeting CHOP was used to
inhibit ER stress, and autophagy and apoptosis were examined by
flow cytometry and western blotting. The western blot results
revealed that CHOP shRNA effectively reversed the expression
of ER
upregulated by CYN while further enhancing the expression

levels stress- and autophagy-associated proteins
levels of apoptotic proteins (Figure 5B). Moreover, the flow
cytometry results showed that the apoptotic cell rate was
increased in the CHOP shRNA and CYN cotreatment group
compared with the CYN group (Figure 5C). To support the above
results, we repeated the above experiments with the ER stress
inhibitor TUDCA and obtained the same results (Supplementary
Figure S3). Taken together, these results indicated that CYN
triggered ER stress, which subsequently induced protective
autophagy.

CYN-induced autophagy inhibited
apoptosis by promoting Nrf2 nuclear
translocation and the P62-Keapl
interaction

indicated that the
Nrf2 pathway is involved in the antitumor activity of CYN in
cancer cells (Takei et al., 2015; Ding et al., 2021). Given that p62 is
an activator of the Nrf2-Keapl pathway (Schmoll et al., 2017)
and that the expression of p62 was upregulated by CYN

Data from earlier studies have

stimulation (Figure 3D), we proposed that CYN could activate
Nrf2 signalling in NB cells. Consistent with previous results
(Takei et al., 2015; Ding et al., 2021), CYN (10 uM) treatment
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significantly increased Nrf2 expression in a dose-dependent
manner (Figure 6A). The mRNA expressions of Nrf2 did not
significantly change after CYN treatment (Supplementary Figure
S4). Nrf2 plays a pivotal role in controlling redox balance, which
attributed to the anti-cancer effects of drugs. Therefore, we
detected the changes of reactive oxygen species (ROS) levels
by flow cytometry to verify whether they are consistent with the
trend of Nrf2 changes. As shown in Supplementary Figure S5,
CYN induced the accumulation of ROS.To investigate whether
there was an intrinsic link between autophagy and the
Nrf2 pathway in CYN-treated NB cells, the protein level of
Nrf2 was detected by western blotting. The results showed
that treatment with shBeclin-1 reversed the increase in the
expression of Nrf2 in CYN-treated NB cells (Figure 6B).
Activation of Nrf2 signalling, indicated by Nrf2 nuclear
translocation, has a critical role in autophagy. To illuminate
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whether CYN mediates the nuclear translocation of Nrf2, we
observed the nuclear translocation of Nrf2 and monitored the
subcellular localization of the Nrf2 protein by western blot
analysis. Herein, we found that Nrf2 translocated from the
cytosol to the nucleus after CYN treatment (Figure 6C), and
the abundant accumulation of nuclear Nrf2 in CYN-treated
NB cells was then confirmed by western blot analysis
(Figure 6D). Under normal conditions, p62 competes with
Keapl for the same binding site on Nrf2; subsequently,
Nrf2 the Nrf2-Keapl
translocates into the nucleus. As illustrated in Figure 6E, the

is released from complex and
immunofluorescence signal of p62 (green) was localized in the
nucleus and cytoplasm, while the signal for Keapl (red) was
mainly distributed in the cytoplasm. Additionally, colocalization
of p62 and Keapl1 (yellow) was detected almost exclusively in the

cytoplasm and the immunofluorescence intensity of p62 was
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enhanced, while that of Keapl was weakened (Figure 6E). In
addition, Co-IP showed that CYN stimulation increased the
interaction between endogenous p62 and Keapl but decreased
the interaction between endogenous Nrf2 and Keap1 (Figure 6F).
Next, we investigated the crosstalk between Nrf2 signalling and
apoptosis, and the showed that knockdown of
Nrf2 significantly blocked the CYN-induced apoptosis
(Figures 6G,H). Collectively, these data suggested that CYN-
induced autophagy inhibited apoptosis through the p62/Keapl/

results

Nrf2 pathways.

Frontiers in Pharmacology

CYN inhibited NB growth in vivo

To investigate the antitumor properties of CYN in vivo, we
subcutaneously inoculated SK-N-BE(2) cells into athymic
the
intraperitoneally treated with 2.5 mg/kg CYN once a day

nude mice, and after 1 week, mice  were

for three consecutive weeks. Our results showed that CYN
markedly decreased the tumour volumes and weights
compared to the vehicle group (Figures 7A-D), with no
effect on the mouse body weight (Figure 7E). Mouse
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tumour tissues were collected for THC staining to confirm
whether the results in vivo agreed with those in vivo. The data
indicated that CYN treatment significantly upregulated the
expression levels of cleaved caspase-3, CHOP and LC3B and
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downregulated the expression of Ki-67 compared with the
vehicle group (Figure 7F). The H&E staining results revealed
no notable pathological lesions in the pancreas, gut, lung, liver,
spleen, kidney or heart tissues in the CYN treatment group
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(Figure 7G). Overall, these results demonstrated that CYN
exerted potent antitumor properties with low toxicity in

animals.

Discussion

Currently, a large number of natural dietary compounds have
attracted considerable attention because of their promising
anticancer activity and good safety characteristics. CYN, a
characteristic ~ sesquiterpene lactone found in nutritious
artichokes, has been shown to exhibit anticancer activity in
cancer cell lines (Zheng et al, 2020; Ding et al, 2021).
However, no previous study has reported the effect and
underlying mechanisms of CYN in NB. In our study, we
verified that CYN could significantly and concentration-
dependently suppress the growth of NB SK-N-BE(2) and SH-
SY5Y cells (Figure 1) with IC50 values of 9.731 uM in SK-N-
BE(2) cells and 5.738 uM in SH-SY5Y cells (Figure 1D).
Compared with other cancer cell lines, the IC50 values of
CYN in NB cells were lower, suggesting that NB cells were
much more sensitive to CYN than other cells (Ding et al,
2021). Our data showed that CYN suppressed the growth of
NB cells by inducing G2 phase cell cycle arrest and apoptosis.
Moreover, CYN treatment induced ER stress-dependent

autophagy against apoptosis through the p62/Keapl/
Nrf2 pathways.

CYN has been reported to induce apoptosis in various
cancers (Zheng et al., 2020; Ding et al., 2021). Here, we found
through flow cytometry analysis that, similar to the above
results, CYN arrested the cell cycle at G2 phase, resulting
NB cell apoptosis (Figure 2). Apoptosis, a type of programmed
cell death, is regarded as a potential target for the antitumor
actions of many anticancer drugs (Guicciardi and Gores,
2009). Moreover, apoptosis can be triggered in a caspase-
dependent or a caspase-independent manner. In caspase-
dependent apoptosis, apoptotic signalling occurs via two
different the
pathway and the death receptor (exogenous) pathway
(Xiong et al, 2014). Notably, CYN appeared to induce

apoptosis in NB cells through the mitochondrial apoptotic

pathways: mitochondrial (endogenous)

pathway, as evidenced by the activation of caspase-3 and
PARP, the increased Bax protein level, and decreased Bcl-2
protein level (Figure 2C). Of course, it is worth noting that
apoptosis is a type of RCD(regulated cell death), and it is
extremely meaningful to add an omics part in future studies to
systematically understand the molecular mechanism for
the effect of CYN. Moreover,
autophagy, as an evolutionarily conserved catabolic process,

studying anticancer
helps to maintain cellular homeostasis (Li et al., 2016). Given
that autophagy is closely associated with apoptosis, we
examined whether CYN affected autophagy in NB cells. We

found that CYN significantly activated autophagy by
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increasing its initiation and blocking the fusion of
autophagosomes and lysosomes (Figure 3). In a previous
study, Cristiane et al. found that incubating bloodstream
trypomastigotes with CYN induced autophagy (da Silva
et al.,, 2013). However, there has been no report regarding
the effect of CYN on autophagy in cancer, and further studies
are needed. Autophagy is a highly dynamic multistep process,
and both increasing the rate of autophagosome formation and
decreasing the rate of autophagic degradation can promote the
accumulation of autophagosomes. In this study, early-stage
autophagy in CYN-treated NB cells was evidenced by an
by TEM
increased protein expression of the autophagy markers
LC3B-II, Atg5 and Beclin-1 (Figures 3A,B). On the other
hand, with the aid of the mRFP-GFP-LC3B constructs, we

demonstrated that CYN blocked autophagosome-lysosome

increased number of autophagosomes and

fusion in these cells (Figure 3C). In addition, autophagic
by CYN of
autophagosome-lysosome fusion can be explained by the
colocalization of LC3B with LAMP-2 (Supplementary
Figure S1) and the p62 and LAMP-2 results (Figure 3D).
Therefore, our study demonstrated that CYN promoted

flux  disruption through  inhibition

autophagy by initiating autophagy and

autophagic flux. ER stress is considered a common feature

inhibiting

in several types of cancers (Bhardwaj et al., 2020; Xia et al,,
2021).Additionally, previous evidence has suggested that
various natural compounds and their derivatives can trigger
ER stress to exert anticancer effects (Huang et al., 2021). Here,
we showed for the first time that CYN activate ER stress in
human cancer cells (Figure 5A). Based on the findings
above, we were curious about the relationship among ER
stress, apoptosis and autophagy after CYN treatment in NB
cells.

There is a close relationship among ER stress, apoptosis and
autophagy (Mizushima 2007; Cheng et al., 2015; Song et al.,
2017). Our aim was to clarify the relationship among the three
distinct processes, as it is essential during CYN treatment. First,
we aimed to clarify the relationship between autophagy and
apoptosis in CYN-treated NB cells. In recent years, increasing
evidence has suggested that, inconsistent with apoptosis,
autophagy plays contradictory roles in cancer and functions as
a prosurvival or antisurvival mechanism depending on the
tumour type or microenvironment (Healy et al., 2009; Song
et al, 2017). In our study, we confirmed that inhibiting
autophagy using siAtg5 and 3-MA (an early-phase autophagy
inhibitor) increased apoptosis (Figures 4A,B). This observation
suggests that autophagy plays a cytoprotective role in NB cells
treated with CYN. In addition, we used chloroquine (CQ) to
further investigate the relationship between autophagy and
apoptosis. CQ, as a specific late-phase autophagy inhibitor,
inhibits the fusion of lysosomes with autophagosomes (Boya
et al., 2005). Our results demonstrated that the combination of
CYN with CQ treatment reduced apoptosis compared with CYN
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treatment alone (Figures 4C,D). These results indicated that
CYN-triggered blockade of autophagic lysosomal fusion
played a crucial role in cytoprotective autophagy. Next, we
aimed to clarify the relationship among ER stress, autophagy
and apoptosis in CYN-treated NB cells. Accumulating evidence
has suggested that ER stress plays a vital role in inducing
apoptosis and autophagy in various tumour cells (Shen et al,
2017; Zheng et al, 2018). Moreover, ER stress can regulate
autophagy alone or both autophagy and apoptosis (Shen et al.,
2017; Zheng et al., 2018). In this study, the relationship among
ER stress, apoptosis and autophagy was investigated after
transfecting cells with CHOP-specific shRNA (Figure 5) or
co-treated with ER stress inhibitor TUDCA (Supplementary
Figure S3). Zheng et al. reported that the activation of ER
stress could cause melanoma cell apoptosis and inhibit
autophagy (Zheng et al, 2018). In contrast to previous
studies, our results suggested that ER stress induced only
protective autophagy in NB cells but did not participate in
CYN-induced apoptosis. In line with our results, Shen et al.
demonstrated that ER stress participated in only autophagy, not
apoptosis, in sarcoma cells (Shen et al, 2017). These results
indicated that CYN-triggered ER stress might induce protective
autophagy in NB cells and then impair the antitumor effects of
CYN. Therefore, it was necessary to further clarify the pro-
autophagy mechanism of CYN treatment to improve the
antitumour effects on NB.

In the present study, we observed that CYN increased the
protein expression of p62 (Figure 3D). p62 acts as not only an
autophagy receptor protein but also an activator of the
noncanonical Keapl-Nrf2 pathway (Komatsu et al.,, 2010). It
has also been documented that Nrf2 is activated in cancers, and
the high activity of Nrf2 can play a protective role in tumour cells
(Zhang et al., 2015; Rojo de la Vega et al., 2018). The interrelation
between Nrf2 and p62 is well known; that is, p62 competitively
binds with Keapl, which results in Nrf2 release from the Nrf2-
Keapl complex and Nrf2 translocation into the nucleus (Itoh
et al.,, 2003; Schmoll et al., 2017; Dash et al., 2020). Our results
showed that CYN improved Nrf2 transactivation by enhancing
Nrf2 nuclear translocation, suggesting that CYN promoted
Nrf2 activation by enhancing the binding of p62 to Keapl in
the cytoplasm (Figures 6C-F). It is noted that CYN enhanced the
protein level of Nrf2 but not that of the mRNA. Thus, possibility
exists that CYN may have enhanced Nrf2 protein expression via
post-transcriptional mechanisms that deserve further study.
Nrf2 signalling and autophagy crosstalk is complex and
controversial. The study conducted by Xu et al. revealed that
Nrf2 acted as a downstream regulator of autophagy in gastric
cancer cells (Xu et al., 2022). In contrast, other findings from the
study by Xu et al. reported a negative interaction between
autophagy and the Nrf2 pathway (Li et al, 2018). Our
findings were in agreement with Xu et al’s results (Li et al,
2018), and the meaningful downregulation of Nrf2 protein
expression following the inhibition of autophagy induced by
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Schematic diagram of the anti-NB effects of CYN.

shBeclin-1 (Figure 6B) suggested that Nrf2 signalling could be
partly activated by autophagy in CYN-treated NB cells. The
association between autophagy, apoptosis and NRF2 pathway
has been gradually concerned and studied in recent years (Arab
et al, 2021; Lu et al, 2021). To verify that CYN-induced
autophagy inhibits apoptosis through the Nrf2 pathway, we
investigated the crosstalk between the two signalling pathways.
Our findings were in agreement with Xu et al.’s results (Xu et al.,
2022), in which Nrf2 knockdown inhibited apoptosis in CYN-
treated NB cells (Figures 6G,H), indicating that Nrf2 signalling
might be a disadvantageous element for the antitumor effects of
CYN on NB. Furthermore, we preliminarily detected the changes
of ROS after CYN treatment (Supplementary Figure S5),
suggesting that there may be an exploratory association
between  antioxidant response and  autophagy in
neuroblastoma treated with CYN, which is worthy of further
study in the future.

In summary, the current study indicated that CYN
inhibited NB cell growth in vitro and in vivo, and the
involved ER

Nrf2 signalling/apoptosis. We provided insights into the

mechanism  specifically stress/autophagy/
molecular mechanisms by which CYN induces apoptosis
and ER stress-mediated protective autophagy. That is, ER
autophagy  triggers the p62/Keapl/
Nrf2 pathways, followed by attenuation of CYN-induced

apoptosis in NB; the interplay is summarized in Figure 8.

stress-mediated

Our study indicated that CYN may be a potential antitumor
agent for NB prevention and treatment. This is the first study
to examine the crosstalk between CYN-induced apoptosis and
autophagy, which involves the activation of the p62/Keapl/
Nrf2 signalling pathway. Therefore, we provided a basis for
future preclinical and clinical trial exploration to improve the
efficacy of CYN in NB treatment.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977622

Yang et al.

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding authors.

included in article/Supplementary Material,

Ethics statement

The animal study was reviewed and approved by The animal
experiments are complied with the requirements of the Animal Care
and Use Committee at Children’s Hospital of Soochow University.

Author contributions

Conception and design: RY, JW, and JP. Acquisition of data: SM
and LX. Analysis and interpretation of data: YY, SJ, LM, and PY.
Writing, review, and/or revision of the manuscript: RY, RZ, and HC.

Funding

This work was supported by grants from the Postgraduate
Research & Practice Innovation Program of Jiangsu Province
(KYCX21_2982); Jiangsu Province Key R&D Program (Social
Development) Projects (BE2020659); the Science and Technology

References

Arab, H. H., Al-Shorbagy, M. Y., and Saad, M. A. (2021). Activation of autophagy
and suppression of apoptosis by dapagliflozin attenuates experimental
inflammatory bowel disease in rats: Targeting AMPK/mTOR, HMGB1/RAGE
and Nrf2/HO-1 pathways. Chem. Biol. Interact. 335, 109368. doi:10.1016/j.cbi.
2021.109368

Bhardwaj, M, Leli, N. M., Koumenis, C., and Amaravadi, R. K. (2020). Regulation
of autophagy by canonical and non-canonical ER stress responses. Semin. Cancer
Biol. 66, 116-128. doi:10.1016/j.semcancer.2019.11.007

Boya, P., Gonzalez-Polo, R. A., Casares, N., Perfettini, J. L., Dessen, P., Larochette,
N., etal. (2005). Inhibition of macroautophagy triggers apoptosis. Mol. Cell. Biol. 25,
1025-1040. doi:10.1128/mcb.25.3.1025-1040.2005

Carfiete, A., and CAnete, A. (2020). High-risk neuroblastoma: where do we go?
Ann. Oncol. 31, 326-327. doi:10.1016/j.annonc.2019.12.003

Celesia, A., Morana, O., Fiore, T., Pellerito, C., D’Anneo, A., Lauricella, M., et al.
(2020). ROS-dependent ER stress and autophagy mediate the anti-tumor effects of
tributyltin (IV) ferulate in colon cancer cells. Int. J. Mol. Sci. 21, E8135. doi:10.3390/
{jms21218135

Cheng, Y. C,, Chang, J. M., Chen, C. A,, and Chen, H. C. (2015). Autophagy
modulates endoplasmic reticulum stress-induced cell death in podocytes: a
protective role. Exp. Biol. Med. 240, 467-476. doi:10.1177/1535370214553772

Choi, A. M., Ryter, S. W., and Levine, B. (2013). Autophagy in human health and
disease. N. Engl. J. Med. 368, 1845-1846. doi:10.1056/NEJMc1303158

da Silva, C. F., Batista Dda, G., De Aratjo, J. S., Batista, M. M., Lionel, J., de Souza,
E. M, et al. (2013). Activities of psilostachyin A and cynaropicrin against
Trypanosoma cruzi in vitro and in vivo. Antimicrob. Agents Chemother. 57,
5307-5314. doi:10.1128/aac.00595-13

Dash, S., Aydin, Y., and Wu, T. (2020). Integrated stress response in hepatitis C
promotes nrf2-related chaperone-mediated autophagy: A novel mechanism for
host-microbe survival and HCC development in liver cirrhosis. Semin. Cell Dev.
Biol. 101, 20-35. doi:10.1016/j.semcdb.2019.07.015

Frontiers in Pharmacology

15

10.3389/fphar.2022.977622

Project of Suzhou (SS2019011); Suzhou Introduced Project of
Clinical Medical Expert Team (SZYJTD201706); Suzhou Clinical
Medical Center (Szlcyxzx202104).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.977622/full#supplementary-material

Datta, S., Choudhury, D., Das, A., Mukherjee, D. D., Dasgupta, M.,
Bandopadhyay, S., et al. (2019). Autophagy inhibition with chloroquine
reverts paclitaxel resistance and attenuates metastatic potential in
human nonsmall lung adenocarcinoma A549 cells via ROS mediated
modulation of p-catenin pathway. Apoptosis 24, 414-433. doi:10.1007/
$10495-019-01526-y

De Cicco, P., Busa, R, Ercolano, G., Formisano, C., Allegra, M., Taglialatela-
Scafati, O., et al. (2021). Inhibitory effects of cynaropicrin on human melanoma
progression by targeting MAPK, NF-kB, and Nrf-2 signaling pathways in vitro.
Phytother. Res. 35, 1432-1442. doi:10.1002/ptr.6906

Ding, Z., Xi, J., Zhong, M., Chen, F., Zhao, H., Zhang, B, et al. (2021).
Cynaropicrin induces cell cycle arrest and apoptosis by inhibiting PKM2 to
cause DNA damage and mitochondrial fission in A549 cells. J. Agric. Food
Chem. 69, 13557-13567. doi:10.1021/acs.jafc.1c05394

Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicol. Pathol.
35, 495-516. d0i:10.1080/01926230701320337

Elsebai, M. F, Mocan, A, and Atanasov, A. G. (2016). Cynaropicrin:
A comprehensive research review and therapeutic potential as an anti-hepatitis
C virus agent. Front. Pharmacol. 7, 472. doi:10.3389/fphar.2016.00472

Feng, Y., Wang, N, Zhu, M., Feng, Y., Li, H., and Tsao, S. (2011). ’Recent progress
on anticancer candidates in patents of herbal medicinal products. Recent Pat. Food
Nutr. Agric. 3, 30-48. doi:10.2174/2212798411103010030

Fridlender, M., Kapulnik, Y., and Koltai, H. (2015). Plant derived substances with
anti-cancer activity: From folklore to practice. Front. Plant Sci. 6, 799. doi:10.3389/
fpls.2015.00799

Guicciardi, M. E., and Gores, G.J. (2009). Life and death by death receptors. Faseb
J. 23, 1625-1637. doi:10.1096/£j.08-111005

Hasima, N., and Ozpolat, B. (2014). Regulation of autophagy by polyphenolic
compounds as a potential therapeutic strategy for cancer. Cell Death Dis. 5, €1509.
doi:10.1038/cddis.2014.467

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.977622/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.977622/full#supplementary-material
https://doi.org/10.1016/j.cbi.2021.109368
https://doi.org/10.1016/j.cbi.2021.109368
https://doi.org/10.1016/j.semcancer.2019.11.007
https://doi.org/10.1128/mcb.25.3.1025-1040.2005
https://doi.org/10.1016/j.annonc.2019.12.003
https://doi.org/10.3390/ijms21218135
https://doi.org/10.3390/ijms21218135
https://doi.org/10.1177/1535370214553772
https://doi.org/10.1056/NEJMc1303158
https://doi.org/10.1128/aac.00595-13
https://doi.org/10.1016/j.semcdb.2019.07.015
https://doi.org/10.1007/s10495-019-01526-y
https://doi.org/10.1007/s10495-019-01526-y
https://doi.org/10.1002/ptr.6906
https://doi.org/10.1021/acs.jafc.1c05394
https://doi.org/10.1080/01926230701320337
https://doi.org/10.3389/fphar.2016.00472
https://doi.org/10.2174/2212798411103010030
https://doi.org/10.3389/fpls.2015.00799
https://doi.org/10.3389/fpls.2015.00799
https://doi.org/10.1096/fj.08-111005
https://doi.org/10.1038/cddis.2014.467
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977622

Yang et al.

Healy, S.J., Gorman, A. M., Mousavi-Shafaei, P., Gupta, S., and Samali, A. (2009).
Targeting the endoplasmic reticulum-stress response as an anticancer strategy. Eur.
J. Pharmacol. 625, 234-246. doi:10.1016/j.ejphar.2009.06.064

Huang, Y., Yuan, K., Tang, M., Yue, ], Bao, L., Wu, S,, et al. (2021). Melatonin
inhibiting the survival of human gastric cancer cells under ER stress involving
autophagy and Ras-Raf-MAPK signalling. J. Cell. Mol. Med. 25, 1480-1492. doi:10.
1111/jemm.16237

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., O’Connor, T., and Yamamoto, M.
(2003). Keapl regulates both cytoplasmic-nuclear shuttling and degradation of
Nrf2 in response to electrophiles. Genes cells. 8, 379-391. doi:10.1046/j.1365-2443.
2003.00640.x

Kingston, D. G. (2011). Modern natural products drug discovery and its relevance
to biodiversity conservation. J. Nat. Prod. 74, 496-511. doi:10.1021/np100550t

Komatsu, M., Kurokawa, H., Waguri, S., Taguchi, K., Kobayashi, A., Ichimura, Y.,
et al. (2010). The selective autophagy substrate p62 activates the stress responsive
transcription factor Nrf2 through inactivation of Keap1. Nat. Cell Biol. 12,213-223.
doi:10.1038/ncb2021

Lepore, S. M., Maggisano, V., Lombardo, G. E., Maiuolo, J., Mollace, V., Bulotta,
S., et al. (2019). Antiproliferative effects of cynaropicrin on anaplastic thyroid
cancer cells. Endocr. Metab. Immune Disord. Drug Targets 19, 59-66. doi:10.2174/
1871530318666180928153241

Li, H,, Peng, X,, Wang, Y., Cao, S., Xiong, L., Fan, ], et al. (2016). Atg5-mediated
autophagy deficiency in proximal tubules promotes cell cycle G2/M arrest and renal
fibrosis. Autophagy 12, 1472-1486. doi:10.1080/15548627.2016.1190071

Li, X,, Liang, M,, Jiang, J., He, R.,, Wang, M., Guo, X,, et al. (2018). Combined
inhibition of autophagy and Nrf2 signaling augments bortezomib-induced
apoptosis by increasing ROS production and ER stress in pancreatic cancer
cells. Int. J. Biol. Sci. 14, 1291-1305. doi:10.7150/ijbs.26776

Lu, Z., Ren, Y., Yang, L, Jia, A, Hu, Y., Zhao, Y., et al. (2021). Inhibiting
autophagy enhances sulforaphane-induced apoptosis via targeting NRF2 in
esophageal squamous cell carcinoma. Acta Pharm. Sin. B 11, 1246-1260. doi:10.
1016/j.apsb.2020.12.009

Matthay, K. K., Maris, J. M., Schleiermacher, G., Nakagawara, A., Mackall, C. L.,
Diller, L., et al. (2016). Neuroblastoma. Nat. Rev. Dis. Prim. 2, 16078. doi:10.1038/
nrdp.2016.78

Mizushima, N., Yoshimori, T., and Levine, B. (2010). Methods in mammalian
autophagy research. Cell 140, 313-326. doi:10.1016/j.cell.2010.01.028

Mizushima, N. (2007). Autophagy: Process and function. Genes Dev. 21,
2861-2873. doi:10.1101/gad.1599207

Newman, D. J.,, and Cragg, G. M. (2012). Natural products as sources of new
drugs over the 30 years from 1981 to 2010. J. Nat. Prod. 75, 311-335. doi:10.1021/
np200906s

Nikoletopoulou, V., Markaki, M., Palikaras, K., and Tavernarakis, N. (2013).
Crosstalk between apoptosis, necrosis and autophagy. Biochim. Biophys. Acta 1833,
3448-3459. doi:10.1016/j.bbamcr.2013.06.001

Radogna, F., Dicato, M., and Diederich, M. (2015). Cancer-type-specific crosstalk
between autophagy, necroptosis and apoptosis as a pharmacological target.
Biochem. Pharmacol. 94, 1-11. doi:10.1016/j.bcp.2014.12.018

Rangwala, R,, Chang, Y. C., Hu, J., Algazy, K. M., Evans, T. L., Fecher, L. A,, et al.
(2014). Combined MTOR and autophagy inhibition: phase I trial of
hydroxychloroquine and temsirolimus in patients with advanced solid tumors
and melanoma. Autophagy 10, 1391-1402. doi:10.4161/auto.29119

Frontiers in Pharmacology

16

10.3389/fphar.2022.977622

Rojo de la Vega, M., Chapman, E., and Zhang, D. D. (2018). NRF2 and the
hallmarks of cancer. Cancer Cell 34, 21-43. doi:10.1016/j.ccell.2018.03.022

Schmoll, D., Engel, C. K., and Glombik, H. (2017). The keapl-nrf2 protein-
protein interaction: A suitable target for small molecules. Drug Discov. Today.
Technol. 24, 11-17. doi:10.1016/j.ddtec.2017.10.001

Shen, S., Zhou, M., Huang, K., Wu, Y., Ma, Y., Wang, J,, et al. (2017). Blocking
autophagy enhances the apoptotic effect of 18p-glycyrrhetinic acid on human
sarcoma cells via endoplasmic reticulum stress and JNK activation. Cell Death Dis.
8, €3055. doi:10.1038/cddis.2017.441

Song, S., Tan, J., Miao, Y., Li, M., and Zhang, Q. (2017). Crosstalk of autophagy
and apoptosis: Involvement of the dual role of autophagy under ER stress. J. Cell.
Physiol. 232, 2977-2984. doi:10.1002/jcp.25785

Su, Z., Yang, Z., Xu, Y., Chen, Y., and Yu, Q. (2015). Apoptosis, autophagy,
necroptosis, and cancer metastasis. Mol. Cancer 14, 48. doi:10.1186/s12943-015-
0321-5

Takei, K., Hashimoto-Hachiya, A., Takahara, M., Tsuji, G., Nakahara, T., and
Furue, M. (2015). Cynaropicrin attenuates UVB-induced oxidative stress via the
AhR-Nrf2-Nqol pathway. Toxicol. Lett. 234, 74-80. doi:10.1016/j.toxlet.2015.
02.007

Tas, M. L., Reedijk, A. M. J., Karim-Kos, H. E., Kremer, L. C. M., van de Ven, C. P,,
Dierselhuis, M. P., et al. (2020). Neuroblastoma between 1990 and 2014 in the
Netherlands: Increased incidence and improved survival of high-risk
neuroblastoma. Eur. J. Cancer 124, 47-55. doi:10.1016/j.ejca.2019.09.025

Xia, Y., Chen, J,, Yu, Y., Wu, F,, Shen, X, Qiu, C, et al. (2021). Compensatory
combination of mTOR and TrxR inhibitors to cause oxidative stress and regression
of tumors. Theranostics 11, 4335-4350. doi:10.7150/thno.52077

Xiong, S., Mu, T, Wang, G., and Jiang, X. (2014). Mitochondria-mediated
apoptosis in mammals. Protein Cell 5, 737-749. doi:10.1007/s13238-014-0089-1

Xu, D. Q, Toyoda, H., Yuan, X. J., Qi, L., Chelakkot, V. S., Morimoto, M., et al.
(2018). Anti-tumor effect of AZD8055 against neuroblastoma cells in vitro and
in vivo. Exp. Cell Res. 365, 177-184. doi:10.1016/j.yexcr.2018.02.032

Xu, F, Xie, Q., Li, Y. W,, Jing, Q. Q., Liu, X. J., Xu, Y. C,, et al. (2022). Suppression
of JNK/ERK dependent autophagy enhances Jaspine B derivative-induced gastric
cancer cell death via attenuation of p62/Keapl/Nrf2 pathways. Toxicol. Appl.
Pharmacol. 438, 115908. doi:10.1016/j.taap.2022.115908

Youlden, D. R, Jones, B. C,, Cundy, T. P., Karpelowsky, J., Aitken, J. F., and
McBride, C. A. (2020). Incidence and outcomes of neuroblastoma in Australian
children: A population-based study (1983-2015). J. Paediatr. Child. Health 56,
1046-1052. doi:10.1111/jpc.14810

Zaib, S., and Khan, 1. (2020). Synthetic and medicinal chemistry of phthalazines:
Recent developments, opportunities and challenges. Bioorg. Chem. 105, 104425.
doi:10.1016/j.bioorg.2020.104425

Zhang, M., Zhang, C., Zhang, L., Yang, Q., Zhou, S., Wen, Q., et al. (2015). Nrf2 is
a potential prognostic marker and promotes proliferation and invasion in human
hepatocellular carcinoma. BMC Cancer 15, 531. doi:10.1186/s12885-015-1541-1

Zheng, Y., Wang, K., Wu, Y., Chen, Y., Chen, X,, Hu, C. W,, et al. (2018).
Pinocembrin induces ER stress mediated apoptosis and suppresses autophagy in
melanoma cells. Cancer Lett. 431, 31-42. doi:10.1016/j.canlet.2018.05.026

Zheng, D., Zhu, Y., Shen, Y., Xiao, S., Yang, L., Xiang, Y., et al. (2020).
Cynaropicrin shows antitumor progression potential in colorectal cancer

through mediation of the LIFR/STATs Axis. Front. Cell Dev. Biol. 8, 605184.
doi:10.3389/fcell.2020.605184

frontiersin.org


https://doi.org/10.1016/j.ejphar.2009.06.064
https://doi.org/10.1111/jcmm.16237
https://doi.org/10.1111/jcmm.16237
https://doi.org/10.1046/j.1365-2443.2003.00640.x
https://doi.org/10.1046/j.1365-2443.2003.00640.x
https://doi.org/10.1021/np100550t
https://doi.org/10.1038/ncb2021
https://doi.org/10.2174/1871530318666180928153241
https://doi.org/10.2174/1871530318666180928153241
https://doi.org/10.1080/15548627.2016.1190071
https://doi.org/10.7150/ijbs.26776
https://doi.org/10.1016/j.apsb.2020.12.009
https://doi.org/10.1016/j.apsb.2020.12.009
https://doi.org/10.1038/nrdp.2016.78
https://doi.org/10.1038/nrdp.2016.78
https://doi.org/10.1016/j.cell.2010.01.028
https://doi.org/10.1101/gad.1599207
https://doi.org/10.1021/np200906s
https://doi.org/10.1021/np200906s
https://doi.org/10.1016/j.bbamcr.2013.06.001
https://doi.org/10.1016/j.bcp.2014.12.018
https://doi.org/10.4161/auto.29119
https://doi.org/10.1016/j.ccell.2018.03.022
https://doi.org/10.1016/j.ddtec.2017.10.001
https://doi.org/10.1038/cddis.2017.441
https://doi.org/10.1002/jcp.25785
https://doi.org/10.1186/s12943-015-0321-5
https://doi.org/10.1186/s12943-015-0321-5
https://doi.org/10.1016/j.toxlet.2015.02.007
https://doi.org/10.1016/j.toxlet.2015.02.007
https://doi.org/10.1016/j.ejca.2019.09.025
https://doi.org/10.7150/thno.52077
https://doi.org/10.1007/s13238-014-0089-1
https://doi.org/10.1016/j.yexcr.2018.02.032
https://doi.org/10.1016/j.taap.2022.115908
https://doi.org/10.1111/jpc.14810
https://doi.org/10.1016/j.bioorg.2020.104425
https://doi.org/10.1186/s12885-015-1541-1
https://doi.org/10.1016/j.canlet.2018.05.026
https://doi.org/10.3389/fcell.2020.605184
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977622

	Suppression of endoplasmic reticulum stress-dependent autophagy enhances cynaropicrin-induced apoptosis via attenuation of  ...
	Introduction
	Materials and methods
	Reagents and antibodies
	Cell culture
	Cell viability assay
	EdU experiment
	Colony formation assay
	Lentivirus preparation and infection
	Cell cycle analysis
	Annexin V/PI staining
	Western blotting analysis
	Immunofluorescence assay
	Analysis of autophagy flux
	Coimmunoprecipitation assay
	Transmission electron microscopy
	In Vivo experiments
	Immunohistochemistry
	Statistical analysis of data

	Results
	CYN inhibited the proliferation of NB cells
	CYN induced cell cycle arrest and NB cell apoptosis
	CYN initiated autophagy and inhibited autophagic flux in NB cells
	Autophagy stimulated by CYN partially attenuated apoptotic cell death in NB cells
	NB cell apoptosis induced by CYN could Be partially abrogated by autophagy mediated by triggering ER stress
	CYN-induced autophagy inhibited apoptosis by promoting Nrf2 nuclear translocation and the P62-Keap1 interaction
	CYN inhibited NB growth in vivo

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


