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Corilagin induces apoptosis and autophagy
in NRF2-addicted U251 glioma cell line
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Abstract. Corilagin, extracted from the Euphorbiaceae and
Phyllanthus plants, inhibits the growth of a number of types of
tumors. Compared with temozolomide, the traditional chemo-
therapy drug, corilagin has demonstrated stronger antitumor
activity. However, the pharmaceutical mechanism of cori-
lagin in glioma remains unclear. Nuclear factor erythroid 2
like 2 (NFE2L2 or NRF2) is positively associated with
several types of tumor including glioma. In the present study,
NRF2 expression was higher in glioma tissues compared with
non-glioma specimens. Therefore, it was hypothesized that
corilagin targets NRF2 regulation of U251 cell apoptosis. The
present study used Hoechst 33258 staining to demonstrate that
corilagin induced glioma cell apoptosis and observed that the
expression of the apoptosis-related gene Bcl-2 was reduced.
In addition, corilagin induced autophagy and promoted the
conversion of light chain 3 (LC3) protein from LC3I to LC3II.
NRF2 expression was downregulated by corilagin stimulation.
Furthermore, the gene expression pattern following knock-
down of NRF2 in U251 cells using siRNA was consistent
with corilagin stimulation. Therefore, it was preliminarily
concluded that corilagin induces apoptosis and autophagy by
reducing NRF2 expression.

Introduction

Gliomas are the commonest type of primary brain tumors with
high morbidity, mortality and recurrence in addition to being
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one of the challenging disorders to treat among all central
nervous system diseases (1). According to histopathological
features, the World Health Organization classifies gliomas
into four grades. The latest classification stated that low-grade
gliomas (LGG) can be completely cured if effective treatment
is administered (2). Glioblastoma multiforme (GBM), the most
malignant glioma, is difficult to be cured using surgery or
chemotherapy (2,3). Patients with glioma also face the problem
of chemotherapy drug resistance clinically. Due to high drug
resistance, several chemotherapeutic drugs traditionally used
for treating glioma, including temozolomide, are often not
effective (4). Therefore, development of more efficient drugs
with novel mechanisms of action is required.

Schmidt and Lademann (5) first isolated corilagin in 1951;
Kakiuchi et al (6) discovered in 1985 that corilagin exhibits
reverse transcriptase activity against RNA tumor viruses.
Over the past decades, a number of studies have reported
various pharmacological activities of corilagin, including
anti-tumor activity (7), anti-oxidation activity (8), liver and
lung protection (9,10) and anti-inflammatory activity (11).
Other studies have noted that corilagin can inhibit various
tumors such as gastric (12), liver (13), breast (14) and ovarian
cancers (15). Corilagin not only directly inhibits tumor cell
proliferation, but also indirectly exerts anti-tumor effects by
enhancing the effect of traditional chemotherapy drugs (16).
A recent study reported that corilagin can induce tumor cell
apoptosis through mitochondrial damage (14). According to
the potential application value of corilagin for the treatment of
glioma, the present study identified that corilagin could induce
apoptosis of glioma cells.

Autophagy, also known as type II cell death, is regulated by
autophagy-related genes (17). It is the cellular process in which
damaged organelles and macromolecules are transported to
lysosomes for degradation to maintain the stability of the
intracellular environment (18). Autophagy usually occurs at
a low level but increases rapidly when adenosine triphosphate
energy is depleted, reactive oxygen species (ROS) are released
and mitochondrial membrane channels are opened (19).
Microtubule-associated protein light chain 3 (LC3) is recog-
nized as a universal marker for autophagosome detection. It
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has two molecular forms, LC3I and LC3II. LC3II is a crucial
molecule in the formation of autophagosomes and is widely
used to detect the activation of autophagy. SQSTMI1/p62 is a
connexin that guides the degradation of ubiquitinated proteins
into autophagosomes, which can be degraded along with
autophagic flow; p62 accumulates when autophagic flow is
disordered (20). The present study observed that the rate of
conversion of LC3I into LC3II increases and the amount of
p62 protein decreases following corilagin activation in U251
glioma cells, suggesting that corilagin induces autophagy.

Nuclear factor erythroid 2 like 2 (NFE2L2 or NRF2)
is a protective factor against cellular stress response (21).
Studies (21-23) have demonstrated that NRF2 activates
various gene transcriptional factors to protect cells against
oxidative stress and endogenous and exogenous stimulation;
therefore, NRF?2 is considered a protective transcription factor
for cells (24). Evidence has indicated that NRF2 inhibits
cell apoptosis (25,26). In addition, NRF2 is demonstrated
to be associated with metastasis and resistance mechanisms
of cholangiocarcinoma (27). As a result of these advantages,
cancer cells with sustained NRF2 activation often develop
'NRF2 addiction' and display a malignant phenotype, leading
to a poor prognosis among patients with cancer (28). Previous
studies have demonstrated that U251 cells exhibit aberrant
activation of NRF2 and knockdown of NRF2 inhibits the
proliferation and growth of U251 cells in a mouse xenograft
model (28,29); therefore the present study termed U251 cells
NRF2-addicted. Inhibition of NRF2 is a promising therapeutic
strategy for NRF2-addicted cancers and the development
of NRF2 inhibitors is urgent (28). Under normal conditions,
Kelch-like epichlorohydrin-related protein 1 (Keapl) binds to
NRF2 protein and the complex is degraded rapidly by the 26S
proteasome, with the NRF2 protein escaping capture by the
Keapl accumulated in the nucleus (30). This process can be
regulated by the autophagy activity in cells. As a substrate for
autophagy, SQSTM1/p62 binds to Keapl and causes NRF2
and Keapl to separate (30). Subsequently, NRF2 enters the
nucleus, activates the transcription of various antioxidant
genes and inhibits the expression of oxidative-stress-related
proteins (30). The present study preliminarily confirmed that
NRF2 is highly expressed in glioma cancer. In addition, cori-
lagin stimulated the U251 cell line, which increased autophagy
activity, enhanced p62 degradation and reduced NRF2 protein
expression; The present study concluded that the promotion of
autophagy by corilagin induced the downregulation of NRF2
expression.

Materials and methods

Reagents and antibodies. Corilagin (98% purity) was
purchased from Shanghai Yuanye Bio-Technology Co., Ltd.,
dissolved with phosphate buffer saline (Beijing Solarbio
Science & Technology Co., Ltd.) to prepare stock solution
(4 mg/ml) and stored at 4°C. Dulbecco's modified Eagle's
medium high glucose (DMEM) medium, RPMI-1640 Medium
and Earle's Balanced Salt Solution (EBSS) were obtained from
HyClone (Cytiva). Fetal bovine serum (FBS) were purchased
from HyClone (Cytiva), penicillin and streptomycin were
purchased from Beijing Solarbio Science & Technology Co.,
Ltd. The trypsin solution was obtained from Gibco (Thermo

Fisher Scientific, Inc.). RIPA Lysis Buffer, phenylmethylsul-
fonyl fluoride, BCA protein assay kit and 5X loading buffer
were purchased from Beyotime Institute of Biotechnology.
B-actin (cat. no. AC026, monoclonal, rabbit anti-human)
antibody was obtained from ABclonal Biotech Co., Ltd.
NRF2 (cat. no. SC-365949, monoclonal, mouse anti-human)
antibody was obtained from Santa Cruz Biotechnology, Inc.
Bcl-2 (cat. no. 4223, monoclonal, rabbit anti-human) and LC3
(cat. no. 12741, monoclonal, rabbit anti-human) antibody
were purchased from Cell Signaling Technology, Inc. P62
(cat. no. BA2849, polyclonal, rabbit anti-human) antibody
was obtained from Wuhan Boster Biological Technology,
Ltd. ECL chemiluminescence solution and 0.2 ym thickness
PVDF membrane were purchased from EMD Millipore.
The primers of NRF2 and Bcl-2 were obtained from Beijing
Liuhe BGI. Horseradish peroxidase-labeled secondary
antibody (anti-rabbit IgG: cat. no. ASO14; anti-mouse
IgG: AS003) were purchased from ABclonal Biotech Co., Ltd.
Coralite488-labeled secondary antibody (cat. no. SA00013-2)
was purchased from ProteinTech Group, Inc.

Collection of patient samples. The present study was approved
by the Ethics Committee of Affiliated Hospital of Jining
Medical University (Jining, China; approval no. 2019C008).
Each participant (or their legal representative) provided written
informed consent. The 15 glioma tissues were obtained from
patients with glioma following surgical resection at Affiliated
Hospital of Jining Medical University. The inclusion criteria
were patients diagnosed with glioma and treated with surgical
resection. In addition, none of the patients received chemo-
therapy prior to surgery. The exclusion criteria were patients
with unconfirmed pathology and/or patients with incomplete
data records. The nine non-glioma specimens were obtained
from patients with cerebral hemorrhage (CH) and Traumatic
Brain Injury (TBI) following surgical resection at Affiliated
Hospital of Jining Medical University. All tissues were
promptly snap-frozen in liquid nitrogen following surgical
resection and stored at -80°C refrigerator until further use.

Cell culture. The U251 cell line was obtained from the Shandong
Provincial Key Laboratory of Stem Cells and Neuro-oncology.
U251 cells were cultured in DMEM supplemented with
10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin.
The U251 cells were cultured in a humidified atmosphere at
37°C under 5% CO,. According to the Cellosaurus reference
website (https://web.expasy.org/cellosaurus/CVCL_2219),
the U251 cell line used was U251 MG and was authenticated
using short tandem repeat analysis. U251 cells were seeded at
1x10° per well into a 6-well plate and stimulated by corilagin
at different concentrations of 0, 25, 50, 100 xg/ml in a 37°C
incubator for 48 h beginning at the second day. EBSS was
added to control group cells to make positive control group
in 37°C incubator for 2 h. Cells were collected for reverse
transcription-quantitative (RT-q) PCR, western blot analysis,
immunofluorescence and Hoechst 33258 staining.

RNA extraction and RT-gPCR. Cells were harvested for RNA
extraction when at 80-90% confluence. The total RNA was
isolated from U251 cells with TRIzol® reagent (Thermo Fisher
Scientific, Inc.) following the manufacturer's protocol. Total RNA
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(1.5 ug) was prepared for reverse transcription using a FastQuant
RT kit (Tiangen Biotech Co., Ltd.) to obtain the cDNA. The
c¢DNA and SYBR-Green mixture (CoWin Biosciences) were used
following the manufacturer's protocol for RT-qPCR. The machine
used was from Bio-Rad Laboratories, Inc. and the RT-qPCR
program was as follows: 95°C 10 min, 95°C 10 sec and 60°C
30 sec (45 cycles), 95°C 1 min, 55°C 1 min, 55°C 10 sec, 95°C
5 sec. The 2244 method was used for data analysis (31) and the
relative expression was normalized to f-actin. The primers
sequences used for the experiment were: $-actin, forward, 5-GAA
GTGTGACGTGGACATCC-3' and reverse, 5S'-CCGATCCAC
ACGGAGTACTT-3; NRF2, forward, 5-GAGAGCCCAGTCTT
CATTGC-3' and reverse, 5S“-TGCTCAATGTCCTGTTGCAT-3}
Bcl-2, forward, 5'-GGTGGGGTCATGTGTGTGG-3' and
reverse, 5-CGGTTCAGGTACTCAGTCA TCC-3'" At least three
independent assays were performed in triplicate.

Western blot analysis. Following corilagin stimulation,
U251 cells were harvested for lysis using RIPA lysate buffer.
Lysates were incubated on ice for >30 min and centrifuged
at 12,000 x g for 15 min at 4°C. The supernatant was trans-
ferred to a new Eppendorf tube and the precipitate discarded.
Protein concentration was detected by a BCA determination
kit. Proteins (50 pug) were separated by 12% SDS-PAGE
and transferred onto a PVDF membrane. Membranes were
blocked with 5% skimmed milk for 1 h at room tempera-
ture and incubated with primary antibodies at a dilution of
1:1,000 overnight at 4°C. The membranes were incubated
with a horseradish peroxidase (HRP)-conjugated secondary
(1:5,000 dilution) at 37°C for 1 h. Blots were detected using
ECL chemiluminescent reagents. The relative protein expres-
sion of genes was quantified by Imagel] v.1.46r software
(National Institutes of Health) using B-actin as control, Data
are shown as mean + standard deviation from at least three
independent experiments. P<0.05 was considered to indicate
a statistically significant difference.

Hoechst 33258 staining. Following corilagin stimulation, U251
cells were washed with PBS twice at room temperature. The
cells were fixed with methanol for 10 min and incubated with
Hoechst 33258 staining reagent for 10 min at room tempera-
ture. A confocal microscope (Zeiss LSM800; Zeiss AG) was
used to detect the apoptosis levels at x100 magnification and
the apoptotic cells appeared as dense bright blue. The experi-
ments were carried out three times, individually.

Immunofluorescence staining. Following corilagin stimula-
tion, U251 cells were washed with PBS three times and fixed
with 4% paraformaldehyde for 10 min at room temperature.
Cell membrane was penetrated using PBS containing
0.1% Triton X-100 and blocked with 10% FBS at room temper-
ature. Cells were incubated with LC3B primary antibody
(1:200 dilution) at room temperature for 2 h. The cells were
washed three times and incubated with coralite488-labeled
secondary antibody (1:100) at room temperature for 30 min.
Following washing with PBS for three times, the cells were
incubated with DAPI for 10 min at room temperature. Finally,
the slides were sealed with anti-fluorescent quencher to delay
fluorescence quenching. All experiments were performed in
triplicate and repeated at least three times.
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Cell transfection. U251 cells were seeded in 6-well plates
(2x10%/well) until reached 30-40%, before transfection, the
transfection reagent Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.), 10 nM negative control (NC)
or 10 nM small interfering (si)RNAs were mixed and incu-
bated for 20 min, and then added to the wells with serum-free
medium. The NC and siRNAs were synthesized by Shanghai
GenePharmaCo.,Ltd.Sequence of NC was: 5'-UUCUCCGAAC
GUGUCACGUTT-3'; sequence of siRNAs were: siNrf2-1,
5'-GGUUGAGACUACCAUGGUUTT-3'; siNrf2-2, 5'-GAC
AGAAGUUGACAAUUAUTT-3}; siNrf2-3, 5'-CCAGAACAC
UCAGUGGAAUTT-3". Following transfection for 72 h, cells
were harvested for further study.

GEPIAdataset. GEPIA is aninteractive web server for analyzing
the RNA sequencing expression data that includes 9,736 tumors
and 8,587 normal samples from The Cancer Genome Atlas
and the Genotype-Tissue Expression projects, using the output
of a standard processing pipeline for RNA sequencing data.
GEPIA provides customizable functions such as tumor/normal
differential expression analysis, profiling according to cancer
types or pathological stages, patient survival analysis, similar
gene detection, correlation analysis, and dimensionality reduc-
tion analysis. GEPIA dynamically plots expression profiles of
a given gene according to user-defined sample selections and
methods. The results can be presented in box plots. In addi-
tion, GEPIA plots gene expression by pathological stages based
on the TCGA clinical annotation. GEPIA performs survival
analysis based on gene expression levels. This function allows
users to select their custom cancer types for survival analysis.
For example, to examine the survival curves of an input gene in
glioma, we select both GBM and LGG for the survival analyses.
GEPIA uses log-rank test for the hypothesis evaluation. The
hazard ratio and the 95% confidence interval information can
also be included in the survival plot (32).

Statistical analysis. All data were expressed as mean =+ stan-
dard deviation and analyzed by one-way ANOVA followed
by Bonferroni's post hoc test using GraphPad Prism v.5
(GraphPad Software, Inc.). The error bars were derived from
at least three independent experiments. P<0.05 was considered
to indicate a statistically significant difference.

Results

NRF?2 is overexpressed in glioma tissues and is negatively
correlated with patient survival. The nine non-glioma
specimens were taken from patients with CH or TBI requiring
intracranial decompression and the 15 tumor tissues were taken
from patients with glioma. The basic characteristics of these
24 brain tissues are listed in Tables I and II. Total proteins
were extracted the from these tissues and it was discovered by
using western blotting that NRF2 was overexpressed in glioma
tissues compared with non-glioma specimens (Fig. 1A and B).
Information from a large sample database (Gene Expression
Profiling Interactive Analysis, GEPIA) revealed that NRF2 was
overexpressed in GBM and LGG (Fig. 1C). NRF2 was nega-
tively correlated with patient survival using GEPIA. The low
NRF2 expression group demonstrated higher percent survival
rates compared with the high NRF2 expression group (Fig. 1D).
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Table I. Characteristics of non-glioma patient samples.

Number Cl C2 C3 Cc4 C5 Cco6 Cc7 C8 C9
Sex M F M M F M M F F
Age (years) 40 43 69 44 27 51 31 44 55
Source CH TBI CH CH CH CH TBI CH CH
M, male; F, female; CH, Cerebral hemorrhage; TBI, Traumatic Brain Injury

Table II. Clinicopathological characteristics of glioma patient samples.

Number TT T2 T3 T4 T5 T6 T7 T8 T9 T10 Ti1 T12 T13 TIi4 T15
Sex F F M F M F F M F F M F M M M

Age (years) 67 72 67 40 60 S0 67
WHOGrade IV IV I IV IV IV IV

40 60 68 44 53 39 68 70
ar  II-Irv III I v v v v

Corilagin downregulates the expression of NRF2 in the U251
glioma cell line. The present study demonstrated that cori-
lagin, an anti-glioma drug, possessed a clear ability to inhibit
the proliferation of glioma cells (33). To determine whether
it inhibits NRF2 express ion to suppress glioma cells, the
regulation effect exerted by corilagin on NRF2 was investi-
gated. Following the use of corilagin to stimulate U251 cells,
the protein expression of NRF2 was detected though western
blotting. The protein expression of NRF2 was weakened in
the corilagin treatment group compared with the control
group (Fig. 2A and B). Following stimulation of U251 cells
by using 100 xg/ml corilagin, the protein expression of NRF2
was detected though immunofluorescence. The fluorescence
intensity of NRF2 was weakened in the corilagin treatment
group (Fig. 20).

Corilagin induces apoptosis of the U251 glioma cell line.
To determine whether corilagin exerts other effects on U251
glioma cells, the following experiments were performed.
Different concentrations of corilagin (0, 25, 50 and 100 ug/ml)
were used to stimulate cells for 48 h and the level of cell apop-
tosis was detected using Hoechst 33258 staining. The results
demonstrated that cells appeared bright blue with the intensity
of the color increasing as concentration increased (Fig. 3A).
This indicated that corilagin induced apoptosis of the U251
glioma cells. To further explore the induced-apoptosis, the
results were verified at the molecular level. The corilagin-stim-
ulated cells were harvested and the protein expression of Bcl-2
was detected using western blotting. The result indicated that
the protein expression of Bcl-2 was reduced by the increased
concentration of corilagin (Fig. 3B). The mRNA expression of
Bcl-2 was detected using RT-qPCR and the results indicated
that the mRNA expression of Bcl-2 was also reduced by the
increasing concentration of corilagin (Fig. 3C).

Corilagin induces the autophagy of the U251 glioma cell
line. Whether corilagin regulated cell autophagy was inves-
tigated. EBSS is a positive inducer of autophagy. Following

stimulation of U251 cells using EBSS and 100 ug/ml corilagin,
the cell autophagy-related protein LC3II was detected though
immunofluorescence. The level of LC3II increased signifi-
cantly in the EBSS and corilagin treatment groups (Fig. 4A) by
immunofluorescence, whereas the expression of P62 decreased
compared with the control group, as observed using western
blotting (Fig. 4B). Although the decrease of P62 appears
slight, no less than three experiments prove that the decrease
is statistically significant. Therefore, the level of autophagy in
the corilagin treatment group was higher compared with the
control group. The relative protein expression levels of P62 and
the ratio of LC3II to LC3I are illustrated in Fig. 4C. In addition,
the mRNA level of P62 was reduced in the corilagin-treated
group (Fig. 4D) confirming that the level of autophagy in the
Corilagin treatment group was also greater than that in the
control group.

NRF?2 regulates apoptosis and autophagy. To demonstrate
whether corilagin induced apoptosis and autophagy via
inhibiting NRF2, small interfering (si)RNAs were used
to knock down the NRF2 expression in U251 cell line. In
the present study, three siRNAs sequences of NRF2 were
designed, but only one of these siRNA sequences signifi-
cantly inhibited the expression of NRF2. It was discovered
that as the expression of NRF2 was suppressed, the expres-
sion of P62 and Bcl-2 were also suppressed and the ratio
of LC3IIto LC3Iis increased (Fig. 5A and B). This result is
consistent with the effect of corilagin on stimulating cells.
As mentioned above, corilagin clearly inhibited NRF2
expression, so it was hypothesized that the inhibitory effect
of corilagin on cells was at least partly dependent on NRF2
inhibition.

Discussion
The present study demonstrated that corilagin induced apop-

tosis and autophagy of the NRF2-addicted U251 glioma cell
line and reduced NRF2 expression. The significance of the
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Figure 1. NRF2 is overexpressed in glioma tissues and negatively correlates with the survival rates of patients. (A) NRF2 was overexpressed in the 15 glioma
tissues compared with the 9 control samples by western blotting. (B) The relative protein expression level of NRF2 was calculated using f-actin as the
loading control (‘P<0.05). (C) The NRF2 mRNA expression profiles in control brain tissue (n=207), GBM (T=163) and LGG (T=518) from a data set from
GEPIA; "P<0.05. (D) The difference between the low and high NRF2 expression groups. There were 337 patients with low expression of NRF2 and there were
338 patients with high expression of NRF2 (GEPIA). HR demonstrated that the risk of mortality in the NRF2 high expression group was 1.9 times higher
compared with that of the NRF2 low expression group. NRF2, nuclear factor erythroid 2 like 2; T, glioma tissues; C, control samples; GBM, glioblastoma
multiforme; LGG, low grade glioma; GEPIA, Gene Expression Profiling Interactive Analysis; HR, Hazard Ratio.

target gene NRF2 in the anti-glioma role of corilagin was
identified. The present study aimed to discover a new function
of corilagin as a novel antitumor drug and its key target. It
also provided a new theoretical basis for tumor cell chemore-
sistance.

Overcoming chemotherapy resistance is a challenging
problem in glioma treatment. Temozolomide is expensive
and has poor clinical efficacy (34); the development of new
anticancer drugs is thus an urgent matter. A number of studies
have demonstrated numerous pharmacological properties of
corilagin in vivo and in vitro. In vivo experiments have revealed
that corilagin inhibits growth of tumors, such as hepatocel-
lular carcinoma and ovarian cancer, in an athymic implant
tumor model (35,36). Due to the blood brain barrier (BBB),
animal experiments are crucial for researching anti-glioma
chemotherapy drugs. Corilagin has three phenolic rings for
n-1 stacking interactions with some amino acid residues and
exhibits excellent amyloid-f3 (Af) oligomer selectivity with a
high binding affinity (37,38). The primary influence driving
Alzheimer's disease (AD) pathogenesis is accumulation of Ap
in the brain, therefore, corilagin demonstrates the potential to
alleviate AD (37-39). Although the evidence (37-39) support the

view that corilagin can pass through the BBB, animal experi-
ments are required to support the conclusion of the present
study. In vitro, corilagin exhibits strong inhibitory activity
against viruses and microorganisms (40,41). Staphylococcus
aureus, well-known for its drug resistance, is inhibited by cori-
lagin at a minimum inhibitory concentration of 25 pug/ml (42).
The anti-microorganism activity of corilagin is expected to
solve the problem of bacterial drug resistance (43).

Thus, corilagin regulates several signal pathways to
participate in biological activities (44). In vivo and in vitro
experiments demonstrate that corilagin prevents herpes
simplex virus-1 encephalitis by inhibiting the Toll-like
receptor 2 signaling pathways (45). Corilagin reduces the
release of TNF-a, which is considered to stimulate the growth
and progression of early malignant tumor cells (46,47).
Corilagin attenuates radiation-induced brain injury in mice by
inhibiting the expression of NF-kB and TNF-a (48). Our team
demonstrated that corilagin inhibits the proliferation of glioma
cells by blocking the NF-«xB pathway (33). However, the present
study demonstrated the inhibitory effect of NRF2-mediated
corilagin on glioma cells, enriching the anti-tumor mechanism
of corilagin, from the perspective of apoptosis and autophagy.
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in corilagin-stimulated cells by reverse transcription-quantitative PCR normalized to B-actin ("P<0.05; ““P<0.001). con, control.



ol SPANDIDOS .
Eﬁ PUBLICATIONS MOLECULAR MEDICINE REPORTS 23: 320, 2021 7
1.51 EBCon
LC3B DAPI Merge C -
@
— e — < 1.0
LC3V/II &
s - — c
O q>) * %
Q& (9]
L2
—0 0.0
U251
7
E D - 8 Con
c » + [l EBSS
2 @ Corilagin
o
S 2-
(]
£
Q
c S
ks Q 14
o )
= =
2 T
° &
0_
. LC3lI/ P62

Figure 4. Corilagin induces the autophagy of U251 glioma cell line. (A) Following stimulation of U251 cells by EBSS and 100 pyg/ml corilagin, cell
autophagy-related protein LC3B were detected by immunofluorescence. Scale bar, 10 ym. (B) Western blotting demonstrated that the protein level of LC3I1
in the EBSS and corilagin treatment group were increased and the expression of P62 was significantly decreased. (C) The mRNA expression level of P62 was
significantly reduced in the corilagin-treated (100 yg/ml) group as determined by reverse transcription-quantitative PCR normalized to 3-actin ("'P<0.01).

(D) The relative protein ratio of LC3II/LC3I and P62 were calculated using f-actin as the loading control (*'P<0.01;
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Figure 5. NRF2 regulates apoptosis and autophagy. (A) The U251 cells were transfected with siRNAs by Lipofectamine®
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®

2000. The protein expression of

NRF2, P62, Bcl-2 and LC3 were detected by western blotting. (B) The relative protein quantitative analysis of the ratio LC3II/LC3I, P62, Bcl-2 and NRF2
were calculated using B-actin as the loading control ("P<0.05). NRF2, nuclear factor erythroid 2 like 2; con, control; si, short interfering; NC, negative control;

siN, siRNA of NRF2.

NRF2 mainly regulates transcriptional activation through
antioxidant response elements (AREs) present in the promoters
of NRF?2 target genes (49). Studies (50-52) have revealed that
NRF?2 is overexpressed in the KB-derived drug-resistant
cancer cell panel. Silencing NRF2 expression can enhance the
drug sensitivity of chemoresistant cells and NRF2 activator
can enable cells to acquire drug resistance (50). In addition,
a previous study demonstrated that disulfiram can selectively
inhibit the NRF2 and NF-«B signaling pathways of leukemia
stem cells, restricting their proliferation and inducing apop-
tosis (53). Our team previously demonstrated that corilagin
possesses a strong inhibitory effect on glioma stem cells (33),

however, whether glioma stem cells are more addictive to
NRF2 than glioma cells requires further research. The present
study mainly focused on the regulation of corilagin in glioma
cells by inhibiting NRF2 expression. It was demonstrated that
NRF2 was highly expressed in glioma. That glioma stem cells
are addictive to NRF2 (28,29) supports the conclusion of the
present study to some extent. Nevertheless, the small samples
size remains a limitation of the present study. In theory, the
larger the sample size, the more accurate the research results.
When the sample size is not large enough, it is more difficult
to use the limited data to prove the significance of the NRF2
overexpression with glioma. Therefore, increasing the samples
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size needs be addressed in future research. With enough
samples, the detection of NRF2 expression can be performed
to provide more evidence to support the hypothesis of the
present study. Previous studies have investigated the mecha-
nism by which corilagin regulates microRNA (54,55). One
reported that corilagin reduces the expression of miR-21 and
inhibits schistosomiasis-induced hepatic fibrosis (54). Previous
studies (33,42,44-48,54) have demonstrated that corilagin
regulates numerous pathways and possesses various biological
properties, including anti-viral, anti-bacterial and anti-cancer.

Cell apoptosis is considered to be cell death type I, with the
ability to maintain cell fate and homeostasis (56). Apoptotic
procedures are disrupted during tumorigenesis. The Bcl-2
family of proteins regulate cell apoptosis (57). The family
includes proapoptotic proteins, such as Bad, Bax and Bid
and antiapoptotic proteins, such as Bcl-2 and Bcl-XL. The
balance between proapoptotic and antiapoptotic proteins
determines the progress of apoptosis (57). The present study
focused on the anti-apoptotic protein Bcl-2 and demonstrated
that corilagin induced cell apoptosis through the reduction
of Bcl-2 expression. Cell apoptosis is closely associated with
autophagy proteins. Autophagy-related (ATG)S5 and ATGI12,
which are necessary for induction of cell autophagy, contribute
to the induction of apoptosis. ATGS5 interacts with Bcl-XL to
promote the release of cytochrome c to regulate cell apop-
tosis (58,59). The present study focused on NRF2, considered
an apoptosis inhibitor. The significance of the NRF2-related
apoptosis process is diverse for various physiological
processes (25,60,61). For example, a previous study revealed
that exposure of non-small-cell lung cancer cells to ionizing
radiation induces cell apoptosis and knocking down NRF2
expression boosts cell apoptosis (25). NRF2 acts as a protective
factor against normal tissue damage and possesses a protective
effect on brain injury by inhibiting mitochondria-related apop-
tosis (60). Cisplatin resistance is a significant obstacle in the
treatment of tumors and it has been demonstrated that NRF2
expression induces cisplatin resistance in ovarian cancer (61).
Several studies have reported that NRF2 inhibits apoptosis by
activating AREs and that this process is a protective program
against cell death (62-64).

The expression level of NRF2 is inextricably linked to
autophagy intensity. A previous study clarifies the relationship
between NRF2 and autophagy, demonstrating that autophagic
flow disorder leads to p62 accumulation and then detach-
ment of NRF2 from Keapl, which in turn regulates the ARE
pathway (65). The present study identified that NRF2 expres-
sion was reduced by corilagin stimulation. The ubiquitination
pathway is a protein degradation pathway independent of
lysosomal degradation (66). The 26S proteasome is the major
protease responsible for protein degradation (67). Numerous
factors, including human telomerase reverse transcriptase (68)
and cyclic adenosine monophosphate (69), regulate 26S protea-
some activity. Whether corilagin inhibits NRF2 expression by
regulating 26S proteasome activity should be further explored.
A previous study reported that corilagin induces autophagy in
breast cancer cells by inhibiting Akt/mTOR/p70S6K and this
induced autophagy can be downregulated by the ROS scav-
enger N-acetylcysteine (14). This study also showed that the
corilagin-induced autophagy of breast cancer cell may depend
on ROS generation. Another study demonstrated that corilagin

also promotes ROS production and induces autophagy (12).
ROS was not detected in the present study, which was one of
its limitations. However, a number of studies reveal that NRF2
inhibition induces ROS production (70-72) and these results
support the conclusion of the present study that corilagin
induced autophagy via downregulating NRF2. In addition, to
confirm that the action of corilagin is specific to the reduction
of NRF2 expression, it would be more convincing to admin-
ister corilagin to NRF2-overexpressing U251 cells to verify
the suppression of cell death. The overexpressed vector of
NRF2 has not been successfully created yet, and this another
limitation to the present study. It is hoped, once the vector is
successfully constructed, to remedy this defect.

In conclusion, the present study demonstrated the
mechanisms of corilagin in glioma treatment and explored its
relationship with NRF2 expression. It was identified that cori-
lagin induced apoptosis and autophagy in the U251 glioma cell
line. NRF2 was overexpressed in glioma tissues and its reduced
expression contributed to the anti-glioma effect of corilagin.
The data from the present study provided solid evidence for
corilagin as a candidate drug for glioma treatment.
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