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Cysteine Dioxygenase 1 Mediates
Erastin-Induced Ferroptosis in
Human Gastric Cancer Cells’

Abstract

BACKGROUND: Ferroptosis is a recently discovered form of iron-dependent nonapoptotic cell death. It is characterized
by loss of the activity of the lipid repair enzyme, glutathione peroxidase 4 (GPX4), and accumulation of lethal reactive lipid
oxygen species. However, we still know relatively little about ferroptosis and its molecular mechanism in gastric cancer
(GC) cells. Here, we demonstrate that erastin, a classic inducer of ferroptosis, induces this form of cell death in GC cells
and that cysteine dioxygenase 1 (CDO1) plays an important role in this process. METHODS: \We performed quantitative
real-time polymerase chain reaction, Western blotting, cell viability assay, reactive oxygen species (ROS) assay,
glutathione assay, lipid peroxidation assay, RNAi and gene transfection, immunofluorescent staining, dual-luciferase
reporter assay, transmission electron microscopy, and chromatin immunoprecipitation assay to study the regulation of
ferroptosis in GC cells. Mouse xenograft assay was used to figure out the mechanism in vivo. RESULTS: Silencing CDO1
inhibited erastin-induced ferroptosis in GC cells both /n vitro and in vivo. Suppression of CDO1 restored cellular GSH
levels, prevented ROS generation, and reduced malondialdehyde, one of the end products of lipid peroxidation. In
addition, silencing COO1 maintained mitochondrial morphologic stability in erastin-treated cells. Mechanistically, c-Myb
transcriptionally regulated CDO1, and inhibition of CDO1 expression upregulated GPX4 expression. CONCLUS/ONS. Our
findings give a better understanding of ferroptosis and its molecular mechanism in GC cells, gaining insight into
ferroptosis-mediated cancer treatment.
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Background

Cell death and cell survival are fundamental processes that maintain
normal development and homeostasis of organisms [1]. Dysregula-
tion of cell death can result in many pathological phenomena,

Abbreviations: CDO1, cysteine dioxygenase 1; GC, gastric cancer; GPX4, glutathione
peroxidase 4; GSH, glutathione; L-ROS, lipid reactive oxygen species; MDA,
malondialdehyde; ROS, reactive oxygen species; Xc, glutamate/cystine antiporter
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including infections, neurodegenerative diseases, and cancer [2,3].
Ferroptosis, a novel form of regulated cell death, was identified by
Stockwell's group in 2012 [4]. It is an iron-dependent and
peroxidation-driven mode of nonapoptotic programmed cell death
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that is characterized by the accumulation of lethal lipid reactive
oxygen species (L-ROS) [5,6]. Ferroptosis is distinct from apoptosis,
necrosis, and other forms of cell death in terms of its morphology,
genetics, metabolism, and molecular biology [4,5]. For example, one
essential morphologic feature of ferroptotic cells is smaller mitochon-
drial sizes and condensed membrane density [4]. The lipid repair
enzyme, glutathione peroxidase 4 (GPX4), is increasingly recognized
as a negative key regulator of ferroptosis by limiting lipid
hydroperoxide levels [7-10]. The existence of ferroptosis has been
confirmed in various tumorous cells such as fibrosarcoma [11], lung
cancer [12], osteosarcoma [13], kidney cancer [9], and prostate cancer
cells [8,14]. Although ferroptosis is implicated in human diseases, its
precise regulatory mechanism and biological functions remain elusive.

As a classic inducer of ferroptosis, erastin suppresses the glutamate/
cystine antiporter (system Xc), thereby inhibiting cellular cystine
uptake and depleting glutathione (GSH), a primary cellular
antioxidant that maintains the redox balance and defends against
oxidative stress [10]. GPX4 uses GSH to repair lipids and reduce lipid
hydroperoxides to nontoxic alcohols [9]. A decreased GSH level
inactivates GPX4. Subsequently, cells fail to protect against toxic
L-ROS, finally incurring ferroptosis.

Human cysteine dioxygenase 1 (CDO1), a non-heme iron
metalloenzyme, transforms cysteine to taurine by catalyzing the
oxidation of cysteine to its sulfinic acid [15,16]. Increasing CDO1
activity can prevent cytotoxicity from elevated cysteine levels.
However, in addition to transforming into taurine, cellular cysteine
is also an indispensable substrate for the synthesis of GSH, which
consists of glutamate, cysteine, and glycine [17]. A deficiency of
cellular cysteine decreases GSH synthesis and impairs cellular
antioxidant capacity, which ultimately results in enhanced ROS
levels and the induction of ferroptosis [9,18,19]. Therefore, it is
reasonable to speculate that CDO1 competitively limits the
availability of cysteine to synthesize GSH and influences the process
of ferroptosis.

In this study, we demonstrate that erastin induces ferroptosis in
gastric cancer (GC) cells and identified the potential relevance of
CDOL1 in this process. We describe a novel role of CDOL1 in
regulating erastin-induced ferroptosis, which forecasts a promising
future in ferroptosis-mediated tumor therapy.

Methods

Cell Culture and Cell Lines

The AGS, BGC823, MKN45, SGC7901, and MGC803 human
GC cell lines were obtained from KeyGEN BioTECH (Nanjing,
China). Cells were cultured in RPMI 1640 medium with 10% fetal
bovine serum (Thermo Scientific, USA) at 37°C under 5% CO..

Tissues

Tumor samples were obtained from 16 patients undergoing
surgical resection with curative intent between January and July 2016
in Nanfang Hospital (China).

Reagents and Antibodies

Erastin (#57242), ferrostatin-1 (#57243), liproxstatin-1 (#57699),
Z-VAD-FMK (#S7023), necrostatin-1 (#S8037), and
3-methyladenine (#52767) were obtained from Selleck Chemicals
(Houston, TX). Antibodies to CDO1 (#ab53436), GPX4
(#ab125066), and prostaglandin-endoperoxide synthase 2 (PTGS2)

(#ab179800) were obtained from Abcam (Cambridge, UK). The antibody
to C-Myb (#A3282) was obtained from ABclonal (Woburn, MA). The
antibody to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(#KC5G5) was obtained from KangChen Bio-tech (Shanghai, China).
Horseradish peroxidase—conjugated goat anti-rabbit IgG (#4050-05) was
from Southern Biotech (Birmingham, AL).

Western Blotting

Protein extracts were separated by using 12% sodium dodecyl
sulfate polyacrylamide gels. After electrophoresis, proteins were
transferred onto a polyvinylidene membrane and blocked with 5%
skim milk in TBST for 1 hour. The primary antibodies were applied
overnight at 4°C, and the secondary antibody treatment was applied
for about 1 hour at room temperature. The immunoblots were
assessed by an Odyssey infrared laser image analysis system (Li-COR
Biosciences, Lincoln, NE).

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cultured cells using a Trizol kit
according to the manufacturer's instructions and then reverse
transcribed using the Takara RT reagent (Takara Bio, Shiga,
Japan). The primer sequences used for qRT-PCR are listed in
Table 1. Expression of candidate genes was normalized to that of
GAPDHY/-actin. qRT-PCR was performed using a LightCycler 480
system version 1.5 (Roche, Penzberg, Germany). Samples were run
and analyzed in triplicate.

Cell Viability Assay

Cells were cultured in 96-well plates and exposed to various
concentrations of the cytotoxic compounds for the indicated times.
Thiazolyl blue (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide, MTT) (5 mg/ml) was added to each well and incubated at 37°C
in 5% CO, for 4 to 6 hours. Then, 150 pl of dimethyl sulfoxide was added
to each well, and the plate was well oscillated. Absorbance of each well was
measured at 570 nm using a SpectraMax M5 microplate reader (Molecular
Devices, Sunnyvale, CA). The average percentage of inhibition at each
concentration was calculated.

ROS Assay

Cells were seeded at 3 x 10° cells per well in 6-well plates. The
next day, cells were transfected with CDO1 small interfering (si) RNA
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) for 4 to
6 hours. After 20 hours, the cells were treated with erastin (10 pg/ml)
or dimethyl sulfoxide for 24 hours. Cells were incubated with 2 pl
2',7'-dichlorofluorescin diacetate for 1 hour at 37°C in the dark to

Table 1. Real-Time Polymerase Chain Reaction Primers

Gene Sequence (5'-3")

CDO1-F TCTCTGTTGGGGTGAAGGAC
CDO1-R GCCAGGCAAATAATGTCTCC
GPX4-F ACCGAAGTAAACTACACTCAG
GPX4-R GGCGAACTCTTTGATCTCTT
c-Myb-F GAAAGCGTCACTTGGGGAAAA
cMyb-R TGTTCGATTCGGGAGATAATTGG
Slc7al1-F TCTCCAAAGGAGGTTACCTGC
Slc7al1-R AGACTCCCCTCAGTAAAGTGAC
B-actin-F TGGCACCCAGCACAATGAA
B-actin-R CTAAGTCATAGTCCGCCTAGAAGCA
GAPDH-F ACCCAGAAGACTGTGGATGG
GAPDH-R TCTAGACGGCAGGTCAGGTC
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assess cytosolic ROS. Samples were then centrifuged at 1000g for 3
minutes, and the pellets were resuspended in 500 pl
phosphate-buffered saline (PBS). Measurements were performed on
a FACSCalibur (BD Biosciences, San Jose, CA) flow cytometer.

GSH and Lipid Peroxidation Assays

The GSH and malondialdehyde (MDA) contents in cell lysates
were assessed using GSH (#ab138881) and lipid peroxidation
(#ab118970) assay kits, respectively, according the manufacturer's
(Abcam) instructions.

LDH Release Assay
LDH release was assessed using a LDH Assay Kit (#ab65393,

Abcam) according to the manufacturer's instructions.

siRNA and Gene Transfection

AGS and BGC823 GC cells were seeded into six-well plates. Once
the cells reached 90% confluence, they were transfected with targeted
or control siRNA using Lipofectamine 2000 as instructed by the
manufacturer. The siRNA sequences are listed in Table 2.

Immunofluorescence Staining

Cells were fixed in 4% formaldehyde for 10 minutes and then
incubated in 1% bovine serum albumin in 0.1% PBS-Tween for 1
hour to permeabilize the cells and block nonspecific protein-protein
interactions. The cells were then incubated with the GPX4 antibody
(1:200) overnight at 4°C. The secondary antibody was Alexa Fluor
488 goat anti-rabbit IgG used (1:200) for 1 hour. 4’,6-Diamidi-
no-2-phenylindole (1.43 pM) was used to stain the cell nuclei blue.
Cells were washed three times for 5 minutes with PBS, and photos
were taken using fluorescence and laser confocal microscopes.

Dual-Luciferase Reporter Assay

To test for promoter activity, the firefly luciferase gene present in
the pGL3-CDO1-promoter and a c-Myb overexpression plasmid
with the pcDNA3.1(+) or pcDNA3.1(+)-MYB vectors were
purchased from OBiO (Shanghai, China). Cells were seeded at
5000 per well in 96-well plates and transfected with plasmids using
Lipofectamine 2000 according to manufacturer's instructions.
Transfection conditions were: PGL3-CDO1-promoter, Renilla,
Lipofectamine 2000 = 0.1 pg, 0.002 pg, and 0.25 pl per well,
respectively. pcDNA3.1(+)-MYB (or pcDNA3.1(+)), Lipofectamine
2000 = 0.1 pg and 0.25 pl, respectively, for the same well. The
promoter-luciferase constructs were assessed using a dual-luciferase
reporter assay system (E1910; Promega, Madison, W1I) according to
the manufacturer's instructions.

Table 2. siRNA Sequences

Gene Sequence
CDO1-siRNA (1) 5'GCGAUGAGGUCAAUGUAGA dTdT 3’
3'dTdT CGCUACUCCAGUUACAUCU 5’
CDO1-siRNA (2) 5'CCAUCAUGGAAGCCUACGA dTdT 3’
3'dTdT GGUAGUACCUUCGGAUGCU 5’
CDO1-siRNA (3) 5’ACGCCAAGUUCGACCAGUA dTdT 3’
3'dTdT UGCGGUUCAAGCUGGUCAU 5’
C-Myb-siRNA (1) 5'GGAACAGAAUGGAACAGAU dTdT 3’
3'dTdT CCUUGUCUUACCUUGUCUA 5’
C-Myb-siRNA (2) 5'GGUUAUCUGCAGGAGUCUU dTdT 3’
3'dTdT CCAAUAGACGUCCUCAGAA 5’
C-Myb-siRNA (3) 5'GCACUUGCAGCUCAAGAAA dTdT 3’

3'dTdT CGUGAACGUCGAGUUCUUU 5’

Chromatin Immunoprecipitation (ChIP) Assay

BGC823 cells (1-2 x 107) were grown in a 100 mm dish and
cross-linked by adding formaldehyde to a final concentration of 1%
and incubating at room temperature for 10 minutes. The ChIP assay
was performed according to the assay kit protocol (26,156; Thermo
Fisher Scientific, Waltham, MA). The primers for the predicted
binding site are listed in Table 3.

Mouse Xenograft Assay

To generate murine subcutaneous tumors, 1 x 10° BGC823
control or CDOL1 short hairpin (sh)RNA treated cells in 150 pl PBS
were injected subcutaneously right of the dorsal midline in athymic
nude mice. Once the tumors reached 80 to 100 mm? at day 10, mice
were allocated randomly into groups of five and treated with erastin
(30 mg/kg intraperitoneally, twice every other day). Tumors were
measured three times weekly, and volumes were calculated using the
formula: length x width® x 7/6. Four weeks after beginning
treatment, the tumors were removed.

Statistical Analyses

Unless otherwise indicated, data are expressed as means + SD of
three independent experiments. Unpaired Student's # tests were used
to compare the means of two groups. A one-way analysis of variance
was used for comparison among multiple groups. When the result
was significant, post hoc testing of differences between groups was
performed using the least significant difference test. A P value less
than .05 was considered significant.

Results

Contribution of CDOI1 Suppression to Ferroptosis Resistance
To investigate whether erastin induced ferroptosis in GC cells, we
first treated GC cells including AGS, BGC823, MKN45, MGC803,
and SGC7901 cells with 0, 2.5, 5, 10, 15, 20, and 40 pg/ml erastin
for 24 hours. The MTT assay showed that erastin inhibited the
growth of GC cells (Figure 14). GPX4 is one of the most important
antioxidant enzymes in mammals, which is also a novel negative
mediator in ferroptosis [8]. qRT-PCR showed that, compared to
MKN45, MGC803, and SGC7901, GPX4 mRNA levels were
obviously decreased in AGS and BGC823 GC cells (Figure 1B). We
chose AGS and BGC23 GC cells for further research. Importantly,
erastin-induced cell death was significantly reversed by the ferroptosis
inhibitors ferrostain-1 and liprostatin-1, but not apoptosis, necrop-
tosis, or autophagy inhibitors (ZVAD-FMK, necrostatin, and
3-methyladenine, respectively; Figure 1C). Lactate dehydrogenase
(LDH) is a soluble cytosolic enzyme that is released into the culture
medium following the loss of membrane integrity resulting from
necrosis [20]. LDH release assay showed that erastin did not
significantly elevate the LDH release in GC cells (Figure 1D). These
results indicate that erastin-induced cell death is indeed ferroptosis.

Table 3. Primers for the Predicted Binding Site

Binding Site Sequence (5'-3")

CDOI1 promoter 1-F
CDO1 promoter 1-R
CDOI1 promoter 2-F
CDO1 promoter 2-R
CDO1 promoter 3-F
CDO1 promoter 3-R

CAATGCAATATCAGCACACCTC
GCAAAGGGTCTGTGCCATTTC
GAGGAGTCAGAGAAAGAAAATG
CTTCATTTCAGCTAGTCTAATC
ACCTTTCTTGGGTGGCTCTC
CACAAATCAGGTTCAGATCTGT
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Figure 1. CDO1 suppression contributes to ferroptosis resistance. (A) GC cells were treated with 0, 2.5, 5, 10, 15, 20, or 40 ug/ml erastin
for 24 hours. Cell viabilities were assayed by the MTT assay. (B) GPX4, solute carrier family 7 member 11(Slc7a11), and CDO1 expression
were assessed by the gRT-PCR in GC cells. (C) GC cells were treated with erastin (E, 10 ug/ml) and with or without Z-VAD-FMK (apoptosis
inhibitor), necrostatin (necroptosis inhibitor), 3-methyladenine (3-MA, autophagy inhibitor), and ferrostatin-1 or liproxstatin-1 (ferroptosis
inhibitors) for 24 hours. Cell viability was assayed by the MTT assay. (D) GC cells were treated with or without erastin (10 ug/ml). LDH
release assay was examined. (E) The siRNA sequences [CDO1 siRNA (2) and (3)] were designed for silencing CDO1. The mRNA levels of
CDO1 in GC cells were examined by gRT-PCR. (F) The siRNA sequences [CDO1 siRNA (2) and (3)] were designed for silencing CDO1. The
protein levels of CDO1 in GC cells were examined by Western blotting. (G) CDO1 siRNA (2)- and CDO1 siRNA (3)-silenced GC cells were
treated with erastin (0, 2.5, 5, 10, 15, and 20 ug/ml) for 24 hours, and cell viabilities were assayed by the MTT assay. Quantitative data are
presented as means = SD from three independent experiments. P < .05, P <.01, P <.001.

Thereafter, we detected the expression of CDO1 mRNA (16 samples) To gain insight into the role of CDOL1 in ferroptosis, three different
and protein (4 samples) in paired normal and gastric tumor tissue samples  specific siRNA sequences [CDO1 siRNA (1), CDO1 siRNA (2), and
(Supplementary Figure 1, A and B). The results showed that CDO1  CDO1 siRNA (3)] were transfected into GC cells. The silencing

expression in tumor samples was low relative to normal tissue. efficiency of the three sequences was shown by qRT-PCR (Figure 1E)
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and Western blotting (Figure 17). We found that CDO1 siRNA (2) CDO1 promoted erastin-induced ferroptosis (Supplementary Figure 1C).
and (3) decreased CDO1 mRNA and protein levels. The cell viability ~Based on these findings, we suggest that erastin can induce
analysis [20-22] showed that erastin-induced ferroptosis was inhibited ~ ferroptosis in GC cells and CDO1 suppression contributes to
in CDO1-slienced GC cells (Figure 1G). In contrast, overexpression of ~ ferroptosis resistance.
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Regulation of CDOI on Ferroptosis Biomarkers

Previous studies demonstrated that erastin targets system X¢ and
inhibits cystine uptake, subsequently leading to increased ferroptotic
events including GSH depletion, GPX4 inactivation, ROS increases,
and changes in mitochondrial morphology [9,10,12,23]. To further
explore the regulatory role of CDOL1 in ferroptosis, we measured the
levels of GSH, a key regulator that maintains cellular redox
homeostasis [21,24], after suppressing CDO1 expression in
erastin-treated GC cells. GSH levels were restored when CDO1
was silenced with CDO1-siRNA during erastin-induced ferroptosis
(Figure 2A4). Moreover, basal ROS levels in CDO1-silenced GC cells
with CDO1-siRNA(2) and CDO1-siRNA(3) were maintained with
erastin treatment when compared to the control group (Figure 2B).
MDA, one of the end products of lipid peroxidation [21,24-26], as
expected, was greatly decreased when CDO1 expression was
suppressed during erastin-induced ferroptosis (Figure 2C).

Itis well acknowledged that GPX4 is an essential negative regulator and
the most important GSH-dependent enzyme in the ferroptosis process
[9]. Hence, we sought to investigate the relationship between CDO1 and
GPX4. gRT-PCR and Western blotting showed that, compared to the
control group, GPX4 mRNA and protein expression was obviously
enhanced when CDO1 was suppressed in erastin-induced ferroptosis
(Figure 2, D and E). Similar results were obtained with immunofluo-
rescence staining of GPX4 (Figure 2F). In contrast, overexpression of
CDOL1 repressed GPX4 expression in erastin-treated GC cells
(Supplementary Figure 2). These results indicate that CDO1 restrains
the inhibitory role of GPX4 in erastin-induced ferroptosis.

We assessed the mitochondrial morphology of GC cells in ferroptosis
by transmission electron microscopy. Erastin-treated GC cells contained
smaller mitochondria and increased membrane density, consistent with
previous studies [4,27,28]. This mitochondrial feature was prevented in
CDOl-silenced GC cells treated with erastin (Figure 2G). Collectively,
these findings suggest that suppression of CDO1 restores cellular GSH
levels and prevents increases in cellular ROS, which contributes to
resistance from erastin-induced ferroptosis.

C-Myb Regulating CDOI Expression during Ferroptosis
C-Myb, a proto-oncogene protein, is a transcription factor playing
a crucial role in the regulation of hematopoiesis [29,30]. Previous
studies demonstrated that benzene toxicity is regulated through the
c-Myb signaling pathway and involves alterations in ROS [31].
Furthermore, the CDO1 promoter contains a c-Myb-responsive
element (gttg) at -71, and upregulation of c-Myb may boost CDO1
expression [32,33]. Given the interaction of c-Myb with ROS and
CDO1, we hypothesized that c-Myb mediated CDO1 expression in

erastin-induced ferroptosis.

To verify our hypothesis, we first treated GC cells with 10 or 30 pg/ml
erastin for 24 hours. Western blotting showed that c-Myb, CDO1, and
GPX4 protein expression levels were decreased under erastin treatment
(Figure 3A). Next, three diverse siRNAs [c-Myb siRNA (1), (2), and (3)]
were used to silence c-Myb. gRT-PCR (Figure 3B) and Western blotting
(Figure 3C) showed that c-Myb mRNA and protein expression levels
were decreased with c-Myb siRNA (2) and c-Myb siRNA (3). Growth
inhibition with c-Myb siRNA (3) was greatest (Figure 3D). Thus, c-Myb
siRNA (3) was used to conduct further experiments. Figure 3£ shows that
erastin-induced ferroptosis was restrained when c-Myb was suppressed.

According to the transcription factor binding profile JASPAR
CORE and PROMO databases, ¢-Myb contains a DNA binding
domain that is important for its interaction with CDO1. To test this
finding, we analyzed mRNA and protein expression levels of CDO1
and GPX4 in GC cells overexpressing c-Myb. The results showed that
GPX4 expression was dramatically decreased, while CDO1 was
significantly upregulated, in response to the overexpression of c-Myb
(Figure 3, F and G). Similar results were obtained with immunoflu-
orescence staining for GPX4 (Figure 3H).

To further investigate whether the role of CDOL1 in ferroptosis was
regulated transcriptionally by c-Myb, growth inhibition was detected
by the MTT assay after overexpression of cMyb as well as
underexpression of CDOI. Silencing CDOL1 decreased the promot-
ing effect of c-Myb on erastin-induced ferroptosis (Figure 3/). The
luciferase reporter assay further demonstrated the direct interaction
between c-Myb and CDO1 response elements (Figure 3/). Moreover,
the ChIP assay showed that c-Myb had three positive binding sites
with the CDOL1 promoter (Figure 3K). Together, these results suggest
that c-Myb interacts with the CDO1 promoter as a transcription
factor and regulates CDO1 expression and GPX4 during the process
of ferroptosis in GC cells.

Suppression of CDOI Inhibiting Ferroptosis In Vivo

To evaluate the effect of CDOLI on erastin-induced ferroptosis
in vivo, GC cells with stably inhibited CDO1 were implanted into the
subcutaneous space of the right flank of mice. At day 10, the mice
were treated with or without erastin (20 mg/kg intraperitoneally,
twice every other day) for 4 weeks. Compared with the control group,
erastin treatment reduced the size of tumors formed by BGC823 cells
significantly. With the same dose of erastin, tumor sizes grew faster in
CDO1 knockdown mice compared with the scrambled control group
(Figure 4A).

Tumors (Figure 4B) and lungs, livers, spleens, kidneys, and hearts
(Figure 4C) of xenograft nude mice were removed and stained with
hematoxylin-eosin. Structures and functions were not significantly
different between groups treated with or without erastin (Figure 4C).

Figure 3. C-Myb regulates CDO1 expression during ferroptosis. (A) GC cells were treated with erastin (10 or 30 ug/ml) for 24 hours.
Expression levels of CDO1, c-Myb, and GPX4 proteins were detected by Western blotting. (B) The siRNA sequences [c-Myb siRNA (1), (2),
and (3)] were designed for silencing c-Myb. The mRNA levels of c-Myb in GC cells were examined by gRT-PCR. (C) The siRNA sequences
[c-Myb siRNA (1), (2), and (3)] were designed for silencing c-Myb. The protein levels of c-Myb in GC cells were examined by Western
blotting. (D) Cell viabilities were determined by the MTT assay after transfection with three different c-Myb siRNA sequences to silence
c-Myb expression. (E) c-Myb-silenced GC cells were treated with erastin (5, 10, or 20 ug/ml) for 24 hours, and cell viabilities were detected
by the MTT assay.C-Myb was overexpressed, and (F) mRNA and (G) protein expression levels of CDO1 and GPX4 were detected by the
gRT-PCR and Western blotting, respectively (V, vector; M, overexpression). (H) Immunofluorescence staining of GPX4 was determined
when c-Myb was overexpressed. (I) Cell viabilities were determined by the MTT assay after overexpression of ¢c-Myb or inhibited
expression of CDO1 in GC cells treated with erastin (10 ug/ml).(J) The interaction between CDO1 and c-Myb was verified by a luciferase
reporter assay. (K) The chromatin immunoprecipitation assay shows that c-Myb has three positive binding sites with the CDO1
promoter.Quantitative data are presented as means + SD from three independent experiments. P < .05, P <.01, P <.001.
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Figure 4. Suppression of CDO1 inhibits ferroptosis in vivo. (A) Nude mice were injected subcutaneously with BGC823 cells (1 x 10° cells/
mouse) and treated with erastin (20 mg/kg, intraperitoneally, twice every other day) starting at day 10 for 4 weeks. The tumor volume was
calculated every 5 days (n = 5). (B, C) Lung, liver, spleen, kidney, heart, and grafted subcutaneous tumors of nude mice were removed
and stained with hematoxylin-eosin. Magnification: 100X (left panel), scale bar = 100 um; 400x (right panel), scale bar = 25 um.
Expression of CDO1, GPX4, and PTGS2 (E) in subcutaneous tumors of nude mice using immunohistochemistry. Magnification: 100 x (left
panel); scale bar = 100 um; 200x (right panel), scale bar = 50 um; 400 X (right panel), scale bar = 25 um.
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Figure 5. Diagram summarizing the role of CDO1 during erastin-induced ferroptosis.Erastin inhibits cellular cysteine uptake by
suppressing system Xc and depleting GSH. This leads to inactivation of GPX4, increased ROS, and subsequently ferroptosis. CDO1,
transcriptionally regulated by c-Myb, can transform cysteine to taurine and thereby competitively deprive cells of the cysteine used to
synthesize GSH. When CDO1 expression is inhibited, the conversion of cysteine to taurine is decreased, enhancing GSH generation.
Therefore, GPX4 activity is promoted, inhibiting ROS accumulation and lipid peroxidation and ultimately reducing the risk of ferroptosis.

Immunohistochemical staining of CDO1 and GPX4 showed that GPX4
expression was increased in the shCDO1 group treated with erastin
(Figure 4D). PTGS2, a marker for the assessment of ferroptosis in vivo
[9], indicated that genetic inhibition of CDO1 expression renders GC
cells less sensitive to erastin (Figure 4E). However, immunohistochemical
staining of Ki-67 in tumor tissues showed no obvious difference among
groups (Supplementary Figure 3).

Discussion
Since the concept of ferroptosis was first reported in 2012, increasing
research has revealed that this form of cell death is closely correlated
with human diseases. For example, mutated transferrin, an iron
exporter, is related to increased neuronal iron accumulation and
enhanced susceptibility to Parkinson's disease [34]. Inhibiting
ferroptosis by ferrostatin-1 inhibits cell death in cellular models of
Huntington's disease, periventricular leukomalacia, and kidney
dysfunction [11]. Furthermore, induction of ferroptosis by drugs
inhibits cancer cell growth. For example, sorafenib, the first drug used
for the systemic treatment of advanced hepatocellular carcinoma,
induced ferroptosis in these tumor cells [35]. In addition, artesunate,
which recently was shown to induce iron- and ROS-dependent cell
death, can suppress the proliferation of both human pancreatic and
ovarian cancer cells [36,37]. It was reported that only the AGS GC
cell line was sensitive to erastin [4]. However, there was no conclusive
evidence for the presence and possible mechanism of ferroptosis in
GC cells. In our study, we demonstrate, for the first time, that
erastin-induced death of GC cells involves ferroptosis. This
information is helpful for an improved understanding of ferroptosis
in human malignancies.

Cellular cysteine is mainly obtained from extracellular cystine (the
oxidized modality of cysteine) uptake, through system X¢. Cystine is

then reduced back to cysteine inside the cell [38]. As an essential
amino acid, cystine/cysteine is an extracellular nutrient for cancer
cells, and its uptake is significant for their viability and growth.
System X¢ was found to be upregulated in many malignant tumors
[39] and was associated with chemotherapy resistance [40].
Therefore, deprivation of cysteine may present an attractive
therapeutic opportunity.

The system X¢ inhibitor, sulfasalazine, a medication generally used
to treat chronic inflammation, effectively inhibits the growth of
lymphoma cells by suppressing system X [41]. Erastin was identified
as a ferroptosis inducer whose mechanism was also to inhibit system
X activity and deprive cells of cysteine [4]. CDOI can affect cysteine
metabolism and determine its flux between GSH and cysteine
catabolism/taurine synthesis [42]. Overexpression of CDO1 in breast
cancer cells shifted the flux from glutathione synthesis toward cysteine
catabolism and increased ROS levels due decreased levels of GSH,
leading to reduced cell viability and growth [43]. The results of our
study suggest that genetic inhibition of CDO1 expression contributes
to the elevated synthesis of GSH as well as deceased ROS levels,
ultimately contributing to erastin-induced ferroptosis resistance and
then facilitating tumor growth. Our discoveries further support the
critical role of cysteine metabolism in ferroptosis and GC cell growth
through identifying a new function of CDOL1 in ferroptosis.

Apart from being a key enzyme in cysteine biology, CDOL1 is also
considered to be a tumor suppressor. CDO1 is usually silenced by
methylation of its promoter in carcinogenesis. This is associated with
distant metastasis and poor prognosis in cancer [43—46]. We found
that CDO1 expression in both GC cell lines and tumor samples was
relatively low and further discovered that inhibiting CDO1 expression
reduced ferroptosis iz vitro and in vive. From this perspective, our

findings imply that the low expression of CDO1 in GC cells may be one
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mechanism by which GC cells self-protect themselves from ferroptosis.
However, this possibility requires further investigation.

The well-known transcription factor c-Myb has been studied
extensively in solid tumors and blood cell malignancies due to its roles
in cell proliferation, differentiation, and survival [47]. However,
c-Myb is also intimately associated with cellular metabolism. C-Myb
is one of the potential DNA elements of the human acyl-CoA
synthetase 3 gene, which plays a critical role in fatty acid metabolism
[48]. In human dental pulp cells, c-Myb protected against
glucose-induced oxidative stress and regulated autophagy [49].
Furthermore, c-Myb influenced taurine accumulation by regulating
the taurine transporter [42], and the redox state of cysteine affected
the DNA binding activity of c-Myb [50]. Given the important role of
cysteine metabolism in erastin-induced ferroptosis, we hypothesized
that c-Myb may be involved in the regulation of ferroptosis through
CDO1, which can transform cysteine to taurine. We found that
expression of both ¢-Myb and CDO1 was decreased in response to
erastin treatment in a dose-dependent manner. We further
demonstrated that ¢Myb interacted directly with the CDO1
promoter, indicating a role for ¢-Myb in cysteine metabolism.
Additionally, c-Myb can modulate myeloid zinc-finger 1, a
transcription factor regulating ferroportin expression, and then
regulate iron-related cellular activities and tumor cell growth [51].
However, that study did not demonstrate a relationship between
c-Myb and ferroptosis. The current study found that suppression of
c-Myb decreased erastin-induced ferroptosis and that overexpression
of ¢Myb enhanced GPX4 expression. Thus, ¢-Myb appears to
mediate ferroptosis through interaction with CDO1, and cysteine
metabolism is probably a key link in this process (See Figure 5).

Opverall, the results of the current study provide the first evidence that
erastin induces ferroptosis in GC cells and that CDO1 plays a critical role
in erastin-induced ferroptosis. Suppression of CDO1 restored GSH levels
and GPX4 expression, and diminished ROS levels. We also identified
that -Myb interacted directly with CDO1 and played a significant role in
ferroptosis. Future studies on the role of CDO1 in ferroptosis may
provide additional novel insights in this field and contribute to
developing ferroptosis-mediated therapeutic strategies for human cancer.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ne0.2017.10.005.
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