Yamauchi et al. Cancer & Metabolism (2024) 12:23 Cancer & Metabolism
https://doi.org/10.1186/540170-024-00352-4

Check for
updates

Epigenetic repression of de novo cysteine
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by up-requlating the cystine uptake
transporter xCT
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Abstract

Background The metabolic reprogramming of amino acids is critical for cancer cell growth and survival. Notably,
intracellular accumulation of cysteine is often observed in various cancers, suggesting its potential role in alleviating
the oxidative stress associated with rapid proliferation. The liver is the primary organ for cysteine biosynthesis,

but much remains unknown about the metabolic alterations of cysteine and their mechanisms in hepatocellular
carcinoma cells.

Methods RNA-seq data from patients with hepatocarcinoma were analyzed using the TNMplot database. The
underlying mechanism of the oncogenic alteration of cysteine metabolism was studied in mice implanted with BNL
TME A7 R.1 hepatocarcinoma.

Results Database analysis of patients with hepatocellular carcinoma revealed that the expression of enzymes
involved in de novo cysteine synthesis was down-regulated accompanying with increased expression of the cystine
uptake transporter xCT. Similar alterations in gene expression have also been observed in a syngeneic mouse
model of hepatocarcinoma. The enhanced expression of DNA methyltransferase in murine hepatocarcinoma cells
caused methylation of the upstream regions of cysteine synthesis genes, thereby repressing their expression.
Conversely, suppression of de novo cysteine synthesis in healthy liver cells induced xCT expression by up-regulating
the oxidative-stress response factor NRF2, indicating that reduced de novo cysteine synthesis repulsively increases
cystine uptake via enhanced xCT expression, leading to intracellular cysteine accumulation. Furthermore, the
pharmacological inhibition of xCT activity decreased intracellular cysteine levels and suppressed hepatocarcinoma
tumor growth in mice.
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Conclusions Our findings indicate an underlying mechanism of the oncogenic alteration of cysteine metabolism
in hepatocarcinoma and highlight the efficacy of alteration of cysteine metabolism as a viable therapeutic target in

cancer.
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Background

Oncogenic transformation is accompanied by alterations
in cellular metabolism to provide energy and a variety of
substrates that enable the rapid proliferation and survival
of cancer cells [1, 2]. Amino acids serve not only as essen-
tial precursors for protein synthesis but also as regula-
tors of gene expression and as cell signaling molecules.
Therefore, an optimal balance of amino acid metabo-
lism is crucial for health. Abnormal changes in amino
acid metabolism are often observed in malignant can-
cers, which play an important role in maintaining rapid
tumor growth and survival against various stresses such
as oxidative damage, energy deprivation, and chemo-
therapeutic agents [3, 4]; thus, metabolic reprogramming
of amino acids is emerging as a therapeutic target for the
treatment of cancer [5].

Cysteine serves as the sulfur source for various bio-
molecules and plays a critical role in protein synthesis,
redox homeostasis, cell signaling, and detoxification [6,
7]. Intracellular cysteine is synthesized from methionine
through a trans-sulfuration pathway or taken up from the
extracellular environment in the form of cystine through
the cystine/glutamate antiporter xCT, encoded by the
SLC7A11 gene [8]. Intracellular accumulation of cysteine
has been detected in glioblastoma, triple-negative breast
cancer, and non-small cell lung cancer [9-11], suggesting
its potential role in alleviating the oxidative stress asso-
ciated with rapid cell proliferation and/or exposure to
chemotherapeutic agents. Despite a decrease in de novo
synthesis, xCT expression is up-regulated in those tumor
cells. These alterations in cysteine metabolism are char-
acteristic features of cancer cells and are anticipated to be
potential therapeutic targets. The liver is the main organ
responsible for regulation of cysteine homeostasis [12,
13]. Although previous report indicates oncogenic altera-
tion of cysteine metabolism in hepatic cancer cells [14],
our understanding about the mechanism is limited.

BNL 1ME A.7 R.1 cells are a murine hepatocarcinoma
cell line generated by treating BALB/c mice-derived
hepatocytes with methylcholanthrene epoxide [15, 16].
In this study, we used BNL 1ME A.7 R.1 cells to prepare
a syngeneic implantation mouse model of hepatocarci-
noma. These hepatocarcinoma animal models showed
intra-tumoral accumulation of cysteine and altered gene
expression involved in cysteine metabolism, as observed
in patients with hepatocellular carcinoma. Namely, the
expression of enzymes involved in de novo cysteine syn-
thesis was down-regulated in hepatocarcinoma cells,

accompanied by increased expression of the cystine
uptake transporter xCT; thus, we employed this animal
model to investigate the underlying mechanism of the
oncogenic alteration of cysteine. Our findings reveal a
novel mechanism for the metabolic alteration of cysteine
in oncogenic transformed cells and provide further sup-
port for the efficacy of xCT as a therapeutic target for the
treatment of malignant cancers.

Methods

Database analysis of gene expression profiles in patients
with liver hepatocellular carcinoma

The expression levels of cystathionine-f-synthase (CBS),
cystathionine-y-lyase (CTH), and SLC7A11 (encod-
ing xCT) in normal tissues and tumors of patients were
analyzed using the TNMplot database (https://tnmplot.
com/analysis/) [17]. The gene expression levels of CBS,
CTH, and SLC7A11 in the liver hepatocellular carci-
noma (LIHC), based on the tumor grade in The Cancer
Genome Atlas (TCGA), were analyzed using the Univer-
sity of Alabama Cancer database (https://ualcan.path.
uab.edu/index.html) [18].

The prognostic significance of CBS, CTH, and SLC7A11
expression in LIHC patients was analyzed using the
Kaplan—Meier plotter database (http://kmplot.com/anal-
ysis/) [19]. The method to set a cut-off value and assign
the samples to one of two cohorts (high expression or
low expression) are described previous reports written by
Lanczky & Gyorffy [20]. Briefly, they predefine the num-
ber of quartiles in the sample and calculate the P-value
using COX regression analysis for each cutoff value set
at a number between the first and third quartiles. Then,
the most significant cutoff value is used as the best cutoff
value to separate the input data into two groups.

Cell culture and treatment

BNL 1IME A.7 R.1 cells (RRID: CVCL_6371), a murine
hepatic cancer cell line, were purchased from the Ameri-
can Type Culture Collection (Manassas, VA). HepG2
cells were supplied by the Cell Resource Center for Bio-
medical Research, Tohoku University (Sendai, Japan).
The cells were incubated in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, St. Louis, MO). The
medium was supplemented with 5% Fetal Bovine Serum
(FBS; Biowest, Nuaillé, France) and 0.25% penicillin-
streptomycin (Thermo Fisher Scientific, Waltham, MA).
HepaRG cells (KAC, Kyoto, Japan) were grown accord-
ing to the manufacturer’s instructions. Briefly, the cells
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were seeded in culture dishes and maintained in growth
medium (William’s E medium) supplemented with 10%
FBS, 0.25% penicillin-streptomycin, 5 pg/mL insulin, 2
mM glutamine, and 50 uM hydrocortisone hemisucci-
nate. The cells were maintained at 37 °C in a humidified
5% CO, atmosphere. The absence of microbes in these
cell lines was confirmed using a MycoBlue Mycoplasma
Detector (Nanjing Vazyme Biotech, Nanjing, China).
Cell lines were authenticated by each cell bank using
short tandem repeat-PCR analysis, and these cell lines
were used within six months from frozen stocks. Cells
were seeded in culture plates and cultured in standard
medium (DMEM containing 5% FBS and 0.25% penicil-
lin-streptomycin) for 24 h. After confirmation of attach-
ment, cells were treated with erastin (Cayman Chemical,
Ann Arbor, MI), decitabine (Tokyo Chemical Industry),
aminooxy acetic acid (AOAA; Fujifilm Wako Pure Chem-
ical), propargylglycine (PAG; Sigma-Aldrich), Akt inhibi-
tor X (Akti X; Cayman Chemical), or 4-octyl itaconate
(4-OL Tokyo Chemical Industry). As a vehicle control,
the cells were treated with 0.5% (v/v) DMSO.

Cystine-containing and cystine-deficient media were
prepared from Gibco DMEM with high glucose, but
without glutamine, methionine, or cystine (#21013-024;
Thermo Fisher Scientific) supplemented with 1 mM
L-sodium pyruvate (Nacalai Tesque, Kyoto, Japan), 5%
FBS, and 0.25% penicillin-streptomycin. L-methionine
(Fujifilm Wako Pure Chemical Co., Tokyo, Japan) and
L-glutamine (Tokyo Chemical Industry, Tokyo, Japan)
were added to the media at final concentrations of 200
pM and 4 mM, respectively. To prepare cysteine-con-
taining media, L-cystine dihydrochloride (Fujifilm Wako
Pure Chemical) was added at a final concentration of 200
uM. Cells were seeded in culture plates and cultured in
standard medium (DMEM containing 5% FBS and 0.25%
penicillin-streptomycin) for 24 h. After the confirmation
of cell attachment, the standard media were replaced
with cystine-containing media or cystine-deficient
media.

Construction of Slc7a11-, Dnmt1-, Dnmt3a-, Dnmt3b, or
Nrf2-knockdown (KD) hepatocarcinoma cells

Small hairpin RNA (shRNA) expressing vectors against
the mouse Slc7all, Dnmtl, Dnmt3a, or Dnmt3b gene
were purchased from VectorBuilder (Chicago, IL). Len-
tivirus particles were prepared by the Lentiviral High
Titer Packaging Mix with pLVSIN series (Clontech, Palo
Alto, CA) using Lenti-X 293 T-cell lines. shRNA-express-
ing lentivirus particles and 10 pg/mL of polybrene were
added to the medium of BNL 1ME A.7 R.1 cells, and then
incubated for 24 h. To select clones stably expressing
shRNA, cells were maintained in a medium containing
5 pg/mL of puromycin (Fujifilm Wako Pure Chemical).
Small interfering RNA (siRNA) against the mouse Nrf2
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gene were purchased from Merck (Darmstadt, Germany).
The siRNA was transfected into BNL 1IME A.7 R.1 cells
using Lipofectamine 2000 (Thermo Fisher Scientific).
Down-regulation of each gene was confirmed by western
blotting. To construct control cells, BNL IME A.7 R.1
cells were infected with lentivirus particles derived from
the shScramble vector and were cultured in puromycin-
containing medium, as described above, to select the sta-
bly expressing cells.

Animals and treatments

We housed 6—8 male BALB/c mice per cage, with each
cage being 30 cm X 40 cm X 16 cm, providing enough
space. They were kept under a standardized light-
dark cycle at 24+1 °C, humidity at 60£10% and food
and water provided ad libitum. BNL 1ME A.7 R.1 cells
(1x10° cells) suspended in 50 pL of PBS were implanted
subcutaneously into the back of male BALB/c mice.
Tumors were measured using a caliper, and the volume
was calculated using the formula of an ellipsoid [tumor
volume (mm?®) = 1/6 (d1 x d2 x d3), where d1, d2, and
d3 represent the three diameters]. After confirming the
tumor formation, drug administration was initiated. BNL
1ME A.7 R.1 cell-implanted mice were intraperitoneally
injected with erastin (30 mg/kg body weight) or vehicle
(10% dimethyl sulfoxide and 50% polyethylene glycol
in saline) for every three days. Tumor volume was also
measured every three days. All protocols involving mice
were reviewed and approved by the Animal Care and Use
Committee of Kyushu University (A22-329-1). All meth-
ods were performed according to the relevant guidelines
and regulations.

Hepatocyte isolation and primary cell culture

Hepatocytes were isolated from male BALB/c mice using
the collagenase perfusion method [21, 22]. Cells were
plated in 6-well or 24-well plates at a density of 4x10°
or 8x10° cells per well in Williams’ medium (Sigma-
Aldrich) containing 5% FBS, 0.1 uM insulin (Fujifilm
Wako Pure Chemical), 0.1 uM dexamethasone (Fujifilm
Wako Pure Chemical), and 1% penicillin/streptomycin
and incubated at 37 °C, in a humidified 5% CO, atmo-
sphere. After confirming cell attachment, the cells were
used in each experiment.

Cell viability assay

The cells were seeded at a density of 1000 cells / well in
96-well plates. After incubation for 24 h, the medium was
exchanged with cystine-containing medium or cystine-
deficient medium. For the inhibition of xCT activity, cells
were treated with 1.5 pM erastin or 0.5% (v/v) DMSO in
standard medium. Cell viability was assessed at the indi-
cated time points using the CellTiter-Glo Luminescent
Cell Viability Assay System (Promega, Madison, WI)
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following the manufacturer’s instrument. Chemilumines-
cence was measured using an EnSpire Multimode Plate
Reader (PerkinElmer Japan, Kanagawa, Japan).

Measurement of the intracellular metabolite levels

Cysteine-related metabolites and coenzyme A in the liver,
BNL 1ME A.7 R.1-formed tumors in mice, and cultured
cells were extracted using the Bligh—Dyer method. To
prepare tissue samples, 100 mg of tissue was homog-
enized with saline and then centrifuged at 12,000 X g
for 10 min at 4 °C. Next, 100 pL of homogenates were
deproteinized by mixing an equal amount of 5% (w/v)
5-sulfosalicylic acid containing internal standard (2 mg/
mL L-[1-'® C] valine) and centrifuging at 12,000 x g for
10 min at 4 °C. Then, 150 pL of supernatants were mixed
with 150 pL of chloroform and 300 pL of methanol. To
prepare cell samples, cells were washed with saline, and
homogenized with 300 pL of methanol containing 5 pL
of internal standard (10 pug/mL L-[1-'* C] valine). The
homogenates were centrifuged at 12,000 x g for 10 min
at 4 °C. Next, 100 pL of chloroform and 200 pL of super-
natants were mixed with 5% (w/v) 5-sulfosalicylic acid.
After 10 min of incubation at room temperature, samples
were mixed with chloroform (150 pL for tissues, 100 pL
for cells) and water (150 pL for tissues, 100 pL for cells).
The samples were centrifuged at 1,500 x g for 10 min at
4 °C, and the upper phase were dried out and then dis-
solved into 50 pL of the mobile phase. A liquid chroma-
tography-tandem mass spectrometry system (Waters,
Milford, MA) was used to quantify cysteine-related
metabolites. For measurement of amino acids, liquid
chromatography was performed using an Intrada amino
acid column (3 um, 50 mm X 3 mm; Imtakt Co., Kyoto,
Japan) under a gradient elution program. The mobile
phase consisted of solvent A (acetonitrile: tetrahydrofu-
ran:25 mM ammonium formate: formic acid=9:75:16:0.3,
v/v/v/v) and solvent B (acetonitrile:100 mM ammonium
formate=1:4, v/v). The following gradient program was
applied: 2.5 min isocratic at 100% buffer A, 4 min gradi-
ent to 17% buffer B, 3.5 min isocratic at 100% buffer B,
and 5 min isocratic at 100% buffer A with a flow rate of
0.6 mL/min. The mass spectrometer was operated in
the multiple reaction monitoring (MRM) mode using
positive electrospray ionization. In MRM, the mass-to-
charge ratios (m/z) were 241-152, 122-76.1, 136—90,
223-134, 149.9-133.1, 399.2-250.1, and 119-72 for cys-
tine, cysteine, homocysteine, cystathionine, methionine,
S-adenosylmethionine, and L-[1-'3 C] valine, respectively.
For measurement of coenzyme A, liquid chromatogra-
phy was performed using an CORTECS C18+column
(2.7 um, 100 mm X 2.1 mm; Waters) under a gradient elu-
tion program. The mobile phase consisted of solvent A (5
mM ammonium acetate) and solvent B (acetonitrile). The
following gradient program was applied: 6 min gradient
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from 97% buffer A to 95% buffer B, 1 min isocratic at 95%
buffer B, 0.5 min gradient to 97% buffer A, and 2.5 min
isocratic at 97% buffer A with a flow rate of 0.25 mL/min.
The mass spectrometer was operated in the MRM mode
using positive electrospray ionization. In MRM, the
mass-to-charge ratios (m/z) were 768 —261 for coenzyme
A. The metabolite levels were normalized to the protein
concentrations measured using the Pierce BCA Assay Kit
(Thermo Fisher Scientific).

Measurement of the intracellular contents of GSH

The collected tissues were homogenized in 40 pL of 5%
5-sulfosalicylic acid. The homogenates were centrifuged
at 12,000 x g for 10 min at 4 °C, and the supernatants
were collected. GSH concentration was measured using
the GSSG/GSH Quantification Kit (Dojindo, Kumamoto,
Japan) following the manufacturer’s instructions and nor-
malized to tissue weight.

Cystine uptake assay

Hepatocytes were isolated from BNL 1ME A.7 R.1
tumor-bearing mice using the collagenase perfusion
method. BNL 1ME A.7 R.1-formed tumors in mice were
isolated from the same mice. The isolated tumors were
minced and incubated in DMEM containing 1 mg/mL
collagenase at 37 °C for 1 h. After quenching collagenase
using DMEM containing 5% FBS, tumor cells were dis-
sociated into single cells passing through a cell strainer
and then centrifuged at 300 x g for 5 min at 4 °C. Cells
were hemolyzed by mixing with ACK buffer (150 mM
NH,Cl, 10 mM KHCO,, and 0.001 mM EDTA-2Na-
2H,0) and centrifuging at 300 X g for 5 min at 4 °C. Cells
were incubated in Krebs-Ringer buffer (11.7 mM NaCl,
4.7 mM KCl, 1.2 mM MgCl,, 1.2mM NaH,PO,-2H,0, 10
mM HEPES, 2.5 mM CacCl,, and 11 mM D-(+)-glucose
(pH7.4)) containing 0.5 pCi/mL L-[1-!* C] cystine (Perki-
nElmer Japan) at 37 °C. At the indicated times, cells were
washed four times with 1 mL of ice-cold PBS and homog-
enized with 10% NaOH solution. After centrifugation,
the supernatant was used for scintillation counting and
protein concentration measurements. Radioactivity was
normalized to protein concentrations.

DNA methylation analysis

Genomic DNA was extracted from the tissues using
the Wizard Genomic DNA Purification Kit (Promega)
according to the manufacturer’s instructions. First, 500
ng of DNA was used for the bisulfite reaction using an
EZ DNA Methylation Kit (Zymo Research, Irvine, CA).
Bisulfite-converted DNA was amplified using the GoTaq
Green Master Mix (Promega). Primers were designed
using MethPrimer (https://www.urogene.org/cgi-bin/
methprimer/methprimer.cgi), and the primer sequences
are listed in Supplementary Table S1.
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Isolation of membrane and nuclear fraction

Membrane fractions from mouse livers and BNL 1ME
A.7 R.1 cell-formed tumors in mice were prepared by
ultracentrifugation. The tissues were homogenized in
Krebs-Ringer buffer (11.7 mM NaCl, 4.7 mM KCl, 1.2
mM MgCl,, 1.2 mM NaH,PO,-2H,0, 25 mM NaHCOs,
2.5 mM CaCl,-2H,0, and 11 mM d-(+)-glucose) con-
taining protease inhibitors (1 pg/mL leupeptin, 1 pg/mL
aprotinin, and 100 pM phenylmethanesulfonyl fluoride).
Lysates were then separated by centrifugation at 8,000 X g
for 15 min at 4 °C, and the supernatants were centrifuged
at 100,000 x g for 1 h at 4 °C. Pellets were resuspended
in MOPS-Tris buffer (20 mM 4-morpholine propanesul-
fonic acid-Tris (pH 7.0), 300 mM sucrose, 5 mM EDTA,
and protease inhibitors) and ultracentrifuged at 100,000
x g for 1 h at 4 °C. The pellets were resuspended in Tris-
EDTA buffer (10 mM Tris-HCL; pH 7.0, 5 mM EDTA,
and protease inhibitors). Membrane fractions were pre-
pared from cultured cells using the Fraction-PREP Cell
Fractionation Kit (Abcam, Cambridge, UK) according to
the manufacturer’s instructions. Preparation of nuclear
fractions from mouse liver, BNL 1IME A.7 R.1-formed
tumors in mice, and cultured cells was conducted using
a LysoPure Nuclear and Cytoplasmic Extractor Kit (Fuji-
film Wako Pure Chemical) according to the manufactur-
er’s instructions.

Western blotting

Total protein from cells and tissues was prepared using
CelLytic MT (Sigma-Aldrich) according to the manu-
facturer’s instructions. Proteins of the plasma mem-
branes and nuclei were prepared using the following
methods. Denatured samples were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene difluoride
membranes. The membranes were incubated with pri-
mary antibodies against CBS (14787-1-AP, Proteintech,
Wuhan, China, RRID: AB_2070970), CTH (12217-1-AP,
Proteintech, AB_2087497), xCT (#98051, Cell Signal-
ing Technology, Danvers, MA, RRID: AB_2800296),
glutamate-cysteine ligase catalytic subunit (GCLC;
sc-390811, Santa Cruz Biotechnology, Santa Cruz, CA,
RRID: AB_2736837), glutamate-cysteine ligase modifier
subunit (GCLM; sc-55586, Santa Cruz Biotechnology,
RRID: AB_831789), DNA (cytosine-5)-methyltransferase
1 (DNMT1; #5032, Cell Signaling Technology, RRID:
AB_10548197), DNMT3A (20954-1-AP, Proteintech,
RRID: AB_10733339), DNMT3B (26971-1-AP, Protein-
tech, RRID: AB_2880705), activating transcription fac-
tor-4 (ATF4; sc-200, Santa Cruz Biotechnology, RRID:
AB_2058752), NF-E2-related factor 2 (NRF2; 16396-1-
AP, Proteintech, RRID: AB_2782956), myelocytomato-
sis oncogene (c-MYC; 10828-1-AP, Proteintech, RRID:
AB_2148585), protein kinase B/AKT (PKB/AKT; #9272,
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Cell Signaling Technology, RRID: AB_329827), phos-
pho-AKT (Ser473) (p(S473) AKT; #9271, Cell Signaling
Technology, RRID: AB_329825), phospho-AKT (Thr308)
(p(T308) AKT; #9275, Cell Signaling Technology, RRID:
AB_329828), Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; #5174, Cell Signaling Technology, RRID:
AB_10622025), Na*/K* ATPase (#3010, Cell Signaling
Technology, RRID: AB_2060983), TATA-binding protein
(TBP; 22006-1-AP, Proteintech, RRID: AB_10951514),
and B-ACTIN (sc-1616; Santa Cruz Biotechnology, RRID:
AB_630836). Specific antigen-antibody complexes were
visualized using horseradish-peroxidase-conjugated anti-
rabbit antibodies (ab97051, Abcam, RRID: AB_2202239)
against CBS, CTH, xCT, DNMT1, DNMT3A, DNMT3B,
ATF4, NRF2, GAPDH, Na*/K* ATPase, and TBP or anti-
mouse antibodies (sc-2005, Santa Cruz Biotechnology,
RRID: AB_631736) against GCLC, GCLM, and Immu-
noStar LD (Fyjifilm Wako Pure Chemical). The mem-
branes were photographed, and the density of each band
was analyzed using ImageQuant LAS4010 (GE Health-
care Life Sciences, Buckinghamshire, UK) and Image]
software.

Quantitative RT-PCR analysis

Total RNA was extracted from cultured cells using
RNA iso Plus (Takara Bio Inc, Shiga, Japan) according
to the manufacturer’s instructions. We also commer-
cially obtained RNA samples derived human healthy
liver (Fyjifilm Wako Pure Chemical). Complementary
DNA (cDNA) was synthesized by reverse transcription
using the ReverTra Ace qPCR RT kit (Toyobo, Osaka,
Japan). Real-time PCR analysis was performed on diluted
c¢DNA samples using THUNDERBIRD SYBR qPCR Mix
(Toyobo) and the LightCycler 96 system (Roche Diag-
nostics, Basel, Schweiz). Data were normalized using 18s
rRNA, and the primer sequences are listed in Supple-
mentary Table S2.

Measurement of the intracellular ROS levels

Hepatocytes were isolated from male BALB/c mice using
the collagenase perfusion method and plated in 96-well
black plates. The medium was changed after 4 h of incu-
bation. The next day, hepatocytes were treated with PAG
for 0, 6, 12, 18, and 24 h. Intracellular reactive oxygen
species (ROS) levels in primary hepatocytes were evalu-
ated at the same time using the ROS Assay Kit, Highly
Sensitive DCFH-DA (Dojindo), following the manufac-
turer’s instructions. The fluorescence activity of DCFH-
DA was measured using an EnSpire Multimode Plate
Reader and was normalized to Hoechst33342 (Dojindo).

Statistical analysis
All statistical analyses were performed using JMP prol17.0
(SAS Institute Japan, Tokyo, Japan). The significance of
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differences among groups was analyzed using one-way or
two-way ANOVA, followed by Tukey—Kramer’s post hoc
test. Student’s ¢-test was used to compare data between
the two groups. A 5% level of probability was considered
to be statistically significant.

Results

Oncogenic alterations in the expression of CBS, CTH, and
SLC7A11 in cancer patients

Intracellular cysteine levels are mainly dependent on
intracellular synthesis from methionine through the
trans-sulfuration pathway and the exogenous supply of
cystine uptake provided by the cystine/glutamate anti-
porter xCT (Fig. 1A) [6]. Analysis of RNA-seq data from
patients with hepatocarcinoma using the TNMplot
database revealed that the expressions of de novo cys-
teine synthetases, CBS and CTH, were down-regulated
in hepatic tumor cells. Conversely, the expression of
SLC7A11, encoding xCT, was up-regulated in the hepatic
tumors (Fig. 1B). Similar alterations of gene expressions
were observed in breast carcinoma, renal carcinoma,
pancreatic adenocarcinoma, and stomach adenocarci-
noma (Supplementary Fig. S1). The degree of decreased
expression for CBS and CTH, and the degree of increased
expression for SLC7A11, were more pronounced with the
malignancy of hepatocarcinoma (Fig. 1C). Furthermore,
the alterations of these gene expressions were associated
with a poor prognosis for patients with hepatocarcinoma
(Fig. 1D). Consistent with these results, we also detected
the down-regulation of CBS and CTH and the up-regula-
tion of SLC7A11 in the human hepatocarcinoma cell line,
HepG2 and HepaRG (Fig. 1E). These results reveal the
implication of oncogenic alterations of cysteine metabo-
lism in the malignancy of hepatocarcinoma, as well as in
other types of cancer.

BNL 1ME A.7 R.1-bearing mice show similar alterations of
cysteine metabolism in patients with hepatocarcinoma

To investigate the underlying mechanism of the onco-
genic alteration of cysteine metabolism, we prepared a
syngeneic mouse model of hepatocarcinoma. BNL 1ME
A.7 R.1 cells are a murine hepatocarcinoma cell line gen-
erated by the treatment of BALB/c mice-derived hepato-
cytes with the chemical carcinogen, methylcholanthrene
epoxide [15, 16]. We implanted the hepatocarcinoma
cells into the back of male BALB/c mice. After tumor
formation, we assessed the protein expression levels of
cysteine synthetic enzymes, xCT, and glutathione syn-
thetic enzymes in the liver and BNL 1ME A.7 R.1-formed
tumors in mice. As observed in patients with hepatocar-
cinoma, the protein levels of CBS and CTH were down-
regulated in BNL 1IME A.7 R.1-formed tumors, and the
protein levels of xCT were up-regulated in hepatic tumor
cells (Fig. 2A). In addition, the cysteine and cystine levels
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were increased in hepatic tumor cells, whereas the intra-
tumoral glutathione levels were significantly decreased
(Fig. 2B). The decreased glutathione levels may be due
to the down-regulation of the protein levels for the rate-
limiting enzymes of glutathione synthesis, GCLC and
GCLM (Fig. 2A). These results suggest that oncogenic
transformation of hepatocytes induces a shift in intracel-
lular cysteine supply pathway from the de novo synthesis
to extracellular uptake. This metabolic reprogramming
appeared to result in intra-tumoral cysteine accumula-
tion. Therefore, we used this hepatocarcinoma animal
model to investigate the mechanism underlying onco-
genic alterations in cysteine metabolism.

Epigenetic repression of genes involved in de novo
cysteine synthesis in hepatocarcinoma cells

The expressions of CBS and CTH are regulated through
transcriptional and translational processes [23]. DNA
methylation of the promoter regions of CBS and CTH
genes is thought to repress their expressions in stomach
or liver cancer in humans [24, 25]. Significant reductions
in the Cbs and Cth mRNA levels were also observed in
BNL 1ME A.7 R.1-formed tumors in mice (Fig. 3A).
Therefore, we investigated the DNA methylation sta-
tus of the upstream regions in the mouse Cbs and Cth
genes of BNL 1IME A.7 R.1 cells. DNA methylation is
mainly catalyzed by three enzymes; DNMT1, DNMT3A,
and DNMT3B [26]. DNMT3A and DNMT3B catalyze
de novo DNA methylation, whereas DNMT1 main-
tains the DNA methylation status during cell prolifera-
tion. The mRNA expression levels of these three DNA
methyltransferases were up-regulated in BNL 1IME A.7
R.1-formed tumors (Fig. 3B). In addition, significant
increase in the methionine and S-adenosylmethionine
levels were also detected in BNL 1ME A.7 R.1-formed
tumors (Supplementary Fig. S2). Because several CpG
islands are located in the upstream regions of the mouse
Cbs and Cth genes, we investigated their DNA methyla-
tion statuses by direct-bisulfite sequencing [27, 28]. The
methylation levels for the upstream region of the mouse
Cbs gene spanning from —171 to —84 bp (relative to the
transcription start site, +1) and mouse Cth gene span-
ning from —335 to —265 bp were increased in BNL 1IME
A.7 R.1-formed tumors (Fig. 3C and D).

Treatment of cultured BNL 1IME A.7 R.1 cells with a
DNA methyltransferase inhibitor, decitabine, decreased
methylation levels for the upstream regions of Cbs and
Cth genes (Supplementary Fig. S3A) and restored their
expression levels (Fig. 4A and B), although the restora-
tion levels of CBS and CTH were insufficient with for
increasing intracellular cysteine levels (Supplementary
Fig. S3B). Furthermore, the down-regulation of DNA
methyltransferases by shRNA restored the expres-
sion levels for Cbs and Cth mRNAs (Fig. 4C) and their



Yamauchi et al. Cancer & Metabolism (2024) 12:23 Page 7 of 15

Cysteine-related enzymes and transporter

XCT: cystine/glutamic acid toransporter
CBS: cystathionine-B-synthase
CTH: cystathionine-y-lyase

B3 QoD ——
=3

== CBS GCLC: glutamate-cysteine ligase catalytic subunit
= Cysteine de novo GCLM: glutamate-cysteine ligase modifier subunit
=33 biosynthesis GSS: glutathione synthetase
==
&
= dom o
P == L GCLM GSs
Cystine ) IR xCT” " Cystine ) —b ©
&5 Cystine uptake
Extracellular fluid &=y Intracellular

v9)

SLC7A11 (P= 2.28e-39)

CBS (P = 5.27¢-64) CTH (P = 4.02¢-16)

4000 400
5 15000 s c
2 -2 3000 -2 300
2 1 a
2 2 o
s s
£ 10000 2 2000 i 8 200
o o °
e e e
38 3 3
5000 1000 100
oot WRIA
0 “eatioun ——— 0 0
Normal Tumor Normal Tumor Normal Tumor
(n=225) (n=371) (n=225) (n=371) (n=225) (n=371)
C CBS CTH SLC7A11
00 *» Hkk 200 4
T kK ok
| = * o
{ | T 3 T *kk
gaok T T 8 - 5 T 00T
g : : i gioo- T g2 %
= O , Sl o I P |
] 1 — s i | T *kk H
o . o - . ; H : K =
§ o § - =" E m B § L =
o] 5 4 1 i = 3 o = = - - GO —— == == ==
Normal Grade 1 Grade 2 Grade 3 Grade 4 Normal Grade 1 Grade 2 Grade 3 Grade 4 Normal Grade 1 Grade 2 Grade 3 Grade 4
(n=50) (n=54) (n=173) (n=118) (n=12) (n=50) (n=54) (n=173) (n=118) (n=12) (n=50) (n=54) (n=173) (n=118) (n=12)
TCGA samples TCGA samples TCGA samples
D CBS CTH SLC7A11
1.0 1.0
2 2 E -
3 3 va, CTHHigh 3 hY SLC7A11 Low
3 2 05 e 3 05 L
® s 1 K] oy TR
2 2 ] "Ly
H H CTHLow e i H SLC7AMTHigh ']
3 " 3 - 2]
HR =0.62 (0.43 - 0.9) HR = 0.55 (0.39 - 0.78) HR =2.41 (1.69 — 3.44) b -
logrank P = 0.01 logrank P = 0.00068 logrank P = 5.3¢-07
)= L L L I L L Ok L L L L L L L L L L L L L
[ 20 40 60 80 100 120 [ 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (months) Time (months) Time (months)
CBS mRNA CTH mRNA SLC7A11 mRNA
15 15 500
e *% 2 *k e
- s £ o xe
2 *% 2 * 2 o
° ° °
g 1.0 g 1.0 &
3 3 3 300
< < <
£ F g
R 0.5 R 0.5 £ 20
£ e 2
5 5 = 100
] o ©
« 4 4
[ 0 0
Noiriial HepG2 HepaRG Nofial HepG2  HepaRG Noimal HepG2  HepaRG

liver Hepatocarcinoma cells

liver Hepatocarcinoma cells

liver Hepatocarcinoma cells

Fig. 1 Oncogenic alterations in the expression of CBS, CTH, and SLC7AT1 genes in patients with hepatocarcinoma. A, Schematic illustrating the cysteine
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proteins in BNL 1IME A.7 R.1 cells (Fig. 4D). Among
these, the down-regulation of Dnmt3a had significant
effects on the expression of both CBS and CTH, whereas
Dnmtl down-regulation restored only the expression of
CBS. These results indicated that DNA methylation con-
tributes to maintaining gene suppression of cysteine syn-
thases in hepatocarcinoma.

Repression of de novo cysteine synthesis up-regulates xCT
expression

Despite decreasing de novo synthase activities, cysteine
content was increased in BNL 1IME A.7 R.1 cells (Fig. 2B).
Consistent with increased xCT expression, cystine
uptake activity was enhanced in BNL 1IME A.7 R.1 cells
(Fig. 5A). Intracellular cystine is reduced to cysteine and
serves as a source for the de novo synthesis of glutathione
and proteins [29]. Inhibition of xCT activity by erastin
significantly decreased the cysteine content in BNL 1ME
A.7 R.1 cells but not in primary cultured hepatocytes
(Fig. 5B), suggesting that intra-tumoral accumulation of

cysteine depends on the up-regulation of xCT-mediated
cystine uptake.

Next, we investigated the mechanism by which xCT
expression is up-regulated in hepatocellular carcinoma
cells with repressed de novo cysteine synthesis. Treat-
ment of primary cultured hepatocytes prepared from
the liver of BALB/c mice with the CBS inhibitor amino-
oxy acetic acid (AOAA) or the CTH inhibitor propar-
gylglycine (PAG) decreased intracellular cysteine levels,
revealing the suppression of de novo cysteine synthesis
(Supplementary Fig. S4A and S4B). Treatment with PAG,
but not with AOAA, significantly increased the expres-
sion levels of Slc7all mRNA (Fig. 5C) and xCT pro-
tein (Fig. 5D). These findings suggested that repression
of de novo cysteine synthesis repulsively increases xCT
expression.

Since repression of de novo cysteine synthesis by PAG
increased xCT expression at the mRNA level, we focused
on the transcriptional activity of the Slc7all gene. Acti-
vating transcription factor-4 (ATF4) or NF-E2-related
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factor 2 (NRF2) induces xCT expression [11, 30]. ATF4
is a main downstream effector of general control non-
derepressible 2 (GCN2), a sensor of amino acid depriva-
tion, and regulates the expression and activity of genes
involved in amino acid transport [11]. NRF2 is also acti-
vated in response to oxidative stress, hypoxia, and cell
growth signaling [30] and induces the expression of cyto-
protective enzymes and transporters involving xCT [31].
Although ATF4 was undetectable in BNL 1IME A.7 R.1-
formed tumors in mice, the expression of NRF2 markedly
increased in the tumors (Fig. 5E). Down-regulation of
NREF2 by siRNA significantly decreased the expression of
xCT in BNL 1IME A.7 R.1 cells (Fig. 5F), suggesting that
NREF2 acts as a transcriptional activator of xCT in onco-
genic transformed hepatocytes.

Inhibition of extracellular cystine supply suppresses the
growth of BNL TME A.7 R.1-formed tumors in mice

In the final set of experiments, we investigated how inhi-
bition of the extracellular cysteine supply affects the
growth of hepatocarcinoma-formed tumors. Down-reg-
ulation of xCT by shRNA partially suppressed the growth
of cultured BNL 1IME A.7 R.1 cells (Fig. 6A). The treat-
ment with 1.5 uM erastin also repressed their growth
and decreased intracellular cysteine levels, but had a
negligible effect on the cell viability and cysteine content
of primary culture hepatocytes (Figs. 5B and 6B and C).
Therefore, we explored whether inhibition of the extra-
cellular cysteine supply prevents the growth of hepa-
tocarcinoma-formed tumors in mice. To achieve this,
we administrated erastin (30 mg/kg body weight, i.p) to
BNL 1IME A.7 R.1-inoculated BALB/c mice every three
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Fig. 4 DNA methyltransferase suppresses the expression of cysteine synthetic enzymes in BNL TME A.7 R.1 cells. A and B, Induction of CBS and CTH ex-
pression by pharmacological inhibition of DNA methyltransferase activity. BNL TME A.7 R.1 cells were treated with 500 nM decitabine for 24 h. The mRNA
and protein levels were normalized to those of 18s and 3-ACTIN, respectively. The values in vehicle-treated cells were set at 1.0. Each value represents
the mean with S.D. (n=4). *P <0.05; significant difference between the two groups (t;=2.719, P=0.035 for Cth mRNA; t,=3.498, P=0.013 for CBS protein;
te=3.270, P=0.017 for CTH protein; unpaired t-test, two sided). C and D, Induction of CBS and CTH expressions by down-regulation of DNA methyl-
transferase. BNL TME A.7 R.1 cells were transduced with lentivirus expressing shRNA against Dnmt1, Dnmt3a, or Dnmt3b. The mRNA and protein levels
in mock-transduced and Dnmt-knockdown (KD) cells were normalized to those of 18s and B-ACTIN, respectively. The values in mock-transduced cells
were set at 1.0. Each value represents the mean with S.D. (n=3). **P<0.01, *P<0.05; significant difference between the indicated groups (F3 3 = 160.673,
P<0.001 for Cbs mRNA; F5 3= 13.969, P=0.002 for Cth mRNA; F55 = 13.491, P=0.002 for CBS protein; F35 = 24.930, P<0.001 for CTH protein; ANOVA with

Tukey-Kramer’s post hoc test)

days, which suppressed the growth of BNL 1IME A.7
R.1-formed tumors (Fig. 6D). The tumor volume on day
15 after the initiation of erastin administration was sig-
nificantly smaller than that observed in mice treated with
vehicle, suggesting that the growth of oncogenic trans-
formed hepatic cells depends on the extracellular cyste-
ine supply. Oncogenic alteration of the cysteine supply
pathway from intracellular de novo synthesis to extracel-
lular uptake may be necessary for cancer cells to rapidly
proliferate and resist oxidative stress.

Discussion

Owing to their abnormal growth and rapid proliferation,
cancer cells are exposed to an environment distinct from
that of normal healthy cells, characterized by hypoxia,
acidity, and low nutrient levels [32]. To adapt to such
an environment, cancer cells undergo metabolic repro-
gramming [33], and alterations in cysteine metabolism
are often observed in oncogenic transformed cells [34].
In the present study, we observed decreased expres-
sion of genes involved in de novo cysteine synthesis and
increased expression of the cystine uptake transporter
xCT by analyzing a database of patients with hepatocar-
cinoma, breast invasive carcinoma, kidney renal clear
cell carcinoma, pancreatic adenocarcinoma, and gastric

adenocarcinoma. Consistent with these findings, BNL
1IME A.7 R.1-bearing mice exhibited similar alterations
in the expression of genes involved in cysteine metabo-
lism. Employing this animal model of hepatocarcinoma,
we demonstrated that epigenetic repression of de novo
cysteine synthases up-regulates the expression of the
extracellular cystine uptake transporter xCT and subse-
quent intracellular cysteine accumulation (Fig. 7).

In healthy cells, cysteine is synthesized from methio-
nine through the trans-sulfuration pathway. CBS and
CTH play critical roles in catalyzing the transformations
of homocysteine to cystathionine and cystathionine to
cysteine, respectively [35]. The expressions of CBS and
CTH were down-regulated in hepatocarcinoma-formed
tumors in both humans and animal models. A previous
study has demonstrated that DNA methylation status
is negatively correlated with CBS expression levels in
cancer cells [24]. Although reduced expression of genes
involved in de novo cysteine synthesis has been detected
in various types of cancers, this phenomenon appears
to depend on differences in the origin of cancer [12].
The methylation status of genomic DNA is also subject
to variation, not only because of congenital factors but
also as a result of acquired influences [36]. DNA methyl-
transferases (DNMTs) are a conserved family of cytosine
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methylases with a key role in the epigenetic regulation of  transcription factors, including SP1, FOXC1, and c-MYC,
gene expression [26]. Elevated levels of DNMTs appeared  have been reported to up-regulate the expression of
to repress the expression of CBS and CTH in hepatocar- DNMTs in cancer cells [37]. Compared to normal healthy
cinoma tumors in mice. Dnmt3a downregulation had hepatocytes, we observed increased expression of c-MYC
a significant effect on the expression of both CBS and in BNL 1IME A.7 R.1 cells (Supplementary Fig. S5). This
CTH, whereas Dnmtl downregulation only restored may account for the up-regulation of DNMTs and the
the expression of CBS. These observations indicated increased methylation status of Cbs and Cth genes.
the differential contribution of each DNMT subtype However, the expressions of these cysteine synthesis
to the expression of CBS and CTH. Several oncogenic  enzymes were not fully restored by the down-regulation
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Fig. 6 Pharmacological inhibition of extracellular cystine supply represses the growth of hepatocarcinoma cells. A, The proliferation of mock-transduced
or Slc7ali-knockdown (KD) BNL TME A.7 R.1 cells. The basal cell viability (0 h) of mock-transduced cells was set at 1.0. Each value represents the mean
with S.D. (h=6). **P<0.01; significant difference between the two groups (F3,4, = 69.532; P<0.0001; Two-way ANOVA with Tukey-Kramer’s post hoc test).
B, The proliferation of primary hepatocytes and BNL TME A.7 R.1 cells during incubation in media in the presence or absence of 1.5 uM erastin. The basal
cell viability (0 h) of vehicle-treated cells was set at 1.0. Each value represents the mean with S.D. (n=6). **P <0.01; significant difference between the two
groups (F, 3, = 104.061, **P<0.001; Two-way ANOVA with Tukey-Kramer’s post hoc test). C, The cell viability of primary hepatocyte and BNL TME A7 R.1
cells after incubation in medium containing the indicated concentrations of erastin for 24 h. The viability of cells incubated in the absence of erastin (0
pM) was set at 100%. Each value represents the mean with S.D. (h=4-6). **P < 0.01; significant difference from the group of cells incubated in the absence
of erastin (Dunnett’s test). D, The growth of BNL TME A.7 R.1-formed tumors implanted in mice during the repetitive administration of erastin (30 mg/
kg body weight) or vehicle (10% dimethyl sulfoxide, 50% polyethylene glycol in saline). Left and middle panels show individual tumor volumes during
administration of erastin or vehicle. The arrows indicate drug administration. Right panel shows the tumor volume 15 days after the initiation of erastin
administration. Each value represents the mean with S.D. (n=7). *P<0.05; significant difference between the two groups (F;; ;, = 15.816, P<0.001; One-
way ANOVA with Tukey-Kramer's post hoc test)

of DNMTs in BNL 1IME A.7 R.1 cells. Therefore, other  concentration by enhancing cystine uptake from the
factors may also directly or indirectly suppress the de extracellular environment. Inhibition of de novo cysteine
novo cysteine synthetase activities in BNL IME A.7 R.1  synthesis by the treatment of primary hepatocytes with
cells. Further studies are required to investigate the exact =~ CTH inhibitor PAG increased the expression of Slc7all
mechanism underlying the decreased expressions of CBS ~mRNA and xCT protein, accompanied by elevated NRF2
and CTH in transformed oncogenic cells. levels. Cancer cells constitutively activate NRF2 through

Because the decreased expression of de novo cyste- various mechanisms, including somatic mutations, epi-
ine synthases was accompanied by up-regulation of the  genetic silencing degradation, and transcriptional activa-
cystine uptake transporter xCT, we investigated the tion by oncogene-mediated signaling [38]. Under normal
possibility that repression of de novo cysteine synthesis  healthy conditions, NRF2 binds to KEAP1, leading to
plays a role in maintaining or increasing its intracellular  constitutive ubiquitination and proteasomal degradation.
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Fig. 7 Schematic diagram of oncogenic alteration of cysteine metabolism in hepatocarcinoma. de novo cysteine synthesis in BNL TME A.7 R.1 cells is
repressed by DNA hypermethylation of the Cbs and Cth genes. Decreased de novo synthase activities increase cystine uptake by up-regulating NRF2-
mediated xCT expression. This metabolic cysteine reprogramming may be required for the rapid proliferation and survival of cancer cells of oncogenic

transformed cells

Reactive oxygen species (ROS) are well known molecules
that increase the intracellular NRF2 levels [39]. ROS
can oxidize the cysteine residues in KEAPI1, inducing a
conformational change in KEAP1 and releasing NRF2
[40]. Furthermore, deprivation of intracellular cysteine
results in ROS accumulation [41], which stabilizes NRF2
by preventing its degradation. Activated NRF2 translo-
cates into the nucleus and induces the expression of its
target gene, involving Slc7all. However, no significant
accumulation of ROS was observed in primary hepato-
cytes when cells were treated with CTH inhibitor PAG
(Supplementary Fig. S6A). On the other hand, glycogen
synthase kinase-3p (GSK3p) also participates in NRF2
degradation [42], and the GSK3p-mediated degradation
of NRF2 is prevented by protein kinase B (PKB)/AKT sig-
naling [43]. Previous studies have demonstrated that the
inhibition of CTH activity stimulates PKB/AKT signal-
ing [44]. Herein, the phosphorylation state of PKB/AKT
was enhanced in BNL 1IME A.7 R.1 cells (Supplementary
Fig. S6B), indicating activation of the protein kinase in
hepatocarcinoma, and treatment with PKB/AKT inhibi-
tor Akti X diminished NRF2 accumulation and decreased

xCT expression levels (Fig. 5G). Although it remains to
be clarified how CTH inhibition can activate PKB/AKT
signaling, up-regulation of this protein kinase contributes
to the elevation of NRF2 levels and expression of xCT in
BNL 1ME A.7 R.1 cells. Importantly, elevation of NRF2
levels were unlikely to feedback on the expressions of de
novo cysteine synthases because treatment of primary
hepatocytes with NRF2 degradation inhibitor, 4-octyl ita-
conate, had a negligible effect on the expression of CBS
and CTH proteins as well as cell viability (Supplementary
Fig. S7).

Cysteine plays various roles in the maintenance of cel-
lular functions, but it is also known to enable glutathione
biosynthesis. Cancer cells intrinsically exhibit enhanced
ROS production for various reasons, including genetic
aberrations, rapid proliferation, and altered cellular
metabolism [45]. Enhanced production of ROS promotes
tumor growth and progression [46]; however, above the
cytotoxic threshold, ROS-induced oxidative stresses
result in apoptotic death or senescence of cancer cells.
Therefore, cancer cells can maintain ROS levels below
a cytotoxic threshold by enhancing the biosynthesis of
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antioxidants such as glutathione [47]. The present study
indicated that oncogenic transformation of hepato-
cytes induces a shift in the intracellular cysteine supply
pathway from de novo synthesis to extracellular uptake.
Indeed, the intracellular cysteine levels of cultured BNL
1ME A.7 R.1 cells and their proliferation were increased
in an extracellular cystine concentration-dependent man-
ner (Supplementary Fig. S8). Metabolic reprogramming
appears to result in intra-tumoral cysteine accumula-
tion. As the capacity for intracellular cysteine synthesis is
limited, the enhancement of extracellular cystine uptake
may promote excess antioxidant production in cancer
cells. However, the glutathione contents in BNL 1IME A.7
R.1-formed tumors were significantly lower than those
in a normal healthy liver, suggesting that cancer cells
increase intracellular cysteine levels for purposes other
than glutathione synthesis. Cysteine can eliminate intra-
cellular ROS, either by itself or through the production
of coenzyme A [48, 49]. In addition, cysteine can induce
the expression of insulin growth factor 1 (IGF-1), which
acts as a stimulating signal for the proliferation of cancer
cells [50]. Deprivation of cystine from the culture media
decreased intracellular contents of coenzyme A and the
expression levels of Igf-1 in BNL 1IME A.7 R.1 cells (Sup-
plementary Fig. S9). Therefore, cancer cells, particularly
those characterized by intracellular cysteine accumula-
tion and decreased glutathione levels, may use cysteine
to synthesize other bioactive molecules that contribute to
their survival and proliferation. This notion is also sup-
ported by the present findings, which show that inhibi-
tion of extracellular cystine uptake by erastin significantly
suppresses the growth of BNL 1ME A.7 R.1-formed
tumors. Although the inhibition of extracellular cystine
uptake is known to induce ferroptotic cell death [51], the
differential dependence on extracellular cystine uptake
between cancer and normal cells suggests the potential
utility of this pathway as a therapeutic target.

Pharmacological inhibition of xCT activity prevents
the growth of cultured cancer cells and tumor-implanted
animal models [52]. The present results reveal a mecha-
nism for oncogenic alteration of cysteine metabolism and
further support the use of xCT as a therapeutic target for
the treatment of malignant cancers.

Conclusions

Epigenetic repression of gene responsible for de novo
cysteine synthesis repulsively increases cystine uptake via
increased xCT expression in hepatocarcinoma, leading to
intracellular cysteine accumulation, which contributes to
rapid cancer cell proliferation and resistance to oxidative
stress. The pharmacological inhibition of xCT activity
effectively decreased intracellular cysteine levels and sup-
pressed hepatocarcinoma tumor growth in murine mod-
els. These findings not only deepen our understanding of
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the metabolic alterations occurring in hepatocarcinoma
but also offer highlight the efficacy of alteration of cys-
teine metabolism as a viable therapeutic target in cancer.
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