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cystine/cysteine metabolism in tumors (Review)

XIANG TANG'*, WEI CHEN®", HUI LIU?, NALIU', DEYU CHEN', DALONG TIAN? and JINGZHI WANG?

"nstitute of Oncology, Affiliated Hospital of Jiangsu University, Zhenjiang, Jiangsu 212001;

2Departrnent of Radiotherapy Oncology, The Affiliated Yancheng First Hospital of Nanjing University Medical School,
The First People's Hospital of Yancheng, Yancheng, Jiangsu 224000, PR. China

Received September 2, 2021; Accepted November 25, 2021

DOI: 10.3892/01.2021.13165

Abstract. Solute carrier family 7 member 11 (SLC7A11) is
a major transporter regulating cysteine metabolism and is
widely expressed in a variety of tumor cells. SLC7A11 plays
an important role in the occurrence, development, invasion and
metastasis of tumors by regulating the transport of cysteine
in the tumor microenvironment. SLC7A11 is expected to
become a new therapeutic target and prognostic indicator for
the individualized treatment of patients. According to relevant
research reports, SLC7A11 can predict the stages and metas-
tasis of liver, breast and lung cancer. Therefore, an in-depth
exploration of the role of SLC7A11 in tumors may be impor-
tant for the screening, early diagnosis, treatment and prognosis
of patients with tumors. The current review summarizes the
research progress on SLC7A1I in liver cancer, lung cancer
and other tumors on the basis of previous primary studies. In
addition, the present review systematically elaborates on the
three main aspects of SLC7A11 pathways in some tumors, the
cancer-promoting mechanisms, and the therapeutic relation-
ship between SLC7A11 and tumors. Finally, the present review
aims to provide a reference for assessing whether SLC7A11
can be used as a prognostic indicator and treatment target for
tumor patients, and the future research direction with regard
to SLC7A1I in tumors.
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1. Introduction

With the continuous deepening and improvement of research
on the tumor microenvironment and metabolic stress mecha-
nisms, increasing evidence has shown that tumor cells can
change cysteine metabolism through solute carrier family 7
member 11 (SLC7A11) to promote the occurrence and devel-
opment of the tumor. The growth and migration of tumor cells
are highly dependent on the tumor microenvironment, which
is different from the normal tissue environment (1,2). Given
the rapid and massive proliferation of tumor cells, a microen-
vironment of metabolic stress, such as hypoxia and nutritional
stress, is often formed. In theory, this metabolic stress micro-
environment is not conducive to the survival and growth of
tumors, but tumors can overcome the stress environment that
is not conducive to their growth and continue to maintain the
ability to proliferate indefinitely. The metabolic reprogram-
ming of tumors (including changes in glucose and amino
acid uptake) plays an important role in this. The results of
correlation studies indicated that the tumor microenvironment
exhibits the characteristics of homocysteine/cysteine (3) and is
involved in tumor metabolic reprogramming and resistance to
ferroptosis (4). Ferroptosis is due to the abnormal activation of
the mitochondrial oxidative phosphorylation pathway due to
iron overload, which produces high levels of lipid peroxides
[e.g., reactive oxygen species (ROS)] when ATP is produced.
Ferroptosis can be regarded as cell death caused by the accu-
mulation of lipid peroxides on the cell membrane; it shows
evident iron dependence and does not belong to the category
of apoptosis or necrosis (5). From the morphological point of
view, ferroptosis is characterized by mitochondrial atrophy,
increased membrane density and reduced mitochondrial
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cristae, but does not show the typical morphological char-
acteristics of traditional apoptosis, such as cell swelling, cell
contraction, cell rupture, apoptotic body formation, and cyto-
skeleton disintegration and necrosis. In addition, ferroptosis
does not have the typical characteristics of autophagy, such as
autophagy vacuoles. Ferroptosis is closely related to reduced
glutathione (GSH) metabolism, and GSH is predominantly
synthesized by cysteine (6). Cystine in the microenvironment
of tumor cells is predominantly transported into cells through
the cystine/glutamate antiporter system xc- to participate in the
synthesis of GSH, which leads to the resistance of tumor cells
to ferroptosis, and promotes the occurrence and development
of tumors (4). The cystine/glutamate antiporter system xc- is
a member of the amino acid transporter family and consists
of two subunits, i.e., light (SLC7A11) and heavy (SLC3A2)
chain subunits. SLC7A11 plays a major biological function as
a transporter; it can transport glutamate out of the cell and
cystine into the cell at a ratio of 1:1. SLC3A2, as a chaperone
protein, is involved in maintaining the stability of SLC7A11
only (7.,8).

The present review focuses on the unique role of SLC7A11
in the resistance of tumors to ferroptosis, and in the occur-
rence, development and treatment of tumors with regard to the
regulation of cystine/cysteine metabolism.

2. Structure and biological function of cysteine

Cysteine (2-amino-3-mercaptopropionic acid), an aliphatic
sulfhydryl-containing polar a-amino acid, is a conditional
amino acid that is essential for the human body and can be
converted into cystine. Cysteine plays an important role
in protein synthesis, catalysis, transport, post-translational
modification and redox maintenance (9,10). The two main
functions of cysteine in the human body are its involvement in
the production of reduced GSH and protein synthesis. GSH is
a tripeptide composed of three amino acids, namely, cysteine,
glutamic acid and glycine, and is one of the most important
cellular antioxidants in the human body. Cysteine is the
rate-limiting precursor of GSH synthesis, and its participa-
tion in the biosynthesis of GSH comprises two steps (11). The
first step is the rate-limiting reaction, which uses cysteine and
glutamate to synthesize y-glutamyl-cysteine (y-Glu-Cys) by
glutamate cysteine ligase. The second step is the addition of
glycine to the C-terminus of y-Glu-Cys by GSH synthetase
to produce glutathione. Once synthesized, GSH becomes a
detoxification substance for lipid peroxides. For example,
glutathione peroxidase 4 (GPX4), which uses GSH as a
cofactor, detoxifies lipid peroxides into lipid alcohols (12,13).
At the same time, GSH is oxidized into oxidized (GSSG), which
then consumes H+ in NADPH through GSH reductase and is
reduced back to GSH, enabling GSH recycling. In addition,
cysteine is a precursor or cofactor of other biomolecules with
antioxidant properties, such as taurine, hydrogen sulfide and
aconitic acid (14). Intracellular cysteine can be transformed
from methionine and serine through sulfur transfer. In addi-
tion, cysteine can be obtained by the degradation and recovery
of GSH and other proteins (15). However, due to the infinite
proliferation characteristics of tumor cells, a tumor microen-
vironment of metabolic stress and oxidative stress, such as
hypoxia and nutrient deficiency, is often formed. As a result,

in this poor nutritional tumor microenvironment, the cysteine,
which is provided through traditional biosynthesis or protein
catabolism, cannot meet the high demand of the cancer cells
for antioxidative defense and metabolic stress. Therefore,
the method of obtaining cystine from an exogenous pathway
through a nutrient transporter and then reducing it to cysteine
by GAPDH has become the main strategy for most tumor
cells. SLC7AL11 is highly specific to cystine and glutamate,
and is the main protein transporter for tumor cells to transport
cysteine (16,17).

3. Structure and function of SLC7A11 and its regulatory
mechanism

Structure and function of SLC7A11. The human SLC7A11 gene
is located on chromosome 4, contains 14 exons and consists of
502 amino acids. SLC7A11 is composed of 12 highly hydro-
phobic channel transmembrane proteins, the N- and C-termini
of which are located in the cytoplasm (Fig. 1). SLC7AII is
widely expressed in normal tissues, such as those of the brain
and liver, and cells, such as macrophages (18). In the internal
environment of the human body, SLC7A11 can transport gluta-
mate from the cell. At the same time, SLC7A11 can transport
extracellular cystine into the cell. The cystine that enters the
cytoplasm can be quickly reduced to cysteine by GAPDH. The
acid is used for the synthesis of GSH. GSH, as a cofactor of the
GPX family (such as GPX4), detoxifies lipid peroxide into lipid
alcohol to protect tumor cells from oxidative stress, block the
ferroptosis of tumor cells and promote tumor cell proliferation
(Fig. 1). In addition, SLAC7AL11 can regulate ferroptosis and
participate in tumor proliferation and survival by regulating the
nutritional dependence of glutamine and glucose (5).

Regulation mechanism of SLC7AIl. The expression and
activity of SLC7A11 are regulated by a variety of mechanisms,
including transcription factors and epigenetic regulation.

Transcriptional regulation of SLC7A1l by transcription
factors. Koppula et al (19) reported that under various stress
conditions, such as oxidative stress and amino acid deficiency,
the expression of SLC7A11 can be significantly upregulated,
which is beneficial for cells to restore redox homeostasis
and continue to survive under stress conditions. Activating
transcription factor 4 (ATF4) and nuclear erythroid 2-related
factor 2 (NRF2) are the two main transcription factors
involved in the stress-induced transcription of SLC7AII.
ATF4 is a member of the ATF/cAMP responsive element
binding protein (ATF/CREB) transcription factor family
and regulates redox homeostasis, amino acid metabolism
and endoplasmic reticulum stress (20). When the living
environment of a cell lacks amino acids, especially when
glutamine and cysteine are lacking, the cell can transfer ATF4
into the nucleus through the general control nonderepress-
ible 2 (GCN2)/eukaryotic initiation factor 2a (eIF2a)/ATF4
signaling axis and bind to the amino acid response element
(AARE) in the gene promoter, thereby promoting the tran-
scription of genes involved in amino acid metabolism and
stress response, including the transcription of SLC7A11 (21)
(Fig. 2). NRF2 is a transcription factor that predominantly
mediates the antioxidant response. Under normal physiological
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Figure 1. Structure and function of Xc-. The Xc- system consists of two subunits, namely, light (SLC7A11) and heavy (SLC3A?2) chain subunits. SLC7A11 exerts
the main biological function and transport activity, whereas SLC3A2 only participates in maintaining the stability of SLC7A11 as a chaperone protein. SLC7A11
transfers a molecule of extracellular cystine into the cell while transferring a molecule of intracellular glutamate out of the cell. The cystine transported into the
cell is quickly reduced to cysteine. Next, cysteine and glutamic acid are combined under the action of GCL to form y-glutamyl cysteine, and glycine is added to
the C-terminus of y-Glu-Cys through GS to produce reduced GSH. GPX4 then reduces lipid hydroperoxides into lipid alcohols through GSH, thereby inhibiting
ferroptosis. At this time, GSH is oxidized into GSSG, which can be reduced to GSH again through GR. GCL, glutamate cysteine ligase; GS, glutathione
synthetase; GPX4, glutathione peroxidase 4; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; L-OOH, lipid hydroperoxide;
L-OH, lipid alcohol; ROS, reactive oxygen species; SLC7A11, solute carrier family 7 member 11; SLC3A2, solute carrier family 3 member 2.

conditions, NRF2 is extremely unstable, can be ubiquitinated
by Kelch-like ECH-associated protein 1 (KEAP1), and is
rapidly degraded by the proteasome pathway. In the case of
oxidative stress, the NRF2 degradation pathway mediated by
KEAPI is blocked, and NRF2 can remain stable and bind
to the AARES region of the antioxidant response element to
induce the transcription of a variety of antioxidant defense
genes, including SLC7A11 (Fig. 2). ATF4 and NRF2 have
been found to have a synergistic effect. Ye et al (22) reported
that ATF4 and NRF2 can interact on the SLC7A11 promoter,
and can synergistically regulate the SLC7A11 transcription
under a variety of metabolic stress conditions.

Transcription factors can negatively regulate SLC7AI1,
and the main transcription factors for this are pS3 and ATF3
(Fig. 2). The p53 protein is a transcription factor, and the gene
is a tumor suppressor. A study has shown that p53 can promote
ferroptosis in cells under various ferroptosis-inducing condi-
tions. Part of its effect is achieved by inhibiting the expression
of SLC7A11. p53 deficiency can evidently lead to the upregula-
tion of SLC7A11, thereby enhancing the resistance of tumor
cells to ferroptosis and inhibiting ferroptosis (23). One study
has further revealed that p53 can inhibit the expression of

SLC7A11 by weakening the function of NRF2. ATF3 is another
member of the ATF/CREB transcription factor family. Under
basic conditions, ATF3 can bind to the SLC7A11 promoter
and inhibit the expression of SLC7A11. However, under stress
conditions that can induce the expression of SLC7A11, ATF3
does not inhibit the expression and activity of SLC7A11. Part
of the role of Erastin (an inhibitor of SLC7A11) is achieved by
upregulating ATF3 and promoting the ferroptosis of cells (24).

Overall, various stress conditions can partially promote
the transcription of SLC7A11 through ATF4 and/or NRF2,
whereas p53 and ATF3 predominantly inhibit the expres-
sion of SLC7A11 under basal conditions. These transcription
factors affect the downstream biological effects (including
cysteine metabolism) mediated by SLC7A11 by regulating the
expression and transcriptional activity of SLC7A11, leading to
changes in the sensitivity of cells to ferroptosis. In addition,
SLC7A11 mRNA is directly regulated by miR-139-5p, miR-27a
and miR-375 (25-27) (Fig. 2).

Transcriptional regulation of SLC7AIIl by epigenetic
modification. The epigenetic regulation of gene transcription
is predominantly achieved through related modifications of
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Figure 2. SLC7AL11 is regulated by transcriptional, post-transcriptional and post-translational mechanisms. Under stress conditions, such as oxidative stress
and amino acid deficiency, the GCN2-elF2a and KEAPI-NRF2 signal axes can induce SLC7A11 transcription, and the SWI/SNF chromatin remodeling
complex can further promote the NRF2-mediated transcriptional activation of SLC7A11. However, p53 and ATF3 inhibit the expression of SLC7A11 under
basal conditions. In epigenetics, the methylation of H3K4 can activate the transcription of SLC7A11, whereas the methylation of H3K9me3 and H3K27me3
can inhibit the transcription activity of SLC7A11. BRD4 can inhibit the transcription of SLC7A11 by regulating histone acetylation. The stability of SLC7A11
mRNA can be regulated by microRNA. miR-139-5p, mir-27a, and mir-375 can destroy the stability of SLC7A11 mRNA and inhibit its transcription. nTORC2
can regulate the phosphorylation of SLC7A11 at serine site 26 and inhibit the transport activity of SLC7A11 directly or through the AKT signaling pathway.
CD44v and OTUBI can inhibit the degradation of SLC7A11, thereby stabilizing the SLC7A11 protein and improving its transport activity. GCN2, general
control nonderepressible 2; eIF2a, eukaryotic initiation factor 2a; KEAPI, kelch-like ECH-associated protein 1; NRF2, nuclear erythroid 2-related factor 2;
mTORC2, mammalian target of rapamycin complex 2; OTUBI, OTU deubiquitinase ubiquitin aldehyde binding 1; ATF, activating transcription factor; p53,
tumor protein 53; SWI/SNF, switch/sucrose non-fermentable modeling complex; BRD4, bromodomain-containing protein 4; miR, microRNA; CD44v, CD44

variant; SLC7A11, solute carrier family 7 member 11; SLC3A2, solute carrier family 3 member 2.

DNA or DNA-related histones, such as DNA methylation,
histone acetylation, methylation and ubiquitination. (28). A
study showed that BRCAl-associated protein-1 (BAPI1) is
a nuclear protein with deubiquitinase that removes histone
H2A monoubiquitylation (H2Aub) at position 119 of lysine.
In a recent study, whole-genome analysis identified SLC7A11
as a key transcription target of BAPI (29). At the SLC7A11
promoter, BAP1 deubiquitinates H2Aub and subsequently
inhibits the expression of SLC7A1l. The methylation of
histone H3 (H3K9me3 and H3K27me3) at the lysine 9 and
27 positions also leads to the transcriptional inhibition of
SLC7A11. Bromodomain-containing protein 4 (BRD4) is
a member of the bromodomain and extra-terminal domain
protein family. The main function of BRD4 is to recognize
acetylated histones and recruit transcription factors to regulate
gene transcription. Recent research showed that knocking
out the BRD4 gene or using BRD4 inhibitors significantly
inhibited the expression of SLC7AI11 and promoted ferrop-
tosis (Fig. 2) (30), indicating that BRD4 is likely to activate
SLC7ALI1 transcription through epigenetic mechanisms. This
phenomenon inhibits cell ferroptosis.

Chromatin remodeling is another key epigenetic
mechanism that controls genes. Recently, studies showed
that switch/sucrose non-fermentable (SWI/SNF) complex-
mediated chromatin remodeling is involved in regulating
SLC7A11 transcription. The SWI/SNF complex combines
with the SLC7A11 promoter to promote the NRF2-mediated
transcriptional activation of SLC7A11 through the chromatin
remodeling of the SWI/SNF complex. SWI/SNF deficiency
leads to the suppression of SLC7A11 transcription, which
causes impaired cystine uptake and GSH biosynthesis, and
subsequently promotes ROS-induced cell ferroptosis (31).

It was recently found that the adhesion molecule CD44
variant (CD44v) forms a complex by binding to SLC7A11,
thereby maintaining the stability of SLC7A11. The inactiva-
tion of CD44v destroys the stability of SLC7A11 and promotes
ferroptosis (32). In addition, mammalian target of rapamycin
complex 2 can directly phosphorylate SLC7A11 at serine 26
and serine 25 through the AKT signaling pathway (33,34)
(Fig. 2).

In summary, these studies confirmed that SLC7A11 can
be regulated by a variety of post-translational mechanisms,
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including regulation of protein stability, localization and
transporter activity.

4. SLC7A11 regulates the association between cysteine
metabolism and tumors

Cysteine is involved in the synthesis of GSH, and GSH can be
used as a cofactor of GPX. Lipid peroxides detoxify into lipid
alcohol, thereby protecting tumor cells from oxidative stress
and blocking the ferroptosis of tumor cells. Tumor cells obtain
cysteine from outside the cell through SLC7A11 to maintain
the level of homo-GSH in the cell, thereby meeting the high
energy demand against oxidative stress. This phenomenon
is conducive to the survival and development of tumor cells.
SLC7AL11 can also participate in the metabolic reprogramming
of tumors by regulating cysteine metabolism, and promote
tumor growth and migration, such as via increasing ingestion
of glutamine (35).

Next, the present review specifically discusses the
association between the regulation of cysteine metabolism and
tumor occurrence, development and prognosis by SLC7AT11.
The study attempts to show that SLC7A11 is widely expressed
in various tumors of the human body and can be a potential
therapeutic target for a number of systems.

SLC7A11 regulates cysteine metabolism and liver cancer.
The etiology of liver cancer is related to environment, diet
or lifestyle factors (36). Evidence shows that liver cancer
is closely related to hepatitis B/C virus infection and liver
cirrhosis (37). There are ~700,000 new liver cancer patients
worldwide each year, and cases in China account for more
than half of the global total. Given the low sensitivity of liver
cancer to radiotherapy and chemotherapy, the current main
treatments are surgery and liver transplantation. However,
as liver cancer cells are prone to metastasis, these treatments
often fail to achieve the expected results (38). Therefore,
finding new and effective targets for the diagnosis and treat-
ment of liver cancer has become an urgent problem to be
solved. Kinoshita et al (39) showed the association between
SLC7A11 in mRNA transcription and the clinical characteris-
tics of hepatoceullar carcinoma, and proposed that SLC7A11
has prognostic value in this disease. However, the study also
reported that the expression of SLC7A11 protein was detected
in only one out of eight liver cancer specimens (39). Recent
studies have found that compared with that in normal tissues
and cells, SLC7A11 expression is high at the protein level
in liver cancer tissues and cells, and is significantly related
to an advanced poor prognosis (40), further confirming that
SLC7AL11 can be used as an independent prognostic factor of
liver cancer factor. A further study by Wada ez al (41) found
that SLC7A11 is highly expressed in poorly differentiated
liver cancer. In vitro experiments also confirmed that the
SLC7A11Z inhibitor sulfasalazine (SASP) could inhibit the
uptake of cysteine, reduce the resistance of liver cancer cells
to ROS and lipid peroxide, and enhance the ferroptosis of liver
cancer cells by inhibiting CD44v9-SLC7A11 (41).

The liver is the organ with the highest expression and
activity of cysteine dioxygenase (CDO) protein in the human
body. CDO occupies a key position in the normal synthesis and
degradation of cysteine in the human body and is an important

biological enzyme of cysteine, which is obtained through
the diet (9). The development of liver cancer often follows
the trilogy of hepatitis-cirrhosis-liver cancer. Abnormalities
in liver function are present at each step, but whether this
leads to abnormalities in CDO needs further investigation.
We hypothesize that the occurrence and development of liver
cancer is closely related to the abnormal physiological pathway
of cysteine, and that iver cancer cells can obtain increased
cysteine from extracellular pathways by upregulating the
expression of SLC7A11 in the presence of toxic substances
and oxidative stress. This aspect is a direction worth exploring
in the future. In addition, SLC7AL11 is closely related to the
ferroptosis resistance and glutamine deprivation of liver
cancer cells. Therefore, SLC7A11 could be a potential target
for the treatment of liver cancer.

SLC7A1I regulates cysteine metabolism and lung cancer.
The incidence and mortality of lung cancer rank first in the
world, and the rates are increasing every year (42). With
the aging of the Chinese population, the incidence of lung
cancer is predicted to continue to rise. Traditional treatment
options for lung cancer include surgery, radiation therapy and
chemotherapy (43). In recent years, the targeted therapy of
lung cancer has received increasing attention and recognition.
Programmed cell death protein 1 (PD-1), PD ligand protein-1
and cytotoxicity T lymphocyte-associated antigen-4 inhibitors
showed good effects (increased survival time and improve
survival rate) in the treatment of small cell lung cancer (SCLC)
and non-SCLC (NSCLC). However, as treatment progresses,
most patients eventually develop resistance (44). Therefore,
finding new targets for the treatment of lung cancer is impor-
tant to improve the survival and quality of life of patients
with this disease. Recent studies showed that SLC7A11 was
overexpressed in lung adenocarcinoma, squamous cell carci-
noma and NSCLC. The follow-up analysis of 254 patients with
NSCLC found that patients with high expression of SLC7A11
tended to be at later stages and that the survival times were
significantly shortened (45). These results confirmed that
the expression of SLC7A11 is significantly correlated with
cancer stage and S-year overall survival rate. SLC7A11
decreases the GSH/GSSG ratio through overexpression,
thereby creating an oxidized intracellular microenvironment
in multiple lung cancer cell lines and promoting tumor growth.
When the inhibitor Erastin is used to target the expression of
SLC7AL11, the growth and proliferation of lung cancer cells
are significantly inhibited (45). In normal tracheal epithelial
cells, SLC7A11 has been shown to participate in the metabolic
reprogramming of the cells by regulating cystine metabolism,
which is likely to be closely related to the occurrence of lung
cancer (45). At present, the occurrence of lung cancer is known
to be related to a variety of gene mutations, such as the trans-
location of EGFR, TP53, KRAS, ALK, RET or ROS1. Recent
studies by Hu ef al (46) confirmed that the KRAS mutant gene
of lung adenocarcinoma acts on NRF2 through its downstream
pathways (including MAPK, PI3K/AKT and RAS-related
protein pathways), regulates the expression of SLC7A1I,
upregulates the levels of intracellular cysteine and GSH, and
then promotes the progression of the tumor (Fig. 3). Compared
with patients with lung cancer without KRAS mutation, those
with lung cancer and KRAS mutations have significantly
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gene, and mutant KRAS acts on NRF2 by activating its downstream pathways (including the classic MAPK, PI3K/AKT and RAL pathways) to promote the
transcriptional activity of SLC7A11. In addition, in patients with estrogen receptor-positive breast cancer, breast cancer cells can upregulate the transcriptional
activity of SLC7A11 through the IGF-I/IRS-1/PI3K signaling axis. NRF2, nuclear erythroid 2-related factor 2; ER, estrogen receptor; SLC7A11, solute carrier

family 7 member 11; RAL, RAS-related protein.

increased expression levels of NRF2 and SLC7AL11, signifi-
cantly upregulated intracellular cysteine and a significantly
decreased overall survival rate (46). Wang et al (47) found that
in NSCLC, the TP53 mutant has lost the functions of inducing
cell cycle arrest and senescence, but still plays a certain role in
inhibiting tumors by blocking the function of SLC7A11 (47).
However, Jennis et al (48) constructed a TP53 mutant that
retained the function of inducing cell cycle arrest, but could
not inhibit the function of SLC7A11, and found that the tumor
suppressor effect of the mutant was markedly decreased (48).
Therefore, we hypothesize that the occurrence of NSCLC is
closely related to TP53 and KRAS mutations, but that the
pathogenesis is predominantly a series of functional abnor-
malities, such as TP5S3/KRAS-SLC7AL11 cysteine ferroptosis
rather than the abnormalities of cell cycle regulation caused
by TP53 mutation in the traditional sense. Studies showed
that CD44v and SLC7AI11 are involved in the resistance of
lung cancer to cisplatin and other drugs. The use of SASP
can improve the drug resistance of lung cancer and promote
the death of tumor-related stem cells (49,50). The relationship
among EGFR, ALK and RET or between ROS1 and SLC7A11
needs to be further explored. SPAP plays an important role
in inhibiting tumor growth and promoting ferroptosis, but
requires a large dose to inhibit SLC7A11, thereby limiting
the clinical application of SPAP. Therefore, Hu et al (46)
also screened out the compound HG106, which has achieved

good effects in lung cancer modeling mice (46). These studies
showed that SLC7AL11 is involved in the occurrence and drug
resistance of lung cancer and is closely related to the survival
rate and prognosis of patients. Therefore, SLC7A11 can be
used as a potential site for the molecular targeted therapy of
lung cancer. At present, relevant research and clear evidence
to support SLC7A11 driving the mutations of genes, such as
TP53 and KRAS, and the specific mechanisms driving the
aforementioned gene mutations remain lacking. This gap may
be the key research direction of SLC7A11 in the field of lung
cancer in the future.

SLC7AI11 and breast cancer. Breast cancer is the most
common malignant tumor in women and the main cause of
death in women with cancer (42). The full use of antiestrogen
hormone drugs (e.g., tamoxifen and aromatase inhibitors) and
trastuzumab therapy (Herceptin) has benefited patients with
breast cancer, but metastasis and relapse affect the survival
of patients, especially in those with triple-negative breast
cancer (TNBC) (51). Therefore, targeted and minimally toxic
treatments for breast cancer are needed. SLC7A11 is reported
to be highly expressed in a variety of breast cancer cells.
Breast cancer cells with high expression of SLC7A11 have
strong resistance to oxidative stress and ferroptosis, but are
sensitive to the nutritional deprivation of glucose (52). Along
with the high expression of SLC7A11, glucose deprivation
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can increase the ROS level of breast cancer cells through the
AMPK/ACC pathway, thereby promoting the death of breast
cancer cells (52). In estrogen receptor-positive breast cancer,
the expression of SLC7A11 can be upregulated through the
IGF-1/IRS-1/PI3K signaling axis to improve the ability of the
tumor to withstand oxidative stress, which is beneficial to the
survival of tumor cells and the occurrence of chemotherapy
resistance (53) (Fig. 3). Ruiu et al (54) showed that the use
of anti-SLC7A11 antibody vaccines to inhibit the expression
of SLC7A11 can increase the sensitivity of breast cancer to
chemotherapy (such as doxorubicin) and molecular targeted
(such as PD-1) drugs. In addition, the use of this vaccine can
induce autoimmune responses by targeting differentiated
cancer stem cells, thereby achieving good therapeutic effects
and having minimal toxicity. The expression can also be used
to diagnose and treat the autoimmune response of tumor stem
cells to achieve good results and have an excellent response,
such as killing tumor cells, limiting tumor metastasis and
exhibiting a less immunotoxic response (54). Conti et al (55)
also confirmed that anti-HER?2 vaccine predominantly inhibits
tumor growth and that anti-SLC7A11 vaccine predominantly
inhibits tumor metastasis, thereby showing that SLC7A11 can
be used as a breast cancer treatment target. However, studies on
the relationship between SLC7A11 and TNBC are few. Given
the limited available treatments for TNBC, new methods are
urgently needed. Therefore, the relationship between SLC7A11
and TNBC still needs to be further explored, and SLC7A11
still has marked prospects as a breast cancer treatment target.

SLC7A11 and glioma. Glioma is the most common malignant
primary brain tumor. The rapid growth of this tumor benefits
from the tumor-mediated release of glutamate, and the release
of glutamate from gliomas is considered to cause the death of
peritumoral neurons and make room for tumor growth (56).
A previous study showed that the expression of SLC7A1l in
the tumor tissues of ~50% of patients with glioma was higher
than that in normal tissues adjacent to the cancer. Compared
with those lacking the transporter, tumors with high expres-
sion of SLC7A11 had strong proliferation ability and could
produce increased excitotoxicity of glutamate, thus shortening
the overall survival of the patients (57). This phenomenon
indicates that SLC7A11 can be used as an independent prog-
nostic indicator for patients with glioma. SLC7A11 is reported
to promote the occurrence and development of gliomas by
participating in the promotion of tumor-associated epilepsy,
an important cause of glioma in patients. Although various
brain tumors may induce seizures, the highest incidence and
prevalence of epilepsy is found within patients with glioma
(=80%) (58,59). Consistent with the research in lung cancer,
Polewski et al (60) also found in glioma that SLC7A11 trans-
ports cysteine into tumor cells, participates in the synthesis
of GSH and downregulates cellular ROS levels, thereby
generating increased cancer-like stem cells. The functions of
SLC7A11 and tumor stem cells are basically the same and are
involved in the recurrence and metastasis of glioma. SLC7A11
may be regulated by EGFR/CD44 in glioma cells (61). The
study by Long et al (62) showed that treatment with VEGF
blockers can lead to increased expression of SLC7A11. In
addition, the study pointed out that the glutamate output by
SLC7A11 from tumor cells can promote the proliferation

of regulatory T cells and improve the immunosuppressive
function, thereby helping in improving the adaptability and
drug resistance of glioblastoma against VEGF treatment (62).
Robert et al (57) also found that the use of SLC7A11 inhibi-
tors or targeted interference downregulates SLC7AI11 levels
due to cysteine uptake disorders, and that the resistance of the
tumor to ROS is weakened, which can significantly increase
the death of glioma cells (57). Although in vivo experiments
need to be further improved, the aforementioned studies have
confirmed that SLC7AL11 is closely related to the prognosis,
recurrence and metastasis of glioma, and that it is expected to
become a new therapeutic target for glioma.

In addition, existing studies have also shown the relation-
ship between SLC7AI11 and pancreatic cancer, colorectal
cancer and lymphoma in terms of prognosis and metastasis, and
that SLC7AL11 also plays a role in promoting cancer (25,63,64),
but the conclusions and mechanisms of action need further
experimental verification.

5. Future prospects

SLC7AL11, as an amino acid transport active subunit on the
cell membrane, exerts a wide range of biological effects in
organisms. At the same time, abnormality in the regulatory
mechanism of SLC7A11 plays an important role in the process
of tumor invasion, migration and drug resistance in multiple
systems, such as the digestive, respiratory, reproductive and
nervous systems. SLC7AI1I is an important biomarker for
tumor diagnosis and prognosis in various systems. Evidence
has indicated that SLC7A11 can be used as a broad target for
tumor treatment. At present, the two strategies with regard
to SLC7AL1I are the direct inhibition of SLC7A11-mediated
cystine uptake and the targeting of SLC7A11-induced glucose
or glutamine dependence. The first strategy occurs via the
direct use of SLC7AI11 inhibitors, such as SASP, to inhibit
its uptake of cystine, antagonize its role in tumor resistance
and tumor stem cell formation, and improve tumor treat-
ment efficacy. At present, these studies have achieved only
preliminary results. A number of clinical trials on SASP in
tumor resistance and stem cell therapy (e.g., EPOCI1205,
EPOC1407 and UMINO00017854) are underway. In addition,
a vaccine against SLC7A11 has been created, but the safety
of the vaccine needs to be further explored, as it may require
a large dose to achieve the inhibitory effect, and any toxicity
and side effects should be assessed. Therefore, the develop-
ment of new high-efficiency small-molecule drugs targeting
SLC7AL1L1 is one of the development directions of tumor treat-
ment. The second strategy is to select a glucose transporter
or glutaminase inhibitors for the treatment of SLC7A11
overexpression tumors, which can induce tumor cell death by
using the high sensitivity of SLC7A11 overexpression tumors
to glucose and glutamine deficiency. Recent studies showed
that the combination of immunotherapy (or radiotherapy) and
SLC7A11 inhibitors (e.g., imidazole ketone erastin sulfadia-
zine and sorafenib) has a strong therapeutic effect (65,66). In
addition, SLC7A11 promotes the synthesis of GSH by trans-
porting cysteine, thereby increasing the drug resistance of
various tumors, such as lung cancer, breast cancer and glioma.
The drug resistance caused by SLC7A11 is also related to the
activation of MAPK and other pathways. The development of
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drugs that inhibit or block these pathways can reverse tumor
resistance and enhance the efficacy of tumor radiotherapy
and chemotherapy. After overcoming various limitations and
drawbacks, SLC7A11 may become a new prognostic indicator
and a new therapeutic target for tumors in the future.
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