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Abstract: Glioma is the most common form of malignant tumor of the central nervous system and has a poor
prognosis. This study aimed to determine whether calpeptin (CP), an inhibitor of calpains, induces paraptosis in
glioma cells, involving programmed cell death independent of caspase activation. We found that CP induced vacu-
ole formation in the cytoplasm of T98G and LN18 glioma cells. An endoplasmic reticulum (ER) fluorescent probe
showed that vacuole formation was due to ER swelling. CP induced ER stress and mitochondrial dysfunction, caus-
ing increased production of reactive oxygen species (ROS) and inhibition of mitochondrial membrane potential with
activation of the PARP1 and MAPK signaling pathways. The oxygen consumption rate assay (OCR) showed that CP
reduced mitochondrial oxidative phosphorylation in T98G cells. Furthermore, CP caused the release of Ca?* in the
ER of glioma cells into the cytoplasm and destroyed intracellular Ca?* homeostasis. However, the ER stress inhibitor
4-PBA, the antioxidant N-acetylcysteine, the PARP-1 inhibitor benzamide, the MAPK inhibitors U0126, SP600125
and SB203580, and the Ca?* inhibitor 2-APB did not block CP-induced paraptosis. Finally, we found that the ad-
dition of glutathione (GSH) to the medium blocked CP-induced paraptosis. By sequencing the transcriptome, we
identified CHAC1 as a key factor involved in GSH metabolism that was significantly up-regulated by CP. Knocking
out CHAC1 prevented CP-induced paraptosis, and we concluded that glutathione degradation caused by CHAC1 up-
regulation is the crucial mechanism underlying CP-induced paraptosis. Taken together, our findings provide novel
insights into the treatment of gliomas through paraptosis induced by CP.
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Introduction

Glioma has high recurrence and mortality rate
[1]. In 2020, approximately 308,102 new cases
of glioma were reported, and 251,329 new gli-
oma-related deaths occurred worldwide [2].
Glioblastoma is the most malignant form,
accounting for approximately 45% of all glio-
mas, and the relative five-year survival rate is
only approximately 5% [3, 4]. Current treatment
methods for glioma include surgery, radiation
therapy, chemotherapy and immunotherapy.
However, the survival rate for patients with
glioma has not improved significantly [5].
Temozolomide (TMZ) is currently the first choice
of postoperative chemotherapy for gliomas.
Developing drug resistance is reported to be

due to the heterogeneity of gliomas [6]. For that
reason, the development of new antiglioma
drugs with new mechanisms is essential.

In 2000, Sperandio et al. first described parap-
tosis as programmed cell death that clearly dif-
fered from apoptosis regarding cell morphology
and biochemistry [7]. Paraptosis is not involved
in the caspase system and is insensitive to
apoptosis inhibitors. Its typical characteristics
are wide vacuoles in the cytoplasm and dilation
of the ER and/or mitochondria [8]. The protein
synthesis inhibitor cycloheximide (CHX) has
been shown to inhibit paraptosis [9]. MAPK
family members are involved in the paraptotic
process [10]. Furthermore, an association has
been reported between paraptosis, the destruc-
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tion of intracellular calcium homeostasis and
mitochondrial dysfunction [11]. Recently, a
study found that an imbalance in the GSH sys-
tem induced an increase in reactive oxygen
species (ROS) in cells and participated in the
paraptosis process [12]. The cation transport
regulator homolog-1 (CHAC1) was first identi-
fied in 2006 in a group of homologous genes
rich in the arm component of the unfolded pro-
tein response (UPR) pathway-activating tran-
scription factor 4 (ATF4) [13]. CHAC1 is involved
in endoplasmic reticulum stress and is the
downstream signaling molecule of ATF4 [14]. In
addition, CHAC1 is also involved in GSH metab-
olism and can specifically catabolise GSH into
5-oxo-L-proline and Cys-Gly dipeptide, which is
a key molecule in the GSH metabolic pathway
[15]. Several recent studies have confirmed
that CHAC1-mediated GSH depletion is involved
in the process of apoptosis and ferroptosis [16-
18], but its role in paraptosis remains unclear.

Calpeptin (CP), an inhibitor of calpains, could
inhibit the proliferation of pancreatic cancer
cells by disrupting cancer-stromal interactions
[19]. CP can also cause cell cycle arrest, pro-
mote apoptosis, and inhibit cell invasion in
various cancers [20-22]. However, the ability of
CP to induce paraptosis in cancer cells is
unclear. This study aimed to determine whether
CP-related targeting of the GSH system causes
ER stress and mitochondrial dysfunction, there-
fore inducing paraptosis in glioma cells.

Materials and methods
Reagents and antibodies

CP (purity > 97%) was purchased from Selleck
(Houston, USA), and its chemical structure is
shown in Figure 1A. 4-Phenylbutyric acid
(4-PBA) and 2-aminoethyl diphenylborinate
(2-APB) were purchased from Selleck (Hou-
ston, USA). Cycloheximide (CHX) was purchas-
ed from MCE (New Jersey, USA). U0126,
SP600125, SB203580, and benzamide were
purchased from TargetMol (Shanghai, China).
GSH, ZVAD-FMK, N-acetylcysteine (NAC), cell
counting kit-8(CCK-8), cell cycle and apoptosis
analysis kits, mitochondrial permeability transi-
tion pore (MPTP) assay kits, Fluo-3 AM, ROS
assay Kits, MitoTracker Green, ER-Tracker Red
and GreenNuc™ caspase-3 assay kits for live
cells were purchased from Beyotime (Shang-
hai, China). A microreduced glutathione (GSH)
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assay kit was purchased from Solarbio (Beijing,
China). A JC-10 mitochondrial membrane poten-
tial assay kit was purchased from Yeasen
(Shanghai, China). Dulbecco’s modified Eagle’'s
medium (DMEM) was purchased from Gibco
(NY, USA). Fetal bovine serum (FBS) and peni-
cillin-streptomycin solution were purchased
from Biological Industries (Israel). Nanoscale
micropoly Transfection Reagent (Namipo)
and siRNA were purchased from TranSheep
(Shanghai, China). Rabbit anti-human cyclin B1
(1:5000), PARP1 (1:1000), cleaved-PARP1
(c-PARP1) (1:2000), p-P38 (1:1000), pro-cas-
pase 3 (1:1000), cleaved caspase 3 (1:500),
cleaved caspase 9 (1:2000), and Bax (1:2000)
polyclonal antibodies were purchased from
Abcam (Cambridge, MA, USA). Rabbit anti-
human Alix (1:5000), ATF4 (1:2000), CHOP
(1:2000), CHAC1 (1:2000), p-ERK (1:2000),
and p-JNK (1:2000) polyclonal antibodies were
purchased from Proteintech (Wuhan, China).
Mouse anti-human GAPDH (1:5000) polyclonal
antibodies were purchased from Engibody (DE,
USA). Goat anti-mouse IgG (1:5000) and goat
anti-rabbit 1gG (1:5000) polyclonal antibodies
were purchased from Yeasen (Shanghai, China).

Cell culture

T98G and LN18 human glioblastoma cell lines
were purchased from the American Type
Culture Collection (Manassas, VA, USA). Cells
were cultured in DMEM, supplemented with
10% FBS and 1% penicillin-streptomycin solu-
tion, and placed in a cell incubator at 37°C and
5% CO,,.

Cytotoxicity assay

Ninety-six well plates were seeded with T98G
and LN18 cells at a density of 1 x 10° cells/
well. Twenty-four hours after cell seeding, the
old medium was replaced with 100 uL of com-
plete medium containing CP, Z-VAD-FMK, CHX,
NAC, GSH, 4-PBA, 2-APB, benzamide, 3-MA,
U0126, SP600125 and SB203580. After incu-
bation for an additional 24 hours, 10 uL of
CCK-8 solution was added to each well. After
incubation at 37°C for 1 hour, absorbance was
measured at a wavelength of 450 nm.

Cell cycle analysis

After treatment of T98G and LN18 cells with CP
for 6 hours, cells were digested with trypsin,
fixed overnight in 70% precooled ethanol at
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Figure 1. CP inhibited glioma cell proliferation. A. The chemical structure of CP. B and C. Cytotoxicity of CP to T98G
cells and LN18 cells. Cells were treated with different concentrations of CP for 6-24 h, and alive cells was measured
by CCK-8 assay. D. CP inhibited clony formation in T98G and LN 18 cells. The colonies were counted using the Imajel)
software (""P < 0.01, ""P < 0.001). E and F. Effects of CP on the cell cycle of T98G and LN18 cells. Cells were treated
with different concentrations of CP for 6 h ("P < 0.05, P < 0.01, P < 0.001).

-20°C, washed with PBS, and incubated for
20 min with propidium iodide (Pl) and RNA

enzyme, and cell cycles were analyzed by flow
cytometry.
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Cell apoptosis analysis

For 24 hours, 2 x 10° cells were inoculated into
6-well plates. Cells were collected after 6 hours
of treatment with different concentrations of
CP. The collected cells were incubated with
Annexin V-FITC and Pl buffer for 20 min,
and apoptotic cells were identified by flow
cytometry.

Caspase-3 activity assay

After 6 hours of treatment with different CP
concentrations, T98G and LN18 cells were col-
lected. GreenNuc caspase-3 substrate was
added to the cell suspension at a final concen-
tration of 5 yM. Caspase-3 activity was ana-
lyzed by flow cytometry after incubation for 20
min at room temperature.

mPTP assay

After 6 hours of treatment with CP, T98G and
LN18 cells were collected. The cell suspension
was incubated with Calcein-AM staining solu-
tion and CoCl, at 37°C for 30 min. After cen-
trifugation, cells were resuspended in detec-
tion buffer, and mPTP was measured by flow
cytometry.

Transmission electron microscopy (TEM)

TO8G cells were fixed with 2.5% glutaraldehyde
for two days. After washing with 0.1 M phos-
phate buffer (pH 7.4) for 45 min, cells were
fixed with 1% osmium tetroxide for 2 hours.
After dehydration with a gradient of ethanol
and acetone, the cells were embedded in epoxy
resin. Finally, the epoxy sections were cut at 60
nm, attached to a 100 mesh grid, stained with
uranyl acetate and lead citrate and observed
under a transmission electron microscope.

Western blotting

After treating T98G and LN18 cells with CP for
6 hours, cells were collected and then centri-
fuged at 12000xg for 30 min at 4°C. Cell
lysates were mixed with SDS-PAGE loading buf-
fer (Dingguo, China) and boiled at 100°C for 10
min. Protein samples were electrophoresed on
an SDS-PAGE gel, transferred to a PVDF mem-
brane, and blocked in 5% skimmed milk powder
for 1 hour at room temperature. The primary
antibody was incubated overnight at 4°C, the
secondary antibody was incubated at room
temperature for 1 hour, and then the blots were
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developed using an ECL kit (Yeasen, China).
Each Western blot was repeated three times,
and each protein level was normalized to the
GAPDH protein level.

Mitochondrial and ER staining

After treating glioma cells with CP for 6 hours,
the cell culture medium was removed, and a
working solution containing ER-Tracker Red or
MitoTracker Green was added and incubated at
37°C for 30 min. After the cells were washed
twice with DMEM, the ER and mitochondria
were observed by fluorescence microscopy.

Measurement of ROS

Cells were seeded in 6-well plates at a density
of 1 x 10° cells per well for 24 hours, and then
treated with CP for 6 hours. The DCFH-DA
fluorescent probe was incubated with cells at
37°C for 20 min after dilution in cell culture
medium at 1:1000. After the cells were washed
with cell culture medium three times, intracel-
lular ROS levels were observed under fluores-
cence microscopy.

Mitochondrial membrane potential (A¥Ym) as-
say

After treating T98G and LN18 cells with CP for
6 hours, cells were collected and incubated in
JC-10 staining solution at 37°C for 20 min.
Cells were then washed twice with JC-10 buffer
and mitochondrial membrane potential was
detected by flow cytometry.

Oxygen consumption rate (OCR) assay

The evaluation of mitochondrial oxidative phos-
phorylation of glioma cells used OCR, and sub-
sequently T98G cells were seeded on XF 96
well plates at a density of 1 x 10* cells/well.
After the cells were treated with CP for 6 hours,
the OCR was monitored in real time using an
XFe96 extracellular flow analyzer. During mea-
surement, the ATP synthase inhibitor oligomy-
cin, the FCCP uncoupling agent, and the elec-
tron transport inhibitor antimycin A were
sequentially added to a 96-well plate.

Measurement of intracellular Ca**

Fluo-3 AM was used to measure the in-
tracellular Ca?* concentration. After T98G and
LN18 cells were treated with CP for 6 hours, the
cells were collected and incubated with Fluo-3
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Table 1. Sequence information of siRNA NC and siCHAC1

siRNA sequences Sense Antisense

siRNA NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
SiCHAC1#1 GACGCUCCUUGAAGAUCAUTT AUGAUCUUCAAGGAGCGUCTT
SiCHAC1#2 GCCACAACCUUGAAUACUUTT AAGUAUUCAAGGUUGUGGCTT
SiCHAC1#3 CGUGGCAUACCAAGUGCAATT UUGCACUUGGUAUGCCACGTT

AM for 30 min at 37°C. The cells were then
washed three times with PBS and the fluores-
cence intensity was measured using flow
cytometry.

Analysis of cellular GSH

After 6 hours of CP treatment, the cells were
digested and collected with trypsin, and
washed twice with precooled PBS. According to
the manufacturer’s instructions, a GSH assay
kit was used to measure the GSH content in
glioma cells.

Transfection of siRNA

TO98G cells were seeded in 6-well plates at a
density of 2 x 105 cells/well. siRNA transfection
was performed overnight. The siRNA sequenc-
es were shown in Table 1. The siRNA and
Namipo were mixed at a 1:1 ratio and incubat-
ed at room temperature for 10 minutes, before
being added to the cell culture medium to
give a final siRNA concentration of 100 nM. The
cell culture medium was changed after 16
hours of transfection and the transfection effi-
ciency was observed under a fluorescence
microscope. The protein was extracted after 48
hours of transfection for the experiment.

Statistical analysis

Each experiment was repeated three times and
the results are shown as the mean + SD.
Statistical data were analyzed using GraphPad
Prism software (version 8.0; San Diego, CA,
USA) and Repeat measurement ANOVA.
Statistical significance was established at P <
0.05.

Results

The proliferation of human glioma cells was
inhibited by CP

After incubating T98G and LN18 cells with dif-
ferent concentrations of CP for 6-24 hours, the
cytotoxicity of CP was measured using CCK-8.
We found that with increasing concentration
and prolonged incubation time, the cytotoxicity
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of CP to glioma cells gradually increased and
LN18 cells were more sensitive to CP than
T98G cells (Figure 1B and 1C). The clone for-
mation experiment further confirmed that CP
inhibited glioma cell proliferation (Figure 1D).
The cell cycle was then analyzed by flow cytom-
etry and Western blotting. Interestingly, low
concentrations of CP caused G2/M phase
arrest in glioma cells, while high concentrations
of CP did not cause cell cycle arrest (Figure 1E).
Cyclin B is a protein that regulates the G2/M
phase of the cell cycle. Therefore, we used
Western blotting to detect the content change
of cyclin B protein, and the results were the
same as those obtained by flow cytometry
(Figure 1F). These results showed that cell
cycle arrest cannot be the main way that CP
inhibits the proliferation of glioma cells.

In glioma cells, CP caused non-apoptotic cell
death

Previous studies have shown that CP induces
apoptosis in other cancer cells [20-22].
Although flow cytometry showed that CP
increased the proportion of Annexin V-FITC and
Pl positive cells in T98G and LN18 cell lines
(Figure 2A), there was no significant change in
caspase 3 activity in T98G and LN18 cells
(Figure 2B). Western blot analysis also showed
that CP did not increase cleaved-caspase 3
and cleaved-caspase 9 levels in glioma cells.
In contrast, CP inhibited the expression of the
proapoptotic protein Bax (Figure 2C). Next, we
compared the effect of the apoptosis-inducing
compound CCCP (50 uM) with CP (200 pM) in
glioma cells. Western blot analysis showed that
CP (200 uM) had no significant effect on the
intracellular levels of pro-caspase 3 and
cleaved-caspase 3. However, CCCP (50 uM)
significantly reduced the content of pro-cas-
pase 3 and activated cleaved-caspase 3
(Figure 2D). In apoptotic cells, the degree of
opening of mPTP tended to increase, which
was shown as decreased green fluorescence
using the mPTP assay kit. Interestingly, flow
cytometry results showed that CP increased
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Figure 2. CP caused non-apoptotic cell death in glioma cells. A. T98G and LN18 cells were treated with different
concentrations of CP for 6 h. An apoptosis kit was used to detect the ratio of Annexin V-FITC and PI positive cells. B.
T98G and LN18 cells were treated with different concentrations of CP for 6 h. GreenNuc™ caspase-3 assay kit was
used to detect the effect of CP on caspase-3 activity. C. Western blotting was used to detect the changes in apop-
totic proteins in glioma cells treated with CP for 6 h (*P < 0.05, P < 0.01, ""*P < 0.001). D. Changes in intracellular
apoptotic proteins after glioma cells were treated with CP and the apoptosis-inducing compound CCCP (P < 0.01).
E. Changes in mPTP after 6 h of treatment with CP in glioma cells ("'P < 0.01).

green fluorescence in glioma cells; that is, CP
decreased the degree of mPTP opening (Figure
2E). These results indicated that CP causes
nonapoptotic cell death in glioma cells.

Paraptosis in glioma cells was induced by CP
Paraptosis is distinct from apoptosis and is

characterized by extensive vacuolation within
cells that require protein synthesis [8]. Z-VAD-
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FMK could not prevent paraptosis, while the
protein synthesis inhibitor CHX could attenuate
paraptosis [23]. In this study, we found that CP
induced the formation of many vacuoles in
glioma cells, and that Z-VAD-FMK could not
block the formation of vacuoles induced by CP,
while the addition of CHX significantly inhibited
the generation of intracellular vacuoles induced
by CP (Figure 3A). However, the CCK-8 results
showed that ZVAD-FMK and CHX did not sal-
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Figure 3. CP induced paraptosis in glioma cells. A. Microscope images of CP-treated glioma cells. Glioma cells were
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0.05, "*P < 0.001). C. T98G cells were treated with CP (200 uM) for 6 h and then analyzed by transmission electron
microscopy. ¥ shows swollen ER. Scale bars are 2 um. D. Western blot analysis of Alix protein changes. Cells were

treated with various doses of CP for 6 h (""P < 0.01).

vage CP-induced T98G cell death but decreased
cytotoxicity to LN18 cells (Figure 3B). TEM anal-
ysis showed that intracellular vacuoles were
produced due to swelling of the ER (Figure 3C).
Furthermore, Alg-2-interacting protein X (Alix)
was considered a marker of paraptosis [24],
and the Western blot results showed that CP
inhibited the expression of the Alix protein
(Figure 3D). These results indicated that CP
induced paraptosis in glioma cells.
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Endoplasmic reticular stress was induced in
glioma cells by CP

Our labeling of the ER in glioma cells with
ER-Tracker Red further indicated that intracel-
lular vacuoles due to CP were derived from
swelling of the ER (Figure 4A). Furthermore, the
Western blot results showed that after CP treat-
ment, the expression levels of two key tran-
scription factors, ATF4 and CHOP, were signifi-
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cantly increased in glioma cells (Figure 4B). stress in glioma cells. However, after using the
These results confirmed that CP causes ER ER stress inhibitor 4-PBA, we found that 4-PBA
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could not block CP-induced paraptosis (Figure
4C). Previous studies have shown that many
unfolded or misfolded proteins accumulate in
the ER during paraptosis, causing ER stress
[25-27], which also explains why CHX can atten-
uate CP-induced paraptosis.

Mitochondrial dysfunction in glioma cells was
caused by CP

Various drugs have been reported to induce
paraptosis by promoting ROS overproduction
and mitochondrial dysfunction in cancer cells
[8]. Therefore, we used a mitochondrial fluores-
cent probe (MitoTracker Green) to detect mito-
chondrial morphological changes in glioma
cells. Fluorescence microscopy showed that
the mitochondria of glioma cells treated with
CP changed from short rods to dots (Figure 4D).
The DCFH-DA fluorescent probe showed that
CP increased ROS production in glioma cells
(Figure 4E). The results of the JC-10 kit showed
that CP significantly reduced the red/green flu-
orescence ratio in T98G and LN18 cells, indi-
cating that CP significantly decreased the mito-
chondrial membrane potential (Figure 4F). We
also measured the OCR of T98G cells, and the
results showed that CP inhibited oxidative
phosphorylation (Figure 4G). These results con-
firmed that CP caused mitochondrial dysfunc-
tion in glioma cells.

In glioma cells, CP activated the PARP1 and
MAPK signaling pathways

In general, it has been recognized that the
MAPK pathway participates in paraptosis [28,
29]. Recently, Mir et al. reported that PARP1 is
also involved in paraptosis [30]. Therefore, we
investigated the effects of CP on the PARP1
and MAPK signaling pathways in glioma cells.
Western blot results showed that CP increas-
ed the content of the 85k Da and 27k Da
molecular weight c-PARP1 (Figure 5A). However,
the PARP1 inhibitor benzamide was unable to
block CP-induced intracellular vacuolation or
decrease cytotoxicity compared with the
CP-treated group alone (Figure 5B and 5C). In
contrast, CP upregulated the expression of
p-ERK, p-JNK, and p-P38 in T98G and LN18
cells, activating the MAPK signaling pathway
(Figure 5D). After the addition of three different
MAPK pathway inhibitors, none of the ERK
inhibitors, U0126, the JNK inhibitor SP600125,
or the P38 inhibitor SB203580, inhibited
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CP-induced vacuolation or decreased CP cyto-
toxicity (Figure 5E and 5F).

In glioma cells, Ca®* overload was caused by
CcP

Intracellular calcium homeostasis is important
for maintaining normal cellular function. The ER
and mitochondria are the main organelles
involved in the storage of calcium ions in cells
[31]. ER and mitochondrial stress often destroy
the homeostasis of Ca?* in cells and cause Ca?*
overload. Intracellular Ca?* overload plays a
vital role in paraptosis [32, 33]. Therefore, we
investigated the effect of CP on intracellular
Ca?" homeostasis using Fluo-3 AM in T98G and
LN18 cells. Our results showed that CP signifi-
cantly increased Ca?* levels in glioma cells
(Figure 5G). We then added the ER Ca?' release
inhibitor 2-APB to treat glioma cells. However,
2-APB did not inhibit CP-induced vacuolation
(Figure 5H).

Inhibition of the GSH system contributed to CP-
induced paraptosis

The GSH system is essential for maintaining
redox homeostasis in cells [34]. GSH is distrib-
uted mainly in the cytoplasm and a small
amount in the nucleus, mitochondria and ER. In
addition to ROS scavenging, GSH is also
involved in protein folding, DNA synthesis, and
intracellular signal transduction [35]. GSH
depletion is involved in many cell death pro-
cesses, including apoptosis, necrosis, ferropto-
sis, and autophagy [36]. Considering that CP
causes destruction of redox homeostasis in
glioma cells, we treated glioma cells with the
antioxidants NAC and GSH. We found that NAC
could neither prevent CP-induced cell vacuoles
nor decrease cytotoxicity. GSH blocked intra-
cellular vacuole generation, and significantly
decreased the cytotoxicity of CP in glioma cells
(Figure 6A and 6B). This finding indicated that
inhibition of intracellular ROS production alone
could not inhibit CP-induced paraptosis. We
found that CP reduced intracellular GSH levels
in T98G and LN18 cells (Figure 6C). Further-
more, GSH not only increased the mitochondri-
al membrane potential of CP-deficient glioma
cells but also effectively inhibited the produc-
tion of intracellular ROS (Figure 6D and 6E).
Western blot analysis showed that the expres-
sion of the stress-related proteins ATF4 and
CHOP in the ER was significantly decreased
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Figure 5. CP activated the PARP1 and MAPK signaling pathways and caused Ca?* overload in glioma cells. A. West-
ern blot analysis of PARP and c-PARP1 in glioma cells. Cells were treated with different concentrations of CP for
6 h ("P < 0.01, P < 0.001). B. The effect of the PARP1 inhibitor benzamide (1 mM) on CP-induced cytoplasmic
vacuolation. Glioma cells were treated with benzamide (1 mM) and CP (200 uM) for 6 h. C. The effect of benzamide
to CP-induced paraptosis. Cells were treated with benzamide (1 mM) and CP (200 uM) for 24 h. The alive cells
were measured using CCK-8 assay. D. Western blot analysis of P-ERK, P-JINK, and P-P38 in glioma cells. Cells were
treated with different concentrations of CP for 6 h. E. Effects of MAPK signaling pathways inhibitors on CP-induced
cytoplasmic vacuolation. Cells were treated with U0126 (20 uM, an ERK inhibitor), SP600125 (20 uM, a JNK inhibi-
tor), SB203580 (20 uM, a p38 inhibitor), and CP (200 uM) for 6 h. F. Effects of MAPK signaling pathways inhibitors
to CP-induced paraptosis. Cells were treated with U0126 (20 uM, an ERK inhibitor), SP600125 (20 uM, a JNK inhibi-
tor), SB203580 (20 uM, a p38 inhibitor), and CP (200 uM) for 24 h. The alive cells were measured with a CCK-8
assay. G. After glioma cells were treated with different concentrations of CP for 6 h, intracellular Ca?* levels were
analyzed using Fura-3 AM. H. The effects of the IP3R inhibitor 2-APB (20 uM) on CP-induced cytoplasmic vacuola-
tion. Cells were treated with 2-APB (20 uM) and CP (200 uM) for 6 h.
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cells. Cells were treated with different concentrations of CP for 6 h (""P < 0.01, P < 0.001). D and E. GSH blocked
CP-induced mitochondrial dysfunction. Cells were treated with GSH (2 mM) and CP (200 uM) for 6 h, and the in-
tracellular ROS levels and mitochondrial membrane potential were detected (P < 0.001). F and G. GSH blocked
CP-induced ER stress and activation of the PARP1 and MAPK pathways. Cells were treated with GSH (2 mM) and CP

(200 pM) for 6 h ("P < 0.05, **P < 0.01, **"P < 0.001).

after the addition of GSH. Furthermore, GSH
inhibited the activation of the MAPK and PARP1
signaling pathways (Figure 6F and 6G). These
results confirmed that GSH-mediated ER stress
and mitochondrial dysfunction and that the
MAPK and PARP1 signaling pathways were
involved in CP-induced paraptosis.

Upregulation of the CHAC1 is critical for the
paraptosis induced by CP

In order to explore the molecular mechanism of
CP-induced paraptosis in glioma cells, we treat-
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ed T98G cells with CP and sequenced the tran-
scriptome. The results showed that in the gluta-
thione metabolic pathway, CHAC1 and GCLM
were up-regulated, while GGCT, RRM1 and
RRM2 were down-regulated (Figure 7A). CHAC1
is @ member of the protein family encoding vy
-glutamyl transferase, which plays a role in reg-
ulating glutathione level and oxidative balance
in cells. Furthermore, western blot showed that
CP increased the expression of CHAC1 in glio-
ma cells (Figure 7B). We designed three kinds
of siRNA to interfere with the expression of
CHAC1 in T98G cells, and chose siCHAC1#1 for
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the follow-up experiment (Figure 7C). Western ing with CHAC1, GSH content in glioma cells
blot showed that exogenous GSH had no obvi- increased obviously, while CP decreased GSH
ous effect on CHAC1 (Figure 7D). After interfer- content in glioma cells, but after treating glio-
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ma cells with siCHAC1 and CP at the same
time, GSH content in glioma cells did not
change significantly (Figure 7E). It indicated
that CP promoted GSH degradation in glioma
cells by up-regulating CHACZ1. In addition, inter-
fering with CHAC1 or adding GSH could prevent
CP-induced paraptosis (Figure 7F). These
results indicated that CHAC1 is the critical mol-
ecule of CP-induced paraptosis in glioma cells.
However, when CHAC1 was overexpressed in
TO98G cells, no intracellular vacuoles were
observed (Figure 7G, 7H).

Discussion

Although glioma treatment has improved in
recent years, glioma still has the highest mor-
tality rate among brain tumors [4]. Furthermore,
the heterogeneity of glioma facilitates drug
resistance and apoptosis evasion, leading to
the failure of conventional TMZ treatment [37,
38]. Therefore, it is necessary to identify new
therapeutic drugs and develop new therapeutic
strategies.

In recent years, natural compounds have been
reported to induce paraptosis in cancer cells
[8]. Compared to apoptosis, paraptosis is inde-
pendent of caspase activation, and the cas-
pase inhibitor Z-VAD-FMK cannot prevent
paraptosis [23]. CP is a calpain inhibitor with
anti-inflammatory and neuroprotective effects
[39-41]. CP has also been shown to have anti-
cancer effects in a variety of cancers [19, 20,
22]. In this study, we found that CP induced
paraptosis in combination with Alix inhibition in
glioma cells. CP induced ER stress and mito-
chondrial dysfunction, and produced a large
amount of intracellular vacuoles. The produc-
tion of intracellular vacuoles was inhibited by
the protein synthesis inhibitor CHX. The antioxi-
dant NAC could not block paraptosis, while GSH
could. This finding indicated that oxidative
stress was an effect of paraptosis alone, rather
than its cause. Destruction of the GSH system
is the fundamental reason for CP-induced
paraptosis in glioma cells. Furthermore, CP
also activated the PARP1, ERK, JNK and P38
pathways, which could also be inhibited by
GSH.

The ER is involved in cell protein synthesis, lipid
metabolism, and calcium storage [42]. Under
stress, the ER can become damaged, leading
to a protein folding disorder in the ER and pro-
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ducing a characteristic stress response known
as the UPR. Under mild ER stress, the UPR is
committed to maintaining endoplasmic reticu-
lum homeostasis. However, when ER stress
persists at high levels, the UPR promotes cell
death [43, 44]. In this study, we found that CP
induced extensive intracellular vacuolation in
glioma cells, accompanied by a significant
increase in the stress-related proteins ATF4
and CHOP. This finding provided evidence that
CP induced ER stress in glioma cells. Further-
more, many studies have shown that MAPK
pathway activation and Ca?* overload are
involved in paraptosis [28, 33]. Our findings
indicated that CP promoted ERK, JNK, and P38
phosphorylation in glioma cells, but the addi-
tion of MAPK inhibitors did not prevent cell vac-
uolation or salvage cell viability. At the same
time, CP increased intracellular Ca?* levels, but
the addition of the calcium release inhibitor
2-APB also did not prevent paraptosis.

Oxidative stress usually leads to mitochondrial
dysfunction. ROS overproduction is involved in
various programmed cell death processes.
Increased intracellular ROS levels lead to DNA
damage, which activates PARP1 signaling [30].
We found that CP induced an increase in ROS
levels in glioma cells, decreased mitochondrial
membrane potential, and activated the PARP1
pathway. Various natural compounds have
been reported to interfere with mitochondrial
oxidative phosphorylation in cancer cells and
contribute to the appearance of paraptosis
[10]. Our results also showed that CP reduced
oxidative phosphorylation in glioma cells and
reduced ATP production. Furthermore, CP inhib-
ited mPTP opening. Increased mPTP opening
promotes apoptosis, but its relationship with
paraptosis remains unclear [45]. However,
unlike previous studies, we found that the anti-
oxidant NAC did not prevent the generation of
intracellular vacuoles. This finding indicated
that mitochondrial dysfunction was not the
underlying cause of CP-induced paraptosis.

GSH is the most common thiol protein in
eukaryotic cells. In addition to its standard anti-
oxidant effects, GSH is also involved in intracel-
lular protein synthesis, DNA synthesis, and
other processes [34]. However, in some cancer
cells, increased levels of GSH are related to
cancer progression and promotion of drug
resistance [35]. GSH in the ER is involved in
protein folding, translocation, glycosylation,
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and disulfide bond formation. The synthesis of
disulfide bonds is the main factor in protein
folding [46]. It has been shown to be involved in
various cell death processes, including apopto-
sis, necrosis, and ferroptosis [36]. CHAC1 is a
member of the protein family encoding y -glu-
tamyl transferase, which plays a role in regulat-
ing GSH level and oxidative balance in cells
[15]. The latest research suggests that GSH
degradation mediated by CHAC1 contributes to
auranofin-induced paraptosis in breast cancer
cells [47]. In this study, we showed that CP
reduced the GSH content in glioma cells, while
GSH could block CP-induced paraptosis. GSH
also reduced intracellular ROS levels, restored
mitochondrial membrane potential, inhibited
the activation of MAPK and PARP proteins, and
reduced ATF4 and CHOP protein levels, thus
inhibiting ER stress and restoring mitochondrial
function. Furthermore, Anupama Binoy et al.
found that plumbagin could induce paraptosis
by changing sulfhydryl homeostasis in cells,
and the thiol antioxidant NAC could completely
reverse the effect of plumbagin [48]. In our
study, it was found that NAC could not prevent
CP-induced paraptosis, so we believed there
was no direct relationship between changes in
sulfhydryl homeostasis and CP-induced parap-
tosis. Transcriptome sequencing results show-
ed that CP upregulated the transcription of
CHAC1, and western blot also showed that CP
promoted the expression of CHAC1 protein.
After CHAC1 was knocked out, GSH content in
glioma cells increased significantly. Most im-
portantly, knocking out CHAC1 could prevent
CP-induced paraptosis. However, our experi-
ments demonstrated that transient overexpres-
sion of CHAC1 in T98G cells did not produce
obvious cytoplasmic vacuoles. This result does
not contradict our conclusion but rather sug-
gests that CHAC1-mediated GSH degradation
is necessary yet not sufficient to trigger the full
paraptotic phenotype. The failure of single-
gene CHAC1 overexpression to form vacuoles
underscores that CP-induced paraptosis is a
systems-level response.

Conclusions

In summary, the findings of our study showed
that CP induced ER stress and mitochondrial
dysfunction in glioma cells by the degradation
of GSH mediated by CHAC1, and CHAC1 is a key
molecule in CP-induced paraptosis of glioma
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cells. The ability of CP to induce paraptosis in
glioma cells suggests that CP is a promising
anticancer drug.
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