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ABSTRACT  
The role of ferroptosis-associated gene SLC7A11 in esophageal cancer progression is largely 
unknown, therefore, the effects of blocking SLC7A11 on esophageal squamous cell carcinoma 
(ESCC) cells are evaluated. Results showed that SLC7A11 was overexpressed in ESCC tissues 
both in mRNA and protein levels. Blocking SLC7A11 using Erastin suppressed the proliferation 
and colony formation of ESCC cells, decreased cellular ATP levels, and improved ROS 
production. Sixty-three SLC7A11-binding proteins were identified using the IP-MS method, and 
these proteins were enriched in four signaling pathways, including spliceosome, ribosome, 
huntington disease, and diabetic cardiomyopathy. The deubiquitinase inhibitors PR-619, 
GRL0617, and P 22077 could reduce at least 40% protein expression level of SLC7A11 in ESCC 
cells, and PR-619 and GRL0617 exhibited suppressive effects on the cell viability and colony 
formation ability of KYSE30 cells, respectively. Erastin downregulated GPX4 and DHODH and 
also reduced the levels of β-catenin, p-STAT3, and IL-6 in ESCC cells. In conclusion, SLC7A11 was 
overexpressed in ESCC, and blocking SLC7A11 using Erastin mitigated malignant phenotypes of 
ESCC cells and downregulated key ferroptosis-associated molecules GPX4 and DHODH. The 
therapeutic potential of targeting SLC7A11 should be further evaluated in the future.
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Introduction

Esophageal cancer (EC) is one of the most common 
malignant tumors and ranks eighth in the world (Han 
et al. 2023). EC consists of two histological types: eso-
phageal squamous cell carcinoma (ESCC) and esopha-
geal adenocarcinoma (EAC) (Deng et al. 2023), and 
more than 90% of all EC patients are ESCC, the main 
subtype in China (Yang et al. 2020). Although the thera-
peutic methods for ESCC have been advanced, however, 
the prognosis is still entirely unfavorable with a 5-year 
survival rate of just 25% (Shu et al. 2022). Thus, exploring 
the underlying mechanisms of esophageal progression 
is quite urgent and important.

Ferroptosis first reported in 2012, is a novel mode of 
cell death different from apoptosis, necrosis, and autop-
hagy and has the characteristics of intracellular iron 
accumulation and lipid peroxidation (Dixon et al. 
2012). Solute carrier family 7 member 11 (SLC7A11) 
and solute carrier family 3 member 2 (SLC3A2) form 

the system Xc− which exchanges cystine and glutamate 
across the cell membrane and leads to glutathione (GSH) 
synthesis (Sato et al. 2000). SLC7A11 is often abnormally 
overexpressed in many cancers (Koppula et al. 2018). 
SLC7A11 was overexpressed in ESCC tissues, and its 
high expression was correlated with lymph node metas-
tasis in ESCC patients. Mechanically, nuclear factor ery-
throid-2 (NRF2) bound with the promoter of SLC7A11 
and potentiated its transcription (Feng et al. 2021). 
Another study revealed that SLC7A11 was predomi-
nantly expressed in the nuclei of ESCC cells and its posi-
tive expression indicated poor prognosis independently. 
Functionally, silencing SLC7A11 arrested the G1/S tran-
sition of ESCC cells (Shiozaki et al. 2014). SLC7A11, 
which was targeted and negatively regulated by miR- 
513a-3p, was also involved in the resistance caused by 
lncRNA BBOX1-AS1 to ferroptosis (Pan et al. 2022). 
Ferulic acid could mitigate malignant phenotypes of 
ESCC cells via decreasing SLC7A11/glutathione 
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peroxidase 4 (GPX4) and leading to ferroptosis (Cao et al. 
2022). The expression of SLC3A2 was also reported to be 
linked with the survival time of ESCC patients (Zhao et al. 
2022). Erastin is a widely used SLC7A11 inhibitor and fer-
roptosis inducer and markedly leads to ferroptosis of 
several types of cancer cells such as pancreatic cancer 
cells, oral squamous cell carcinoma cells, and so on 
(Wang et al. 2023; Zerbato et al. 2023). Nonetheless, its 
effects on ESCC cells are still absolutely unclear.

In this study, we first analyzed the expression levels 
of SLC7A11 in ESCC tissues, then evaluated the sup-
pressive effects of an SLC7A11 inhibitor Erastin on 
ESCC cells, and eventually identified the SLC7A11 inter-
actome and the deubiquitinases which regulated 
SLC7A11 expression and also assessed downstream 
critical molecules.

Materials and methods

Patients and tissue samples

Ten ESCC samples were obtained from the First People’s 
Hospital of Yunnan Province and the Affiliated Hospital 
of Kunming University of Science and Technology. 
Informed consent was signed by every patient, and the 
Medical Ethics Committee of Kunming University of 
Science and Technology approved this study.

Cell lines and cell cultures

Human ESCC cell lines (KYSE30, KYSE70, KYSE140, 
KYSE150, KYSE180, KYSE450, KYSE510, TE1, TE10, 
EC109) and human esophageal normal cell line (Het- 
1A) were cultured in RPMI-1640 medium supplemented 
with 10% fetal bovine serum at 37°C and 5% CO2. The 
deubiquitinase inhibitor library and Erastin were 
obtained from MedChemExpress.

Cell viability and colony formation assays

Cell viability and colony formation detections were 
carried out following our previous study (Shi et al. 2020).

ATP detection

Cellular ATP level was detected using an enhanced ATP 
detection kit (Beyotime, S0027) according to the manu-
facturer’s instructions. After Erastin treatment (0, 50, 100 
μM) for 24 hours, KYSE30 and KYSE510 cells were col-
lected and ATP levels were measured.

Reactive oxygen species detection

Reactive oxygen species (ROS) concentrations were ana-
lyzed using the Reactive Oxygen Species Assay Kit 

(Beyotime, S0033S) according to the manufacturer’s 
instructions. Fluorescence microscopy was used to 
assess the ROS levels.

Western blotting assay

Western blotting assay was performed following our 
previous study (Shi et al. 2020). The antibody infor-
mation is as follows: anti-SLC7A11 (ab175186, abcam), 
anti-GAPDH (ab8245, abcam), anti-GPX4 (ab125066, 
abcam), anti-p-STAT3 (9134, cell signaling technology), 
anti-IL-6 (21865-1-AP, proteintech), anti-β-catenin 
(8480, cell signaling technology), anti-ELAVL1 (11910-1- 
AP, proteintech), anti-DHODH (14877-1-AP, proteintech), 
anti-DRP1 (12957-1-AP, proteintech), anti-MFN1 (13798- 
1-AP, proteintech) and anti-PKM2 (4053, cell signaling 
technology).

Immunohistochemistry assay

Immunohistochemical staining was performed accord-
ing to our previously reported method (Shi et al. 2020). 
SLC7A11 antibody (ab307601, abcam) was used in this 
assay.

IP-MS assay

KYSE30 and KYSE510 cells were prepared using IP lysis 
buffer (Thermo, USA), and an immunoprecipitation pro-
cedure was carried out. SLC7A11 antibody (ab175186, 
abcam) and Fast Silver Stain Kit (Beyotime, China) were 
utilized to capture the SLC7A11-binding proteins and 
stain gels to visualize proteins, respectively. Then, pep-
tides were extracted, concentrated, and detected using 
LC-MS/MS (Q Exactive mass spectrometer, Thermo).

Gene annotation (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analyses were con-
ducted using DAVID software (https://david.ncifcrf.gov) 
and the SangerBox online platform (http://vip. 
sangerbox.com/home.html) based on SLC7A11-binding 
proteins. Protein-Protein Interaction (PPI) network was 
constructed using the STRING website (https://cn. 
string-db.org), and hub genes were analyzed using cyto-
Hubba plugins in Cytoscape.

Datasets analysis

Datasets of ESCC (GSE53622 and GSE53624), colorectal 
cancer (CRC, GSE113513) and head and neck squamous 
cell carcinoma (HNSCC, GSE36110) from Gene 
Expression Omnibus (GEO) database (https://www.ncbi. 
nlm.nih.gov/gds) were harnessed to analyze the 
expression level of SLC7A11 in different cancers. GEPIA 
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(http://gepia2.cancer-pku.cn/#index) was applied to 
evaluate the expression level of SLC7A11 in cancers.

Statistical analysis

Data is presented as the mean ± SD and analyzed by 
GraphPad Prism software (version 9.0). One-way 
ANOVA and Student’s t-test are applied to analyze the 
data. p < 0.05 was defined as statistically significant.

Results

SLC7A11 was overexpressed in ESCC tissues

The mRNA expression levels of SLC7A11 in ESCC and 
CRC tissues were higher than those in adjacent normal 
tissues (Figure 1A-1C), and SLC7A11 was also overex-
pressed in KRAS mutated HNSCC tissues than in KRAS 
wild-type tissues (Figure 1D) based on the datasets 
(GSE53622, GSE53624, GSE113513, and GSE36110) 
from Gene Expression Omnibus (GEO) database. The 
TCGA data (from the GEPIA database) showed that 
SLC7A11 was highly expressed in COAD (Colon adeno-
carcinoma), ESCA (Esophageal carcinoma), LUSC (Lung 
squamous cell carcinoma), READ (Rectum adenocarci-
noma) and UCEC (Uterine corpus endometrial carci-
noma, Figure 1E). The positive staining of SLC7A11 was 
detected in 3 of 10 ESCC tissues, with negative staining 
in adjacent normal tissues by analyzing using the immu-
nohistochemistry (IHC) method (Figure 1F). Western 
blotting results further indicated that 2 out of 4 cases 
had elevated protein levels of SLC7A11 (Fold change >  
2.0) in ESCC tissues than corresponding normal tissues 
(Figure 1G).

Blocking SLC7A11 suppressed the proliferation of 
ESCC cells

Compared with human esophageal normal cells (Het- 
1A), SLC7A11 protein expression was augmented in 
KYSE30, KYSE150, KYSE180, KYSE450, KYSE510 and TE1 
ESCC cells (Figure 2A). Erastin is a widely used inhibitor 
of SLC7A11 and is applied to assess the effects of 
SLC7A11 inactivation on tumorigenic phenotypes of 
ESCC cells. Erastin decreased cell viabilities of KYSE30, 
KYSE150, KYSE180, KYSE510, TE1, TE10, and Het-1A 
cells; the cell viabilities of KYSE30, KYSE180, KYSE510 
and TE1 treated with 100 μM Erastin were below 50%, 
however, 1 μM to 100 μM Erastin didn’t affect the cell 
viability of KYSE450 cells showing resistance to Erastin 
(Figure 2B-2I). Erastin also remarkably suppressed the 
colony formation of KYSE30 and KYSE510 cells (Figure 
2J and 2K). Interestingly, Erastin reduced the ATP levels 

and enhanced ROS levels in KYSE30 and KYSE510 cells 
(Figure 2L-2Q).

Identification of SLC7A11 interactome in ESCC 
cell lines

IP-MS technology is harnessed to identify the SLC7A11 
interactome in KYSE30 and KYSE510 ESCC cells (Figure 
3A). Using IgG as the negative control, 63 SLC7A11 
specific binding proteins were identified both in 
KYSE30 and KYSE510 cells (Table 1). Next, GO and 
KEGG pathway enrichment analyses were conducted 
using DAVID software and the SangerBox online plat-
form based on SLC7A11 interacted proteins (Figure 3B- 
3E, Table S1 and S2). The top five terms in biological pro-
cesses (BP) analysis were positive regulation of trans-
lation, positive regulation of telomerase RNA 
localization to Cajal body, translational initiation, 
histone H2B conserved C-terminal lysine ubiquitination, 
and glutamate biosynthetic process (Figure 3B). The top 
five terms in cellular components (CC) analysis were 
membrane, cytoplasmic stress granule, cytosol, microtu-
bule, and cytoplasm (Figure 3C). The top five terms in 
molecular function (MF) analysis were RNA binding, 
mRNA binding, ATPase activity, protein binding, and 
cadherin binding (Figure 3D). The KEGG pathway analy-
sis revealed that SLC7A11 interacted proteins were 
enriched in the pathways of spliceosome, ribosome, 
huntington disease, and diabetic cardiomyopathy 
(Figure 3E).

Protein-Protein Interaction (PPI) network was con-
structed based on SLC7A11 binding proteins using 
STRING website (Figure 3F). We further identified hub 
genes among SLC7A11 binding proteins using cyto-
Hubba plugin in Cytoscape based on two algorithms 
(Degree and MCC), and 6 genes including chaperonin 
containing TCP-1 subunit 4 (CCT4), chaperonin contain-
ing TCP-1 subunit 5 (CCT5), eukaryotic initiation factor 
4A1 (EIF4A1), glutamyl-prolyl-tRNA synthetase 1 (EPRS), 
heat shock protein family A member 9 (HSPA9) and 
ELAV like RNA binding protein 1 (ELAVL1) were selected 
by both Degree and MCC methods (Figure 3G and 3H). 
Importantly, co-immunoprecipitation (co-IP) results 
confirmed the binding between SLC7A11 and ELAVL1 
(Figure 3I).

Identification of the deubiquitinases that 
regulate SLC7A11 protein expression in ESCC 
cells

27 deubiquitinase inhibitors are applied to identify the 
deubiquitinases that regulate SLC7A11 protein 
expression in ESCC cells (Figure 4A and 4B). Results 
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Figure 1. SLC7A11 was overexpressed in ESCC tissues. The mRNA levels of SLC7A11 in GSE53622 and GSE53624 ESCC datasets (A and 
B), GSE113513 CRC dataset (C), and GSE36110 HNSCC dataset (D). (E) The mRNA levels of SLC7A11 in COAD, ESCA, LUSC, READ, and 
UCEC were analyzed using the GEPIA database. (F) IHC staining of SLC7A11 in ESCC tissues and adjacent normal tissues. (G) The 
protein levels of SLC7A11 in paired normal and tumor tissues were analyzed using the Western blotting method. *, p < 0.05; ****, 
p < 0.0001.
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Figure 2. Blocking SLC7A11 suppressed the proliferation of ESCC cells. (A) The protein levels of SLC7A11 in ESCC cell lines and the 
human esophageal normal cell line were detected using the Western blotting method. Cell viabilities (B-I; red line, 50%) and colony 
formation abilities (J and K) of ESCC cells after Erastin treatment were detected by CCK8 and colony formation methods. Cellular ATP 
levels (L and M) and ROS levels (N-Q) were evaluated. ns, no significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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indicated that PR-619 (a broad-range DUBs inhibitor), 
GRL0617 (a broad-range DUBs inhibitor), and P 22077 
(a USP7 inhibitor) could reduce at least 40% expression 

level of SLC7A11 both in KYSE30 and KYSE510 cells 
(Figure 4A and 4B). Then, we evaluated the effects of 
PR-619 and GRL0617 on cell viability, colony formation, 

Figure 3. Identification of SLC7A11 interactome in ESCC cells. (A) IP-MS technology was used to identify the binding proteins of 
SLC7A11 in ESCC cells. Biological processes (B), cellular components (C), molecular function (D), and KEGG pathway I analyses 
based on SLC7A11-binding proteins. (F) The PPI network was constructed based on SLC7A11-binding proteins using the STRING 
website. (G and H) Hub genes among SLC7A11-binding proteins were analyzed using the cytoHubba plugin in Cytoscape based 
on two algorithms (Degree and MCC). (I) Verification of the interaction between SLC7A11 and ELAVL1 by Co-IP technique.

242 W.-T. LI ET AL.
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Figure 4. Identification of the deubiquitinases that regulate SLC7A11 protein stability in ESCC cells. (A and B) Western blotting assay 
was used to detect the protein level of SLC7A11 after the deubiquitinase inhibitors treatment. Red line: 0.6. After treating KYSE30 cells 
with PR-619 and GRL0617 respectively, cell viabilities (C and D), colony formation abilities (E and F), and cellular ROS levels (G and H) 
were measured. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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and cellular ROS level in KYSE30 cells. Results showed 
that both PR-619 and GRL0617 treatment significantly 
reduced cell viability and colony formation ability, and 
improved the cellular ROS level in KYSE30 cells, respect-
ively (Figure 4C-4H).

Next, we analyzed the mRNA expression levels of 
USP2, USP4, USP5, USP7, and USP8, target genes of PR- 
619, GRL0617 and P 22077, in ESCC datasets 
(GSE53622 and GSE53624). In these two datasets, USP5 
was significantly overexpressed, but USP2, USP4, and 
USP7 were remarkedly decreased, and USP8 showed 
opposite changes (Figure 5B-5K).

Blocking SLC7A11 decreased ferroptosis- 
associated molecules GPX4 and DHODH, and also 
reduced DRP1 and MFN1 in ESCC cells

Erastin (50 and 100 μM) didn’t affect the protein 
expression of SLC7A11 in KYSE30 and KYSE510 cells 
(Figure 6A-6C). We further investigated whether Erastin 
regulated other ferroptosis-associated molecules such 
as GPX4 and dihydroorotate dehydrogenase (DHODH), 
and both GPX4 and DHODH were downregulated after 
Erastin treatment (Figure 6D-6H). Importantly, Erastin 
also decreased the protein expression of dynamin- 
related protein 1 (DRP1), mitochondrial fusion 1 
(MFN1), and pyruvate kinase M2 (PKM2) in KYSE30 and 
KYSE510 cells (Figure 6I-6O). Western blotting analysis 
further showed that Erastin treatment reduced protein 
levels of β-catenin, signal transducer and activator of 
transcription 3 phosphorylation (p-STAT3) and interleu-
kin 6 (IL-6) in KYSE510 cells (6P-6S).

Discussion

SLC7A11, a key molecule of ferroptosis, is highly 
expressed in several types of tumors, including ESCC, 
which has a very low five-year survival rate (Miyata 
et al. 2009; Feng et al. 2021; Miller et al. 2022), so it is par-
ticularly important to understanding the molecular 
mechanism during esophageal cancer progression. Our 
results confirmed the high expression of SLC7A11 in 
ESCC both in mRNA and protein levels. Importantly, 
we further found that Erastin could significantly reduce 
the cell viability and colony formation ability of ESCC 
cells by reducing cellular ATP levels and promoting 
ROS production. Nevertheless, Erastin treatment didn’t 
affect the protein expression of SLC7A11. Thus, the sup-
pressive effects of Erastin on phenotypes of ESCC cells 
were probably dependent on the activity of system Xc- 
. In our study, KYSE30, KYSE510, and KYSE510 cells 
with a high level of SLC7A11 showed sensitivity to 
Erastin treatment, however, KYSE450 cells in which 

SLC7A11 was also highly expressed showed resistance 
to Erastin treatment. A previous study reported that 
the status of intracellular labile iron pool determined 
the sensitivity of cancer cells to Erastin, and cancer 
cells with low baseline intracellular labile iron pool 
showed resistance to Erastin (Battaglia et al. 2022). 
Therefore, whether low baseline intracellular labile iron 
pool or other reasons caused KYSE450 cells’ resistance 
to Erastin still needs to be investigated.

Next, we analyzed whether Erastin regulated other 
ferroptosis-associated molecules. GPX4 and DHODH 
are crucial regulators in the ferroptosis of cancer cells 
(Yang et al. 2014; Mao et al. 2021a), and in our study, 
Erastin treatment decreased the protein levels of GPX4 
and DHODH in ESCC cells. Previous studies reported 
that overexpression of GPX4 indicated poor prognosis 
of ESCC patients (Shishido et al. 2021), and GPX4 was 
involved in Cysteinyl-tRNA synthetase 1 (CARS1), 
Ferulic acid (FA), 5-aminolevulinic acid (5-ALA)-induced 
ferroptosis of ESCC cells (Shishido et al. 2021; Cao et al. 
2022; Zhang et al. 2022). A previous study reported 
that Erastin treatment could promote the protein degra-
dation of GPX4 by chaperone-mediated autophagy (Wu 
et al. 2019). In GPX4 lowly-expressed cells, inactivation of 
DHODH potentiated ferroptosis dependently of its cata-
lyzing activity of transforming ubiquinone to ubiquinol 
(Mao et al. 2021b). DHODH was overexpressed in ESCC 
tissues and induced nuclear accumulation of β-catenin 
via binding with the NH2 terminal of β-catenin and abro-
gating the interaction between β-catenin and glycogen 
synthetase kinase 3beta (GSK3β) independently of 
DHODH catalyzing activity (Qian et al. 2020). Therefore, 
Erastin led to ferroptosis of ESCC cells via blocking 
system Xc− and lessening GPX4 and DHODH expression.

IP-MS technology was applied to identify SLC7A11- 
binding proteins in ESCC and 63 proteins were ident-
ified. These SLC7A11-binding proteins were enriched in 
four signaling pathways, including spliceosome, ribo-
some, huntington disease, and diabetic cardiomyopa-
thy. Six hub proteins, including CCT4, CCT5, EIF4A1, 
EPRS, HSPA9, and ELAVL1, were screened out by both 
Degree and MCC methods among all the SLC7A11- 
binding proteins. Co-IP assay confirmed the interaction 
between ELAVL1 and SLC7A11 in KYSE30 and KYSE510 
cells. ELAVL1, also known as HuR, could bind the AU- 
rich element (ARE) in the 3 ‘untranslated region 
(3’UTR), thus regulate the stability and translation 
efficiency of mRNA (Wu et al. 2019). ELAVL1 was overex-
pressed in ESCC, and its downregulation mitigated 
malignant phenotypes of ESCC cells via inversely regu-
lating IL-18 (Xu et al. 2018). Hypoxia-caused HIF-1α upre-
gulation suppressed ferroptosis of gastric cancer cells 
through stabilizing SLC7A11 mRNA by ELAVL1 (Lin 
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et al. 2022). In our study, ELAVL1 was found to bind with 
SLC7A11 protein, however, the functional roles of inter-
action between ELAVL1 and SLC7A11 were entirely 
unclear.

PR-619, GRL0617, and P 22077 were found to lessen 
at least 40% of the expression level of SLC7A11 in 
ESCC cells. Among all the targets of these inhibitors, 
USP5 was significantly overexpressed in ESCC tissues 
compared with normal tissues possibly indicative of 
USP5-dependent protein stabilization of SLC7A11 in 
ESCC cells. As a deubiquitinase, USP5 bound with and 
stabilized lymphoid-specific helicase (LSH) protein and 
then increased SLC7A11 expression and weakened fer-
roptosis of liver cancer cells (Yan et al. 2023). Neverthe-
less, whether USP5 directly stabilizes SLC7A11 is still 
needed to be evaluated.

In addition, β-catenin, p-STAT3, and IL-6 were down-
regulated after Erastin treatment in KYSE510 cells. IL-6 is 
one of the critical cytokines in the tumor microenviron-
ment and an activator of the STAT3 pathway. STAT3 

plays an important role in tumor cell proliferation and 
apoptosis (Abroun et al. 2015). In ESCC, activation of 
the IL-6/STAT3 signaling pathway improved cell prolifer-
ation, invasion, and apoptosis resistance and may be 
developed as the potential therapeutic target in ESCC 
(Xu et al. 2020; Deng et al. 2021; Chen et al. 2022; 
Yang et al. 2022).

In conclusion, our study has demonstrated that 
SLC7A11 was overexpressed in ESCC, and blocking 
SLC7A11 using Erastin mitigated malignant pheno-
types of ESCC cells and downregulated key ferropto-
sis-associated molecules GPX4 and DHODH, and the 
stabilization of SLC7A11 was possibly regulated by 
USP5. However, whether targeting SLC7A11 could be 
used for ESCC therapy should be investigated in the 
future.
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Figure 5. USP5 was overexpressed in ESCC tissues. (A) Information about inhibitors and its targets. (B-K) The expression levels of USP2, 
USP4, USP5, USP7 and USP8 in ESCC tissues were analyzed in GSE53622 and GSE53624 datasets. **, p < 0.01; ***, p < 0.001; ****, p <  
0.0001.
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