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Apolipoprotein C1 promotes glioblastoma tumorigenesis by
reducing KEAP1/NRF2 and CBS-regulated ferroptosis

Xiang-jin Zheng"?, Wen-lin Chen?, Jie Yi*, Wan Li'?, Jin-yi Liu'?, Wei-qi Fu', Li-wen Ren'?, Sha Li'?, Bin-bin Ge'?, Yi-hui Yang'?,
Yi-zhi Zhang'?, Hong Yang'?, Guan-hua Du'?, Yu Wang?® and Jin-hua Wang'?

Glioblastoma (GBM), a malignant brain tumor, is a world-wide health problem because of its poor prognosis and high rates of
recurrence and mortality. Apolipoprotein C1 (APOC1) is the smallest of apolipoproteins, implicated in many diseases. Recent studies
have shown that APOC1 promotes tumorigenesis and development of several types of cancer. In this study we investigated the role
of APOC1 in GBM tumorigenesis. Using in silico assays we showed that APOC1 was highly expressed in GBM tissues and its
expression was closely related to GBM progression. We showed that APOC1 protein expression was markedly increased in four GBM
cell lines (U251, U138, A172 and U87) compared to the normal brain glia cell lines (HEB, HA1800). In U251 cells, overexpression of
APOC1 promoted cell proliferation, migration, invasion and colony information, which was reversed by APOC1 knockdown. APOC1
knockdown also markedly inhibited the growth of GBM xenografts in the ventricle of nude mice. We further demonstrated that
APOC1 reduced ferroptosis by inhibiting KEAP1, promoting nuclear translocation of NRF2 and increasing expression of HO-1 and
NQO1 in GBM cells. APOC1 also induced ferroptosis resistance by increasing cystathionine beta-synthase (CBS) expression, which
promoted trans-sulfuration and increased GSH synthesis, ultimately leading to an increase in glutathione peroxidase-4 (GPX4). Thus,
APOC1 plays a key role in GBM tumorigenesis, conferring resistance to ferroptosis, and may be a promising therapeutic target

for GBM.
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INTRODUCTION
Glioma is a type of tumor that occurs in the brain and spinal cord,
the most common primary intracranial tumor, which accounts for
40%-50% of brain tumors [1]. According to the World Health
Organization (WHO) classification of CNS tumors, diffuse gliomas
can be classified into grades |, Il, lll, and IV [2]. Grade IV glioma, also
known as glioblastoma (GBM), is the most common malignancy
among the pathological types of glioma. Up to now, clinical
treatment of GBM included surgery, radiation therapy, chemother-
apy, targeted therapy and immune therapy [3]. However, the
prognosis of GBM is still poor and the recurrence rate after initial
treatment is very high [4]. For GBM patients, the median overall
survival is only 12-15 months [5] and the five-year survival rate
does not exceed 5% [6]. Genome sequence analysis has revealed
that mutations in IDH1/2, BRAF, PTEN, 1p-19q co-deletion, and
MGMT methylation are some of the molecular pathogenetic
characteristics of glioma that can be used for diagnosis and
treatment [2]. However, the molecular mechanism of GBM
progression is still unclear and there is no target drug for GBM.
APOC1 belongs to the apolipoprotein family and is the smallest
apolipoprotein. It participates in composition of triglyceride-rich

lipoproteins and high-density lipoproteins, and functions in the
metabolism of lipoproteins, such as very low-density lipoprotein
(VLDL) and low-density lipoprotein (LDL) [7, 8]. Studies showed
that elevated expression of APOC1 was closely related to cancers
such as pancreatic cancer and significantly related to poor
prognosis [9]. Patients with gastric cancer also had higher
expression of APOC1 in tumor tissues than in adjacent normal
tissues and prognosis was clearly influenced by APOCT level [10].
In addition, there are a few studies on APOC1 in other cancers,
such as non-small cell lung cancer [11], acute myeloid leukemia
[12], nephroblastoma [13] and papillary thyroid carcinoma [14].
Although evidence has revealed connections between some types
of cancer and the apolipoproteins including APOA, APOB, APOC,
APOE and others, there have been few studies of apolipoproteins
in GBM. APOE has been used as a drug carrier in GBM because of
its ability to pass through the blood-brain barrier [15]. APOC1 was
found to be highly expressed in GBM [16], but no investigation
into the mechanism of its function in GBM is currently available.

Ferroptosis of cells is characterized as iron-catalyzed non-
apoptotic cell death that differs from apoptosis, autophagy, and
necrosis [17]. Cells undergoing ferroptosis have a condensed
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membrane, a ruptured outer membrane and dysmorphic small
mitochondria [18]. Ferroptosis is characterized by iron dependence
and accumulation of lipid-reactive oxygen species (lipid ROS). Exces-
sive peroxidation caused by decreased cellular glutathione (GSH),
loss of glutathione peroxidase-4 (GPX4), and inactivation of system
X¢ led to lipid-toxic ROS accumulation, which resulted in ferroptosis
of cells [19]. Ferroptosis was associated with cancers and some
therapeutic strategies were based on regulating ferroptosis. Though
the main treatment for GBM is surgery, researchers are examining
new ways to treat GBM by inducing ferroptosis [20]. Stimulation of
ferroptosis in GBM may increase the efficacy of radiation and
chemotherapy and inhibit tumor growth [21]. A number of recent
studies have shown that many genes that are highly expressed in
cancers are associated with ferroptosis. Nuclear factor erythroid
2-related factor 2 (NRF2) plays an important role in regulating
intracellular redox homeostasis, and inhibition of NRF2 increased
sensitivity of cells to ferroptosis [22]. The KEAP1-NRF2 pathway was
reported to be involved in GBM by promoting cell proliferation and
diminishing ferroptosis [23]. Our data showed that APOCI
influenced the level of ROS and lipid ROS in GBM cells, which
means APOC1 may participate in ferroptosis regulation. However, it
was unclear whether APOC1 participated in ferroptosis regulation
through the KEAP1-NRF2 pathways in GBM.

In this study, we first explored the functional role and
underlying mechanism of APOC1 action in GBM. Our results
showed that APOC1 was highly expressed in GBM patients and
positively correlated with GBM progression, and that overexpres-
sion of APOC1 promoted proliferation, migration, invasion and
colony formation of GBM cells. Furthermore, our results demon-
strated that APOCT overexpression conferred ferroptosis resis-
tance by inhibiting KEAP1 which promoted nuclear translocation
of NRF2 and increased the expression of HO-1 and NQO1 in GBM
cells. Overexpression of APOC1 also reduced ferroptosis by
increasing expression of cystathionine beta-synthase (CBS), which
raised GSH level and GPX4 expression and finally reduced lipid
ROS. These results suggest that APOC1 plays an important role in
tumorigenesis and development of GBM by increasing ferroptosis
resistance, and may be a promising therapeutic target for GBM.

MATERIALS AND METHODS

Cell culture and tumor specimens

The normal human glial cells, HEB and HA1800, were bought from
ScienCell, while human GBM cell lines, U251, U138, A172 and U87
were purchased from the American Type Culture Collection (ATCC).
U251, U138, A172 and U87 were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, CA, USA) supplemented with 10%
fetal bovine serum (FBS) (Gibco, New Zealand). HEB and HA1800
were cultured in DMEM with 20% FBS at 37°C in a humidified
incubator containing 5% CO,. GBM and adjacent normal tissue
samples were collected from GBM patients. The use of human GBM
specimens from the Peking Union Medical College Hospital, Beijing,
China was approved by Institutional Review Board (IRB) (S-424). The
human GBM tissue array was kindly gifted by Dr. Hong-ging Cai
(Cancer Hospital Chinese Academy of Medical Sciences).

Chemical reagents

Erastin, Ferrostatin-1, Z-VAD-FMK and Necrosulfonamide were
bought from MedChemExpress (Monmouth Junction, NJ, USA).
The cell counting kit-8 (CCK-8) was from MeilunBio (Dalian, China),
DCFH-DA was from Sigma-Aldrich (St. Louis, MO, USA), and C11
BODIPY was from Thermo-Fisher Scientific (Carlsbad, CA, USA). The
glutathione assay kit was from BioVision (Milpitas, CA, USA).
FerroOrange was from Dojindo (Kumamoto, Japan).

Transfection

U87 and U251 cells were cultured in 60 mm dishes for 24 h to 70%
confluence before transfection. U251 cells were transfected with
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an APOCT-expressing plasmid (OriGene, Rockville, USA) for 24 h
using the transfection reagent, Lipofectamine™ 3000 (Invitrogen,
Grand Island, NY, USA) according to instructions. Recombinants
were selected by incubation of cells with 600 ug/mL G418 for
3 weeks. U87 and U251 cells were transfected with specific siRNAs
(GenePharm, Shanghai GenePharma Co., Ltd.) for 48 h before
detection. Expression of APOC1 was verified by Western blotting
and RT-qPCR. The sequences of specific interfering RNAs are listed
in Supplementary Table 1.

Experimental treatments and cell viability assay

U87 and U251 cells were seeded in 96-well plates at 3 x 10%/well
and cultured for 24 h at 37°C. Cells were first incubated with
Ferrostatin-1, Z-VAD-FMK and Necrosulfonamide for 1h before
addition of Erastin to a concentration of 10 uM and incubation for
24 h. After treatment, the medium was discarded and cell growth
was assessed with the CCK-8 assay according to instructions.
Relative growth of U87 and U251 cells treated was determined at
24, 48, and 72h using the CCK-8 protocol with absorbance
readings at 450 nm measured with a SpectraMax M5 plate-reader
(Molecular Devices, Sunnyvale, CA, USA). The data were processed
by GraphPad Prism 7.

Transwell assays of cell migration and invasiveness

Cell migration and invasion ability were measured using 24-well
plates with transwell inserts of 8 um pore size (Corning Costar,
USA). For the invasion assay, the bottom well was coated with
12.5% Matrigel (Corning Biocoat, USA). Treated cells were
harvested and suspended in FBS-free medium at 5x 10* cells/
mL. Aliquots of 200 uL of cell suspension were added to the upper
chamber and 1 mL of DMEM plus 10% FBS was added to the lower
chamber. After incubation for 24 h, the cells that had passed
through the membrane were fixed in 4% paraformaldehyde for
20 min at room temperature (RT), stained with 1% crystal violet for
15min, and counted using a brightfield microscope (Nikon,
Japan).

Soft agar colony formation assay

The colony formation assay was carried out in 6-well plates. DMEM
with 10% FBS and 0.7% agar was added as the bottom layer for 2
mL/well and 1 mL DMEM containing 3000 treated cells with 10%
FBS and 0.35% agar was added as the top layer. The plates were
then incubated at 37°C for 3 weeks and colonies were stained
with MTT  (3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium
bromide, 200 pL/well) and photoed.

Three-dimensional (3D) Matrigel cell culture

50 pL cells (1000/well) were mixed with an equal volume of ice-
cold BD Matrigel (BD Bioscience, Franklin Lakes, NJ, USA) and
seeded into a 96-well plate. After culturing at 37 °C in 5% CO, for
2 weeks, the cells were imaged by fluorescence microscopy (Nikon
Eclipse Ti-U, Japan).

Reverse transcriptase quantitative real-time PCR (RT-qPCR)

Cells were harvested and homogenized in TRIzol for 5 min at RT.
Lysates were mixed with chloroform and centrifuged at 12,000 x g
for 15 min at 4 °C, and the aqueous supernatants were transferred
into new RNase-free centrifuge tubes. An equal volume of
isopropanol was added, gently mixed with the supernatant,
and left at RT for 30 min. Samples were centrifuged at 12,000 x g
for 15min, the pellets were dissolved in RNase-free water,
and the RNA concentration and quality were determined. One
microgram of total RNA was used for cDNA synthesis with
MonScript RTII All-in-One mix (Monad, China) according to
the manufacturer's instructions. Quantitative real-time PCR
was performed using a reaction mixture containing 1x AceQ
Universal SYBR gPCR master mix (Vazyme Biotech Co. Ltd,
Nanjing, China) and 200 nmol/L gene-specific APOCT primers
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(Supplementary Table 2). Assays were carried out three times on a
CFX thermocycler (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry (IHC)

Immunohistochemistry (IHC) was carried out on 5pm paraffin-
embedded AT specimens, which were incubated for about 24 h at
37°C. Sections were deparaffinized, rehydrated and washed in
PBS. Antigen retrieval was done by incubating the sections in
citrate buffer at 100 °C for 10 min, then in 3% H,0, at RT to block
endogenous peroxidases. The slides were incubated with mono-
clonal anti-APOC1 rabbit antibody (ab19288, Abcam, St. Louis, MO,
USA) at a dilution of 1:200 overnight at 4°C, washed and
incubated 1 h with biotinylated secondary antibody. Stained cells
were visualized using Vectastain with diaminobenzidine (DAB) as
substrate and cells were counterstained with hematoxylin
(Sigma-Aldrich). The negative controls were treated with rabbit
serum alone (Santa Cruz Biotechnology). A Nikon Eclipse Ti
microscope was used to image the stained sections and staining
density was determined by ImageJ software.

Immunofluorescence (IF)

U251 cells were detached with trypsin, centrifuged at 400 x g for
5 min, resuspended in 10% DMEM and seeded into 15 mm glass
bottom cell culture dishes (NEST, USA) at 1 x 10* cells per dish.
After incubation with or without Erastin for 24 h, the cells were
fixed with 4% paraformaldehyde for 20 min, then permeabilized
with 0.2% Triton-100 for 10 min, and blocked with 5% bovine
serum albumin (BSA) for 30 min at RT. Incubation with primary
antibodies against APOC1, KEAP1 and CBS was done at 4°C
overnight. After washing three times with PBS, the cells were
stained with fluorescent second antibodies (1:500): green for
APOC1 (4412, anti-rabbit IgG, Cell Signaling Technology, Danvers,
USA) and red for KEAPT and CBS (4409, anti-mouse IgG, Cell
Signaling Technology, Danvers, USA) at 37°C for 1h. After
washing three times with PBS, cells were stained with DAPI for
30 min at RT [24]. Images were acquired with a Leica TCS SP8X
confocal microscope.

ROS and lipid ROS detection

ROS: Cells were treated with or without Erastin for 24 h, then
digested, centrifuged, and incubated with 2 uM DCFH-DA at 37 °C
for 30 min. Cells were washed three times with PBS.

Lipid ROS: Cells in 60 mm dishes were treated with or without
Erastin for 24h, then BODIPY C11 was added to a final
concentration of 10 uM and incubation at 37 °C was continued
for 30 min. Cells were trypsinized, centrifuged and washed three
times with PBS.

Both the ROS level and lipid ROS level were detected using an
Accuri C6 Plus flow cytometer (BD, San Diego, CA, USA) and data
were analyzed by FlowJo ver10 Software (Tristar, CA, USA).

Intracellular Fe** assay

U251 cells were seeded into 96-well glass-bottom plates
(Sunnyvale, CA, USA) at 1x 10° per well, and incubated with or
without Erastin for 24 h, after which they were washed three times
with HBSS and incubated with 1 uM FerroOrange at 37 °C for 30
min. The fluorescence intensity represents the content of Fe?*.
Images were acquired with the Leica TCS SP8X confocal
microscope.

In silico analysis

The GDAC database (http://gdac.broadinstitute.org/) was used to
determine the expression of APOC1 in tumor and normal tissues.
The Oncomine database (https://www.oncomine.com/) was used
to determine the APOC1 expression in different types of glioma
and other cancers. The Betastasis database (https://www.
betastasis.com/) was used to compare the survival rates between
GBM patients with high and low APOCT expression. The GEPIA
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database (http://gepia.cancer-pku.cn/) was used to determine the
APOC1 expression in different tissues from GBM and non-GBM
subjects. The UALCAN database (http://ualcan.path.uab.edu/
analysis.html) was used to analyze the data on APOC1 expression
in normal and GBM patients from the TCGA database.

Western blotting

After treatment, cells were lysed in RIPA buffer (Applygen
Technologies, Shanghai, China) containing protease and phos-
phatase inhibitors (Thermo Fisher Scientific, Carlsbad, CA, USA) on
ice for 30 min. Total protein was collected by centrifugating the
lysates at 12,000 x g for 15 min at 4 °C. Proteins were separated on
a 10%-12% SDS polyacrylamide gel, then transferred to a
polyvinylidene fluoride (PVDF) membrane and blocked in 5%
skimmed milk for 2 h at RT. The membranes were incubated with
primary antibodies at 4°C overnight. The details about the
antibodies are listed in Supplementary Table 3. After washing
five times with TBST, the blots were incubated with HRP-
conjugated secondary antibodies (7074, anti-rabbit IgG and
7076, anti-mouse IgG, Cell Signaling Technology, Danvers, USA).
Target signals were detected using Super ECL (Applygen, Beijing,
China) on a Tanon 4600 Imaging System (Tanon, Beijing, China).

Co-immunoprecipitation (CO-IP)

Cells were seeded in 100 mm plates and were harvested,
suspended in 600 pL lysis buffer with PMSF for 30 min on ice,
then centrifuged at 12,000 x g for 10 min at 4 °C. Supernatants
were collected and 40 puL samples were mixed with 10 L of
protein A/G PLUS agarose (sc-2003, Santa Cruz Biotech, USA), 10
puL DDK-agarose (Bimake, Shanghai, China), respectively, then,
rotated at 4 °C overnight. Afterwards, the beads were washed five
times by centrifugation at 1500 r/min, for 5 min. The supernatants
were discarded, the beads were mixed with an equal volume of 2x
loading buffer, heated at 100°C for 5min, and processed for
Western blotting analysis [25].

U87 glioma orthotopic assay in nude mice

Animal studies were performed according to the principles of the
NIH Guide for the Care and Use of Laboratory Animals and were
approved by the Ethics Committee for Laboratory Animal Care
and Use of the Institute of Materia Medica, Chinese Academy of
Medical Science and Peking Union Medical College (Beijing,
China). Athymic nude mice (17-19 g) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China).
U87-shNC, U87-shAPOC1-1 and U87-shAPOC1-2 cells were har-
vested and resuspended in phosphate buffered saline (PBS) to a
concentration of 2x10° cells/uL. An aliquot of 5uL cells was
slowly injected into the right ventricle to a depth of 3.3 mm at a
rate of 1 uL/min. After two weeks, MRl was performed to measure
the tumor volume and brains were collected for analysis.

Statistical analysis

The results are represented as mean + SD. Statistically significant
differences between groups were determined by Student’s t test
or one-way ANOVA using GraphPad Prism 7.0 (GraphPad Software,
Inc., San Diego, CA, USA). P < 0.05 was considered to be statistically
significant.

RESULTS

APOCT1 is highly expressed in GBM patients

To determine the expression level of APOC1 in GBM patients and
how it was associated with GBM progression, an in silico assay was
carried out using data from the GDAC (http://gdac.broadinstitute.
org/), GEPIA (http://gepia.cancer-pku.cn/) and Oncomine databases
(https://www.oncomine.com/). It can be seen in Fig. 1a-d and
Supplementary Fig. S1a that APOC1 was highly expressed in GBM,
and there was significantly higher APOC1 expression in
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oligodendroglioma, anaplastic astrocytoma and GBM than in
healthy brain tissue (Supplementary Fig. S1b, c). Survival analysis
using the Betastasis database (https://www.betastasis.com/)
showed that GBM patients with higher APOC1 expression had
lower survival rates (Fig. 1e and Supplementary Fig. S1d). Although
APOC1 was highly expressed in GBM patients, there was no
significant difference in APOC1 expression between patients of
different race, gender and age according to UALCAN data
(Supplementary Fig. S1e). However, African American GBM patients
with high expression of APOC1 did have lower survival rates
(Supplementary Fig. S1f). To determine whether elevated expres-
sion of APOC1 protein in GBM tissue was associated with glioma
progression, expression of APOC1 in ten paired samples of GBM
tissues and adjacent normal brain tissues from GBM patients was
assessed by Western blotting; APOCT was highly expressed in GBM
tissues compared with adjacent tissues (Fig. 1f, g). Immunohis-
tochemistry (IHC) was carried out to measure expression of APOC1
in an array of 37 GBM patient tissues, and representative photos
are shown in Fig. 1h. Results from IHC showed that expression of
APOC1 was higher in GBM than adjacent normal brain tissues
(Fig. 1h, i), and that there was higher APOC1 expression in high-
grade glioma, especially GBM, than in low-grade glioma (Supple-
mentary Fig. S1g, h). Thus, we concluded that APOC1 was highly
expressed in patients with GBM and that the expression was
closely related to the progression of GBM.

APOC1 promotes tumorigenicity of GBM cells

To explore the function of APOC1 in GBM, the expression APOC1
in two normal brain glial cell lines and four GBM cell lines was
assessed by Western blotting. APOC1 expression in GBM cell lines
was higher than in normal brain cell lines (Fig. 2a). U251 cells were
transfected with an APOC1 expression plasmid, stable clones with
high APOC1 expression were selected and the effects of APOC1
overexpression were determined (Supplementary Fig. S2a). In
contrast, APOCT expression in U87 cells was efficiently knocked
down by APOC1 siRNAs (Supplementary Fig. S2b). Assays of
proliferation, migration and invasion, colony formation and
growth in 3D Matrigel were carried out to explore the effects of
APOC1 on GBM. APOC1 overexpression promoted proliferation of
U251 cells while knockdown inhibited U87 cells proliferation
(Fig. 2b, c). Overexpression of APOC1 significantly enhanced
migration and invasion of U251 cells whereas inhibiting APOC1
expression reduced migration and invasion of U87 cells (Fig. 2d, e).
In addition, overexpression of APOC1 promoted U251 cells colony
formation while downregulation of APOC1 reduced colony
formation of U87 cells (Fig. 2f). As shown in Fig. 2g, APOC1
overexpression enhanced the growth of U251 cells while APOC1
knockdown inhibited growth of U87 cells in 3D Matrigel. Overall,
these results suggest that APOCT plays a key functional role in
GBM development.

APOC1 knockdown increases ferroptosis in GBM cells

Many recent studies have shown that ferroptosis is associated
with cancer progression. To determine whether APOC1 influenced
ferroptosis in GBM, Erastin (ferroptosis inducer), Ferrostatin-1 (Fer-
1) (ferroptosis inhibitor), Z-VAD-FMK (apoptosis inhibitor), and
Necrosulfonamide (Nec) (necrosis inhibitor) were used to treat
U87-NC, U87 siAPOC1 cells, U251-NC and U251 siAPOCT1 cells. The
morphology of U251 cells undergoing ferroptosis (with Erastin for
24 h) is shown in Supplementary Fig. S2c. Results showed that
cell growth was inhibited by ferroptosis, which could be reversed
by Fer-1 but not Z-VAD-FMK or Necrosulfonamide. APOCI
knockdown significantly increased ferroptosis of cells induced by
Erastin (Fig. 3a). These results confirmed that APOC1 down-
regulation increased ferroptosis in U87 and U251 cells, but did not
affect apoptosis or necroptosis. It is well known that oxidative
stress from excess ROS and accumulation of lipid ROS is a trigger
for ferroptosis. To explore the potential link between APOCT
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expression and ROS in cells, ROS levels were determined by flow
cytometry. APOC1 knockdown increased ROS accumulation in U87
and U251 cells (Fig. 3b), whereas APOC1 overexpression reduced
ROS levels in U251 cells (Supplementary Fig. S2d). The concentra-
tion of Fe?" was increased in Erastin-treated U251-siAPOC1 cells
compared to untreated cells, which was blocked by Fer-1 (Fig. 3c).
APOC1 downregulation was also found to increase lipid ROS levels
(Fig. 3d). Altogether, these results verified that knockdown of
APOC1 expression increases both Fe?" concentration and ROS
level.

APOC1 knockdown increases ROS levels by reducing expression of
HO-1 and NQO1

HO-1 and NQO1 are proteins involved with oxidative stress and
the regulation of intracellular ROS production. The above data
showed that knockdown of APOC1 expression increased ROS
levels. To determine if there was a link between APOC1 level and
HO-1, NQOT1 in the accumulation of cellular ROS, HO-1 and NQO1
were knocked down by siHO-1 and siNQO1 in APOCI-
overexpressing U251 cells and the changes in ROS level were
measured by flow cytometry. Overexpression of APOC1 decreased
ROS level, but this could be blocked by knockdown of HO-1 and
NQOT1 (Fig. 4a). Ferroptosis induction with Erastin upregulated HO-
1 and NQO1 mRNA levels in U87 cells, which could be blocked by
specific HO-1 or NQO1 siRNAs (Fig. 4b). Knockdown of APOC1
significantly reduced HO-1 and NQO1 mRNA levels in cells
undergoing ferroptosis (Fig. 4c), which suggests that APOCI
may regulate HO-1 and NQOT1 expression in ferroptosis. To
investigate whether HO-1 and NQO1 expression were related to
the negative regulation of ROS in ferroptosis, siHO-1 or siNQO1
were used to inhibit expression of HO-1 and NQO1, respectively,
and ROS level was checked by flow cytometry. Knockdown of HO-
1 or NQO1 expression increased ROS level in cells and Erastin-
mediated induction of ferroptosis further increased ROS accumu-
lation, which could be reversed by Fer-1 in U87 and U251 cells
(Fig. 4d and Supplementary Fig. S3a-c). Reduction of HO-1 or
NQO1 expression increased Fe>" concentration (Fig. 4e) and lipid
ROS (Fig. 4f) in cells treated with Erastin. Taken together, these
results demonstrate that APOC1 knockdown increases ROS
production by reducing expression of HO-1 and NQO1.

APOC1 knockdown confers sensitivity to Erastin by reducing
NRF2-mediated HO-1 and NQO1 expression

NRF2 is a transcription factor that regulates heme oxygenase-1
(HO-1) and quinone oxidoreductase 1 (NQOT1) expression and
suppresses ferroptosis [26]. To investigate whether APOC1
regulated ferroptosis by controlling NRF2 expression, APOC1 and
NRF2 expression were knocked down by APOC1-siRNA and NRF2-
siRNA respectively, and sensitivity of U87 cells and U251 cells to
Erastin was evaluated. Knockdown of APOC1 or NRF2 increased
sensitivity of U87 and U251 cells to Erastin in a dose-dependent
manner (Fig. 5a). U87 and U251 cells undergoing ferroptosis had
higher NRF2 expression compared with control cells, and this
could be attenuated by inhibiting APOC1 expression (Fig. 5b).
NRF2 downregulation also increased the Fe*" level in Erastin-
treated U251 cells (Fig. 5¢), and significantly increased lipid ROS
levels in U87 cells undergoing ferroptosis (Fig. 5d). These results
supported the hypothesis that inhibition of NRF2 expression made
U87 and U251 cells more sensitive to Erastin. To further explore
how APOC1 knockdown increased ferroptosis of cells through its
effects on the NRF2 pathway, the downstream targets of NRF2,
HO-1 and NQOT1, were quantitated by Western blotting. Ferrop-
tosis induction by Erastin significantly increased the expression of
HO-1 and NQOT1 in cells, while NRF2 knockdown inhibited the
Erastin-induced increase of HO-1 and NQO1 mRNA, which is
similar to the effect of APOC1 (Fig. 5e, f). APOC1 upregulation
improved expression of NRF2, HO-1 and NQO1 (Fig. 5g), whereas
knockdown of APOCT reduced expression of NRF2, HO-1 and
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Fig. 4 Knockdown of APOC1 promoted ferroptosis by reduced expression of HO-1 and NQO1 expression. a Overexpression of APOC1
attenuated ROS level which can be reversed by knockdown of HO-1 and NQO1 expression in U251 cells. b mRNA expression of HO-1 and
NQO1 was increased in U87 cells after treatment of Erastin for 24 h. ¢ Knockdown of APOC1 expression decreased HO-1 and NQO1 mRNA
level in U87 cells treated by Erastin for 24 h. d Knockdown of HO-1 or NQO1 expression increased ROS level of U87 cells treated by Erastin for
24 h. e Knockdown of HO-1 or NQO1 increased intracellular Fe*>" of U251 cells in Erastin-induced ferroptosis. Representative images of Fe?"
with identical results in three assays were shown. Scale bar = 50 um. f Knockdown of HO-1 or NQO1 increased lipid ROS level of U87 cells.
Experiments were performed in triplicate. Data are presented as mean * SD (n = 3). Statistical significance was determined by Student’s t test
or one-way ANOVA, **P < 0.01, ***P < 0.001 vs. NC.
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NQO1 (Fig. 5h). Collectively, these results are consistent with the
idea that APOC1 expression contributes to ferroptosis resistance
by stimulating the NRF2/HO-1 and NQO1 pathway.

APOC1 promotes translocation of NRF2 via the KEAP1-NRF2
pathway

Fan et al. showed that NRF2 diminished ferroptosis through the
KEAP1-NRF2 pathway, thereby promoting cell proliferation in GBM
[23]. Overexpression of KEAP1 induced NRF2 degradation and
reduced its translocation [22]. To further elucidate the effects of
APOC1 knockdown on Erastin-induced ferroptosis through the
KEAP1/NRF2/HO-1 and NQO1 pathways, the expression of KEAP1
and NRF2 was measured in U87-siAPOC1 cells. There was no
significant difference in NRF2 mRNA expression between U87-NC
cells and U87-siAPOC1 cells, whether treated with Erastin or not
(Fig. 6a); knockdown of APOCT significantly increased KEAP1
mRNA expression (Fig. 6b). Expression of NRF2 protein was
significantly increased in cells treated with Erastin (Fig. 6¢). APOC1
knockdown increased KEAP1 protein levels (Fig. 6¢) while APOC1
overexpression reduced expression of KEAP1 and improved
expression of NRF2 (Fig. 6d). The co-IP assay showed that APOC1
bound to KEAP1 (Fig. 6e), and immunofluorescence data showed
that overlap between APOC1 and KEAP1 was increased in Erastin-
treated cells (Fig. 6f and Supplementary Fig. S4), which indicated
that APOC1 might interact strongly with KEAP1 in cells under-
going ferroptosis. Thus, APOC1 could increase NRF2 level by
regulating KEAP1 expression. Overexpression of APOC1 enhanced
translocation of NRF2 from cytoplasm to nucleus (Fig. 6g, h). In
cells undergoing Erastin-mediated ferroptosis, the expression of
NRF2, HO-1 and NQO1 was increased while KEAP1 expression was
reduced (Fig. 6i). The lipid ROS level was significantly increased in
Erastin-treated U87 cells subjected to APOC1, NRF2, HO-1 or NQO1
knockdown (Fig. 6j). Taken together, these results showed that
knockdown of APOC1 increased KEAP1 expression, which
inhibited NRF2 translocation and accelerated the ferroptosis
process.

Upregulation of APOC1 enhanced cystathionine beta-synthase
expression that protected GBM cells from ferroptosis
Cystathionine beta-synthase (CBS) is a key enzyme in cysteine
synthesis, which catalyzes the first step in the trans-sulfuration
pathway [27] and plays an important part in the ferroptosis
process [28]. In our previous data, comparison of RNA-Seq data
from U251- APOC1 with U251 transfected with empty vector
showed that expression of CBS was significantly increased when
APOC1 was overexpressed. To determine the expression of CBS in
GBM and explore the role of CBS in ferroptosis and the
relationship between APOC1 and CBS, bioinformatics analysis
was carried out using the GEPIA and Oncomine databases. We
found higher CBS expression in GBM than in normal tissues
(Fig. 7a, b and Supplementary Fig. S5a). Results from IHC also
showed that CBS was highly expressed in GBM brain tissues than
adjacent normal brain tissues (Fig. 7c). Overexpression of APOC1
increased the mRNA and protein expression of CBS (Fig. 7d and
Supplementary Fig. S5b), while knockdown of APOC1 significantly
reduced CBS expression (Fig. 7e). Compared with U87-NC,
treatment with Erastin significantly increased the CBS mRNA level
and Erastin-induced upregulation of CBS was blocked by specific
siRNA interference (Fig. 7). The knockdown efficiency of siCBS was
shown in Supplementary Fig. S5c. Knockdown of APOCT signifi-
cantly reduced the mRNA level of CBS in Erastin-treated cells
(Fig. 79). It was shown in Fig. 7h that Erastin significantly increased
the levels of CBS and GPX4 protein, which could be blocked by
Fer-1. Moreover, knockdown of CBS expression significantly
reduced GSH level of U87 cells (Fig. 7i and Supplementary
Fig. S5d). Knockdown of NRF2 expression reduced CBS expression
(Supplementary Fig. S5e) and downregulation of APOC1 and NRF2
mMRNA also decreased GSH level (Fig. 7i and Supplementary
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Fig. S5d), which means that CBS may be regulated by the APOC1/
NRF2 pathway. Knockdown of CBS increased Fe®>" concentration
(Supplementary Fig. S5f) and lipid ROS (Fig. 7j). Moreover, APOC1
may interact with CBS and the overlap between APOC1 and CBS
was increased in cells treated by Erastin (Fig. 7k and Supplemen-
tary Fig. S5g). These results together are consistent with the
hypothesis that CBS is involved in ferroptosis, and that it may be
regulated directly by APOCT or through activation of APOC1/
NRF2.

APOC1 knockdown suppresses GBM tumor growth and enhances
sensitivity of cells to ferroptosis in vivo

To investigate the effects of APOCT on the growth of GBM in vivo,
U87-shNC cells, U87-shAPOC1-1 cells, and U87-shRNA-2 cells were
used to produce orthotopic xenograft tumors in the right brains of
athymic nude mice and MRI was performed to monitor the tumor
volume throughout the experiment (Fig. 8a). The U87-shNC cells
grew more aggressively in the brain than U87-shAPOC1-1 cells
and U87- shAPOC1-2 cells, which confirmed the in vitro results,
showing that APOC1 knockdown significantly inhibited growth of
GBM cells (Fig. 8b). The final tumor volume and relative brain
weight of mice in the U87-shAPOC1-1 and U87-shAPOC1-2 groups
were significantly lower than those of mice in the U87-shNC group
(Fig. 8¢, d). No obvious weight loss or abnormal behavior was
observed (Fig. 8e). By H&E staining, it was shown that the tumor
tissue in the NC group was denser than that in the APOCI
knockdown group (Fig. 8f). COX2 encoded by PTGS2 was highly
expressed in ferroptosis tissue [29, 30]. Our IHC results also showed
higher COX2 expression in the siAPOC1 group than in the shNC
group. Protein level of Ki67, GPX4, and CBS was decreased, while
KEAP1 was increased in the shAPOC1 group (Fig. 8f), which was
consistent with the above results. These data suggested that
knockdown of APOC1 suppressed tumorigenesis and enhanced
sensitivity of GBM to ferroptosis by regulating both the KEAP1 and
CBS pathways in vivo.

DISCUSSION

GBM is a severe disease of central nervous system with high
mortality and poor prognosis. Since the molecular mechanism of
GBM is still unclear and currently there is no good therapeutic
target, GBM is difficult to treat successfully owing to its high rate
of metastasis and recurrence. Thus, the search for novel, effective
therapeutic targets and exploring the molecular mechanisms of
the related pathways is of great significance for diagnosis and
treatment of patients with GBM. In this study, we found that
APOC1 was highly expressed in GBM tissues compared with
adjacent normal brain tissues. APOC1 was also highly expressed in
GBM cell lines compared with normal brain cell lines. Over-
expression of APOC1 promoted tumorigenicity by increasing
proliferation, migration, invasion and colony formation of GBM
cells; knockdown of APOC1 inhibited growth of GBM cells and
xenografted tumors. These results suggest that APOC1 may play
an important role in the proliferation and metastasis of GBM. This
study is also the first to reveal that knockdown of APOC1 could
increase the level of ROS and lipid ROS and promote ferroptosis in
cells treated with Erastin through regulation of the KEAP1/NRF2/
HO-1 and NQO1 pathways and the CBS/GPX4 axis (Fig. 9). In light
of these findings, it seems highly likely that APOC1 could be a
potential drug target for GBM therapy.

Studies have shown that targeting ferroptosis may become a
new strategy for inhibiting the progression of GBM [31, 32].
Ferroptosis is a newly discovered form of regulated cell death
different from apoptosis and necrosis. It is defined as an iron- and
ROS-dependent form of regulated necrosis characterized by lipid
peroxidation [33]. Compared with traditional anticancer therapies,
the current body of evidence offers proof that triggering
ferroptosis may be an effective new way to eradicate cancers,
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KEAP1 and attenuated NRF2 expression in U87 and U251 cells treated by Erastin for 24 h. d Overexpression of APOC1 enhanced NRF2
expression while decreased KEAP1 protein expression in U251 cells. e Co-Immunoprecipitation assay showed APOC1 can interact with KEAP1.

f Immunofluorescence images of APOC1 and KEAP1 in U251 cell.

Green for APOC1 and red for KEAP1. Scale bar=10pum. Data are

representative images of three assays with identical results. g, h APOC1 promotes nuclear translocation of NRF2. i Expression of APOC1,
KEAP1, NRF2, HO-1 and NQO1 in U87 and U251 cells treated by Erastin with or without Fer-1 for 24 h. j Representative image of lipid ROS with
identical results in three assays was shown. Experiments were performed in triplicate. Data are presented as mean + SD (n = 3). Statistical
significance was determined by Student’s t test, ***P < 0.001, n.s. nonsignificant vs. NC.
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Fig. 7 CBS participates in ferroptosis resistance which can be regulated by APOC1. a, b CBS is highly expressed in brain of GBM. CBS
expression in GBM was analyzed in GEPIA database (http://gepia.cancer-pku.cn/) (@) and Oncomine database (https://www.oncomine.org/) (b).
¢ Immunohistochemical analysis of CBS expression in GBM patients. Representative images showed expression of CBS protein was higher in
GBM than adjacent normal tissues. Scale bar =100 um. d Overexpression APOC1 improved CBS expression in U251 cells. e Knockdown of
APOC1 decreased CBS expression in U87 cells. f mRNA level of CBS increased in Erastin-induced ferroptosis for 24 h. g Knockdown of APOC1
decreased mRNA expression of CBS in cells treated by Erastin for 24 h. h CBS and GPX4 were highly expressed in U87 and U251 cells treated
by Erastin for 24 h. i Knockdown of APOC1, NRF2, or CBS attenuates GSH level in Erastin-induced ferroptosis in U87 cells. j Knockdown of CBS
increases lipid ROS level in U87 cells treated by Erastin for 24 h. k Inmunofluorescence images of APOC1 and CBS. Green for APOC1 and red
for CBS. Scale bar =10 pum. Data are representative images of three assays with identical results. Experiments were performed in triplicate.
Data are presented as mean + SD (n = 3). Statistical significance was determined by Student’s t test or one-way ANOVA, *P < 0.05, **P < 0.01,
***P <0.001 vs. NC.
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Fig. 8 Down-regulation of APOC1 inhibited GBM growth in vivo. a Schematic of APOC1 function in orthotopic GBM tumor growth in vivo.
b Representative MRI images of intracranial tumors from U87-shNC, U87-shAPOC1-1, and U87-shRNA-2. Scale bar =2 mm. ¢ Tumor volumes of
U87 orthotopic model. The tumor volume was calculated with formula: V tymor volume = L maximum length X W maximum width X T thickness of the tumor slice-
d Relative weight of brain in U87-shNC, U87-shAPOC1-1, and U87-shRNA-2 group. e Body weight change of U87-shNC, U87-shAPOC1-1, and
U87-shRNA-2 group. f H&E staining and immunohistochemical results of APOC1, Ki67, COX2, KEAP1, CBS, and GPX4 expression in brain tissues of
GBM orthotopic nude mice model. Representative images of each protein with identical results were shown in the shNC, shAPOC1-1, and
shAPOC1-2 tumor tissues. Scale bar = 100 um. Data are presented as mean + SD (n = 6). Statistical significance was determined by one-way
ANOVA, ***P <0.001 vs. shNC.
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Fig. 9 Mechanism of APOC1 in ferroptosis regulation of GBM. APOC1 reduced the sensitivity of GBM cells to ferroptosis by up-regulating
the KEAP1/NRF2/HO-1 and NQO1 pathway and the CBS/GPX4 axis, which finally decreasing intracellular ROS and Fe** level.

especially those aggressive malignancies with multiple drug
resistance [34, 35]. Researchers have designed and developed
several anticancer drugs that cause ferroptosis induction and are
testing them on various malignancies including GBM [36]. For
example, combining temozolomide with the ferroptosis inducer
Erastin can enhance the effect of temozolomide on glioblastoma
by increasing sensitivity of GBM cells to ferroptosis through
inhibiting the cystine-glutamate anti-transporter system Xc [37].
Some genes have been found to confer ferroptosis resistance on
cancer cells and targeting these genes may become a new
therapy for malignancies that are resistant to traditional therapies.
Our study is the first to show how APOC1 influenced growth and
metastasis of GBM cells through intervention with the ferroptosis
process. Knockdown of APOCT1 increased the level of Fe?" and
lipid ROS in cells. The NRF2 signaling pathway is a defensive
transduction pathway that reduces oxidative stress and the effects
of chemical stimulation [38, 39]. NRF2 is an important inhibitor of
ferroptosis because it can inhibit cellular uptake of iron and limit
ROS production [40]. KEAP1 is part of the E3 ubiquitin ligase which
regulates the activity of NRF2 by mediating its ubiquitination and
proteasome-dependent degradation. When cells undergo oxida-
tive stress, the cysteine sensor within KEAP1 drives NRF2 to escape
from ubiquitination through a complex molecular mechanism
[41]. NRF2 will then translocate from the cytoplasm into the
nucleus and initiate the transcription of antioxidant proteins. HO-1
and NQO1 are downstream targets of the NRF2 signaling pathway
[42]. Sun et al. found that the P62/KEAP1/NRF2 pathway had a
vital part in ROS-mediated ferroptosis by upregulating down-
stream anti-oxidation proteins [22]. In this study, we elucidated
the role and mechanism of APOC1 in ferroptosis of GBM cells, and
showed that knockdown of APOC1 attenuated the expression of
HO-1and NOQ1 which caused an increase of intracellular Fe*" and
lipid ROS. We further clarified the role that the APOC1-mediated
KEAP1-NRF2 signaling pathway plays in neutralizing ferroptosis to
protect GBM cells from death. Knockdown of APOC1 increased
KEAP1 expression by promoting KEAP1 transcription. Interestingly,
both the mRNA and protein levels of KEAP1 were increased in
U87-siAPOCT compared with U87-siNC, whereas the protein level
of NRF2 was decreased with unchanged mRNA level. This reveals
that downregulation of NRF2 protein by knockdown of APOCI

SPRINGER NATURE

was caused by KEAP1 mediated NRF2 degradation rather than by
directly altering the transcription of NRF2. The transcription of
KEAP1 did not change in ferroptosis, but the protein level
decreased significantly, which suggests that a large amount of
KEAP1 protein was degraded during ferroptosis; APOC1 knock-
down increased the KEAP1 protein level in ferroptosis. Results of
CO-IP and immunofluorescence assays also showed that APOC1
can interact with KEAP1. Therefore, it seems likely that inhibition
of APOC1 promotes the expression of KEAP1 by reducing its
degradation; but the mechanism of how APOC1 affects the
degradation of KEAP1 remains to be determined. The transloca-
tion of NRF2 from cytoplasm to nucleus was significantly
increased during ferroptosis in cells with high APOC1 expression.
The above results indicated that APOC1 can interact with KEAP1
and inhibit NRF2 degradation, thereby increasing the level of NRF2
and promoting the translocation of NRF2 from nucleus to
cytoplasm, facilitating the expression of the antioxidant proteins,
HO-1 and NQO1. Therefore, we hypothesized that APOC1
conferred ferroptosis resistance on GBM cells though its action
on the KEAP1-NRF2-mediated antioxidant pathway.

Besides the aforementioned genes, some systems were also
involved in ferroptosis, such as system Xc, the glutathione (GSH)
synthesis system [43, 44]. Cysteine is a key compound required for
the synthesis of glutathione (GSH), which is the main antioxidant
for maintaining redox homoeostasis [45, 46]. GSH metabolism and
anti-oxidant capacity regulates sensitivity to ferroptosis. Cellular
cysteine for GSH synthesis can be obtained by cells in two ways:
cystine imported from extracellular sources by system Xc and
converted to cysteine, and synthesis by CBS-mediated trans-
sulfurization [47]. System Xc plays an important role in ferroptosis
by exerting material exchange between the extracellular and
intracellular milieus. SLC3A2 and SLC7A11 are two components of
the disulfide-linked heterodimers of system X< that import
extracellular cystine in exchange for intracellular glutamate [48].
Although, SLC7A11 was reported to be a downstream target of
NRF2 [49, 50], we did not find any change in SLC7A11 expression
in the APOC1-mediated NRF2 pathway in GBM cells. Therefore, we
concluded that APOC1 did not affect ferroptosis progression of
GBM cells through system Xc. GSH is the substrate of GPX4, which
reduces lipid peroxides [51]. CBS is the gene encoding
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cystathionine-B-synthetase, which catalyzes the first step in the
homocysteine trans-sulfurization pathway, and irreversibly con-
verts homocysteine into cysteine [52]. It has been reported that
CBS is involved in ferroptosis resistance of cancers, such as ovarian
[47], neuroblastoma [53], and breast [54]. Here we reported that
both APOC1 and CBS were highly expressed in GBM, and that
overexpression of APOC1 significantly increased both mRNA and
protein expression of CBS. APOC1 is not a transcription factor, so
the upregulation of CBS may be associated with the APOC1-
mediated NRF2 pathway. Immunofluorescence data indicated that
the overlap between APOCT and CBS was high, which can be
enhanced in Erastin-induced ferroptosis. Knockdown of CBS also
reduced intracellular GSH levels and increased lipid ROS. These
results suggest that APOC1 may increase CBS expression by NRF2
activation or directly interacting with CBS to promote synthesis of
GSH and upregulate GPX4, which reduces lipid peroxidation and
leads to ferroptosis resistance.

CONCLUSIONS

In summary, we discovered that APOC1 was highly expressed in
both GBM cells and tissues of patients with GBM. Overexpression
of APOC1 promoted GBM tumorigenesis by increasing cell
proliferation, migration, invasion and colony formation. APOC1
reduced ROS levels and conferred ferroptosis resistance by
activating NRF2 and its target genes, NQO1 and HO-1, and
interacting with KEAP1. APOC1 also contributed to ferroptosis
resistance through the APOC1/KEAP1/NRF2 and APOC1/CBS/GPX4
pathways. Together, these results provide a clear indication that
APOCT may be an effective drug target in GBM.
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