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Xanthatin induces glioma cell apoptosis and inhibits
tumor growth via activating endoplasmic reticulum
stress-dependent CHOP pathway

Yu-yang Ma'?, Ze-min Di'?, Qing Cao'?, Wen-shuang Xu'?, Si-xing Bi"*3, Ji-shuang Yu'?, Yu-jun Shen'?, Yong-giang Yu?,

Yu-xian Shen'? and Li-jie Feng'?

Xanthatin is a natural sesquiterpene lactone purified from Xanthium strumarium L., which has shown prominent antitumor activity
against a variety of cancer cells. In the current study, we investigated the effect of xanthatin on the growth of glioma cells in vitro
and in vivo, and elucidated the underlying mechanisms. In both rat glioma C6 and human glioma U251 cell lines, xanthatin (1-15
uM) dose-dependently inhibited cell viability without apparent effect on the cell cycle. Furthermore, xanthatin treatment dose-
dependently induced glioma cell apoptosis. In nude mice bearing C6 glioma tumor xenografts, administration of xanthatin (10, 20,
40 mg-kg'-d~", ip, for 2 weeks) dose-dependently inhibited the tumor growth, but did not affect the body weight. More
importantly, xanthatin treatment markedly increased the expression levels of the endoplasmic reticulum (ER) stress-related markers
in both the glioma cell lines as well as in C6 xenografts, including glucose-regulated protein 78, C/EBP-homologous protein (CHOP),
activating factor 4, activating transcription factor 6, spliced X-box binding protein-1, phosphorylated protein kinase R-like
endoplasmic reticulum kinase, and phosphorylated eukaryotic initiation factor 2a. Pretreatment of C6 glioma cells with the ER stress
inhibitor 4-phenylbutyric acid (4-PBA, 7 mM) or knockdown of CHOP using small interfering RNA significantly attenuated xanthatin-
induced cell apoptosis and increase of proapoptotic caspase-3. These results demonstrate that xanthatin induces glioma cell
apoptosis and inhibits tumor growth via activating the ER stress-related unfolded protein response pathway involving CHOP
induction. Xanthatin may serve as a promising agent in the treatment of human glioma.
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INTRODUCTION

Glioma is a primary neuroepithelial tumor of the central nervous
system characterized by an extremely aggressive clinical pheno-
type [1, 2]. Despite recent advances in standard therapy, including
maximal surgical excision followed by radiotherapy with con-
comitant and adjuvant chemotherapy, the treatment of glioma
remains extremely unfavorable [1, 3]. Therefore, the development
of novel strategies and the discovery of new drugs for glioma
therapy are essential.

To date, natural products have been the primary source of
chemotherapeutics and provided abundant candidates with
promising antitumor activities. Xanthatin is a natural bioactive
sesquiterpene lactone isolated from the aerial part of Xanthium
strumarium L. (Asteraceae), a native herb commonly used in China
[4, 5]. Previous studies demonstrated that xanthatin exhibits a
wide variety of bioactivities, including anticancer [6, 7], anti-
angiogenesis [8-10], antiviral [10], antiinflammatory [11], anti-
fungal [12, 13], antibacterial [14], antitrypanosome [11], and
antileishmanial [13] activities. In addition, xanthatin was reported

to suppress proliferation and induce apoptosis in a wide variety of
cancer cell culture systems, including non-small cell lung cancer
cells (A549 and H522 cells), MKN-45 human gastric carcinoma
cells, MDA-MB-231 human breast cancer cells, B16-F10 murine
melanoma cells, and L1210 mouse leukemia cells [9, 10, 15-23].
Recently, we dynamically monitored the antitumor growth effect
of xanthatin in glioma-bearing mice using conventional magnetic
resonance imaging (MRI) and dynamic contrast-enhanced MRI
[24]. However, no detailed studies have reported the effect of
xanthatin on glioma cell apoptosis, and the underlying mechan-
isms of its antitumor activity have yet to be elucidated.

The endoplasmic reticulum (ER) is a fundamental cellular
organelle responsible for a variety of physiological processes,
including the synthesis, folding, and posttranslational modification
of the majority of membrane and secretory proteins and calcium
storage [25, 26]. The accumulation of unfolded or misfolded
proteins in the ER results in ER stress that triggers cytoprotective
signaling pathways, termed the unfolded protein response (UPR),
to restore and maintain homeostasis in the ER [26]. If the UPR is
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unable to correct the balance of ER stress, the cellular apoptotic
machinery may be triggered, ultimately leading to cell death
[25, 27, 28]. A number of recent studies have revealed that certain
chemotherapeutics lead to cell death through ER stress-induced
apoptosis [29, 30]. Glioma cells are in a condition of constant low-
grade ER stress, which possibly contributes to their resistance to
treatment protocols [27]. Therefore, the ER stress response could
be a possible target against which to develop chemotherapeutic
agents to induce toxicity in glioma cells [27]. Hence, in the current
study, we investigated whether xanthatin can modify ER stress
and the UPR signaling pathway in glioma cells and xenografts,
leading to cell apoptosis and tumor growth blockade.

MATERIALS AND METHODS

Chemicals and reagents

Xanthatin obtained from Shizhou Biology Technology Co., Ltd.
(Nanjing, China, SZSW20180145CET), was dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 10 mM to make a stock
solution that was stored at —20 °C. Temozolomide (TMZ), 4-PBA
(4-phenylbutyric acid), MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyl-2H-tetrazolium bromide), and DAPI (4',6-diamidino-2-pheny-
lindole hydrochloride) were purchased from Sigma (Sigma, St.
Louis, MO, USA). An Annexin V/Pl apoptosis detection kit was
obtained from BestBio, Inc. (Shanghai, China). An enhanced 3,3"-
diaminobenzidine tetrahydrochloride (DAB) chromogenic kit was
purchased from Zhongshan Golden Bridge Biotechnology (Beijing,
China). An in situ cell death detection kit (TUNEL) was purchased
from Promega (Madison, WI, USA). Serum alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), creatinine (CRE), and
urea nitrogen (BUN) reagent kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

Cell culture and drug treatment
The C6 rat glioma cell line and U251 human glioma cell line were
obtained from the Shanghai Institute of Cell Biology, Chinese
Academy of Sciences (Shanghai, China). Cells were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen, 1710802) contain-
ing 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL
streptomycin at 37 °C in a 5% CO, humidified atmosphere. C6 and
U251 cells were treated continuously with xanthatin at a
concentration ranging from 1 to 20 uM for varying periods of time
ranging from 0 to 24 h. The ER stress inhibitor 4-PBA (7 mM) was
used to treat glioma cells for 4 h prior to xanthatin exposure.
Primary cultured glial cells were prepared from E17 embryos of
pregnant Sprague-Dawley rats as described previously [31, 32].
After several days of culture, the cells were exposed to
xanthatin (1, 5, 10, and 15 puM) for 12 or 24 h, followed by the
MTT assay.

Small interfering RNA transfection

C6 cells were transfected with 50-100 nM C/EBP-homologous
protein (CHOP) siRNA using Lipofectamine 2000 reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. CHOP siRNA, 5'-GUCCUGUCCUCAGAUGAAATT-3’ (sense)
and 5’-UUUCAUCUGAGGACAGGACTT-3’ (antisense), and negative
control siRNA, 5-UUCUCCGAACGUGUCACGUTT-3/ (sense) and 5'-
ACGUGACACGUUCGGAGAATT-3’ (antisense), were used for trans-
fection (Shanghai GenePharma Co., Ltd.). Thirty-six hours after
transfection, cells were treated with either 15 UM xanthatin or
0.1% DMSO for another 12h, followed by the MTT assay or
Western blotting.

MTT assay

C6 and U251 cells (1 x 10* cells/well) were seeded in 96-well plates
and then exposed to xanthatin at different concentrations and
exposure times. Cell viability was measured using the MTT assay as
described previously [33]. The following formula was employed:
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cell growth inhibition rate (%)= (1 — OD value of experimental
group/OD value of control group) x 100.

Flow cytometry with Annexin V/PI double staining

To assess cell apoptosis, C6 and U251 cells were stained with
Annexin V and Pl using an Annexin V-FITC/PI apoptosis detection
kit according to the manufacturer’s instructions and subjected to
flow cytometry using a FACSVerse flow cytometer (BD
Biosciences, USA).

Cell cycle analysis

The cell cycle was analyzed using flow cytometry with PI
staining. Briefly, 12 h after xanthatin treatment, C6 cells (2 x 10%)
were harvested in triplicate. After washing twice with cold PBS,
the cells were resuspended in 70% ethanol and fixed overnight
at 4°C. Next, the fixed cells were washed with PBS and
incubated with RNase A and Pl at 37 °C for 30 min in the dark.
The cell cycle distribution was then analyzed with a FACSVerse
flow cytometer.

TUNEL staining

Cells were exposed to xanthatin at the indicated concentrations
and processed for an apoptosis assay using an in situ cell death
detection kit as previously described [34]. DAPI was used to stain
the nuclei. The number of TUNEL-positive cells (green) and the
total number of nuclei (blue) were counted in five randomly
selected fields from four different sections of each group. A
histogram shows the proportion of TUNEL-positive cells in relation
to the total cell number.

In vivo drug treatment of C6 glioma xenografts

Male BALB/c athymic nude mice (4-6 weeks old, 18-20 g) were
purchased from the Anhui Experimental Animal Center (Hefei,
China) and used to establish a glioma xenograft model as
previously described [24]. The animal surgery procedure was
performed in accordance with the guideline of the Animal Care
and Use Committee of Anhui Medical University. A total of 1 x
10° C6 cells were resuspended in 100 uL of PBS and injected
subcutaneously into the right flank regions of each mouse. Once
the tumor volume reached ~100 mm? at ~7 days after injection,
the mice were divided randomly into five groups: a control
group, xanthatin groups (10, 20, and 40 mg/kg), and a positive
control TMZ group (5 mg/kg) (n =6 mice per group). Xanthatin
dissolved in 0.5mL of PBS was injected intraperitoneally into
mice in the xanthatin group once per day for 2 weeks, and TMZ
was intraperitoneally injected into mice in the TMZ group once
per day for 1 week. Mice in the control group were injected with
sterile PBS. Tumors were measured with Vernier calipers in three
dimensions (Meinaite Tools, Shanghai, China), and body weights
were weighed every 2 days. The tumor tissues were excised for
Western blotting and immunohistochemical analysis. Blood
samples were collected to measure biochemical markers of
hepatic function (ALT and AST) and kidney function (BUN and
CRE) using a microplate reader (Thermo Fisher Scientific,
Varioskan Flash, Finland) according to the manufacturer’s
instructions.

Immunohistochemistry and immunofluorescence staining

Tumor tissue samples were fixed in 4% paraformaldehyde for 24 h,
dehydrated, embedded in paraffin, and sectioned at a thickness of
5 um. The sections were deparaffinized in xylene and rehydrated
with graded alcohol. Antigens were retrieved, and the endogen-
ous peroxidase activity was quenched with a peroxidase
suppressor. Next, the sections were blocked with 5% goat serum
for 1 h and incubated with the corresponding primary antibodies
at 4°C overnight. Then, the appropriate biotinylated secondary
antibodies were incubated with the sections for 1h at 37°C,
followed by incubation with horseradish peroxidase-conjugated
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Table 1. gPCR primer details
Gene Forward Reverse
GRP78 5-GCACAGACGGGTCATTCCAC-3/ 5/-TCCTATGTCGCCTTCACTCC-3/
CHOP 5/-TCTTCCTCCTCTTCCTCCTG-3’ 5-CACTCTTGACCCTGCTTCTC-3/
XBP1s 5/-GCTGAGTCCGCAGCAGGTGCA-3/ 5-CCCAGCTCCGGAACGAGGTCA-3’
ATF4 5/-GTCCTGTCCTCCACTCCAGA-3/ 5-GGGTGTCTTCCTCCTTTATGC-3/
PERK 5-GCCCACTTTCACCTTCAGAG-3’ 5-CTGGTTCTTTGGTTGCTTGG-3’
elf2a 5-AGGACTGCCTGGGTCTTTG-3/ 5-CTTCCCGTTCATCTTCATTCA-3’
SoD1 5-GCAGAAGGCAAGCGGTGAAC-3' 5-TAGCAGGACAGCAGATGAGT-3’
CAT: 5-GCGAATGGAGAGGCAGTGTAC-3/ 5-GAGTGAGTTGTCTTCATTAGCACTG-3’
GPx1 5/-CTCTCCGCGGTGGCACAGT-3/ 5-CCACCACCGGGTCGGACATAC-3'
Nrf2 5-TGCCCCTGGAAGTGTCAAA-3’ 5-GGCTGTACTGTATCCCCAGAAGA-3'
HIF-1a 5-GCCCGATGCCCTGACTCTGCTAGC-3’ 5-GAGGTACTTGGGTAGAAGGTGG-3’
GAPDH 5/-CCACTCCTCCACCTTTG-3/ 5-CACCACCCTGTTGCTGT-3/

streptavidin for 15 min at 37 °C. Immunohistochemical staining
was developed with the application of 3,3'-diaminobenzidine
tetrahydrochloride (DAB) for ~1-3 min. Then, the nuclei were
counterstained with hematoxylin, dehydrated in graded ethanol,
cleared in xylene, and observed under light microscopy. Similarly,
C6 cells were grown on glass coverslips and treated with 15 uM
xanthatin, followed by immunohistochemistry staining using anti-
4-HNE antibody (1:300, Abcam, AB46545) and anti-iNOS antibody
(1:400, BIOSS, bs-2072R).

C6 cells were cultured with or without xanthatin for 12 h, and
immunofluorescence staining was then performed as described
previously [33]. Nuclei were stained with DAPI. Images were
acquired on a Zeiss 810 confocal scanning microscope (Carl Zeiss,
Inc.). Alexa Fluor 568-conjugated goat anti-rabbit IgG (A11036)
was obtained from Invitrogen (Carlsbad, CA, USA).

Real-time quantitative polymerase chain reaction (qRT-PCR)

Total RNA was extracted from U251 or C6 cells using TRIzol
reagent (Invitrogen, 15596018) 12h after treatment with the
indicated concentration of xanthatin, followed by reverse
transcription to synthesize c¢DNA. All gene transcripts were
quantified by quantitative PCR with SYBR Green QPCR Master
Mix (Toyobo, Osaka, Japan) and an ABI 7500 Fast real-time PCR
system (Applied Biosystems, USA). The relative expression levels of
gene transcripts were evaluated using the 272" method with
GAPDH as the internal control. The primers used in this study are
listed in Table 1.

Western blot analysis

Protein extraction and Western blot analysis were performed as
described previously [32, 34]. C6 and U251 cells were seeded on
six-well plates and treated with xanthatin at various concentra-
tions for various periods of time. The cells were washed with ice-
cold PBS and directly extracted into lysis buffer. After electro-
phoresis and transfer, the PVYDF membranes were blocked with
5% nonfat milk powder in TBST buffer and then incubated with
primary antibodies against the following proteins at 4°C
overnight: glucose-regulated protein 78 (GRP78) (1:1000, Pro-
teintech, 11587-1-AP), CHOP (1:1000, Santa Cruz Biotechnology,
sc-793), phospho-elF2a (1:1000, CST, 3398s), phospho-IRETa
(1:1000, Bioss, bs-4308R), X-box binding protein-1 (XBP1s)
(1:1000, BioLegend, 619502), activating factor 4 (ATF4) (1:1000,
CST, 118155s), activating transcription factor 6 (ATF6) (1:1000,
Proteintech, 24169-1-AP), cleaved caspase-3 (1:1000, CST, 9654
s), Bcl-2 (1:1000, Bioss, bs-0032R), Bax (1:500, Immunoway,
YT0456), tubulin (1:1000, Sigma, t6199), and GAPDH (1:1000,
BioLegend, 619502). The membranes were incubated with the
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corresponding horseradish peroxidase-conjugated secondary
IgG for 1 h. Blots were developed using an enhanced chemilu-
minescence kit (Amersham Biosciences, NJ, USA). Specific bands
were evaluated by apparent molecular size. Finally, images were
captured using a Bioshine ChemiQ 4600 instrument (Shanghai,
China), and the intensities of the selected bands were analyzed
using Image)J software.

Statistical analysis

Quantitative data are expressed as the means + SEMs. Statistical
comparisons were analyzed using one-way ANOVA followed by
Dunnett’s test. P < 0.05 indicates a significant difference.

RESULTS

Xanthatin inhibits glioma cell viability without affecting the cell
cycle

To determine the effect of xanthatin on glioma cell survival, cell
viability was assessed by the MTT assay. Treatment with
xanthatin for 12 and 24 h resulted in a higher glioma cell
growth inhibition rate in a dose-dependent manner (Fig. 1a, b).
However, xanthatin had little effect on the viability of primary
cultured rat glial cells, especially after 12 h of exposure (Fig. 1c).
To further investigate whether xanthatin inhibits glioma cell
proliferation via inducing cell cycle arrest, flow cytometry was
used to measure the cell cycle distribution of C6 cells treated
with xanthatin. Xanthatin had no apparent effect on the
percentage of cells in Go/G; phase, S phase, and G,/M phase
(Fig. 1d, e). These results demonstrate that xanthatin decreases
glioma cell proliferation but has no effect on the percentage of
cells within each phase of the cell cycle.

Xanthatin promotes glioma cell apoptosis

To further investigate whether xanthatin decreases cell survival by
inducing apoptosis, we performed Annexin V/PI double staining
and flow cytometry in C6 and U251 glioma cells. As shown in
Fig. 2a, b, xanthatin elevated the number of C6 cells in early-stage
apoptosis, and ~43.4% of cells underwent apoptosis (early
apoptosis and late apoptosis) after treatment with 20 puM
xanthatin for 12 h. TUNEL assays further revealed that xanthatin
at doses of 15 and 20 uM increased the number of TUNEL-positive
cells compared to that in the vehicle control group (Fig. 2¢, d).
Consistently, xanthatin treatment induced cell apoptosis in a dose-
and time-dependent manner, as evidenced by increased cleaved
caspase-3 levels and decreased Bcl-2/Bax ratios in C6 (Fig. 2e, f)
and U251 cells (Fig. 2g, h). These results suggest that xanthatin
promotes glioma cell apoptosis.

Acta Pharmacologica Sinica (2020) 41:404-414
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Fig. 1 Xanthatin inhibits glioma cell viability without affecting the cell cycle. The effect of xanthatin on cell viability in glioma cells. U251 and

C6 cells were incubated with xanthatin at the indicated concentrations for 12 h (a) or 24 h (b). Cell viability was determined by MTT assay.
¢ The effect of xanthatin on cell viability in nonmalignant glial cells. Primary cultured rat glial cells were incubated with xanthatin at various
concentrations for 12 or 24 h, followed by the MTT assay. d Xanthatin treatment had no apparent effect on the cell cycle distribution of glioma
cells. C6 cells were incubated with xanthatin at the indicated concentrations for 12 h. Propidium iodide staining and flow cytometry were used
to determine the proportion of cells in various phases of the cell cycle. e Statistical analysis of the cell cycle distribution in d. Statistical values
are expressed as the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the vehicle control group; n.s. no

significance

Xanthatin induces ER stress and CHOP nuclear translocation in
glioma cells

To determine whether xanthatin-induced glioma cell apopto-
sis is related to UPR activation, we examined the expression of
UPR pathway-related proteins in glioma cells. A significant
increase in the common ER stress marker GRP78 in C6 and
U251 cells after their exposure to xanthatin indicated the
occurrence of ER stress (Fig. 3). To determine whether the
three canonical signaling branches of the UPR are activated in
response to xanthatin treatment, the levels of phosphorylated
IRE1a (p-IRET1a) and phosphorylated elF2a (p-elF2a), which
can be phosphorylated by the phosphorylated protein kinase
R (PKR)-like endoplasmic reticulum kinase (PERK) kinase, were
first detected. The relative levels of (p-IRE1a) increased in C6
and U251 cells after xanthatin exposure compared with those
in control cells (Fig. 3). Moreover, XBP1s, a key downstream
signaling molecule of IRE1 that acts in the IRE1-XBP1 pathway
of the UPR, was also increased in glioma cells exposed to
xanthatin (Fig. 3). The levels of phosphorylated elF2a were
also increased in C6 (Fig. 3a, b) and U251 cells (Fig. 3d, e) with
a concomitant increase in ATF4, a transcription factor induced
by the PERK-elF2a signaling pathway and increased to
activate CHOP (Fig. 3). The consensus of these findings is that
xanthatin (10 and 15pM) treatment causes the nuclear
translocation of CHOP, a nuclear transcription factor normally
sequestered in the cytoplasm (Fig. 4b). Furthermore, xanthatin
upregulated ATF6 expression, which may lead to a further
increase in CHOP (Fig. 3). Real-time quantitative polymerase
chain reaction (qRT-PCR) also demonstrated that xanthatin
upregulated the levels of the UPR-related genes GRP78, XBP1s,
ATF4, CHOP, and PERK but had no apparent effect on elF2a
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levels (Fig. 4a). Collectively, these findings indicate that
xanthatin induces ER stress concomitant with CHOP activation
in glioma cells.

Xanthatin suppresses the growth of glioma in BALB/c athymic
nude mice and induces ER stress-related apoptosis

To evaluate the in vivo anticancer effect of xanthatin, athymic
mice bearing glioma xenografts received the intraperitoneal (i.p.)
injection of xanthatin for 14 consecutive days. Xanthatin
decreased the volume of glioma tumors in a dose-dependent
manner compared with those in the vehicle control group. TMZ,
an alkylating agent widely used to treat primary and recurrent
high-grade gliomas, also decreased the tumor size to a level
similar to that of the group exposed to 20 mg/kg xanthatin (the
middle dose) (Fig. 5b). When the tumors were removed, the
average weight of the tumors from mice treated with xanthatin at
the 40 mg/kg dose was twofold lower than that of tumors from
the vehicle-treated mice (Fig. 5¢). Moreover, necrotic areas in the
tumor tissues of glioma xenograft mice injected with xanthatin as
well as mice in the TMZ group rapidly increased (Supplementary
Fig. S1b). Furthermore, xanthatin, especially at 40 mg/kg, sig-
nificantly upregulated the ER stress proteins phospho-IRE1, ATF6,
phospho-elF2a, XBP1s, and ATF4 (Fig. 5d, e), which is consistent
with the in vitro results. The increased immunoreactivity of GRP78
and CHOP in tumor tissues was also observed in xanthatin-treated
xenograft mice (Fig. 5f). Furthermore, the expression of CHOP and
cleaved caspase-3 in tumor tissues was also elevated in the
xanthatin-treated groups compared to that in the control group
(Fig. 5d, e). However, xanthatin had no significant effects on body
weight (Fig. 5a) or the serum contents of the hepatic and renal
function markers ALT, AST, BUN, and CRE (Supplementary Fig.
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for 6, 12, and 24 h. f Quantitative analysis of protein levels in d and e. Values are expressed as the mean = SEM of three independent

experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control

S1a). These findings indicate that xanthatin triggers ER stress-
related cell death in glioma xenografts.

The ER stress inhibitor 4-PBA and CHOP siRNA partially attenuate
xanthatin-induced cytotoxicity against glioma cells

To verify the role of ER stress in xanthatin-induced cell apoptosis,
the ability of 4-PBA, a chemical chaperone that inhibits ER stress
through reducing the accumulation of misfolded proteins in the
ER [35, 36], to ameliorate the cytotoxic effects of xanthatin on
glioma cells was tested. Pretreatment with 4-PBA increased the
viability of C6 cells treated with xanthatin compared with that of
C6 cells treated with xanthatin only (Fig. 6a). Furthermore, 4-PBA
partially reversed the increased levels of cleaved caspase-3 and
CHOP as well as the decreased Bcl-2/Bax ratio induced by
xanthatin (Fig. 6b-e). As a positive control, a commercially
available ER stress inducer, tunicamycin (TM), was applied to
enhance ER stress. TM treatment resulted in a dramatic increase in
CHOP and cleaved caspase-3 expression and a significantly
decreased Bcl-2/Bax ratio in C6 cells, which were also partially
attenuated by pretreatment with 4-PBA (Fig. 6b—e). Meanwhile,
the TUNEL assay showed the relatively decreased proportion of

Acta Pharmacologica Sinica (2020) 41:404-414

TUNEL-positive C6 cells pretreated with 4-PBA for 4h and
xanthatin for 12h compared with that in C6 cells treated with
only xanthatin (Fig. 6f, g). These results suggest that ER stress is
involved in xanthatin-induced glioma cell death.

To further explore whether the proapoptotic factor CHOP is a
vital contributor to xanthatin-induced cell apoptosis, CHOP siRNA
was transfected into C6 cells. As shown in Fig. 6, C6 cell growth
was increased by 36.5% with xanthatin exposure concomitant
with CHOP knockdown compared with the growth of xanthatin-
and NC-siRNA-treated cells (Fig. 6h). Further investigation showed
that the knockdown of CHOP decreased cleaved caspase-3
expression and increased the Bcl-2/Bax ratio in xanthatin-treated
cells compared with those in NC-siRNA transfected cells (Fig. 6i-k).
Taken together, these results suggest that xanthatin-induced
glioma cell apoptosis is at least partially mediated by the ER stress
pathway involving CHOP induction.

DISCUSSION
Although xanthatin has been implicated as an antitumor therapy
in a wide variety of human cancers in vitro [6, 37, 38], no detailed
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P <0.001 vs. the vehicle control group. n.s. no significance. b Representative images showing the nuclear translocation of

CHOP in C6 cells treated with xanthatin (10 and 15 pM) or the ER stress inducer tunicamycin (TM). Scale bar =50 pm

studies on its effect on glioma cell proliferation or apoptosis have
been conducted. Our previous data from a radiography study
showed that the antiglioma effect of xanthatin is associated with
the inhibition of angiogenesis [24]. The exact molecular mechan-
isms of the antitumor activity of xanthatin have yet to be
elucidated. In the present study, we highlighted the strong dose-
and time-dependent inhibitory effect of xanthatin on glioma cell
growth. More importantly, xanthatin had little influence on the
viability of nonmalignant glial cells. These data were further
confirmed using C6 xenograft mice, which showed retarded
tumor growth and reduced tumor weight following xanthatin
administration. Meanwhile, xanthatin had no significant influence
on body weight or liver or kidney function in xenograft mice.
These results indicate that xanthatin has a relatively low
cytotoxicity and may have great potential for glioma therapy in
clinical applications.

Xanthatin-induced significant cell apoptosis in glioma cells,
which suggests that the xanthatin-induced inhibition of glioma
growth relies predominantly on the induction of apoptosis.
Xanthatin has no effect on cycle arrest in glioma cells, which is
in contrast to the observations of other groups who showed that
xanthatin exerted its antitumor activity via inducing G,/M cell
cycle arrest in human lung cancer cells, gastric carcinoma cells,
and human breast cancer cell lines [15, 20-22]. This difference in
results may be associated with the tumor types examined.

To further investigate the mechanism underlying the induction
of apoptosis by xanthatin, we characterized the effect of xanthatin
on signaling pathways associated with cell apoptosis. The
xanthatin analogue 1f-hydroxyl-5a-chloro-8-epi-xanthatin induces
apoptosis through ROS-mediated ERK/p38 MAPK activation and
JAK2/STAT3 inhibition in human hepatocellular carcinoma [37]. In
addition, xanthatin induces tumor cell apoptosis through a p53-
dependent intrinsic mitochondrial pathway, oxidative stress, and
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the inactivation of NF-kB [6, 20, 22]. Whether ER stress plays an
important role in xanthatin-induced glioma cell apoptosis remains
obscure. Increasing evidence has shown that ER stress is a double-
edged sword that acts as a cell death mechanism and also
prolongs the survival of cancer cells in tumorigenesis
[25, 29, 30, 39]. Thus, numerous current anticancer therapies to
induce ER stress to stimulate its proapoptotic function or block its
prosurvival function have been devised [3, 27, 39]. The PERK-
elF2a-ATF4-CHOP pathway is one of the major UPR pathways [25].
PERK signaling activation is largely sustained with unmitigated ER
stress, and sustained PERK signaling impairs cell proliferation and
promotes apoptosis [40]. By phosphorylating elF2a and activating
ATF4, PERK induces CHOP expression [41]. CHOP downregulates
Bcl-2 expression and increases the translocation of Bax from the
cytosol to mitochondria, which consequently triggers the activa-
tion of caspase-3, resulting in cell apoptosis [25]. In our study,
following xanthatin exposure, the levels of phospho-elF2a, ATF4,
and CHOP were dramatically increased in glioma cells and
xenografts, accompanied by the nuclear translocation of CHOP,
suggesting that the PERK-elF2a-ATF4-CHOP pathway is involved in
xanthatin-induced cell apoptosis. CHOP knockdown afforded C6
cells increased resistance to xanthatin-induced apoptosis, further
confirming that CHOP is a central factor involved in xanthatin-
induced glioma cell apoptosis.

Xanthatin also increased phospho-IRE1q, spliced XBP1, and
ATF6 levels, which implied that these two UPR signaling pathways
are also involved in xanthatin-induced glioma cell apoptosis. The
ER stress inhibitor 4-PBA partially ameliorated xanthatin-induced
tumor cell growth inhibition and decreased the apoptotic rate in
glioma cells, which also confirms the key role of ER stress in
xanthatin activity. In view of the limited number of indicators used
in this study, we cannot exclude the possibility that other UPR-
related proteins or apoptosis-associated signaling pathways are
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Fig. 6 ER stress, especially CHOP, is involved in the xanthatin-induced apoptosis of glioma cells. C6 cells were pretreated with the ER stress
inhibitor 4-PBA (7 mM) for 4 h, followed by incubation with xanthatin (15 uM) or TM (2.5 uM) for 12 h. a The MTT assay was used to detect cell
viability. b The expression levels of the ER stress-related proteins GRP78, CHOP, XBP1s, and ATF6 were determined by WB. ¢ The protein levels
of cleaved caspase-3, Bcl-2, and Bax in C6 cells. d Quantitative analysis of cleaved caspase-3 levels in c. e Quantitative analysis of the Bcl-2/Bax
ratio in c. f TUNEL staining showing apoptotic cells in C6 cells following the indicated treatment. Scale bar = 100 pm. g Quantitative analysis of
TUNEL-positive cells in f. h C6 cells were transfected with NC-siRNA or CHOP siRNA for 36 h, followed by incubation with 15 uM xanthatin for
another 12 h. Cell viability was determined by the MTT assay. i The protein levels of cleaved caspase-3, Bcl-2, Bax, and CHOP in C6 cells
transfected with CHOP siRNA. j Quantitative analysis of cleaved caspase-3 levels in i. k Quantitative analysis of the Bcl-2/Bax ratio in i. Values

are expressed as the mean + SEM of three independent experiments. P < 0.05, P < 0.01,

3 cleaved caspase-3

involved in xanthatin-induced cell death. Although our prelimin-
ary data showed that xanthatin has no effect on the expression of
five oxidative stress-related genes in C6 cells (CAT, SOD1, GPX1,
NRF2, and HIF-1a) (Supplementary Fig. S2a), oxidative stress
evaluated by 4-hydroxynonenal (4-HNE) staining was slightly
increased in xanthatin-treated cells (Supplementary Fig. S2b).
Therefore, whether oxidative stress, especially that revealed by 4-
HNE, is involved in xanthatin-induced glioma cell apoptosis and
the underlying mechanisms of the effects of xanthatin require
further study.

SPRINGERNATURE

"P < 0.001. Xn xanthatin, TM tunicamycin, c-caspase-

CONCLUSION

In summary, as illustrated in Fig. 7, our current study highlights
that xanthatin treatment potentiates ER stress in glioma cell lines
and xenograft tumors, resulting in cell apoptosis and tumor
growth inhibition. Treatment with the classic ER stress inhibitor 4-
PBA or CHOP knockdown partially ameliorated the cytotoxic
effects of xanthatin on glioma cells concomitant with the
downregulation of cleaved caspase-3. These results may be useful
in identifying xanthatin as a potential drug candidate for the
targeted therapeutic intervention of glioma.
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Fig. 7 Schematic diagram of xanthatin-induced ER stress-related
apoptosis in glioma cells. Xanthatin triggers three proximal ER stress
sensors, PERK, IRE1, and ATF6, leading to CHOP induction and
nuclear translocation, which further regulates the expression of
apoptosis-related genes and triggers glioma cell death. Treatment
with the ER stress inhibitor 4-PBA or CHOP knockdown partially
ameliorates the antitumor effects of xanthatin
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