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Abstract

Ferroptosis is a form of cell death caused by iron-dependent lipid

peroxidation. Cancer cells increase cystine uptake for the synthesis of

glutathione (GSH), which is used by glutathione peroxidase 4 to reduce lipid

peroxides. Here, we report that cystine deprivation in glioblastoma cells, but

not inhibition of GSH synthesis by L-buthionine sulfoximine (BSO), induces

ferroptosis. We found that cystine deprivation decreased the protein levels of

ferritin heavy chain FTH1, whereas it was increased by BSO treatment. The

lysosome inhibitor bafilomycin Al or deletion of nuclear receptor

coactivator 4 (NCOA4) inhibited cystine deprivation-induced decrease in

FTH1 protein levels and cell death. In addition, cystine deprivation induced

microtubule-associated protein light chain 3 (LC3)-II protein accumulation,

suggesting that cystine deprivation induces ferritinophagy. BSO causes cell

death when glioblastoma cells are treated with iron inducers, ferrous

ammonium sulfate or hemin. On the other hand, cystine deprivation-induced

degradation of FTH1 and cell death required glutamine. This study suggests



that ferritinophagy, in addition to GSH depletion, plays an important role in

cystine deprivation-induced ferroptosis in glioblastoma cells.
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Introduction

Glioblastoma 1s the most common malignant brain tumor with a

poor prognosis [1, 2]. Currently, patients with glioblastoma are usually

treated by surgical excision, radiation, and chemotherapy, but no effective

treatment has been established and the 5-year survival rate is only 5%.

Therefore, it 1s important to find novel therapeutic targets for effective

treatment of glioblastoma.

Ferroptosis is a form of cell death that causes excessive iron-

dependent oxidative damage to lipids [3]. It is well known that inhibition of

glutathione peroxidase 4 (GPX4), an enzyme that directly reduces lipid

peroxide in a glutathione (GSH)-dependent manner, induces ferroptosis [4].

The cystine/glutamate antiporter system x. is composed of two subunits, a

catalytic light chain xCT (SLC7A11) and a regulatory heavy chain CD98

(4F2hc or SLC3A2), and exchanges extracellular cystine for intracellular

glutamate at the plasma membrane [5, 6]. In many cancer cells, the imported

cystine is a major source of cysteine required for GSH synthesis and the



activity of GPX4. Therefore, deprivation of cystine or treatment with

pharmacological inhibitors of xCT, such as erastin, causes ferroptosis in

several types of cancer cells [7]. Thus, intracellular transport of cystine is

important to avoid oxidative stress and cell death in cancer cells. On the other

hand, xCT promotes cell death under glucose-limited conditions [8-10].

One of key characteristic features of ferroptosis is that cell death is

inhibited by iron chelators such as deferoxamine (DFO). Several proteins

involved in iron metabolism regulate ferroptosis [11, 12]. Transferrin and

transferrin receptor, which import iron into cells, are required for amino acid

deprivation- or erastin-induced ferroptosis [13, 14]. Ferritin is a major iron

storage protein composed of heavy chain subunit (FTHI) and light chain

subunit (FTL), and nuclear receptor coactivator 4 (NCOA4)-mediated

lysosomal degradation of ferritin (ferritinophagy) increases the sensitivity to

ferroptosis [15-18]. Knockdown of the iron exporter ferroportin (SLC40A1),

or Prominin2, which promotes exosomal export of ferritin, also promotes

ferroptosis [19, 20]. On the other hand, inhibitors or knockdown of heme



oxygenase-1, which catalyzes the degradation of heme to produce ferrous

iron, suppresses ferroptosis [21, 22]. However, it remains unclear how these

iron supply systems are used properly in ferroptosis induced by different

inducers. We demonstrate that cystine deprivation, but not GSH depletion,

induces ferroptosis in glioblastoma cells. We found that regulation of both

GSH and iron levels is required for cystine deprivation-induced ferroptosis.

Materials and Methods

Reagents and antibodies

BSO and DFO were purchased from Santa Cruz Biotechnology

(BSO, sc-200824, 100 uM; DFO, sc-203331, 100 uM). Ferrostatin-1 (Fer-

1) was purchased from Sigma-Aldrich (SML0583, 1 uM). Bafilomycin Al

(BafAl) was from Cayman Chemical (No. 11038, 1 pM). Hemin was

purchased from Fujifilm (No. 089-10321, 10 uM). We used the following

antibodies in this study: rabbit monoclonal antibodies against FTH1 (D1D4,

#4393) and NCOA4 (ES8H8Z, #66849) (Cell Signaling Technology); a mouse



monoclonal antibody against transferrin receptor (CD71, sc-65882) (Santa

Cruz Biotechnology); a rabbit polyclonal antibody against microtubule-

associated protein light chain 3 (LC3) (MBL, PM036); a mouse monoclonal

antibody against o-tubulin (Sigma-Aldrich, T5168); and secondary

antibodies conjugated to horseradish peroxidase (DAKO)

Cell culture and transfection

T98G and A172 cells were provided by the RIKEN BRC through

the National Bio-Resource Project of the MEXT, Japan (T98G, RCB1954;

A172, RCB2530). They were grown in Dulbecco’s modified Eagle’s

medium containing 10% fetal bovine serum (FBS), 4 mM glutamine, 100

units/ml of penicillin, and 0.1 mg/ml of streptomycin under humidified air

containing 5% CO2 at 37°C. We used the CRISPR/Cas9-mediated

homology-independent knock-in system [23] to generate NCOA4-deficient

T98G cells. The single guide RNA (sgRNA) targeting NCOA4 sequence (5°-

ggtatggctgtatgaacagg-3’) was designed based on a previous report [24] and



cloned into the sgRNA expression vector peSpCAS9(1.1)-2xsgRNA
(Addgene plasmid #80768). T98G cells were seeded in two 60-mm dishes
(2.5 x 10° cells/dish) and co-transfected with peSpCAS9(1.1)-2xsgRNA
containing sgRNA targeting NCOA4 and pDonor-tBFP-NLS-Neo (Addgene
plasmid #80766) using Lipofectamine 2000 (Life Technologies). Two days
after transfection, the cells were placed in the medium containing 250 pg/ml
G418 (Wako) to eliminate untransfected cells. Ten days after selection,
colonies grown from single cells were isolated, and they were expanded and
screened by immunoblotting with anti-NCOA4 antibody. Control T98G cells
were obtained by transfection with peSpCAS9(1.1)-2xsgRNA and pDonor-

tBFP-NLS-Neo.

Cell death experiment
The medium without cystine was prepared by dissolving 0.2 g of
CaCly, 0.1 mg of Fe(NO3)3/9H-0, 97.67 mg of MgSO4, 0.4 g of KC1, 3.7 g

of NaHCOs3, 6 g of NaCl, 0.109 g of NaH2PO4, and 40 ml of minimum



essential medium vitamin solution (100%) liquid (Thermo Fisher Scientific)

in 1 1 of water with the following concentrations of amino acids: arginine-

HCI (0.4 mM), histidine-HCI-H>0 (0.2 mM), isoleucine (0.8 mM), leucine

(0.8 mM), lysine-HCl (0.8 mM), methionine (0.2 mM), phenylalanine (0.4

mM), threonine (0.8 mM), tryptophan (0.08 mM), tyrosine-2Na-2H-0O (0.4

mM), valine (0.8 mM), glutamine (2 mM). For cystine deprivation, cells

were plated in a 48-well plate (Greiner Bio-One, 677180) and cultured for

24 h. Then they were rinsed twice with phosphate-buffered saline (PBS), and

the medium was replaced with cystine-free medium containing 10% dialyzed

FBS (HyClone) with or without 0.2 mM cystine for 24 h. Cell death was

measured by lactate dehydrogenase (LDH) release assay using the MTX

LDH kit (Kyokuto Pharmaceutical Industrial) according to the

manufacturer’s instructions. The optical density was measured at 595 nm

using a microplate reader (Tecan, GENious). The value of LDH release after

treatment with 0.1% Tween 20 was defined as 100% cell death.



Measurement of cellular GSH

Cells were seeded onto 96-well plates (Greiner Bio-One, 655180,
1,000 cells/well) and cultured for 24 h. Then they were rinsed twice with
PBS, and the medium was replaced with cystine-free medium containing
10% dialyzed FBS with or without 0.2 mM cystine or with 100 uM BSO for
15 h. Cellular GSH level was measured using the GSH-Glo Glutathione

Assay (Promega). Luminescence was measured using the microplate reader.

Immunoblotting

Cells were seeded in 24-well plates (Greiner Bio-One, 662160, 4 x
10* cells/well) and cultured for 24 h. Then they were rinsed twice with PBS,
and the medium was replaced with cystine-free medium with or without 0.2
mM cystine for the indicated times. Cells were washed with PBS and lysed
with Laemmli sample buffer. The proteins in the cell lysates were separated
by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane

(Millipore Corporation). The membrane was blocked with 3% low fat milk
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in Tris-buffered saline, and then incubated with primary antibodies diluted

with 1% low fat milk or Can Get Signal (TOYOBO). The primary antibodies

were detected with horseradish peroxidase-conjugated secondary antibodies

and ECL western blotting detection reagents (GE Healthcare Life Sciences).

The signals were captured by Amersham Imager 600 (GE Healthcare Life

Sciences).

Data analysis

Data were analyzed using analysis of variance (ANOVA) with

Tukey’s honestly significant difference post hoc test. p <0.05 was considered

significant. Statistical analyses were performed using KaleidaGraph

(Synergy Software).

Results

Cystine deprivation, but not glutathione depletion, induces ferroptosis

in glioblastoma cells.
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It is well known that inactivation of GPX4 by the GPX4 inhibitor

RSL3 or indirect suppression of GSH synthesis (treatment with L-buthionine

sulfoximine (BSO), an inhibitor of y-glutamylcysteine synthetase, or cystine

deprivation) can induce ferroptosis [3, 4, 7, 11]. We used two glioblastoma

cell lines, T98G and A172, to explore the mechanisms underlying cystine

deprivation-induced ferroptosis. We measured LDH release in the culture

medium 24 h after cystine deprivation, and found that cystine deprivation

induced cell death in both cell lines. However, BSO had little effect on cell

viability (Fig. 1A). We confirmed that the levels of intracellular GSH

decreased after cystine deprivation or treatment with BSO (Fig. 1B). The

selective ferroptosis inhibitor Fer-1 and the iron chelator DFO suppressed

cystine deprivation-induced cell death (Fig. 1C). This suggests that

inhibition of GSH synthesis is not sufficient to induce ferroptosis in

glioblastoma cells.

We next examined the effect of cystine deprivation or BSO

treatment on the expression levels of proteins involved in iron metabolism.
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Cystine deprivation decreased the protein level of ferritin heavy chain FTH1
in both T98G and A172 cells, whereas the level of transferrin receptor CD71
did not change after cystine deprivation (Fig. 1D). On the other hand, the
levels of FTHI increased when the cells were treated with BSO (Fig. 1E).
Thus, this suggest that regulation of FTH1 levels differs between cystine

deprivation and BSO treatment in glioblastoma cells.

Ferritinophagy plays an important role in cystine deprivation-induced
cell death.

Previous studies reported that FTH1 is degraded in lysosomes in
response to several ferroptosis inducers [15-18]. The lysosome inhibitor
bafilomycin A1 (BafA1l) increased the levels of FTHI1 protein under cystine
deprivation in T98G and A172 cells (Fig. 2A), suggesting that FTH1 is
degraded in lysosomes under cystine deprivation. BafA1l also suppressed
cystine deprivation-induced cell death in T98G and A172 cells (Fig. 2B).

Ferritinophagy is the autophagic degradation of ferritin, and
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NCOA4 is required for the delivery of ferritin to lysosomes and

ferritinophagy [25-27]. To examine whether NCOA4 is involved in the

cystine deprivation-induced cell death of glioblastoma cells, we generated

NCOA4-deficient T98G cells using CRISPR/Cas9-mediated deletion of

NCOAA4 (Fig. 2C). Cystine deprivation decreased the protein level of FTHI

in control sgRNA-expressing T98G cells (Control KO), whereas it had little

effect on the level of FTH1 in NCOA4-deficient cells (NCOA4 KO) (Fig.

2D). In addition, cystine deprivation did not induce cell death in NCOA4-

deficient cells (Fig. 2E). There is a close relationship between the amount of

microtubule-associated protein light chain 3 (LC3)-1I and autophagosome

formation [28, 29]. To confirm that cystine deprivation induces

autophagosome formation, T98G cell lysates were analyzed by

immunoblotting with anti-LC3 antibody, and cystine deprivation increased

the amount of LC3-II, which was further increased by treatment with BafA1l

(Fig. 2F). These results suggest that cystine deprivation induces NCOA4-

mediated ferritinophagy to induce ferroptosis in glioblastoma cells.
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Intracellular iron accumulation induces cell death in BSO-treated cells.

When ferrous ammonium sulfate (FAS) or hemin is added into the

medium, the level of intracellular iron increases [30]. Therefore, we next

examined the effects of FAS and hemin on cell viability in glioblastoma cells.

Treatment with FAS alone had little effect on the viability of T98G and A172

cells. However, treatment with FAS and BSO significantly increased cell

death in both cell lines (Fig. 3A). Hemin also increased the death of BSO-

treated cells but not in untreated cells (Fig. 3B). This suggests that GSH

depletion causes cell death when accompanied by intracellular iron

accumulation in glioblastoma cells. We also found that treatment with FAS

or hemin restored cystine deprivation-induced cell death in T98G and A172

cells in the presence of BafA 1 (Fig. 3C and 3D). This suggests that lysosomal

activity plays a role in the iron accumulation required for cystine

deprivation-induced cell death.
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Glutamine is required for cystine deprivation-induced degradation of

FTH1 and cell death.

Previous studies reported that glutamine 1is required for

cystine/cysteine deprivation-induced ferroptosis [14, 31]. Consistent with

this, cystine deprivation failed to induce cell death in the absence of

glutamine in T98G and A172 cells (Fig. 4A). Treatment of the cells with FAS

partly restored cystine deprivation-induced cell death in the absence of

glutamine (Fig. 4B). In addition, glutamine deprivation suppressed the

cystine deprivation-induced decrease in the protein level of FTHI (Fig. 4C),

suggesting that glutamine is required for ferritinophagy in response to

cystine deprivation in glioblastoma cells. On the other hand, glutamine

deprivation alone reduced the intracellular GSH levels, and deprivation of

cystine alone and deprivation of cystine with glutamine induced GSH

depletion at similar levels (Fig. 4D), suggesting that glutamine is dispensable

for cystine deprivation-induced GSH depletion.
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Discussion

Ferroptosis 1s a form of cell death caused by lipid peroxidation in an

iron-dependent manner. It is well known that cystine deprivation or xCT

inhibitors induce GSH depletion, which results in inactivation of GPX4,

leading to lipid peroxidation and cell death. We demonstrated that in

glioblastoma cells, cystine deprivation, but not BSO treatment, causes

ferroptosis, although they both cause cellular GSH depletion. NCOA4-

mediated degradation of FTH1 was observed in cystine-deprived cells but

not in BSO-treated cells. The inhibition of FTH1 degradation by BafAl or

NCOA4 deletion suppressed cystine deprivation-induced cell death. In

addition, cell death was noted when BSO treatment accompanied iron

supplementation. This suggests that cystine deprivation-induced ferroptosis

requires not only GSH depletion, but also intracellular iron accumulation.

On the other hand, we also found that glutamine is required for cystine

deprivation-induced FTH1 degradation.

The major function of ferritin is to store excess iron, and the release
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of iron from ferritin requires its lysosomal degradation [32, 33]. NCOA4

delivers ferritin to lysosomes for degradation [25]. Ferritinophagy is a form

of autophagy involving NCOA4-mediated degradation of ferritin [26, 27],

and recent studies reported that ferritinophagy promotes ferroptosis [15-18].

In glioblastoma cells, cystine deprivation, but not BSO treatment, induces

ferritinophagy and ferroptosis. On the other hand, BSO treatment induces

cell death when cells are simultaneously treated with iron inducers. These

results suggest that ferritinophagy plays an essential role in cystine

deprivation-induced ferroptosis, and that cystine deprivation-induced

ferritinophagy is not downstream of GSH depletion in glioblastoma cells.

Thus, it 1s important to elucidate the mechanism by which cystine

deprivation induces ferritinophagy in glioblastoma cells.

In the absence of glutamine, cystine deprivation fails to induce

ferritin degradation, suggesting that glutamine is required for the lysosomal

degradation of ferritin in response to cystine deprivation. As FAS treatment

does not fully restore cystine deprivation-induced cell death without

18



glutamine, we cannot exclude the possibility that glutamine is required for

steps other than intracellular iron accumulation during ferroptosis induced

by cystine deprivation. Glutamine is metabolized to glutamate and

subsequently to a-ketoglutarate used in the tricarboxylic acid cycle, which

has been reported to play a crucial role in cysteine-deprivation-induced

ferroptosis [14, 31]. Further studies are required to clarify how glutamine is

used to induce degradation of ferritin in response to cystine deprivation.
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Figure legends

Figure 1. Cystine deprivation, but not GSH depletion, induces ferroptosis in

glioblastoma cells.

A. T98G and A172 cells were placed in medium with or without

cystine (0.2 mM) and BSO (100 uM) for 24 h. Cell death was quantified

using an LDH release assay. Cells treated with 0.1% Tween 20 were used to

calculate 100% cell death.

B. T98G and A172 cells were placed in medium with or without

cystine and BSO for 15 h. Cellular GSH was measured and the GSH level

relative to that of control (+cystine, -BSO) is shown.

C. T98G and A172 cells were placed in medium with or without

cystine, DFO (100 uM), and Fer-1 (1 uM) for 24 h. Error bars represent S.D.

(n = 3). *¥** p <0.001, calculated by one-way ANOVA with Tukey’s post

hoc test.

D. Immunoblotting analysis of T98G and A172 cells cultured in

medium with or without cystine (0.2 mM) for 15 h.

E. Immunoblotting analysis of T98G and A172 cells cultured in

24



medium with or without BSO for 15 h.

Fig. 2. Ferritinophagy plays an important role in cystine deprivation-

induced cell death.

A. Immunoblotting analysis of T98G and A172 cells cultured in

medium with or without cystine (0.2 mM) and BafA1l (1 uM) for 15 h.

B. T98G and A172 cells were placed in medium with or without

cystine and BafA1l for 24 h. Cell death was quantified using an LDH release

assay. Cells treated with 0.1% Tween 20 were used to calculate 100% cell

death.

C. Immunoblotting analysis of control (Control KO) and NCOA4-

deficient (NCOA4 KO) T98G cells.

D. Immunoblotting analysis of control and NCOA4-deficient T98G

cells cultured in medium with or without cystine (0.2 mM) for 15 h.

E. Control and NCOA4-deficient T98G cells were placed in medium

with or without cystine for 24 h. Error bars represent S.D. (n = 3). *** p <
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0.001, calculated by one-way ANOVA with Tukey’s post hoc test.

F. Immunoblotting analysis of T98G and A172 cells cultured in

medium with or without cystine (0.2 mM) and BafA1l (1 uM) for 15 h.

Fig. 3. Intracellular iron accumulation induces cell death in BSO-treated

cells.

A. T98G and A172 cells were placed in medium with or without BSO

(100 uM) and FAS (300 uM) for 24 h.

B. T98G and A172 cells were placed in medium with or without BSO

and hemin (10 uM) for 24 h.

C. T98G and A172 cells were placed in medium with or without

cystine, FAS (300 uM), and BafA1 for 24 h.

D. T98G and A172 cells were placed in medium with or without

cystine, hemin (10 uM), and BafA1 for 24 h. Cell death was quantified using

an LDH release assay. Cells treated with 0.1% Tween 20 were used to

calculate 100% cell death. Error bars represent S.D. (n = 3). *** p <0.001;

26



** p <0.01, calculated by one-way ANOVA with Tukey’s post hoc test.

Fig. 4. Glutamine is required for cystine deprivation-induced degradation of

FTHI and cell death.

A. T98G and A172 cells were placed in medium with or without

cystine (0.2 mM) and glutamine (Gln, 2 mM) for 36 h.

B. T98G and A172 cells were placed in medium with or without

cystine, glutamine, and FAS (300 uM) for 24 h. Cell death was quantified

using an LDH release assay. Cells treated with 0.1% Tween 20 were used to

calculate 100% cell death.

C. Immunoblotting analysis of T98G and A172 cells cultured in

medium with or without cystine and glutamine for 15 h.

D. T98G and A172 cells were placed in medium with or without

cystine and glutamine for 15 h. Cellular GSH was measured and the GSH

level relative to that of control (+cystine, +glutamine) is shown. Error bars

represent S.D. (n = 3). *** p <0.001, calculated by one-way ANOVA with
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Tukey’s post hoc test.
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