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ABSTRACT
◥

Ferroptosis is a lipid peroxidation-dependent cell death caused
by metabolic dysfunction. Ferroptosis-associated enzymes are
promising therapeutic targets for cancer treatment. However,
such therapeutic strategies show limited efficacy due to drug
resistance and other largely unknown underlying mechanisms.
Here we report that cystine transporter SLC7A11 is upregulated
in lung cancer stem-like cells (CSLC) and can be activated by
stem cell transcriptional factor SOX2. Mutation of SOX2 binding
site in SLC7A11 promoter reduced SLC7A11 expression and
increased sensitivity to ferroptosis in cancer cells. Oxidation at
Cys265 of SOX2 inhibited its activity and decreased the self-
renewal capacity of CSLCs. Moreover, tumors with high SOX2
expression were more resistant to ferroptosis, and SLC7A11
expression was positively correlated with SOX2 in both mouse
and human lung cancer tissue. Together, our study provides a
mechanism by which cancer cells evade ferroptosis and suggests
that oxidation of SOX2 can be a potential therapeutic target for
cancer treatment.

Significance: This study uncovers a SOX2–SLC7A11 regula-
tory axis that confers resistance to ferroptosis in lung cancer
stem-like cells.

SOX2 confers ferroptosis resistance via SLC7A11.
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Introduction
Ferroptosis is a recently characterized cell death caused by iron-

dependent aberrant accumulation of lipid hydroperoxides and
membrane damage (1–3). Ferroptosis has drawn great interest
due to its promising therapeutic functions in multiple human
diseases, such as tumorigenesis, neurodegenerative diseases, and
renal function failure (4, 5). Targeting ferroptosis has great poten-
tial in developing novel therapeutic strategy for various human
disorders (6, 7).

Dysregulations of iron, amino acids, and lipid metabolism are
involved in the induction of ferroptosis (8). Among them, homeostasis
of intracellular cysteine is essential for protecting cells from ferrop-
tosis (9). SLC7A11, a key component of the cystine/glutamate anti-
porter system xc�, is critical to cystine uptake, glutathione (GSH)
synthesis, and ferroptosis resistance (10). Pharmacologic inhibition
of SLC7A11 by erastin or imidazole ketone erastin (IKE) reduces
intracellular GSH level and induces ferroptosis (11). The expression
and activity of SLC7A11 are precisely regulated at multiple levels,
including transcription, epigenetical regulation, and posttranslational
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modification. For example, NRF2 and p53 directly bind to the pro-
moter region of SLC7A11 and regulate its transcription (12). Epige-
netically, BAP1 inhibits SLC7A11 expression through deubiquitinat-
ing H2A (13), while chromatin remodeling factor ARID1A increases
SLC7A11 expression (14). In protein level, SLC7A11 is regulated by
BECN1, mTORC2, OTUB1, and CD44v (15–18). Yet, the specific
regulatory mechanism of SLC7A11 under different pathologic con-
ditions remains to be fully elucidated.

Accumulated evidence demonstrates that inducing ferroptosis has
great potential to inhibit tumor growth andmay be an efficient strategy
for cancer treatment. For instance, treatment with SLC7A11 inhibitor
IKE to block cysteine import or cyst(e)inase to deplete extracellular
cysteine significantly limits tumor growth (19–21). Moreover, ferrop-
tosis induction in combination with immune-checkpoint inhibitors or
radiation are promising in cancer therapy (22–24). However, as the
complex and highly heterogeneous diseases, different types of cancers
are resistant to ferroptosis via multiple mechanisms, such as reducing
polyunsaturated lipid levels (25, 26) or increasing the antioxidant
capacity (12, 13). Because evading from ferroptosis may greatly
attenuate the efficacy of ferroptosis-dependent cancer therapy and
probably involve in drug resistance and cancer relapse, it is important
to uncover the mechanism of ferroptosis resistance in various cancer
types as well as at different stages of tumor progression.

Cancer stem-like cells (CSLC), a small portion of tumor cells with
the self-renewal and clonal tumor initiation capacity, play important
roles in therapy resistance (27). Targeting CSLCs can greatly augment
the efficacy in cancer treatment (28). Accumulating evidence indicates
that cell metabolism is reprogrammed in CSLCs and differs dramat-
ically from that of bulk tumor cells (29). For example, compared with
the bulk tumor cells, CSLCs contain higher levels of labile iron due to
increased iron importing but decreased iron exporting (28, 30, 31).
Theoretically, excess of labile iron should increase the sensitivity to
ferroptosis in CSLCs, which is mediated by Fenton reaction (32).
However, whether and how CSLCs survive from ferroptosis remain
largely elusive. In this study, we report that CSLCs aremore resistant to
ferroptosis than bulk tumor cells. Mechanistically, we found that stem
cell transcriptional factor SOX2, which played pivotal roles in stemness
maintenance of CSLCs (33), promoted the expression of cystine
transporter SLC7A11 and prevented lung cancer from ferroptosis.

Materials and Methods
Cell culture

All cell lines were obtained from Cell Bank, Chinese Academy of
Sciences (Shanghai, China) unless otherwise specified. H5889, L78,
H1299, and SW620 cells were cultured in RPMI-1640 medium sup-
plemented with 10% FBS. HEK293T and HCT116 cells were cultured
in DMEM supplemented with 10% FBS. E14 mouse embryonic stem
cells (mESC) and R1 mESC cells (from Dr. Ke Wei lab) were main-
tained feeder free on gelatin-coated plastics in mES media (DMEM
with 15% FBS, 2mmol/L GlutaMAX, 0.1mmol/L NEAAs, 0.1 mmol/L
b-mercaptoethanol, 100 U/mL penicillin, and 100 mg/mL streptomy-
cin supplemented with 1,000 U/mL LIF and passaged every 3 days.
HTS cells (from Dr. Yufeng Shi lab) were cultured in serum-free
defined medium. The cells were actively passaged for less than one
month andwere routinely tested forMycoplasma contamination using
the Myco-Blue Mycoplasma Detector Kit (Vazyme, D101-01). Cells
were cultured at 37�C supplied with 5% CO2. Transfection was
performed by using calcium phosphate-DNA coprecipitation for
HEK293T cells and Lipofectamine 2000 for H1299 cells.

Antibodies and drugs
Anti-HA (sc-7392, RRID:AB_627809) antibody was obtained from

Santa Cruz, anti-Flag (F3165, RRID:AB_259529) antibody was
obtained from Sigma, anti-SOX2 (23064, RRID:AB_2714146), anti-
Nanog (8822, RRID:AB_11217637), anti-AKT (9272, RRID:
AB_329827), and anti-SLC7A11 (12691, RRID:AB_2687474) antibo-
dies were obtained from Cell Signaling Technology, anti-SLC7A11
(26864-1-AP, RRID:AB_2880661) for mouse, anti-tubulin (11224-
1-AP, RRID:AB_2210206), anti-actin (60008-1-Ig, RRID:AB_
2289225), and anti-GAPDH (60004-1-Ig, RRID: AB_2107436)
antibodies were obtained from Proteintech, anti-Oct4 (ab18976,
RRID:AB_444714) antibody was obtained from Abcam. Erastin
(S7242), IKE (S8877), Fer-1 (S7243), and cisplatin (S1166) were
obtained from Selleck. MG132 (C2211), cycloheximide (C7698),
PD146176 (P4620), and DFO (S1712) were obtained from Sigma.

Sphere formation assay
Oncospheres were enriched from H1299, SW620, or HCT116

cells. Single-cell suspension cells (2,000 cells per well) were plated
on 96-well Ultra-Low Attachment Plates (Corning Incorporated,
catalog number: 3474) and cultured in DMEM or cysteine-free
DMEM supplemented with 20 ng/mL EGF, 5 mg/mL insulin,
10 ng/mL bFGF, 1:50 B27, and 0.4% BSA for 14 days. Oncospheres
were visualized under phase-contrast microscope, photographed,
counted, and represented graphically. Tumor spheres larger than
100 mm were counted.

Gene interference
siRNAs were purchased from GenePharma. siRNA transfection

was performed according to the manufacturer’s instructions. Briefly,
siRNAs and Lipofectamine 2000 reagent were mixed and incubated in
serum-free medium for 20 minutes at room temperature, respectively,
and then added to cells at 50% confluence.

Lentiviral infection
For shRNA, sgRNA, and PCDH vectors, the virus was produced

from transfected HEK 293T cells, by harvesting the viral supernatant
48–72 hours after transfection and used to infect the target cells at 70%
confluence. PCDH lentivirus was used to generate SOX2 wild-type
(WT) and C265S-mutant overexpression cell lines. SOX2 knockout
(KO) cell lines were generated using lentiCRISPRmethods. Briefly, the
lentiCRISPR vector was linearized using BsmBI, guide RNA (sgRNA)
was constructed into the lentiviral expression vector for Cas9 and
sgRNA.

Generation of SLC7A11 promoter mutant cell lines
For SLC7A11 promoter mutation H1299 cell lines, we selected the

gRNA around the SOX2 binding site in SLC7A11 promoter (sgRNA F:
CACCGCGAATTTACTACTTCTGGAT; R: AAACATCCAGAAG-
TAGTAAATTCGC) and cloned it to PX458 vector, which expressed
Cas9 and GFP. After transfected for 48 hours, GFP-positive cells were
FACS sorted into 96-well plates to obtain single-cell–derived colonies
and extracted genomic DNA. SLC7A11 promoter mutation was
confirmed by DNA Sanger sequencing.

Cell viability assay
Cells were seeded in 96-well plates (2,000 cells per well) and

incubated with indicated treatments. Cell viability was determined
by using CellTiter-Glo Luminescent Cell Viability Assay (Promega,
G7572).

Wang et al.

Cancer Res; 81(20) October 15, 2021 CANCER RESEARCH5218

D
ow

nloaded from
 http://cancerres.aacrjournals.org/cancerres/article-pdf/81/20/5217/3093168/5217.pdf by guest on 26 April 2024



Lipid peroxidation assay
Lipid peroxidation levels were measured according to the manu-

facturer’s instructions. Briefly, cells were incubated in a 6-well plates
containing 5 mmol/L BODIPY 581/591 C11 dye (Invitrogen, D3861).
After incubation at 37�C for 30 minutes, cells were washed twice with
PBS and trypsinized. Cells were then subjected to flow cytometry
analysis. The FL1 channel signal was plotted as shown in the figures.

Chromatin immunoprecipitation analysis
Chromatin immunoprecipitation (ChIP) assay was performed

according to the manufacturer’s instructions (CST, 9004). Briefly,
indicated H1299 cells were cross-linked with 1% formaldehyde for
10 minutes and terminated by glycine. The extracted chromatin was
digested and fragmented to 0 to 90 bp and then immunoprecipitated
using SOX2 antibody or normal IgG with protein A/G agarose beads.
The complexes were then uncrosslinked to obtain pure DNA frag-
ments. The primers for the SOX2 binding site of SLC7A11 promoter
were then used for PCR.

GSH and cysteine assay
The relative GSH concentration was assessed using a Glutathione

Assay Kit (Beyotime, S0053) according to the manufacturer’s instruc-
tions. Briefly, the measurement of GSH used a kinetic assay in which
catalytic amounts (nmol/L) of GSH caused a continuous reduction of
5,50-dithiobis (2-nitrobenzoic acid) to 5-thio-2-nitrobenzoic acid; the
formed GSSG was recycled by GSR/glutathione reductase and
NADPH. The reaction rate was proportional to the concentration of
glutathione up to 2 mmol/L. The yellow product (5-thio-2-nitroben-
zoic acid) was measured spectrophotometrically at 412 nm. The
relative cysteine concentration was assessed using the Cysteine Assay
Kit (Sigma, MAK255) according to the manufacturer’s instructions.
All samples were normalized to cell number.

Protein oxidation analysis
The cells were lysed in lysis buffer (50 mmol/L Tris-HCl pH 7.0,

120 mmol/L NaCl, 5 mmol/L EDTA, and 0.5% NP-40) containing
protease inhibitors. After centrifuged, the supernatant was incubated
with 0.1 mmol/L biotin-maleimide (Sigma, 116919-18-7) for 4 hours
to label reduced thiols. Afterward, the lysate was incubated with 10 mL
NeutrAvidin agarose (Thermo Fisher Scientific, 29201) and incubated
for 2 hours at 4�C.The beadswere thenwashed 3 timeswith lysis buffer
and boiled in SDS-PAGE loading buffer to perform SDS-PAGE
analysis. For mass spectrometry of SOX2 oxidation, H1299 cells were
transfected with HA-SOX2 plasmid for 24 hours and cultured in
cysteine-free medium for additional 6 hours. Cells were lysed in lysis
buffer (50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 1 mmol/L
EDTA, 10% glycerol, and 0.5% NP-40) supplemented with protease
inhibitors and incubated with anti-HA beads at 4�C for 3 hours. The
immunoprecipitate was washed three times. The sample was separated
on the 10% SDS-PAGE gel and stained with Coomassie blue. The
candidate gel was digested for 16 hours with trypsin. Peptides were
extracted and analyzed using a liquid chromatography system
(Thermo Fisher Easy-nLC 1000) coupled with a mass spectrometer
(Thermo Fisher LTQ Obitrap ETD).

Luciferase reporter assay
HEK293T cells were transfected with luciferase reporter gene,

Renilla, and other indicated plasmids. After 24 hours, cells were lysed
with the lysis buffer (25 mmol/L Tris-Cl (pH 7.8), 2 mmol/L 1,2-
diaminocyclo-hoxane N,N,N,N-tetracetic acid, 25 mmol/L dithio-
threitol (DTT), 1% Triton X-100 and 10% glycerol), and luciferase

assayswere performed using theDual-Luciferase reporter assay system
(Promega, E1960).

Immunoprecipitation and Western blot
Transfected HEK293T cells were lysed in CoIP lysis buffer

(50 mmol/L Tris-cl, pH 7.4, 0.5% NP-40, 150 mmol/L NaCl,
1 mmol/L EDTA, 10% glycerophosphate). After lysis for 30 minutes,
cell lysates were centrifuged at 12,000 rpm for 15 minutes at 4�C to
remove the cell debris and were incubated in HA-conjugated beads
(Abmart, M20013) orM2 beads (Sigma, M8823) for 2 hours. The beads
were boiled after three times washing and analyzed via immunoblotting.

Immunofluorescence
Cells were seeded on fibronectin-coated glass coverslips in 24-well

culture plates. After 24 hours, the cells were washed once with PBS and
fixed in 4% paraformaldehyde for 10 minutes at room temperature.
The fixed cells were permeabilized by using 0.1% Triton X-100 and
washed twice with PBS. The coverslips were blocked for 1 hour (0.1%
BSA) and incubated in primary antibody overnight at 4�C. Next, the
coverslips were washed twice and incubated in secondary antibodies
for 1 hour at room temperature. The glass coverslips were examined
using a Zeiss LSM 510 Meta confocal system.

Mice and IHC
KrasLSL-G12D/þ;Lkb1flox/flox (KL) mice were originally generously

provided by T. Jacks (Koch Institute for Integrative Cancer Research,
Cambridge, MA) and R. Depinho (MD Anderson Cancer Center,
Houston, TX), respectively (34). All the animal experimental proce-
dures were approved by the Animal Care and Use Committee of
Shanghai Institute of Biochemistry and Cell Biology (SIBCB), Chinese
Academy of Sciences, with a project license number of IBCB0011.Mice
were housed in the SIBCB animal facility under SPF conditions with a
12-hour light/dark cycle at room temperature in accordance with the
institutional guidelines and ethical regulations, and fed with regular
chow and water by the facility staff. Mice were treated via nasal
inhalation of adenovirus carrying Cre recombinase (2�106 p.f.u. for
Ad-Cre) as described (35, 36). For erastin treatment, we sequentially
dissolved erastin in 5% DMSO, 30% PEG300, 5% Tween80, and
ddH2O according to the manufacturer’s instructions; it should be
noted that the solvent needed to be added from left to right, after the
dissolution was completely clear, added the next reagent, 40 mg/kg
erastin was intraperitoneally injected, every other day for 2 weeks. For
IKE treatment, 50mg/kg IKEwas intraperitoneally injected, once a day
for 2 weeks. Mice were then killed at indicated times for gross
inspection and histopathologic examination. Mice lungs were inflated
with 4% paraformaldehyde, fixed overnight, dehydrated in ethanol,
embedded in paraffin, sectioned at 5 mm followed by staining
with hematoxylin and eosin. IHC was performed as previously
described (37). Oil Red O staining was carried out using standard
protocols. The following antibodies were used: anti-SOX2 (ab92494,
Abcam, 1:500, RRID:AB_10585428), 4HN (ab46545, Abcam, 1:200,
RRID:AB_722490), and anti-SLC7A11 antibodies (ab175186, Abcam,
1:500, RRID:AB_2722749).

The Cancer Genome Atlas and Gene Expression Omnibus data
analysis

The mRNA expression data from The Cancer Genome Atlas
(TCGA) and Gene Expression Omnibus (GEO) database were down-
loaded and processed using standard methods. Indicated mRNA
expression in normal and cancer samples was analyzed, and the data
were represented as box-and-whisker plots or dot plots. Gene
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correlation was assessed by the Spearman rank correlation test.
Statistical significance was assessed by the Wilcoxon test.

Correlation of cancer stemness and ferroptosis genes
The stem cell signature is the stemness index based on the epigenetic

features (enhancer elements, DNA methylation, histone markers, e.g.,
H3K4me3, H3K27ac, H3K4me1, H3K36me3, H3K9me3, and
H3K27me3) and gene expression (e.g., NANOG, OCT4, SOX2, and
c-MYC) according to a previous study (38). For correlation between
cancer stemness and ferroptosis genes expression, themRNAsi indices
of pan-cancer cases in TCGAwere obtained from previous study (38).
The TCGA pan-cancer data consist of 33 types of cancers. A total of
11,057 tissue samples were useful for the study. The RNA sequencing
(RNA-seq) expression data of all samples were downloaded from the
TCGA database (https://portal.gdc.cancer.gov/). We used the Perl
language (http://www.perl.org/) to combine the RNA-seq results of
each sample and the Ensemble database (http://asia.ensembl.org/
index.html) to convert gene IDs to gene symbols in a matrix profile.
The Kruskal test in R was used to test the correlation betweenmRNAsi
scores and gene expression. P < 0.05 was considered statistically
significant.

Data availability
A complete software environment and all necessary data to repro-

duce the analysis and figure described in this manuscript are available
on Code Ocean (https://codeocean.com/capsule/8756276/tree/v1).

Statistical analysis
Statistical analyses were performed with a two-tailed unpaired

Student t test or one-/two-way ANOVA as indicated. The data were
presented as the means � SEM. P < 0.05 was considered statistically
significant. Gene expression correlation was assessed by the Spearman
test between the indicated two groups.

Results
Cystine transporter SLC7A11 is upregulated in CSLCs

To characterize the role of ferroptosis in CSLCs, we analyzed the
correlation between quantified stem cell signatures and ferroptosis-
related gene expression in nearly 12,000 samples of 33 tumor types, by
using a previously established one-class logistic regression machine
learning algorithm (38). Our results showed that, in addition to two
ironmetabolism-related genes, expression levels of cystinemetabolism
genes were most positively correlated with cancer stemness, especially
in lung cancer [lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma (LUSC) Fig. 1A]. This led us to propose that cystine
metabolism, probably ferroptosis, might play vital roles in CSLCs. To
test our hypothesis, we collected CSLCs by culturing cells under 3-D
oncosphere condition, which was a model system for studying the
CSLCs functions, and examined its sensitivity to cysteine-deprivation–
induced ferroptosis. Interestingly, we found that 3-D oncosphere cells
were more resistant to cysteine-deprivation–induced ferroptosis than
parallel adherent cells (Fig. 1B; Supplementary Fig. S1A).

To explore the potential mechanism of ferroptosis resistance in
CSLCs, we compared the expression of ferroptosis-related genes by
analyzing the GEO data set (GSE33198), which was derived from
human lung tumor xenograft. Interestingly, we found that SLC7A11,
but not other genes related to ferroptosis such as GPX4, ALOX15 or
NCOA4, was significantly upregulated in lung CD166þ CSLCs when
compared with those CD166� cells (Fig. 1C and D; Supplementary

Fig. S1B). The upregulation of SLC7A11 in CSLCs was also confirmed
in TCGA database (Fig. 1E). Besides, our data further revealed that
SLC7A11 was indeed upregulated in oncospheres (Fig. 1F–H), as well
as glioblastoma stem-like HTS cells (Supplementary Fig. S1C; ref. 39).
In addition, the expression level of SLC7A11 was significantly reduced
upon differentiation in embryonic stem cells (ESC; Supplementary
Fig. S1D–S1G). Thus, our data together indicate that SLC7A11 is
upregulated in multiple stem cells and suggest that CSLCs may have
strong capacity to uptake cystine and are more resistant to ferroptosis.

SOX2 transcriptionally upregulates SLC7A11 expression
The increased expression of SLC7A11 in various stem cells led us to

examine whether SLC7A11 was regulated by those stem cell tran-
scriptional factors. To this end, we constructed a pGL3-SLC7A11
promoter reporter gene system (Supplementary Fig. S2A). Our data
showed that SOX2, but not other stem cell factors including Nanog,
Oct4, or Klf4, efficiently enhanced the promoter-driven expression of
luciferase in a dose-dependent manner (Fig. 2A andB). Transcription
factor SOX2 usually exhibits higher binding affinity to the consensus
CTTTGTT sequence localized at the promoter of its target genes. Our
analysis identified a potential SOX2 binding site on SLC7A11 pro-
moter, which was highly conserved across multiple species (Fig. 2C).
Mutation of this site dramatically reduced the SOX2-mediated Lucif-
erase expression (Fig. 2D). Furthermore, ChIP assay revealed that
endogenous SOX2 readily bound to the SLC7A11 promoter (Fig. 2E).
Consistently, depletion of endogenous SOX2 reduced the expression of
SLC7A11 inmultiple lung cancer cell lines (Fig. 2F–H; Supplementary
Fig. S2B). Besides, SOX2 overexpression was sufficient to activate
endogenous SLC7A11 expression in both mRNA and protein levels,
and also largely promote ferroptosis resistance (Supplementary
Fig. S2C–S2F). These data collectively suggest that SLC7A11 is tran-
scriptionally regulated by SOX2.

SOX2 protects cancer cells from ferroptosis through SLC7A11
Because SLC7A11 is one of the indispensable components of

glutamate/cysteine antiporter xc� system, we intended to investigate
whether SOX2 could regulate cysteine metabolism and GSH synthesis
in cancer cells. Our data indeed showed that the intracellular GSH
levels were significantly decreased upon SOX2 depletion (Fig. 3A–C).
Moreover, we analyzed the Cancer Cell Line Encyclopediametabolism
profiling database, which including 913 human cancer cell lines (40)
and found that the intracellular GSH levels were positively correlated
with the expression of both SOX2 and SLC7A11 (Supplementary
Fig. S2G–S2H). In line with this, SOX2 depletion resulted in increased
lipid peroxidation and ferroptosis sensitivity in H1299, H5889, and
L78 cells (Fig. 3D–G; Supplementary Fig. S3A–S3J). Notably, erastin-
induced cell death could be rescued by ferroptosis inhibitors ferros-
tatin-1 and DFO, further supporting the occurring of ferroptosis
(Fig. 3F; Supplementary Fig. S3E and S3F). Moreover, the increased
ferroptosis caused by SOX2 ablation was significantly rescued by
SLC7A11 overexpression (Supplementary Fig. S3K–S3M). Besides,
our data suggested that SOX2 depletion had little effect on apoptosis
(Supplementary Fig. S3N). These data together indicate that SOX2
protects lung tumor cells against ferroptosis by maintaining a fit
SLC7A11 level.

Loss of SOX2 binding motif in SLC7A11 promoter renders lung
cancer cells more vulnerable to ferroptosis

To further specify the role of the SOX2–SLC7A11 axis in ferroptosis,
we utilized CRISPR-Cas9 technology to establish SLC7A11 promoter
mutant cancer cell lines, in which SOX2 binding sequence CTTTGTT

Wang et al.

Cancer Res; 81(20) October 15, 2021 CANCER RESEARCH5220

D
ow

nloaded from
 http://cancerres.aacrjournals.org/cancerres/article-pdf/81/20/5217/3093168/5217.pdf by guest on 26 April 2024

https://portal.gdc.cancer.gov/
http://www.perl.org/
http://asia.ensembl.org/index.html
http://asia.ensembl.org/index.html
http://asia.ensembl.org/index.html
https://codeocean.com/capsule/8756276/tree/v1


Figure 1.

Cystine transporter SLC7A11 is upregulated in CSLCs. A, Correlation between cancer stemness and ferroptosis genes expression in 33 tumor types is shown. The
Kruskal test in Rwas used to test the correlation;P<0.05was considered statistically significant. ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma;
BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon
adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck
squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid
leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO,
mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate
adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell
tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma. B, H1299
adherent and oncosphere cells were cultured in different concentrations of cysteine for 24 hours, and cell viability of indicated cells was measured. The data are
representative of three independent experiments. C, Gene expression data of CD166� control and CD166þ lung CSLCs were obtained from GEO (GSE33198) and
heatmap of ferroptosis-related gene expression is shown. D, Expression levels of SLC7A11 and CD166 in CD166� control cells, CD166þ lung CSLCs, and lung tumor
sphere are shown. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (Student t test). E, Expression levels of SLC7A11, SOX2, and CD166 in CD166� versus CD166þ lung tumor cells
from TCGA database are shown as dot plots. The data are represented as scatter dot plot and the line shows mean. Significance was assessed by the Wilcoxon test
compared between the indicated two groups. ��� , P <0.001 (Student t test). F, SLC7A11 was upregulated in H1299 tumor oncosphereswhen comparedwith adherent
cells. ��, P < 0.01; ��� , P < 0.001 (Student t test).G, SLC7A11 but not other transporters was upregulated in SW620 tumor oncospheres when compared with adherent
cells. ��� , P < 0.001 (Student t test). H, SLC7A11 but not other transporters was upregulated in HCT116 tumor oncospheres when compared with adherent cells.
� , P < 0.05; ���, P < 0.001 (Student t test).
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localized on SLC7A11 promoter wasmutated (Fig. 4A; Supplementary
Fig. S4A and S4B). As expected, the mutant cells showed dramatically
decreased SLC7A11 expression at both mRNA and protein levels
compared with control cells (Fig. 4B and C), and such mutation also
largely abolished binding of SOX2 to the SLC7A11 promoter (Fig. 4D).
Consistently, intracellular cysteine and GSH levels were significantly
reduced in mutant cells (Fig. 4E and F). Importantly, the mutant cells
exhibited increased lipid ROS levels (Fig. 4G) and a higher suscep-
tibility to ferroptosis (Fig. 4H and I), which could be rescued by
ferrostatin-1 and DFO (Fig. 4J). To strengthen our conclusion, we
generated SOX2-overexpressed WT and mutant cell lines and found
that the mutation largely attenuated the effect of SOX2 on SLC7A11

expression and ferroptosis resistance (Supplementary Fig. S4C–S4F).
These data demonstrate that SOX2 binds to SLC7A11 promoter to
maintain a proper level of intracellular cysteine and confers resistance
to ferroptosis in lung cancer cells.

Cysteine deprivation induces SOX2–Cys265 oxidative
modification

Notably, in vitro oncosphere formation assay showed that both the
size and number of oncospheres were decreased in mutant cells
compared with WT cells (Fig. 5A and B), indicating that the ability
to form tumor sphere was reduced in SLC7A11 promoter mutant cells.
Given the essential role of SLC7A11 in cystine uptake, we hypothesized

Figure 2.

SOX2 transcriptionally activates the expression of SLC7A11.A,pGL3-SLC7A11 promoter reporter genewas coexpressedwithNanog, SOX2, Oct4, andKlf4 in HEK293T
cells for 24 hours, and the expression of luciferasewasmeasured and normalized toRenilla. �� , P <0.01 (Student t test).B, pGL3-SLC7A11 promoter reporter genewas
coexpressedwith different doses of SOX2 inHEK293T cells for 24 hours, and the expression of luciferasewasmeasured andnormalized toRenilla. � ,P<0.05 (Student
t test). C, Schematic diagram of SOX2 binding site on SLC7A11 promoter and sequence homology across different species. D, WT and mutated pGL3-SLC7A11
promoter reporter genes were coexpressed with different doses of SOX2 in HEK293T cells for 24 hours, and the expression of luciferase was measured and
normalized to Renilla. �� , P < 0.01 (two-way ANOVA test). The protein level of SOX2 was analyzed byWestern blotting. E, ChIP results of SOX2 binding on SLC7A11
promoter in indicated H1299 cells. F, siRNA-mediated SOX2 knockdown resulted in decreased expression of SLC7A11 in H1299 cells; mRNA expression level was
analyzed by qRT-PCR. � , P < 0.05 (Student t test).G, siRNA-mediated SOX2 knockdown resulted in decreased expression of SLC7A11 in H1299 cells; protein levels of
SLC7A11 and SOX2were analyzed byWestern blotting (related toFig. 2F).H,Both themRNAand protein expression levels of SLC7A11were decreased uponCRISPR-
mediated SOX2 KO in H1299 cells; mRNAexpression level was analyzed by qRT-PCR. �� , P <0.01 (Student t test). The protein level was analyzed byWestern blotting.
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that the SOX2 activity might bemodulated by cysteine levels. Our data
showed that cysteine deprivation significantly inhibited the SOX2
transcriptional activity without affecting its protein stability (Fig. 5C)
and weakened the self-renewal capability of CSLCs (Fig. 5D and E). In
contrast, cysteine-deprivation did not affect the transcriptional activity
of stem cell factor Nanog (Supplementary Fig. S5A). These data
collectively suggest that homeostasis of intracellular cysteine is
required for maintaining SOX2 activity and cancer cell stemness in
a feedback regulatory manner.

Cysteine deprivation can induce the oxidation of intracellular
proteins on cysteine residue, which contains a highly reactive sulfhy-
dryl group (41). Interestingly, we found that SOX2 protein contained
only one cysteine residue, Cys265, which localized at its C-terminal
transactivation domain (Fig. 5F). Thereby, we examined whether
SOX2 was oxidized at Cys265 by using biotin-maleimide to label
reduced cysteine groups and pulldown the biotin-labeled proteins
followed by an immunoblot for SOX2. Our data showed that cysteine
deprivation significantly increased SOX2 oxidation (Fig. 5G).

Figure 3.

SOX2protects lung cancer cells from ferroptosis.A,RelativeGSH levels in SOX2WTandKOH1299 cell lines are shown; all sampleswere normalized to cell number. �� ,
P < 0.01 (Student t test). GSH assay standard curve line is also shown. B, Protein levels of SLC7A11 and SOX2 were analyzed byWestern blotting. C, Representative
sphere images from each condition of H1299 cells. Scale bar, 100 mm. SOX2 KO severely impaired the self-renewal of tumor spheres. D, SOX2WT and KO H1299 cell
lineswere treatedwith 10mmol/L erastin for 20 hours, and representative images fromeach condition are shown. Scale bar, 100mm.E,Cell viability of indicatedH1299
cellswasmeasured. Thedata are representative of three independent experiments.F, IndicatedH1299 cellswere treatedwith 10mmol/L erastin for 20 hours; 1mmol/L
Fer-1 and 50mmol/LDFO treatment could rescue erastin-induced cell death. Cell viability of indicated cellswasmeasured. ��,P<0.01; ��� ,P<0.001 (two-wayANOVA
test). G, Lipid ROS levels of indicated H1299 cells treated with 5 mmol/L erastin for 10 hours. One mmol/L Fer-1 and 50 mmol/L DFO treatment could rescue erastin-
induced lipid peroxidation.
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Moreover, mutation of Cys265 to Ser largely impaired the binding
(Fig. 5H), suggesting that Cys265 was essential for SOX2 oxidation.
This result was further confirmed by mass spectrometry, which
showed that SOX2 was indeed oxidatively modified at Cys265 upon
cysteine deprivation (Fig. 5I). Moreover, the C265S mutant, which
could not undergo oxidation modification, exhibited increased
transcriptional activity (Fig. 5J), while it had little effect on the
promoter binding ability, subcellular location, dimer formation, and
protein stability of SOX2 (Supplementary Fig. S5B–S5G). Given
that Cys265 localizes in transcriptional activation domain of SOX2,
it is possible that the oxidation at Cys265 may inhibit the binding of
SOX2 to its coactivators, thus decreasing the transcriptional activ-
ity. Consistently, SOX2–C265S overexpression induced stronger
SLC7A11 expression and conferred more ferroptosis resistance
when compared with WT (Fig. 5K and L; Supplementary
Fig. S5H and S5I). These data indicate that SOX2 activity is
inhibited by oxidation at Cys265 and intracellular cysteine level is

essential for keeping SOX2 transcriptional activity, which is critical
for stemness maintenance of CSLCs.

To further examine whether SOX2 was a critical regulator of
SLC7A11 expression during occurring of ferroptosis, we measured
SLC7A11 expression upon ferroptosis induction. Our data showed
that erastin, IKE and cysteine deprivation upregulated the mRNA and
protein expression of SLC7A11 in both sgNC and sgSOX2 cells
(Supplementary Fig. Fig. S6A and S6B). This was consistent with the
previous studies that other mechanisms beyond SOX2 were involved
in SLC7A11 expression under ferroptotic conditions (1, 42).

SLC7A11 expression is positively correlated with SOX2 in lung
cancer tissues

Given that SOX2 is closely relatedwith lung cancer progression (43),
we examined whether the expression levels of SOX2 and SLC7A11
were correlated in mouse and human lung cancers. We found that
SLC7A11 protein expression was significantly higher in SOX2high lung

Figure 4.

SLC7A11 promoter mutation cells are susceptible to ferroptosis. A, Schematic diagram of SLC7A11 promoter WT and mutant H1299 cells. B, The protein levels of
SLC7A11 in SLC7A11promoterWTandmutant H1299 cellswere analyzed byWestern blotting.C,RelativemRNAexpression levels of SLC7A11, GSS, GCLC, andGPX4 in
SLC7A11 promoterWT andmutant H1299 cellswere analyzed by qRT-PCR. � , P<0.05 (Student t test). SLC7A11 but not other ferroptosis-related geneswas decreased
in SLC7A11 promoter mutation cells. D, ChIP results of SOX2 binding on SLC7A11 promoter in WT and mutant H1299 cells. The mutation largely abolished SOX20s
binding on the SLC7A11 promoter. E, Relative cysteine levels in SLC7A11 promoterWT andmutant H1299 cells are shown. � , P < 0.05 (Student t test). F, Relative GSH
levels in SLC7A11 promoterWT andmutant H1299 cells are shown. �� , P < 0.01 (Student t test). G, Lipid ROS levels of SLC7A11 promoterWT andmutation H1299 cells
treated with 5 mmol/L erastin for 10 hours.H, SLC7A11 promoterWT andmutant H1299 cells were treatedwith different doses of erastin for 20 hours, and cell viability
of indicated cells wasmeasured. The data are representative of three independent experiments. I, SOX2WT and KO H1299 cells were treated with different doses of
erastin for 20 hours, and cell viability of indicated cells was measured. The data are representative of three independent experiments. J, Indicated H1299 cells were
treated with 10 mmol/L erastin for 20 hours; 1 mmol/L Fer-1 and 50 mmol/L DFO treatment could rescue erastin-induced cell death. Cell viability of indicated cells was
measured. ��� , P < 0.001 (two-way ANOVA test).
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Figure 5.

Cysteine deprivation induces SOX2–Cys265 oxidative modification. A, Representative sphere images derived from SLC7A11 promoter WT and mutant H1299
cells. Scale bar, 100 mm. B, Relative tumor spheres number derived from SLC7A11 promoter WT and mutant cells. ��, P < 0.01 versus WT (Student t test).
C, SOX2 activity reporter gene was coexpressed with different doses of SOX2 in HEK293T cells for 24 hours; then the cells were treated with cysteine
deprivation for 6 hours or not, and the expression of luciferase was measured and normalized to Renilla. �� , P < 0.01; ���, P < 0.001 (two-way ANOVA test). The
protein levels were analyzed by Western blotting. Cysteine deprivation had little effect on expression level of SOX2. D, Representative sphere images derived
from H1299 cells treated with cysteine deprivation for 14 days or not. Scale bar, 100 mm. E, DiD staining assay was performed to test the self-renewal of H1299
CSLCs. DiD, the cell labeling dye, which is quite stable in cells, will decrease upon cell division. CSLCs treated with cysteine deprivation showed slower cell
renewal rate compared with that cultured in normal medium. F, Sequence alignment of SOX2 Cys265 across different species. G, H1299 cells were treated with
cysteine deprivation for 6 hours or not; the cell lysate was incubated with maleimide-biotin to label reduced cysteine groups. Pulldown of biotin-labeled
proteins was followed by Western blotting. H, HA-SOX2 and C265S-mutant were transfected in HEK293T cells for 24 hours; the cell lysate was incubated with
maleimide-biotin to label reduced cysteine groups. Pulldown of biotin-labeled proteins was followed by Western blotting. I, Tandem mass spectrometry
spectrum of Glu-C-digested SOX2 fragment containing the oxidized cysteine residues (blue line) is shown. J, SOX2 activity reporter gene was coexpressed
with SOX2 WT or C265S-mutant plasmids in HEK293T cells for 24 hours. The expression of luciferase was measured and normalized to Renilla. � , P < 0.05
(Student t test). The protein levels were analyzed by Western blotting. K, The protein levels of SLC7A11 and SOX2 in indicated H1299 cells were analyzed by
Western blotting. L, Lipid ROS levels of indicated H1299 cells treated with 5 mmol/L erastin for 10 hours.
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tumors than SOX2low tumors in KrasLSL-G12D/þ;Lkb1flox/flox (KL)
mouse model (Fig. 6A). Consistently, the SLC7A11 protein levels
were positively correlated with that of SOX2 (Fig. 6B). We further
analyzed and found that expression levels of SLC7A11 were positively
correlated with SOX2 in human lung squamous cell carcinoma (n ¼
483; Fig. 6C; Supplementary Fig. S6C). The expression level of
SLC7A11 was also higher in SOX2high than in SOX2low human lung
tumors (Fig. 6D). Importantly, the levels of SLC7A11 were reversely
correlated with overall survival in human lung cancer patients, indi-
cating that higher SLC7A11 expression was associated with poorer
outcome in lung cancer (Supplementary Fig. S6D). These data col-
lectively suggest that SLC7A11 expression is positively correlated with
SOX2 in both mouse and human lung cancers.

SOX2high lung tumors aremore resistant to IKE treatment versus
SOX2low tumors

As our data showed that the SOX2–SLC7A11 axis protected lung
cancer cells from ferroptosis, we further investigated whether this
regulation was involved in tumor ferroptosis in vivo by using a KL
spontaneous lung cancer mouse model. Because it was reported that
erastin was not suitable for direct use in in vivo experiment due to its
poor solubility (21, 44), we optimized the formulation for in vivo study
by sequentially dissolving erastin in 5% DMSO, 30% PEG300, 5%

Tween80 and ddH2O, which largely improved its solubility. We also
repeated the experiment using a metabolically stable IKE, which had
been proved to efficiently induce ferroptosis in vivo. Our data showed
that both erastin and IKE treatment induced more lipid droplet-like
structures in SOX2low than SOX2high lung tumors (Fig. 7A and B;
Supplementary Fig. S7D and S7E), which had been demonstrated as an
in vivo ferroptosis marker (19). Oil Red O staining confirmed the
presence of large lipid droplets in SOX2low lung tumors (Fig. 7C;
Supplementary Fig. S7F). Furthermore, erastin- and IKE-treated
tumors showed higher levels of 4-hydroxynonenal (4HN) than control
group while they displayed similar Ki-67 staining intensity (Fig. 7D
and E; Supplementary Fig. S7G and S7H). Moreover, both erastin and
IKE treatment dramatically decreased the tumor size of SOX2low but
had less effect on SOX2high tumors (Fig. 7F; Supplementary Figs. S7A
and SB, S7I–S7K), without affecting the mice body weight (Supple-
mentary Fig. S7C and S7L). These results together indicate that
SLC7A11 inhibition is selectively to restrict the growth of SOX2low

but not SOX2high tumors in vivo.

Discussion
In the current study, we demonstrated that the cystine transporter

SLC7A11 was regulated by stem cell transcriptional factor SOX2.

Figure 6.

SLC7A11 expression positively correlates with SOX2 in lung cancer. A, Representative images of SLC7A11 and SOX2 IHC staining in SOX2-high and -low mouse lung
tumor specimens. Scale bar, 100 mm.H&E, hematoxylin and eosin.B, The correlation of SLC7A11 and SOX2 level was showed in dot plots in lung tumor lesions fromKL
mice. Gene expression correlation was assessed by the Spearman test between the indicated two groups. We counted SOX2- and SLC7A11-positive cells per high-
power fields, respectively. C, The gene expression correlation of SLC7A11 and SOX2 is shown in dot plots in LUSC. Gene expression correlation was assessed by the
Spearman test between the indicated two groups. D, The mRNA expression levels of SLC7A11, SOX2, and CD166 were compared using scatter dot plots in SOX2low

versus SOX2high LUSC. The data are represented as scatter dot plots and the line showsmean. Significancewas assessed by theWilcoxon test compared between the
indicated two groups. ��� , P < 0.001.
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Based on this, we proposed a model that SOX2high lung tumor cells
transcriptionally activated the expression of SLC7A11 to increase
cystine uptake and GSH synthesis, which protected lung cancer from
ferroptosis. On the other hand, upregulated GSH consequently
blocked the oxidative modification of SOX2–Cys265, thus enhancing
SOX2 activity and maintaining cancer cells stemness (Fig. 7G). Nota-
bly, it is reported that SOX2 could also upregulate the expression of
glucose transporter to control intracellular NADPH and GSH
levels (45, 46), together with our study, these data indicate that SOX2
is a key redox regulator to confer ferroptosis resistance.

Activation of the cystine transporter SLC7A11 is crucial for
promoting tumor growth and drug resistance. The expression level
and cystine uptake activity of SLC7A11 are precisely regulated at
transcriptional, epigenetical, and posttranslational levels. Our
results revealed that SLC7A11 was transcriptionally upregulated

by stem cell factor SOX2 in CSLCs. Although the study mainly
focused on lung cancer cells, our data also indicated that SOX2
promoted SLC7A11 expression in ESCs and neuron stem-like cells,
suggesting that the SOX2–SLC7A11 regulatory axis might partic-
ipate in embryonic development and differentiation process. Yet,
the physiologic functions of ferroptosis and SLC7A11 regulation in
embryonic and adult stem cells remain to be further studied.
Besides, although oncosphere formation assay is widely used for
studying CSLCs and depletion of SOX2 indeed largely impairs the
oncosphere formation ability (Fig. 3C), it needs further validating
whether these 3D structures are bona fide stem-like cells. Notably,
in our KL lung cancer model, the number of SOX2high tumors is
much less than SOX2low tumors, which may largely affect statistical
analysis, additional study is needed to further strengthen our
findings. Future studies are also needed to fully explore the

Figure 7.

SOX2high lung tumors are more resist-
ant to IKE treatment versus SOX2low

tumors. A, The scheme of IKE treat-
ment. The KLmice at 6weeks post Ad-
Cre infection were treated with IKE for
2 weeks, followed by tumor analysis.
B, Representative hematoxylin and
eosin (H&E) and IHC staining of SOX2,
4HN, Ki-67, and CC3 of Ad-Cre-
infected KL mice from control and IKE
groups. Scale bar, 100 mm.C,Oil RedO
staining of IKE-treated tumors show-
ing lipid droplets (red) of large size.
Yellow arrowheads, lipid droplets.
Scale bar, 100 mm. D, Statistical anal-
ysis of the percentage of 4HNþ cells in
the lung tumors control and IKE
groups in Ad-Cre–infected KL mice.
Data are shown as mean � SEM. Sig-
nificance was assessed by the Wil-
coxon test compared between the
indicated two groups; ���� , P <
0.0001. IKE treatment induced higher
levels of 4HN. E, Statistical analysis of
the percentage of Ki-67þ cells in the
lung tumors control and IKE groups in
Ad-Cre–infected KL mice. Data are
shown as mean � SEM. Significance
was assessed by theWilcoxon test; ns,
not significant. IKE treatment had little
effect on Ki-67 levels. F,Quantification
of individual tumor size of Ad-Cre–
infected KL mice from control and IKE
groups. Data are shown as mean �
SEM. Significance was assessed by the
Wilcoxon test compared between the
indicated two groups; �� , P < 0.01. IKE
treatment decreased the tumor size of
SOX2-low but not SOX2-high tumors.
G, Model of the SOX2–SLC7A11 regu-
lation axis.
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physiologic role of the SOX2–SLC7A11 axis in cancer stem cells and
its direct relevance to ferroptosis in vivo.

SOX2 is an essential pluripotent factor for stem cell self-renewal
capacity, and its upregulated expression is closely related to the
occurrence and development of various cancers (47). Yet, SOX2
function is precisely regulated posttranslationally by phosphorylation,
methylation, ubiquitination, and acetylation (48). In this study, we
uncovered a novel posttranslational mechanism of SOX2 and dem-
onstrated that cysteine oxidation inhibited its transcriptionally activ-
ity. Thus, our data together suggest that SOX2 may function as a
potential redox sensor in cancer cells.

As an iron-dependent oxidative stress and cell death, ferroptosis has
gained a lot of interest, especially in the field of cancer. Inducing
ferroptosis in cancer cells is regarded as a promising way to kill
therapy-resistant cancers (7, 49, 50). Our study indicates that SOX2
may be a potential biomarker to predict the sensitivity of cancer cells to
ferroptosis. Notably, tumors expressing high level of SOX2 are more
resistant to ferroptosis, which may largely attenuate the potential
therapeutic efficacy by inducing ferroptosis. Interestingly, SOX2–
Cys265 oxidation could probably act as an Achilles’ heel in such
cancers. ROS inducer such as chemotherapeutic drugs may be
used to induce the oxidation of SOX2, thus reducing SOX2 activity
and decreasing SLC7A11 expression, which could largely sensitize
SOX2high cancer cells to ferroptosis.
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