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A B S T R A C T

Ferroptosis is a metabolism-related cell death. Stimulating ferroptosis in liver cancer cells is a strategy to treat
liver cancer. However, how to eradicate liver cancer cells through ferroptosis and the obstacles to inducing
ferroptosis in liver cancer remain unclear. Here, we observed that erastin suppressed the malignant phenotypes
of liver cancer cells by inhibiting O-GlcNAcylation of c-Jun and further inhibited protein expression, tran-
scription activity and nuclear accumulation of c-Jun. Overexpression of c-Jun-WT with simultaneous PuGNAc
treatment conversely inhibited erastin-induced ferroptosis, whereas overexpression of c-Jun-WT alone or
overexpression of c-Jun-S73A (a non-O-GlcNAcylated form of c-Jun) with PuGNAc treatment did not exert a
similar effect. GSH downregulation induced by erastin was restored by overexpression of c-Jun-WT with si-
multaneous PuGNAc treatment. In addition, overexpression of c-Jun-WT, but not its S73A mutant, induced
PSAT1 and CBS transcription via directly binding to their promoter regions, suggesting that GSH synthesis is
regulated by O-GlcNAcylated c-Jun. A positive correlation between c-Jun O-GlcNAcylation and GSH was ob-
served in clinical samples. Collectively, O-GlcNAcylated c-Jun represents an obstructive factor to ferroptosis, and
targeting O-GlcNAcylated c-Jun might be helpful for treating liver cancer.

1. Introduction

The dynamic posttranslational modification O-linked β-N-acet-
ylglucosamine glycosylation (O-GlcNAcylation), which is catalyzed by
O-GlcNAc transferase (OGT), serves as a nutrient sensor to couple
metabolic status to the stimulation of a variety of cancer promoting
pathways [1,2]. In liver cancer, the core protein of the Hippo pathway,
yes-associated protein (YAP), is O-GlcNAcylated by OGT at threonine
(Thr) 241 and activates the glucose metabolism through stimulating the
enzymes of the hexosamine biosynthetic pathway (HBP), nudix hy-
drolase 9 (NUDT9) and solute carrier family 5 member 3 (SLC5A3) [3].
The upstream factor of the O-GlcNAcylation-related signal is advanced
glycosylation end product receptor (AGER). The AGER/OGT signal
stimulates liver cancer accompanied by high glucose through the
transcription factor c-Jun, which is O-GlcNAcylated at Serine (Ser) 73
[4]. In addition, other promoters in liver cancer, such as the receptor
for activated C kinase 1 (RACK1) and histone deacetylase 1 (HDAC1),
are O-GlcNAcylated to stimulate liver tumorigenesis [5,6]. However,

most studies reported that O-GlcNAcylation stimulates liver tumor-
igenesis through HBP-related metabolism. Whether and how O-
GlcNAcylation affects the occurrence and development of liver cancer
through other mechanism remains unclear.

c-Jun is the first discovered oncogenic transcription factor [7]. In
liver cancer, a clinical study in 2001 reported that the coordinated
expression of c-Fos and c-Jun in HCC might reflect the coordinated
tumor cell cycle of progression and proliferation [8]. c-Jun is initially
important for liver cancer by antagonizing p53 activity to prevent
apoptosis [9]. In addition, c-Jun promotes liver tumor cell survival
during cancer initiation by regulating c-Fos- and SIRT6-dependent ex-
pression of survivin [10]. OCT4 and c-Jun bind to the promoters and
stimulate the transcription of each other to expedite stemness of liver
cancer cells [11]. Moreover, c-Jun promotes HBV-related liver tumor-
igenesis via targeting the dysplasia-associated cytokine, osteopontin, in
transgenic mice [12]. We also validated the tumor-promoting role of c-
Jun in previous studies. Mechanistically, c-Jun is activated by high-
glucose-activated AGER/OGT signaling and reversely stimulates the
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transcription of AGER via binding the JRE motif of the AGER promoter
to form a positive feedback loop. The major O-GlcNAcylated site is the
Ser73 of c-Jun [4]. However, how O-GlcNAcyalted c-Jun stimulates
liver tumorigenesis must to be further investigated.

Ferroptosis, a form of regulated cell death first discovered in 2012,
was originally found in cells exposed to the chemical compound erastin,
which inhibited cystine uptake by the cystine/glutamate antiporter
(system Xc−), creating a void in the antioxidant defenses of the cell and
ultimately leading to reactive oxygen species (ROS) accumulation-in-
duced oxidative cell death [13–15]. Sorafenib, the only medical treat-
ment with a proven efficacy against hepatocellular carcinoma, induces
ferroptosis to eliminate liver tumor cells [16,17]. However, almost all
patients develop sorafenib resistance within a few months [18]. We
hypothesized that some factors or pathways might act as antagonists to
reduce ferroptosis.

In this study, we observed that erastin specifically inhibited c-Jun O-
GlcNAcylation in liver cancer and further suppressed the related cancer
promoting function of c-Jun. However, overexpression of O-
GlcNAcylated c-Jun conversely repressed ferroptosis via stimulating
glutathione (GSH) synthesis through boosting the transcription of me-
tabolic enzymes phosphoserine aminotransferases 1 (PSAT1) and cy-
stathionine-beta-synthase (CBS). We also observed a positive associa-
tion between O-GlcNAcylated c-Jun and GSH synthesis in clinical liver
cancer samples. Inhibiting high level of O-GlcNAcylated c-Jun might
represent a new strategy for liver cancer treatment.

2. Methods

2.1. Cell culture and vectors

Bel-7402 and SMMC-7721 were purchased from Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and cultured in
Dulbecco's Modified Eagled Medium (DMEM) with 10% fetal bovine
serum. Erastin (Sigma, St Louis, MO, USA, 10 μM) with or without
PuGNAc (Sigma, 25 μM), ferrostatin-1 (Sigma, 1 μM), ZVAD-FMK
(Sigma, 10 μM) or necrosulfonamide (Sigma, 0.5 μM) were used to treat
cell. The c-Jun-WT, c-Jun-S73A, c-Jun-sh1 and c-Jun-sh2 plasmids were
obtained from our previous studies [4]. Promoter regions of WT- or
Mutated (Mut)-PSAT1 and CBS genes were amplified from gDNA of Bel-
7402 cells and cloned into pGL4.21 (Promega, Madison, WI, USA)
vectors. The primers used were listed in Supplementary Table 1.

2.2. Mouse experiments and tissue samples

Eight-week-old athymic nude mice were obtained from Bikai
Laboratory Animal Crop (Bikai, Shanghai, China) and Bel-7402 cells
(initial 5× 106) were subcutaneously injected into each mouse.
Dimethy sulfoxide (DMSO) or piperazine erastin (5 mg/kg,
MedChemExpress, Monmouth Junction, NJ, USA) was subcutaneously
injected once every day after xenografts were formed. The tumor vo-
lume was measured every 4 days and calculated as 0.5 x L x W2, with L
indicating length and W indicating width. Tumorous and adjacent liver
tissues were acquired from the Shanghai Tenth People's Hospital under
institutional approval. Informed written consent was obtained from all
patients.

2.3. Immunofluorescence (IF), Western Blotting (WB) and
Immunohistochemistry (IHC)

IF was performed as previously described [19], and the primary
antibody used was anti-c-Jun [Cell Signaling Technology (CST), Boston,
MA, #9165, monoclonal, Rabbit IgG, 1:200].

Subcellular extracts for WB were prepared using a kit from Active
Motif (Carlsbad, CA, USA). WB was performed as previously described
using primary antibodies: anti-c-PARP (Abcam, Hong Kong, China,
#ab32064, monoclonal, Rabbit IgG, 1:1000), anti-p-MLKL (CST,

#91689, monoclonal, Rabbit IgG, 1:1000), anti-ACSL4 (Abcam,
#ab155282, monoclonal, Rabbit IgG, 1:1000), anti-c-Jun (CST, #9165,
monoclonal, Rabbit IgG, 1:1000), anti-p-c-Jun (S73) (CST, #3270,
monoclonal, Rabbit IgG, 1:1000), anti-GAPDH (CST, #5174, mono-
clonal, Rabbit IgG, 1:2000), anti-O-GlcNAc (Abcam, #ab2739, mono-
clonal, Mouse IgG, 1:1000), anti-HSP27 (Abcam, #ab5579, polyclonal,
Rabbit IgG, 1:1000), anti-HDAC1 (Abcam, #ab7028, polyclonal, Rabbit
IgG, 1:1000), anti-P27 (Abcam, #ab206927, monoclonal, Rabbit IgG,
1:1000), anti-RACK1 (Abcam, #ab62735, polyclonal, Rabbit IgG,
1:1000), anti-YB1 (Abcam, #ab12148, polyclonal, Rabbit IgG, 1:1000),
anti-OGT (Abcam, #ab184198, monoclonal, Mouse IgG, 1:1000), anti-
PSAT1 (Abcam, #ab96136, polyclonal, Rabbit IgG, 1:1000) and anti-
CBS (Abcam, #ab96252, polyclonal, Rabbit IgG, 1:1000) [20].

IHC was performed as previously described using primary anti-
bodies: anti-c-Jun (CST, #9165, monoclonal, Rabbit IgG, 1:200) and
anti-p-c-Jun (S73) (CST, #3270, monoclonal, Rabbit IgG, 1:200) [3].

2.4. Luciferase reporter assay

Luciferase reporters were co-transfected into liver cancer cells with
a Renilla luciferase expression plasmids. After incubation for 48 h, the
cells were harvested and then lysed in the passive lysis buffer (Promega,
Madison, WI, USA). Signals of luciferase reporters were then examined
using dual-luciferase reagent (Promega).

2.5. Measurements of cell viability and colony formation

For the methylthiazol tetrazolium (MTT)-based cell viability assay,
Bel-7402 and SMMC-7721 cells (3000 cells per well) were seeded in a
96-well plate, treated with 5mg/ml MTT 5 days later, and lysed in
DMSO after 4 h. Absorbance was measured at 595 nm. For soft agar
colony formation assay, Bel-7402 and SMMC-7721 cells (6000 cells per
well) were seeded in a 6-well plate of 0.3% agarose in DMEM media
containing 10% FBS. Colonies from 12 fields of view were counted after
2 weeks.

2.6. Co-immunoprecipitation (co-IP)

Cells were washed using PBS and subsequently lysed in Western/IP
lysis buffer (Beyotime, Haimen, China). Cells lysates were incubated
with protein A/G magnetic beads (Novex, Oslo, Norway) overnight,
washed five times and analyzed by WB. The antibodies used for im-
munoprecipitation were anti-O-GlcNAc (Abcam, #ab2739, monoclonal,
Mouse IgG, 1:100), anti-OGT (Abcam, #ab177941, monoclonal, Rabbit
IgG, 1:100 and #ab184198, monoclonal, Mouse IgG, 1:100), and anti-c-
Jun (CST, #9165, monoclonal, Rabbit IgG, 1:100 and #2315, mono-
clonal, Mouse IgG, 1:100).

2.7. Enzymatic labelling of O-GlcNAc sites

In the first day, the co-immunoprecipitated protein complexes were
added into reaction buffer (20mM HEPES, pH 7.9, 50mM NaCl, 1 mM
PuGNAc, and 5mM MnCl2 with protease and phosphatase inhibitors).
Gal-T1Y289L (Invitrogen, Carlsbad, CA, USA) and UDP-GalNAz
(Invitrogen) were then added into reaction buffer. The mix was in-
cubated overnight at 4 °C. In the second day, the beads were washed
twice with reaction buffer, and the samples were reacted with biotin
alkyne (Invitrogen) or tetramethyl-6-carboxyrhodamine (TAMRA) al-
kyne (Invitrogen). Finally, the biotin or TAMRA labeled proteins were
analyzed by WB using anti-HRP-labeled-Streptavidin (Beyotime,
#A0303, 1:2000) or anti-TAMRA (Invitrogen, #A6397, polyclonal,
Rabbit IgG, 1:2000) antibodies [3].

2.8. Iron assay

The iron concentration in the cell lysates was assessed using an Iron
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assay kit (Abcam). Cells were lysed in a Western/IP lysis buffer
(Beyotime) at 4 °C for 20min and centrifuged at 12,000 rpm for 15min
at 4 °C. Simultaneously, the standard curve was prepared using an iron
standard that was diluted in ddH2O. Iron assay buffer was added to
samples before iron reducer was added. The standards and samples
were then incubated at 25 °C for 30min before the addition of iron
probes and incubation in the dark at 25 °C for 60min. The absorbance
was finally measured at 593 nm using a microplate reader (Biotek,
Winooski, VT, USA).

2.9. Lipid peroxidation assay

Malondialdehyde (MDA) concentrations in cell lysates were as-
sessed using a lipid peroxidation assay kit (Abcam). The cells were lysed
in lysis solution prepared by the manufacturer, homogenized on ice and
centrifuged at 13,000 rpm for 10min at 4 °C to collect the supernatant.
Simultaneously, the standard curve was prepared using an MDA stan-
dard that was diluted in ddH2O. Thiobarbituric acid (TBA) solution was
then added to each sample. Next, the mixture was incubated at 95 °C for
60min before adding it to a 96-well microplate. The absorbance was
measured at 532 nm using a microplate reader (Biotek).

2.10. Glutathione assay

Glutathione (GSH) concentrations in cell lysates were assessed using
a glutathione assay kit (Sigma). The standard curve was prepared using
GSH standard diluted in an assay buffer. The cells were scraped and
homogenized in PBS, deproteinized with 5% 5-sulfosalicylic acid and
centrifuged to remove the protein precipitate. The supernatant was
treated with 5, 5′–dithiobis (2–nitrobenzoic acid; DTNB). In principle,
GSH reduces DTNB to 5-thio-2-nitrobenzoic acid (TNB) and oxidizes to
glutathione disulfide (GSSG). Oxidized GSSG present in the cells reacts
with the added NADPH to yield GSH, which subsequently reacts with
DTNB to yield TNB. Thereby, total TNB indirectly reflects GSH con-
centration. The total TNB formed was finally measured by absorption at
412 nm in a microplate reader (Biotek).

2.11. Phospholipid assay

The phospholipid concentration in cell lysates was assessed using
the phospholipid assay kit (Sigma). The standard curve was prepared
using a phospholipid standard diluted in assay buffer. The cells were
scraped and homogenized in assay buffer. Then, enzyme mix, phos-
pholipase D (PLD) enzyme and dye reagent provided by the manu-
facturer were added per the instructions. The mixture was incubated for
30min at room temperature without light. The absorbance was mea-
sured at 570 nm in a microplate reader (Biotek).

2.12. Glutamate assay

The phospholipid concentration in cell lysates was assessed using
the glutamate assay kit (Sigma). The standard curve was prepared using
a glutamate standard that was diluted in an assay buffer.
Simultaneously, the cells were scraped and homogenized in the assay
buffer. A glutamate developer and glutamate enzyme mix provided by
the manufacturer were then added according to the instructions. The
mix was incubated for 30min at room temperature without light. The
absorbance was measured at 450 nm with a microplate reader (Biotek).

2.13. Cysteine assay

The cysteine concentration in cell lysates was assessed using a cy-
steine assay kit (Sigma). The standard curve was prepared using the
cysteine standard that was diluted in assay buffer. Simultaneously, the
cells were scraped and homogenized in the assay buffer. Then, the di-
luted enzyme mix I, reducing agent, and homocysteine (HCY) blocker

provided by the manufacturer were added per the recommended in-
structions. After incubation for 30min at 37 °C, enzyme mix II was
added to each reaction and then the mix was incubated for 5min. A
cysteine probe was added to each reaction, and fluorescence was
measured using a microplate reader (Biotek).

2.14. Glycine assay

Glycine concentrations in cell lysates were assessed using the gly-
cine assay kit (Sigma). The standard curve was prepared using the
glycine standard that was diluted in ddH2O. Simultaneously, the cells
were scraped and homogenized in the assay buffer. Then, enzyme mix,
developer and probe provided by the manufacturer were added per the
recommended instructions. The mix was incubated for 60min at 25 °C
without light. Fluorescence was measured using a microplate reader
(Biotek).

2.15. Enzyme-linked immunosorbent assay (ELISA)

The concentrations of cystathionine, serine, 3-PG, p-Pyr and p-Ser
were evaluated by ELISA. The samples were diluted (1:4) in a dilution
buffer provided by the manufacturer, and 50 μl of each diluted sample
was added to 96-well microtiter plates for analysis. ELISA kits were
purchased from Lichen Biotech Ltd. (Shanghai, China). ELISA assays
were performed in strict accordance with the manufacturers' guidelines.
The signals were determined by measuring the absorbance at 450 nm
with a microplate reader (Biotek).

2.16. Protein ligation assay (PLA)

The PLA was performed to identify the direct interaction between
two proteins using the Duolink™ in situ red starter kit (mouse/rabbit)
(Sigma). The primary antibodies were anti-c-Jun (CST, #9165, mono-
clonal, Rabbit IgG, 1:200) and anti-O-GlcNAc (Abcam, Hongkong,
China, #ab2739, monoclonal, Mouse IgG, 1:200). The detailed proto-
cols were previously described [21].

2.17. Quantitative RT-PCR (qPCR)

The total RNA was extracted using Trizol, and the RNA was reverse-
transcribed into complementary DNA using PrimeScript™ RT reagent
Kit (Perfect Real Time) (TaKaRa, Dalian, China). qPCR was performed
using a SYBR premix Ex Taq (TaKaRa) kit. The primers were listed in
Supplementary table 1.

2.18. Chromatin immunoprecipitation (ChIP)

ChIP was performed using a kit from Active Motif (Carlsbad, CA,
USA). The cells or samples were fixed using 1% formaldehyde, washed
with PBS and lysed in a lysis buffer for sonication. Then, the protein-
DNA complexes were incubated overnight with protein G beads (pro-
vided by the manufacturer) at 4 °C. The antibodies used for ChIP were
anti-c-Jun (CST, #9165, monoclonal, Rabbit IgG, 1:100), anti-STAT3
(CST, #12640, monoclonal, Rabbit IgG, 1:100) and anti-IgG (CST,
#3900, monoclonal, Rabbit IgG, 1:100). The DNA was eluted in 1%
SDS/0.1 M NaHCO3, reversed cross-linked at 65 °C, purified by phenol/
chloroform extraction and ethanol precipitation, and finally subjected
to qPCR analysis [22].

2.19. Lipid ROS measurements

BODIPY-C11 (Invitrogen, D-3861) was added to a final concentra-
tion of 1.5 μM for 20min before cells were harvested by trypsinization,
washed and strained through a 40-μM cell strainer (BD Falcon, Franklin
Lakes, NJ, USA). Cells were analyzed using a flow cytometer (BD
FACSCanto II, BD Biosciences, San Jose, CA, USA) equipped with a 488-
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nm laser for excitation. Data were collected from the FL1 channel with
a minimum of 10,000 cells per sample.

2.20. Statistical analysis

Tests used to examine the differences between groups were one-way
ANOVA and the Spearman rank-correlation analysis. A P < .05 was
considered statistically significant.

3. Results

3.1. Malignant phenotypes of liver cancer cells are inhibited by ferroptosis
inducer

C11-BODIPY is a fluorescent radio-probe for indexing lipid perox-
idation and antioxidant efficacy in model membrane systems and living
cells and is regarded as specific markers for ferroptosis [23,24]. We
observed that erastin, a stimulator of ferroptosis, significantly upregu-
lated C11-BODIPY fluorescence in two liver cancer cell lines, Bel-7402
and SMMC-7721, which demonstrated high carcinogenic properties in
our previous studies [3,20]. The ferroptosis inhibitor ferrostatin-1 re-
versed erastin-induced upregulation of C11-BODIPY fluorescence,
whereas ZVAD-FMK (the inhibitor for apoptosis) and necrosulfonamide
(the inhibitor for necrosis) had no effect (Fig. 1A). Similarly, erastin
positively regulated the concentration of another ferroptosis biomarker
MDA [25]. This effect could be reversed by ferrostatin-1 but not by
ZVAD-FMK and necrosulfonamide (Fig. 1B). Furthermore, erastin
treatment significantly induced the expression of ACSL4, which is

positively associated with ferroptosis levels [26,27]. Similarly, ferros-
tatin-1 restored, while ZVAD-FMK and necrosulfonamide did not affect
erastin-induced upregulation of ACSL4 (Fig. 1B). We also found that
erastin treatment had no effect on the expression of c-PARP (biomarker
of apoptosis [28]) and p-MLKL (biomarker of necrosis [29,30])
(Fig. 1C). These data proved that erastin induces ferroptosis in liver
cancer cells.

Next, we evaluated that whether stimulation of ferroptosis regulated
malignant phenotypes of liver cancer cells. We observed that both cell
viability and colony formation of liver cancer cells were inhibited by
erastin treatment, whereas these effects were restored by simultaneous
treatment of ferostatin-1 (Fig. 1D-1F). Moreover, simultaneous treat-
ment of ZVAD-FMK or necrosulfonamide had no effect on erastin-in-
duced suppression of cell viability and colony formation (Fig. 1D-1F).
These results suggested that stimulation of ferroptosis inhibits the ma-
lignant phenotypes of liver cancer cells.

3.2. Cancer-promoting function of c-Jun is specifically inhibited by a
ferroptosis inducer

Development of liver cancer is accompanied with increased O-
GlcNAcylation levels [3,31]. We observed that erastin treatment sig-
nificantly suppressed global O-GlcNAcylation levels in liver cancer cell
lines Bel-7402 and SMMC-7721. These effects were reversed by si-
multaneous treatment with ferrostatin-1 but not affected by simulta-
neous treatment with ZVAD-FMK or necrosulfonamide (Fig. 2A). Pre-
vious studies have reported that oncoprotein c-Jun, HSP27, HDAC1,
P27, RACK1 and YB1 are O-GlcNAcylated and promote liver cancer

Fig. 1. Ferroptosis inhibits malignant phenotypes of liver cancer cells.
(A) Fluoresce of C11-BODIPY was measured in Bel-7402 and SMMC-7721 cells treated with DMSO or erastin with or without ferrostatin-1, ZVAD-FMK or necro-
sulfonamide (treatment time: 12 h).
(B) Concentrations of MDA was measured in Bel-7402 and SMMC-7721 cells treated with DMSO or erastin with or without ferrostatin-1, ZVAD-FMK or necro-
sulfonamide (treatment time: 12 h).
(C) Expression of c-PARP, p-MLKL or ACSL4 was measured by WB in Bel-7402 and SMMC-7721 cells treated with DMSO or erastin with or without ferrostatin-1,
ZVAD-FMK or necrosulfonamide (treatment time: 12 h).
(D) Cell viability was measured using MTT-based assay in Bel-7402 and SMMC-7721 cells treated with DMSO or erastin with or without ferrostatin-1, ZVAD-FMK or
necrosulfonamide (treatment time: 12 h).
(E-F) Colony formation was measured using soft agar colony formation assay in Bel-7402 and SMMC-7721 cells treated with DMSO or erastin with or without
ferrostatin-1, ZVAD-FMK or necrosulfonamide (treatment time: 12 h). Scale bar, 200 μm.
The data are presented as the means± SD from three biological replicates. **, p < .01. The data shown in (A), (B), (D) and (E) were analyzed using a one-way
ANOVA test. E, erastin; F, ferrostatin-1; Z, ZVAD-FMK; N, necrosulfonamide.
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Fig. 2. Ferroptosis inhibits c-Jun activity.
(A) Global O-GlcNAcylation level was measured by WB in Bel-7402 and SMMC-7721 cells treated with DMSO or erastin with or without ferrostatin-1, ZVAD-FMK or
necrosulfonamide (treatment time: 12 h).
(B-D) Proteins were immunocipitated by anti-O-GlcNAc (B), OGT (C), or c-Jun (D) antibodies with or without erastin treatment, and co-immunoprecipitated proteins
were detected using indicated antibodies in Bel-7402 cells, the erastin treatment time was 24 h (B), 24 h (C) and 8 h (D), respectively. The O-GlcNAc (B), OGT (C) and
c-Jun (D) level in the co-IP samples were adjusted to the same content.
(E) Endogenous c-Jun was immunoprecipitated by anti-c-Jun antibodies in Bel-7402 cells treated with or without UDP-GalNAz, GalT1 Y289L or erastin as indicated
(treatment time: 12 h). The biotin or TAMRA labeled O-GlcNAcylated c-Jun was measured by anti-Streptavidin or anti-TAMRA. The c-Jun level in each co-IP samples
were adjusted to the same content.
(F) The interaction between c-Jun and O-GlcNAc was measured using PLA in Bel-7402 cells with DMSO or erastin treatment (treatment time: 12 h). The areas with
red signals were enlarged by a square. Scale bar, 200 μm.
(G) c-Jun and phosphorylation of Ser73 at c-Jun were measured by WB in in Bel-7402 and SMMC-7721 cells treated with DMSO or erastin with or without ferrostatin-
1, ZVAD-FMK or necrosulfonamide (treatment time: 12 h).
(H) Luciferase activity of c-Jun pathway was measured using a luciferase reporter assay in Bel-7402 and SMMC-7721 cells treated with DMSO or erastin with or
without ferrostatin-1, ZVAD-FMK or necrosulfonamide (treatment time: 12 h).
(I) The nuclear and cytosol components of Bel-7402 and SMMC-7721 cells treated with or without erastin were extracted. The levels of c-Jun were subsequently
examined by WB.
(J) Subcellular distribution of c-Jun in Bel-7402 and SMMC-7721 cells treated with or without erastin (treatment time: 12 h) was by a confocal microscopy assay.
Scale Bar, 50 μm.
(K-L) Xenografts formed by Bel-7402 cells treated with or without piperazine erastin was shown (L). Expression of c-Jun and phosphorylation of Ser73 at c-Jun were
subsequently measured by IHC and WB, respectively (L). Scale bar, 1 cm.
The data are presented as the means± SD from three biological replicates. **, p < .01. The data shown in (H) were analyzed using a one-way ANOVA test. E,
erastin; F, ferrostatin-1; Z, ZVAD-FMK; N, necrosulfonamide; PE, piperazine erastin. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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development [4–6,32–34]. We performed co-immunoprecipitation ex-
periments in Bel-7402 cells and observed that erastin significantly in-
hibited the bindings of c-Jun to O-GlcNAc and OGT (Fig. 2B and C).
However, bindings of other oncoproteins (HSP27, HDAC1, P27, RACK1
and YB1) to O-GlcNAc or OGT were not obviously influenced by erastin
in contrast to the findings for c-Jun (Fig. 2B and C). Additionally, OGT
or O-GlcNAc binding to c-Jun was significantly inhibited by erastin
treatment in Bel-7402 cells (Fig. 2D). Enzymatic labeling of O-GlcNAc
experiments further validated that O-GlcNAcylation of c-Jun were in-
hibited erastin treatment (Fig. 2E). Moreover, protein ligation assay
results suggested that erastin restrained the originally obvious inter-
action between c-Jun and O-GlcNAc in Bel-7402 cells (Fig. 2F). These
results demonstrated that ferroptosis inhibits O-GlcNAcylation of c-Jun
without affecting O-GlcNAcylation of other previously reported O-
GlcNAcylated oncoproteins.

We next investigated whether other cancer-promoting functions of
c-Jun, such as protein expression, phosphorylation, transcription ac-
tivity and intracellular distribution, are regulated when ferroptosis is
induced. First, we found that erastin significantly inhibited c-Jun ex-
pression. This effect was reversed by ferrostatin-1 treatment but not
influenced by ZVAD-FMK or necrosulfonamide treatment in both Bel-
7402 and SMMC-7721 cells (Fig. 2G). Interestingly, the phosphoryla-
tion level of Ser73 at c-Jun (negatively associated with the c-Jun ac-
tivity [4]) was stimulated after erastin treatment in both Bel-7402 and
SMMC-7721 cells (Fig. 2G). Erastin treatment also inhibited luciferase
activity of c-Jun transcription compared to control treatment, and this
effect could be reversed by ferrostatin-1 but not influenced by ZVAD-
FMK or necrosulfonamide (Fig. 2H), These results suggest that ferrop-
tosis inhibited protein expression and activity and stimulated c-Jun
phosphorylation.

c-Jun mainly performed its oncogenic role in the nucleus to

stimulate downstream transcription [4,35]. We observed that erastin
treatment slightly induced cytosol expression but significantly inhibited
nuclear expression of c-Jun in both Bel-7402 and SMMC-7721 cells
(Fig. 2I). Moreover, c-Jun was translocated from nucleus to cytoplasm
after erastin treatment in both Bel-7402 and SMMC-7721 cells (Fig. 2J),
suggesting that the ferroptosis stimulus erastin suppresses the onco-
genic function of c-Jun. Additionally, piperazine erastin (a more stable
erastin in vivo) treatment reduced the volume of xenografts formed by
Bel-7402 cells (Fig. 2K). We observed that piperazine erastin negatively
regulated expression of c-Jun but positively regulated the phosphor-
ylation of Ser73 in c-Jun in xenografts formed by Bel-7402 cells
(Fig. 2L). These data demonstrated that ferroptosis inhibited the cancer-
promoting functions of c-Jun both in vitro and in vivo.

3.3. O-GlcNAcylated c-Jun prevents resist ferroptosis in liver cancer cells

Ser73 in c-Jun is the major O-GlcNAcylation site in liver cancer cells
[4]. We observed that overexpression of c-Jun-Wild type (WT) with
simultaneous PuGNAc treatment (the stimulus of O-GlcNAcylation)
reversed erastin-induced upregulation of ACSL4, whereas over-
expression of c-Jun-WT alone or overexpression of c-Jun-S73A with
simultaneous PuGNAc treatment did not influence ACSL4 expression
(Fig. 3A). Additionally, we observed that overexpression of c-Jun-WT
with simultaneous PuGNAc treatment inhibited erastin-induced in-
creases in phosphorylated c-Jun, whereas overexpression of c-Jun-WT
or c-Jun-S73A (a non-O-GlcNAcylated form of c-Jun) did not influence
the erastin-induced increase in phosphorylated c-Jun (Fig. 3A). How-
ever, overexpression of c-Jun-WT with simultaneous PuGNAc treatment
reversed erastin-induced reduction of O-GlcNAcylated c-Jun, whereas
overexpression of c-Jun-WT alone or overexpression of c-Jun-S73A with
simultaneous PuGNAc treatment did not have a similar effect (Fig. 3B).

Fig. 3. Ser73 O-GlcNAc modified c-Jun inhibits ferroptosis.
(A) Bel-7402 and SMMC-7721 cells were treated as indicated (drug treatment time: 12 h). Expression of indicated proteins were subsequently measured using WB.
(B) c-Jun was immunoprecipitated using anti-c-Jun antibodies in Bel-7402 and SMMC-7721 with indicated treatment (drug treatment time: 12 h), and the levels of c-
Jun in each co-IP samples were adjusted to the same contents. O-GlcNAc levels were then measured by WB.
(C) Fluoresce of C11-BODIPY was measured in Bel-7402 and SMMC-7721 cells with indicated treatment (drug treatment time: 12 h).
(D) Concentrations of MDA was measured in Bel-7402 and SMMC-7721 cells with indicated treatment (drug treatment time: 12 h).
(E-G) Cell viability (E) and colony formation (F-G) of Bel-7402 and SMMC-7721 cells with indicated treatment (drug treatment time: 12 h) were measured. The
represented images of cell colonies were shown in G. Scale bar, 200 μm.
The data are presented as the means± SD from three biological replicates. **, p < .01. The data shown in (CeF) were analyzed using a one-way ANOVA test. E,
erastin; F, ferrostatin-1, P, PuGNAc.
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We also found that overexpression of c-Jun-WT with simultaneous
PuGNAc treatment restored erastin-induced upregulation of C11-
BODIPY fluorescence and MDA concentrations, whereas overexpression
of c-Jun-WT alone or overexpression of c-Jun-S73A with simultaneous
PuGNAc treatment did not have a similar effect (Fig. 3C-D). Finally, we
observed that overexpression of c-Jun-WT with simultaneous PuGNAc
treatment did not invert erastin-induced suppression of cell viability
and colony formation, whereas overexpression of c-Jun-WT alone or
overexpression of c-Jun-S73A with simultaneous PuGNAc treatment did
not exhibit an analogous function (Fig. 3E-3G). These data suggested
that increasing amount of O-GlcNAcylated c-Jun could block ferroptosis
and reverse ferroptosis-related inhibition of malignant phenotypes of
liver cancer cells.

Additionally, we evaluated whether PuGNAc alone regulates

ferroptosis, or has the ability to reverse erastin-induced ferroptosis. We
observed that PuGNAc alone did not significantly regulate the ferrop-
tosis markers C11-BODIPY, MDA and ACSL4 and could not reverse
erastin-induced upregulation of C11-BODIPY fluorescence, MDA con-
centration and ACSL4 expression (Supplementary Fig. 1A-C), whereas
PuGNAc alone promoted cell viability and colony formation in Bel-
7402 and SMMC-7721 cells (Supplementary Fig. 1D-F). Therefore,
PuGNAc might promote the malignant phenotypes of liver cancer cells
in a ferroptosis- independent manner.

3.4. O-GlcNAcylated c-Jun stimulates GSH synthesis pathway

Ferroptosis is promoted by increased of lipid ROS, and at least three
metabolites regulate the synthesis of lipid ROS. Phospholipids and Fe2+

Fig. 4. Ser73 O-GlcNAc modified c-Jun inhibits GSH synthesis.
(A) Schematic presentation of metabolic pathways that affect lipid ROS to cause ferroptosis.
(B-G) Concentrations of GSH, phospholipids, Fe2+, glutamate, glycine and cysteine in Bel-7402 and SMMC-7721 cells with indicated treatment (drug treatment
time: 12 h).
(H) Schematic presentation of metabolic pathways from Glucose to GSH.
(I-M) Concentrations of cystathionine, serine, p-Ser, p-Pyr and 3-PG in Bel-7402 and SMMC-7721 cells with indicated treatment (drug treatment time: 12 h).
The data are presented as the means± SD from three biological replicates. *, p < .05, **, p < .01. The data shown in (B-G and I-M) were analyzed using a one-way
ANOVA test. E, erastin; F, ferrostatin-1.
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upregulate lipid ROS, whereas GSH downregulates lipid ROS (Fig. 4A)
[13,36,37]. We observed that erastin treatment significantly inhibited
of GSH concentrations and increased phospholipids and Fe2+ con-
centrations (Fig. 4B-4D). However, only GSH downregulation induced
by erastin could be reversed by overexpression of c-Jun-WT with si-
multaneous PuGNAc treatment, and phospholipids and Fe2+ upregu-
lation induced by erastin could not be reversed by overexpression of c-
Jun-WT with simultaneous PuGNAc treatment (Fig. 4B-4D). In addition,
overexpression of c-Jun-WT alone or overexpression of c-Jun-S73A with
simultaneous PuGNAc treatment did not influence the concentration
changes of these three metabolites induced by erastin (Fig. 4B-4D).
These results suggested that O-GlcNAcylated c-Jun resists ferroptosis
via stimulates GSH synthesis without regulating phospholipids and
Fe2+.

GSH is synthesized by glutamate, cysteine and glycine [38]. We
observed that erastin treatment upregulated the concentrations of glu-
tamate and glycine but downregulated the cysteine concentrations.

Moreover, overexpression of c-Jun-WT with simultaneous treatment of
PuGNAc reversed the downregulation of cysteine concentration in-
duced by erastin treatment and further upregulated the concentration
of glycine without influencing the concentration of glutamate (Fig. 4E-
4G). Both cysteine and glycine are synthesized by the pathway from
glucose to serine [39] (Fig. 4H). Thus, we next investigated whether O-
GlcNAcylated c-Jun upregulates the concentration of glycine and cy-
steine generated from this pathway. We observed that erastin treatment
could inhibit the concentrations of cystathionine, serine and p-Ser,
whereas overexpression of c-Jun-WT with simultaneous PuGNAc
treatment reversed these effects (Fig. 4I-4K). Moreover, the upstream
metabolites p-Pyr and 3-PG were not influenced by erastin treatment or
simultaneous overexpression of c-Jun with PuGNAc treatment (Fig. 4L
and M). These results demonstrated that the metabolite pathway from
p-Ser to GSH is stimulated by O-GlcNAcylated c-Jun.

Fig. 5. Ser73 O-GlcNAc modified c-Jun inhibits the transcription of PSAT1 and CBS.
(A-B) c-Jun-WT, c-Jun-S73A, c-Jun-sh1 or c-Jun-sh2 plasmids were transfected into Bel-7402 (A) or SMMC-7721 cells (B), and the mRNA levels of PHGDH, PSAT1,
PSPH, CBS, CTH, SHMT2 and GSS were detected using qPCR.
(C) c-Jun-WT, c-Jun-S73A, c-Jun-sh1 or c-Jun-sh2 plasmids were transfected into Bel-7402 and SMMC-7721 cells. The protein levels of c-Jun, PSAT1 and CBS were
detected using WB.
(D-E) The enrichment of c-Jun in Bel-7402 and SMMC-7721 cells at indicated regions of indicated PSAT1 and CBS promoter was calculated as the percentage of input
chromosomal DNA via ChIP using the corresponding antibodies. A non-specific IgG was used as the negative control antibody.
(F) c-Jun binding motif from JASPAR database was identified in PSAT1 and CBS promoter.
(G-H) c-Jun-WT, c-Jun-S73A, c-Jun-sh1 or c-Jun-sh2 plasmids were transfected into Bel-7402 (G) and SMMC-7721 cells (H). Luciferase activities of WT- or Mut-
PSAT1 promoter were detected using the dual-luciferase regent.
(I-J) c-Jun-WT, c-Jun-S73A, c-Jun-sh1 or c-Jun-sh2 plasmids were transfected into Bel-7402 (I) and SMMC-7721 cells (J). Luciferase activities of WT- or Mut- CBS
promoter were detected using the dual-luciferase regent.
The data are presented as the means± SD from three biological replicates. *, p < .05, **, p < .01. The data shown in (A-B, D-E and G-J) were analyzed using a one-
way ANOVA test.
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3.5. O-GlcNAcylated c-Jun stimulates PSAT1 and CBS transcription

We next investigated whether c-Jun stimulates the transcription of
enzymes in the GSH synthesis pathway. We observed that over-
expression of c-Jun-WT induced phosphoserine aminotransferase 1
(PSAT1) and cystathionine β synthase (CBS) mRNA levels, whereas
overexpression of c-Jun-S73A did not regulate the mRNA levels of these
two enzymes in Bel-7402 and SMMC-7721 cells. Knockdown of c-Jun
inhibited PSAT1 and CBS mRNA levels. Additionally, overexpression or
knockdown of c-Jun did not influence the mRNA levels of other en-
zymes in the metabolite pathway from 3-PG to GSH (Fig. 5A and B). We
also performed Western blots experiments and observed that over-
expression of c-Jun-WT induced PSAT1 and CBS protein expression,
while overexpression of c-Jun-S73A did not exert a similar effect.
Knockdown of c-Jun inhibited PSAT1 and CBS protein levels in Bel-

7402 and SMMC-7721 cells (Fig. 5C). ChIP experiments revealed that c-
Jun directly bound to the −250~− 1 promoter region of PSAT1 and
the −1250~− 1001 promoter region of CBS (Fig. 5D-E). Moreover,
the c-Jun binding motifs (TGACTCA/TGAGTCA, from JASPAR data-
base) were identified in the −26~− 20 promoter region of PSAT1 and
the −1196~− 1190 promoter region of CBS (Fig. 5F). We constructed
WT and motif-mutant promoter luciferase reporters and found that
overexpression of c-Jun-WT could significantly induce the luciferase
activities of WT-PSAT1 and CBS promoters. In contrast, overexpression
of c-Jun-S73A did not have a similar effect, and knockdown of c-Jun
inhibited the luciferase activities of the WT-PSAT1 and CBS promoters
in both Bel-7402 and SMMC-7721 cells. However, overexpression of c-
Jun-WT/S73A or knockdown of c-Jun had no obvious regulatory effect
on the luciferase activities of Mut-PSAT1 and CBS promoter
(Fig. 5G–5J). These results demonstrated that O-GlcNAcylated c-Jun

Fig. 6. O-GlcNAc modified c-Jun was positively associated with GSH related pathway in clinical samples.
(A) GSH concentration was detected in tumor and adjacent normal tissues.
(B) c-Jun was immunoprecipitated using anti-c-Jun antibodies, and the co-immunoprecipitated O-GlcNAc was detected using WB.
(C) Relationship between O-GlcNAclated c-Jun and GSH concentration was analyzed.
(D) PSAT1 and CBS expression were detected using WB in clinical samples.
(E-F) Relationship between O-GlcNAclated c-Jun and PSAT1 (E) or CBS (F) expression was analyzed.
(G-H) The enrichment of c-Jun or STAT3 in tumor or adjacent normal tissues at indicated regions of PSAT1 or CBS was detected using ChIP. A non-specific IgG was
used as the negative control antibody.
The data are presented as the means± SD from three biological replicates. *, p < .05, **, p < .01. The data shown in (A, G and H) were analyzed using a one-way
ANOVA test. The data shown in (C, E and F) were analyzed using the Spearman rank-correlation analysis.
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stimulates transcription of PSAT1 and CBS via directly binding their
promoters.

3.6. O-GlcNAcylated c-Jun is positively associated with the GSH synthesis
in clinical samples

Eight pairs of liver cancer and adjacent normal tissue samples were
acquired, and we observed that GSH concentrations and O-
GlcNAcylated c-Jun were upregulated in liver cancer tissues compared
to adjacent normal tissues (Fig. 6A and B). A positive correlation was
identified for the fold-change (tumor vs. normal) between GSH con-
centration and level of O-GlcNAcylated c-Jun (R=0.810, p= .015)
(Fig. 6C). We also observed that PSAT1 and CBS were highly expressed
in liver cancer tissues compared with adjacent normal tissues (Fig. 6D).
Positive correlations between O-GlcNAcylated c-Jun levels and PSAT1
expression (R=0.952, p < .001) as well as CBS expression
(R=0.976, p < .001) were also observed (Fig. 6E and F). ChIP-qPCR
was performed using the primers designed for the −2000~− 1751
or− 250~− 1 regions of the PSAT1 promoter and the
−2000~− 1751 or− 1250~− 1001 regions of the CBS promoter for
the eight paired of clinical samples. We found that c-Jun binds to the
−250~− 1 region of the PSAT1 promoter but−1250~− 1001 region
of the CBS promoter but could not bind with the −2000~− 1751 re-
gions of the PSAT1 and CBS promoters. Moreover, IgG and STAT3 did
not bind to these regions of the PSAT1 and CBS promoters (Fig. 6G and
H). These data suggested the positive correlation between O-GlcNAcy-
lated c-Jun and synthesis pathways in clinical samples.

4. Discussion

Ferroptosis is a form of metabolism-related programmed cell death
and results from ROS accumulation. Previous studies of liver cancer
have reported that the transcription factor nuclear factor erythroid 2
like 2 (NRF2) inhibits ROS accumulation by activating the expression of
a series of reductases, and metallothionein (MT)-1G inhibits GSH de-
pletion and lipid peroxidation to inhibit the potential ferroptosis
[17,40]. However, how ferroptosis exerts its role in the eradication of
liver cancer cells was not previously reported. Here, we found that
ferroptosis inhibits the global O-GlcNAcylation of liver cancer cells,
especially the O-GlcNAcylation of c-Jun. Further, the tumor promotion
function of c-Jun such as transcription activity and nuclear accumula-
tion was inhibited. These finding provide new evidences and elucidate
the possible mechanisms by which ferroptosis inhibits liver tumor-
igenesis.

Sorafenib is the only medical treatment with proven efficacy against
hepatocellular carcinoma and eliminates tumor cells via ferroptois
[16,17]. However, almost all patients develop sorafenib resistance
within a few months [18]. Activation of c-Jun is associated with re-
sistance to sorafenib and poor overall survival and inhibits sorafenib-
induced cell death [41,42]. Here, we observed that O-GlcNAcylated c-
Jun stimulated GSH synthesis via increasing PSAT1 and CBS tran-
scription to inhibit ferroptosis. Therefore, we hypothesized O-GlcNA-
cylated c-Jun stimulates GSH synthesis to inhibit sorafenib-induced
ferroptosis and induce sorafenib resistance in liver cancer. Inhibiting O-
GlcNAcylation and c-Jun expression might provide new strategies in
liver cancer treatment, especially ferroptosis-related treatment.

Previous studies have reported that c-Jun is a regulator of glucose
metabolism. c-Jun activates HBP via binding the promoter of the HBP
upstream stimulator AGER [4]. Moreover, c-Jun is also promoted glu-
tamine and the TCA cycle via stimulating mitochondrial glutaminase
levels [43]. In this study, we found that c-Jun stimulated GSH synthesis
via increasing PSAT1 and CBS transcription. Moreover, the c-Jun
binding motif was identified in PSAT1 and CBS promoters. The positive
relationship between c-Jun and GSH synthesis was also identified in
clinical liver cancer tissues. However, whether c-Jun stimulates other
metabolic pathways requires further investigation.

Collectively, we reported that induction of ferroptosis could sup-
press liver tumorigenesis via inhibiting c-Jun O-GlcNAcylation.
Importantly, overexpression of O-GlcNAcylated c-Jun exerted an in-
hibitory role on ferroptosis via inhibiting GSH synthesis. Blocking c-Jun
O-GlcNAcylation might be helpful for ferroptosis-related treatment of
HCC.
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