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Ferroptosis and its emerging role
In esophageal cancer
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The occurrence and development of tumors involve a series of life activities of
cells, among which cell death has always been a crucial part in the research of
tumor mechanisms and treatment methods. Ferroptosis is a non-apoptotic
form of cell death, which is characterized by lipid peroxidation accumulation
and further cell membrane rupture caused by excessive production of
intracellular oxygen free radicals dependent on iron ions. Esophageal cancer
is one of the common digestive tract tumors. Patients in the early stage are
mainly treated with surgery, and the curative effect is awe-inspiring. However,
surgery is far from enough for terminal patients, and it is the best choice to
combine radiotherapy and chemotherapy before the operation or during the
perioperative period. Although the treatment plan for patients with advanced
esophageal cancer is constantly being optimized, we are disappointed at the still
meager 5-year survival rate of patients and the poor quality of life. A series of
complex problems, such as increased chemotherapy drug resistance and
decreased radiotherapy sensitivity of esophageal cancer cells, are waiting for
us to tackle. Perhaps ferroptosis can provide practical and feasible solutions and
bring new hope to patients with advanced esophageal cancer. The occurrence
of ferroptosis is related to the dysregulation of iron metabolism, lipid
metabolism, and glutamate metabolism. Therefore, these dysregulated
metabolic participant proteins and signaling pathways are essential entry
points for wusing cellular ferroptosis to resist the occurrence and
development of cancer cells. This review first introduced the main
regulatory mechanisms of ferroptosis. It then summarized the current
research status of ferroptosis in esophageal cancer, expecting to provide
ideas for the research related to ferroptosis in esophageal cancer.

KEYWORDS

ferroptosis, lipid peroxidation, antioxidant system, esophageal cancer, non-
coding RNA

Introduction

Cell death is a significant step in organism growth and development. Moreover,
different forms of cell death are regulated differently; imbalanced regulation could be the
first step in the occurrence and development of diseases. Traditionally, cell death can be
classified into apoptosis, necrosis, and autophagy according to the change in mechanism
and cell morphology (Kroemer et al., 2009). With the in-depth study of cell death, a non-
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apoptotic form of cell death, namely ferroptosis, was first
proposed in 2012. Ferroptosis is a process of oxidative
damage after the accumulation of oxygen free radicals
dependent on iron ions. Excessive iron ions in cells react with
hydrogen peroxide to produce reactive Oxygen Species (ROS).
Excessive ROS will attack polyunsaturated fatty acid (PUFA) in
biomembrane to deprive hydrogen ions, making it into a
peroxide state. Eventually, the lipids in cell membranes and
intracellular organelles become lipid peroxide and rupture due
to massive peroxidation, resulting in cell death (Dixon et al,
2012). In general, there are many sources of oxygen free radicals
in cells, to eliminate these oxygen radicals, cells contain potent
antioxidant mechanisms. Despite the protective mechanism,
when too many oxygen radicals are produced, the balance is
disrupted, and oxidative damage can occur, leading to further cell
death (Jamar et al., 2017) (Figure 1).

The ferroptosis process is a complex and sophisticated life
phenomenon that occurs under the joint control of multiple
systems, multiple metabolism, and multiple genes. According to
the data provided by the FerrDb database, 259 genes are involved
in ferroptosis. Based on their roles in ferroptosis, they can be divided
into ferroptosis driver genes, ferroptosis suppressor genes, and
ferroptosis marker genes. Among them were 108 driver genes,
69 repressor genes and 111 marker genes. The total number of
the three genes was significantly higher than 259. The reason was that
28 genes had multiple identities in the ferroptosis. These genes have
become the focus of research on disease mechanisms. In malignant
tumors, ferroptosis can be triggered to eliminate tumor cells, while
inhibiting this process can prevent acute damage to normal cells and
neurodegenerative diseases. For example, Erastin (ferroptosis
inducer) was used to activate the ferroptosis pathway in acute
myelogenous leukemia cells, which was found to be more
sensitive to chemotherapy agents (Yu et al, 2015); Treatment of
breast cancer cells with Siramesine and lapatinib enhanced the
occurrence of ferroptosis (Ma et al, 2016); Sorafenib (an
oncogenic kinase inhibitor) can effectively induce ferroptosis in
different solid tumor cell lines (Lachaier et al, 2014). Among
non-tumor diseases: the combined treatment of iron inhibin
inhibitors)
significantly improved the heart failure of mice (Fang et al, 2019);

-1 and iron chelating agent (both ferroptosis

After the mice with intracerebral hemorrhage were treated with iron
inhibin -1, the neurological deficit, memory impairment and brain
atrophy caused by intracerebral bleeding were significantly reduced
(Chen et al, 2019). After treatment with liproxstatin-1 (ferroptosis
inhibitor), liver lipid peroxidation and related cell death were
obviously inhibited, thus reducing the severity of nonalcoholic
steatohepatitis (Qi et al,, 2020). In addition, more research results
show that ferroptosis is an essential participant in disease occurrence
and development, as well as malignant tumor deterioration and
metastasis.

Since infinite proliferation and malignant metastasis are two
characteristics of malignant tumors and two major problems in
clinical treatment, inducing the death of tumor cells and
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FIGURE 1

Process of ferroptosis. (A) In general, Reactive Oxygen

Species (ROS) is generated by iron ions and hydrogen peroxide in
cells through the Fenton reaction. ROS is removed under the
action of the antioxidant system, inhibiting lipid peroxidation

and thus avoiding ferroptosis. (B) When intracellular iron levels rise,
excessive ROS will be produced. The antioxidant system is not
enough to counteract the excessive ROS, so lipid peroxidation is
not inhibited, and ferroptosis occurs. The figure modified from
(Yan et al., 2021).

preventing the continued proliferation have been the primary
means of clinical treatment of malignant tumors. The biggest
problem faced by traditional treatment schemes, such as
radiotherapy and chemotherapy, is that the sensitivity of tumor
cells to radiotherapy decreases, and they are resistant to
chemotherapy drugs. Therefore, some effective measures are
urgently needed to reverse the insensitivity of tumor cells.
Ferroptosis can help solve these problems. In light of such
traditional treatment ideas as inducing tumor cell death, the
answer given by ferroptosis is to cause tumor cell death by
various mature ferroptosis inducers to prevent the infinite
proliferation of cells. The FerrDb database shows 54 small
molecular compounds that induce ferroptosis. For the problem of
insensitivity to radiotherapy and chemotherapy, sensitivity can be
enhanced by regulating the targets in the ferroptosis pathway.
Therefore, the ferroptosis pathway is a valuable therapeutic target
that deserves further investigation.

Esophageal cancer is one of the most common malignant
tumors of the digestive tract in China. Due to its hidden
incidence, most patients are already in the middle and late stages
when they come to the hospital for treatment. Since the prognosis
and survival rate of patients with early esophageal cancer is
reasonable, improving the survival rate and quality of life of
patients with mid and late-stage esophageal cancer has always
been a complex problem that needs to be solved timely. Surgery

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1027912

Maimaitizunong et al.

g Intracellular space @ T { L'ROS
e PE-OH
e O et @/ /
L PE-AA

Ferritin

@ up
W

e

ROS
‘ AA-CoA
% v =
g M~
odoss
° .“: .
lysosome mitochondria

FIGURE 2

Production of Lipid Peroxide. (A) TF binds to TFRC and enters cells in the form of endosomes; (B) STEAP3 reduces Fe3+ to Fe2+, which is
released into the cytoplasm by DMT1 to form labile iron pool; (C) Under the action of PCBP, the free iron is transferred to ferritin, which is composed
of heavy chain FTH and light chain FTL, and has the activity of iron oxidase, oxidizing Fe2+ into Fe3+ and stores it; (D) Iron ion-mediated Fenton
reaction; (E) Excessive iron ions are transported extracellularly by FPN1; (F) Mitochondrial ferritin; (G) Iron autophagy process; (H) Lipid

10.3389/fmolb.2022.1027912

peroxidation. The figure modified from (Dev and Babitt, 2017).

is only limited to patients in the non-advanced stage and is less
effective for patients in the advanced stage (Nakajima et al., 2016).
Treating patients with advanced esophageal squamous cell
carcinoma aims to alleviate symptoms and prolong survival. For
a long time, cytotoxic drug therapy has been the primary means of
chemotherapy, molecular targeted therapy, immunotherapy, and so
on. However, the antitumor activity of traditional chemotherapy
drugs such as cisplatin and 5-fluorouracil is still insufficient to meet
the clinical needs. Despite the rapid development of molecular
targeted therapy and immunotherapy, the individual differences of
tumor suppressor patients and other factors need to be further
studied (Hirano and Kato, 2019). Therefore, finding reliable and
effective gene targets will be the future research direction. The
metabolic pathway involved in ferroptosis contains many gene
regulatory points, which indicates that it can provide us with
abundant targets to design good experiments and provide
practical new ideas for clinical treatment.

Main regulatory mechanism of
ferroptosis
Production of lipid peroxide

The most typical morphological changes of ferroptosis are
membrane rupture, Outer mitochondrial membrane rupture,
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reduction or deletion of mitochondrial cristae, etc. These
membrane damage induced by ferroptosis is mainly due to
the production of lipid peroxides. Therefore, the production
of lipid peroxides can be broadly divided into iron ion
absorption and Lipid peroxidation (Xie et al.,, 2016).

Iron ions

Iron ions in the human body can be divided into exogenous
iron and endogenous iron. Exogenous iron comes from food and
diet; generally, Fe3+, which is transported to the cell membrane
by transferrin (TF) in serum, combines with transferrin receptor
TFRC and enters the cell in the form of endocytosis (Kwon et al.,
2015). The metal reductase STEAP3 contained in the endosome
is responsible for reducing Fe3+ to Fe2+, which is then released
into the cytoplasm under the action of divalent metal transporter
(DMT1) to form labile iron pool (Figure 2). LIP has three
destinations: most intracellular free irons transfer iron ions to
ferritin by protein-protein interaction under the action of iron
molecular chaperone PCBP1/2, also called metallization of
ferritin. Ferrin is composed of heavy chain FTH and light
chain FTL and has the activity of iron oxidase, which oxidizes
Fe2+ to Fe3+ and stores it. The rest of cytoplasmic free iron
undergoes a Fenton reaction with the cytosolic peroxide to
mediate the production of ROS. Excess-free iron, in addition
to these two uses, is excluded from the cell via the iron
transporter 1 (FPN1) on the cell membrane (Anderson and
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Frazer, 2017; Dev and Babitt, 2017; Aversa et al., 2018; Di Sanzo
et al., 2018) (Figure 2).

The release of stored iron, mainly the iron release process of
ferritin in vivo, is an essential source of endogenous iron. Ferritin
in mitochondria is FTMT, which is not ubiquitous and especially
maintains the iron ion homeostasis in mitochondria. As iron ion
is necessary for mitochondria to synthesize heme and iron-sulfur
clusters, controlling iron ion content by FTMT is also critical
(Mancias et al., 2014; Mancias et al., 2015). Ferritin is directed to
lysosomes by a nuclear receptor coactivator (NCOA4). It
degrades the protein part under the action of lysosomal
enzymes, releasing iron ions and stabilizing iron content in
cells. This process is also called iron autophagy. When iron
autophagy is excessive, the concentration of iron ions in the body
rises, inducing ferroptosis (Fuhrmann et al, 2020). Iron ion
absorption is a prerequisite for ferroptosis, and many genes
will also participate in the regulation of this process. For
example, in lung cancer cells, the inhibition of cysteine
desulphurase (NFS1) will up-regulate the expression of
TFRC, thus
absorption and precipitating ferroptosis (Alvarez et al., 2017).

transferrin  receptor accelerating iron ion
Fanconi anemia complementary group D2 (FANCD2) is a
nuclear protein involved in repairing DNA damage, which
can regulate many genes of iron metabolism, such as FTHI,
TF, TFRC, FPN1, and STEAP3 (Song et al, 2016). Serine/
threonine kinase ATM indirectly regulates the expression of
ferritin and iron transporter 1(FPN1) by holding the nuclear
shift of metal-regulated transcription factor 1 (MTFI1), thus

controlling the process of ferroptosis (Chen et al., 2020).

Lipid peroxidation

The activation of polyunsaturated fatty acids (PUFA) is the
first step and the critical regulatory point of ferroptosis, which
needs the catalysis of acyl-coenzyme A long synthetase chain
family member 4 (ACSL4) and lysophosphatidylcholine
acyltransferase 3 (LPCAT3) (Mou et al, 2019; Cheng et al,
2020). ACSL4 catalysis is specific to fatty acyl (Kagan et al,
2017). Arachidonic acid (AA) and epinephrine (AdA) can
produce arachidonic acid coenzyme A (AA-CoA) and
epinephrine coenzyme A (AdA-CoA) under the action of
ACSL4. The latter two can be inserted into membrane
phospholipids under the act of LPCAT3 to be converted into
PE -AA and PE-AdA, and finally oxidized to form lipid peroxides
under the catalysis of lipoxygenase (LOXs) (Dixon et al., 2015;
Sha et al., 2021) (Figure 2).

Antioxidant system

The occurrence of ferroptosis originates from the imbalance
of oxidation and antioxidant regulation. The oxidation reaction
takes place in cells, and there are many sources of oxygen free
radicals. As the powerful antioxidant system constantly
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counteracts these oxygen free radicals concurrently, generally,
cells will not die because of excessive oxidative damage. To a large
extent, the occurrence of ferroptosis can be attributed to the
reduction of antioxidant capacity. When the antioxidant capacity
of cells is weakened, even if the oxidative system of cells is not
hyperactive, ROS produced by the general life activities of cells
will cause the cells to die due to oxidative damage. Therefore,
reducing antioxidant capacity is one of the critical mechanisms in
ferroptosis. Glutathione (GSH) is one of the most abundant and
powerful antioxidant molecules in cells and the leading force in
the antioxidant system, whose metabolic disorder means the
occurrence and development of ferroptosis. The systems XC -
involved in GSH synthesis, GPx4 with GSH as an activating
substrate, FSP1/CoQ10, DHODH, and others are presented
below.

Cystine/glutamate antitransporter (System Xc-)

System Xc- is a reverse transporter protein existing in the cell
membrane, which transports glutamic acid out of the cell and
cystine into the cell at the ratio of 1: 1 (Figure 3). This channel
stops transporting when intracellular homocysteine and
extracellular hyperglycemic acid are reached. This transporter
is composed of light chain SLC7A11 (also called xCT) and heavy
chain SLC3A2 (also called CD98), among which SLC7A11 plays
a significant role in transport and accordingly determines the
specificity of this system, and SLC3A2 is to stabilize SLC7A11.
Cystine transported into cells is reduced to cysteine, one of the
critical raw materials for synthesizing glutathione (GSH) and a
rate-limiting precursor, which also acts as an antioxidant
independently of GSH. GSH is synthesized from cysteine,
the of vy
-glutamylcysteine ligase (GCL) and glutathione synthetase
(GSS), which is one of the most abundant antioxidant

glutamic acid, and glycine under catalysis

molecules in cells, also the number one molecule to resist
ferroptosis. Its functions include maintaining intracellular
redox balance, reducing oxygen free radicals, and maintaining
the thiol state of the protein (Bassi et al., 2001; Dong et al., 2020;
Lin et al., 2020; Koppula et al., 2021). Tables 1, 2 summarize the
regulatory factors that regulate the two subunits in System Xc-
respectively.

Glutathione peroxidase 4 (GPX4)

GPX4 is the core protein that regulates ferroptosis in cells,
and it depends on GSH to achieve a substantial antioxidant effect.
GSH is the activated substrate of GPX4, which transfers its
sulthydryl group to GPX4, allowing GPX4 to acquire
antioxidant function and become oxidized glutathione
(GSSG). The activated GPX4 reduces phospholipid peroxide
PLOOH to the corresponding phospholipid alcohol PLOH,
reduces phospholipid peroxide in the membrane, and removes
oxygen free radicals, thus resisting the ferroptosis of cells
(Figure 3). When GSH is depleted, GPX4 is inactivated, and
oxidative damage occurs, leading to excessive lipid peroxidation
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Antioxidant system. (A) Cystine/glutamate antitransporter; (B) Glutathione peroxidase 4; (C) FSP1/CoQ10; (D) Antioxidant system in

mitochondria. The figure modified from (Anandhan et al., 2020).

and ferroptosis. GPX4, as an essential regulatory protein, is an
important target of many ferroptosis inducers, the most typical of
which is RSL3 (Maiorino et al., 2018; Bersuker et al., 2019; Xu
etal,2019; Zouetal., 2019). Table 3 summarizes other regulatory
factors of GPX4.

Ferroptosis-suppressor-protein 1 (FSP1)/
coenzyme Q10 (CoQ10)

FSP1 is a GSH-independent ferroptosis regulator. When
GSH antioxidant system is normal, the absence of FSP1 will
still lead to lipid peroxidation. Therefore, it can be concluded
that inhibiting lipid peroxidation mediated by FSP1 is parallel
to the GSH system (Bersuker et al, 2019). FSP1 can be
localized the cell membrane by its

accurately on
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myoacylation structure. Its oxidoreductase domain is a
significant part of ferroptosis, which is responsible for
reducing the CoQ10 to reduced coenzyme Q (CoQH2) in
the cell membrane. CoQ10 is a mobile lipophilic electron
carrier that exists in all biofilms. CoQ10 can be recycled in
the cell membrane, thus playing a more lasting role. Its
reduction is completed by FSP1, and the required hydrogen
is provided by NAD (P) H. The CoQ10 can be used as a free
radical collecting antioxidant (RTA) to capture the oxygen free
radicals in the cell membrane and further prevent the
peroxidation of phospholipids in the cell membrane
(Figure 3). The FPS1/CoQ10 system is parallel to GPX4 and
System Xc, maintaining cell redox balance (Takahashi et al.,
1993; Bentinger et al., 2007)
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TABLE 1 Regulatory factors of SLC7A11.

Regulatory factor The regulation of SLC7A11 Cancer

Metformin downregulate Breast cancer (Yang et al., 2021)

SOX 2 upregulate Lung Cancer (Wang X. et al., 2021)

Lidocaine downregulate Ovarian and Breast Cancer (Sun D. et al.,, 2021)
P53 downregulate Multiple cancer cell lines (Jiang et al., 2015)
Triptolide downregulate Head and neck cancer (Cai et al., 2021)

BAP1 downregulate Kidney cancer (Zhang et al., 2019)
miR-27a-3p downregulate Non-small cell lung cancer (Lu X. et al, 2021)
Tanshinone IIA downregulate Gastric cancer (Guan et al., 2020)

ATF3 downregulate Multiple cancer cell lines (Wang et al., 2020)
IMCA downregulate Colorectal Cancer (Zhang et al., 2020)
YAP/TAZ upregulate hepatocellular carcinoma (Gao et al., 2021)
TalaA downregulate colorectal cancer (Xia et al., 2020)

BECN1 downregulate Multiple cancer cell lines (Song et al., 2018)
YTHDC2 downregulate lung adenocarcinoma (Ma et al., 2021)
METTL3 upregulate lung adenocarcinoma (Xu et al., 2022)
AKRI1B1 upregulate lung cancer (Zhang K. R. et al., 2021)
Levobupivacaine downregulate Gastric Cancer (Zhang K. R. et al,, 2021)
Bavachin downregulate Osteosarcoma (Luo et al., 2021)

SFN downregulate Small-cell lung cancer (lida et al., 2021)

SOX2, Stem Cell Factor 2; BAP1, H2A deubiquitinase; ATF3, activating transcription factor 3; IMCA, benzopyran derivative 2-imino-6-methoxy-2H-chromene-3-Carbothioamide; YAP/
TAZ, transcription factor; TalaA, Natural compound, ferroptosis inducer; BECN1, beclin 1; YTHDC2, M6A reader; METTL3, methyltransferase-like 3; AKR1BI, aldo-keto reductase
family 1 member B1; SEN, Sulforaphane.

TABLE 2 Regulatory factors of SLC3A2.

Regulatory factor The regulation of SLC3A2 Cancer

ZEB1 downregulate Ovarian Cancer (Cui et al., 2018)

IMiDs downregulate multiple myeloma (Heider et al., 2021)

miR-21 upregulate hepatocellular carcinoma (Li et al.,, 2019)

AR-v7 upregulate castration resistant prostate cancer (Sugiura et al,, 2021)
DIO1 upregulate renal cancer (Poplawski et al., 2017)

PTPR] downregulate lung cancer (D’Agostino et al., 2018)

IFNy downregulate hepatocellular carcinoma (Kong et al., 2021)

MYCN upregulate neuroblastoma in mice (Gamble et al., 2019)

ADC downregulate triple negative breast cancer (Montero et al,, 2022)
FZKA downregulate Non-Small Cell Lung Cancer (Zhao Y. Y. et al,, 2022)

ZEBI, Zinc finger E-box-binding homeobox 1; IMiDs, immunomodulatory drugs; AR-v7, androgen receptor splice variant-7; DIO1, Type 1 iodothyronine deiodinase; PTPR], receptor
protein tyrosine phosphatase; IFNy, yInterferon-y; MYCN, oncogene; ADC, antibody-drug conjugates; FZKA, Fuzheng Kang’ai decoction.

Antioxidant systems in mitochondria prokaryotic and eukaryotic organisms, which is of great

GPX4 functions not only in the cytoplasm but also in the significance in cell chromosome replication. In addition, the
mitochondria. The antioxidant systems GPX4 and CoQ10/FSP1 in enzyme is also related to ATP and ROS production. The
the cytoplasm are parallel. One exhibits down-regulation, and the function of DHODH is similar to that of the CoQ10/
other up-regulates its function, maintaining the overall antioxidant ESP1 system in cells in that it mainly helps the reduction of
capacity of the cells. A similar phenomenon exists in mitochondria, ubiquinone into panthenol in mitochondria to provide
where the GPX4 and the dihydroorotate dehydrogenase (DHODH) antioxidants to eliminate lipid peroxides in the mitochondrial
system maintain the balance (Figure 3). DHODH is a crucial membrane, thereby protecting the integrity of the mitochondrial
enzyme involved in the ab initio synthesis of pyrimidine in membrane. The two mitochondrial systems, GPX4 and DHODH,
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TABLE 3 Regulatory factors of GPX4.

Regulatory factor

RSL3 GPX4 Inactivation

DMOCPTL induced GPX4 ubiquitination
FZD7 Indirectly upregulate GPX4

Fin56 promote GPX4 protein degradation
RB GPX4 inactivation

KLF2 transcriptional repression of GPX4
SFRS9 upregulate

circKIF4A Indirectly upregulate GPX4

EBV Indirectly upregulate GPX4

CREB upregulate

DHA GPX4 Inactivation

GSTZ1 Indirectly downregulate GPX4
Metformin Indirectly downregulate GPX4
Apatinib Indirectly downregulate GPX4
Ketamine Indirectly downregulate GPX4

The regulation of GPX4

10.3389/fmolb.2022.1027912

Cancer

Colorectal Cancer (Sui et al., 2018)

triple negative breast cancer (Ding et al., 2021)
Ovarian Cancer (Wang R. et al., 2021)

bladder cancer (Sun Y. et al., 2021)

colorectal cancer (Shen et al., 2021)

clear cell renal cell carcinoma (Lu Y. et al.,, 2021)
Colorectal Cancer (Wang Y. et al.,, 2021)
papillary thyroid cancer (Chen W. et al., 2021)
nasopharyngeal carcinoma (Yuan et al,, 2022)
lung adenocarcinoma (Wang Z. et al,, 2021)
glioblastoma (Yi et al., 2020)

hepatocellular carcinoma (Wang Z. et al., 2021)
breast cancer (Hou et al., 2021)

gastric cancer (Zhao et al., 2021)

Liver Cancer (He et al.,, 2021)

RSL3, ferroptosis inducer; DMOCPTL, a derivative of natural product parthenolide; FZD7, the Wnt receptor Frizzled-7; Fin56, ferroptosis inducer; RB, Resibufogenin; KLF2, Kruppel like
factor 2; SFRS9, Serine and arginine rich splicing factor 9; circKIF4A, Circular RNA; EBV, Epstein-Barr virus; CREB, cAMP, response element-binding protein; DHA, Dihydroartemisinin;

GSTZ1, Glutathione S-transferase zeta 1.

are complementary. One system suffers from functional decline, and
the other enhances its function, maintaining the antioxidant capacity
(Mohamad Fairus et al., 2017; Mao et al,, 2021).

Nuclear factor erythroid 2-related factor
2(NRF2)

As a stress-induced transcription factor, NRF2 plays a crucial role
in maintaining the redox homeostasis of cells. Generally, NRF2 is at a
low level in cells, which is maintained by Kelch-like ECH-related
protein 1 (KEAP1). Under non-oxidative stress, KEAP1 binds to
NRE2 to form a complex, which promotes the degradation of
NRF2 by ubiquitination, thereby reducing the content of
intracellular free NRF2. When cells are damaged by oxidation and
other stress states, the KEAPI/NRF2 complex depolymerizes,
releasing NRF2 (Kensler et al, 2007). A large amount of free
intracellular NRF2 enters the nucleus. It binds with antioxidant
response elements (ARE) located in the regulatory region to
enhance the transcription of target genes (Figure 4), regulating
their expression to rescue cells under stress (Ma et al, 2019).
Most of the target genes regulated by NRF2 are involved in
intracellular redox reactions, among which NRF2 regulates almost
all the genes related to iron metabolism and glutathione metabolism.
Table 4 summarizes the genes related to iron metabolism, glutathione
metabolism, and other metabolism regulated by NRF2.

P53 and ferroptosis

P53 is a well-known cancer suppressor gene, which mainly
achieves its arrest action during cancer development through cell
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cycle arrest, cell senescence, and apoptosis. Recently, more and
more studies have shown that P53 has a close correlation with
and a potent function in a novel death mod, ferroptosis, apart
from its classical role mentioned above, which involves several
vital molecules in the ferroptosis pathway, such as SLC7A1l,
alox12, GPx4 and so on.

These results suggest that P53 exerts a tumor suppressor
effect by regulating the cell cycle and mediates ferroptosis by
regulating ferroptosis-related molecules. SLC7A11 is one of the
vital ferroptosis inhibiting molecules, which provides essential
components for glutathione synthesis by transporting cystine,
thus inhibiting the occurrence of ferroptosis. Studies have
shown that P53 binds to the promoter region of SLC7A1l in
many human cancer cell lines through experiment verification,
thereby down-regulating its protein expression, reducing the
inhibition of tumor cells on ferroptosis, and finally promoting
ferroptosis. In addition, it was surprising to find in these studies
that the mutant P53°*® (an acetylation-defensive mutant) lost
the function of cell cycle arrest but ultimately retains the
process of down-regulating SLC7A11. This study provides us
with a new powerful function of P53 in tumor inhibition (Jiang
et al., 2015). ALOXI12(Arachidonate-12-Lipoxygenase) is a
member of the lipoxygenase family, and its role in
ferroptosis is mainly to realize lipid peroxidation (shown in
Figure 2), which is also the initial step of ferroptosis. Studies
have shown that ALOX12 is an essential molecule in ferroptosis
mediated by P53. It was also found that the knock-out of
Alox12 fails to affect the protein expression levels of
P53 and the downstream targeted genes of P53, but it can
eliminate P53-mediatedferroptosis (Chu et al, 2019). The
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Action mechanism and regulatory genes of NRF2. (A) KEAP1 binds to NRF2, and NRF2 initiates ubiquitination under a non-stress state; (B) The
ubiquitination of NRF2 strengthens its degradation; (C) Depolymerization of KEAP1-NRF2 complex under oxidative stress; (D) NRF2 enters the
nucleus and binds to ARE; (E) Iron ion metabolism-related gene; (F) Glutathione metabolism-related genes; (G) Other related genes. The figure

modified from (Kerins and Ooi, 2018).

TABLE 4 Nrf2-regulated iron and glutathione metabolism related genes.

Gene abbreviation

Gene name

Involved metabolism

ABCB6
FECH
SLC48A1/HRG1
HMOX-1
BLVRB
AMBP
FTHI/FTL
FPN1

GCL

GS
SLC7A11
GPX4

GSR
TXNRD1
SCD1
MT1G
G6PD

Frontiers in Molecular Biosciences

ATP binding cassette subfamily B member 6

ferrochelatase

Heme sensitive genel

heme oxygenase

biliverdin reductase B
alpha-1-microglobulin/bikunin precursor
ferritin heavy chain/light chain
ferroportinl

glutamate-cysteine ligase
glutaminesynthetase

Solute Carrier Family 7

glutathione peroxidase 4
Glutathione Reductase

Thioredoxin Reductase 1

Stearyl coenzyme A dehydrogenase-1
metallothionein (MT)-1G
glucose-6-phosphate dehydrogenase

08

Heme anabolism (Kerins and Ooi, 2018)
Heme anabolism (Kerins and Ooi, 2018)
Heme catabolism (Kerins and Ooi, 2018)

Heme catabolism (Kerins and Ooi, 2018)

Heme catabolism (Kerins and Ooi, 2018)

Heme catabolism (Kerins and Ooi, 2018)

iron storage (Kerins and Ooi, 2018)

iron mobilization (Kerins and Ooi, 2018)

GSH anabolism (Lu, 2013)

GSH anabolism (Lu, 2013)

GSH anabolism (Dong et al., 2020)

GSH reduction (Wang Q. et al,, 2021)

GSH reduction (Hoffmann et al., 2017)

GSH anabolism (Gao et al., 2020)

fatty acid metabolism (Huang et al., 2010)
MT1G-Nrf2/MT1G-P53-P21pathway (Sun et al, 2016)
Pentose phosphate pathway (Dodson et al., 2019)
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regulatory relationship between P53 and GPX4 was reported by
(Chen et al., 2021a). In the vascular endothelium induced by
oxygen and glucose depletion (OGD) combined with high
glucose (HG), P53 was regulated by the LncRNA Meg3 and
accordingly Then the highly
P53 entered the nucleus and combined with the regulatory
region of GPX4 to down-regulate the expression of GPX4,

unregulated. expressed

finally preventing the scavenging effect of GPX4 on lipid
peroxide. This study revealed the mechanism of LncRNA
Meg3 inducing ferroptosis in vascular endothelial cells
through the P53-GPX4 axis.

In 2021, studies reported the related mechanism of
calcium-independent phospholipase iPLA2pB
ferroptosis. iPLA2B has the detoxification effect of lipid
peroxides, and IPLA2B can inhibit ROS-induced p53-
And p53-driven
ferroptosis is independent of GPX4. The team first

inhibiting

driven ferroptosis in tumor cells.
demonstrated that p53-driven ferroptosis independent of
GPX4

subsequently revealed that loss of iPLA2PB expression

in response to ROS-induced ferroptosis and
significantly increased the sensitivity of cancer cells to
p53-dependent ferroptosis in response to ROS-induced
ferroptosis. Although both GPX4 and iPLA2p inhibit
ferroptosis by lipid peroxide detoxification, this study
reveals the differences in the working principles of IPLA2f
and GPX4 (Chen D. et al., 2021). Based on the above results,
we can understand the powerful function of P53 in regulating
divided the of
P53 regulating ferroptosis into two categories: canonical
(GPX4-dependent) (GPX4-
independent) and gave a very comprehensive summary.
P53 by cell metabolism, iron ion, lipid metabolism,

glutathione, and the synthesis of ROS aspects of regulation

ferroptosis. Liu et al. mechanism

and non-canonical

and control ferroptosis, in most cases, P53 promotes
ferroptosis. As a result, the authors have also proposed
several schemes to target P53 to treat tumors and
neurodegenerative through the ferroptosis
pathway (Liu and Gu, 2022). Both the traditional tumor
suppressor mechanism of P53 (cell cycle arrest, etc.) and
the

(promoting ferroptosis, efc.) are sufficient to make P53 the

diseases

non-traditional ~ tumor  suppressor mechanism
focus of targeted drug development. In the future, our
research should focus on developing new targeted drugs
using p53-mediated ferroptosis and combing traditional
cancer therapies with p53-mediated ferroptosis, to propose
therapeutic strategies with better efficacy. More and more
studies are devoted to discovering the unconventional tumor-
inhibiting mechanism of P53. To our surprise, many pieces of
evidence demonstrate that P53 can achieve its tumor-
inhibiting effect through ferroptosis. Based on this, we can
continue to improve the clinical research of P53-mediated
ferroptosis in the treatment of human cancer and further

explore other potential mechanisms of p53.
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Study on ferroptosis in esophageal
cancer

Esophageal cancer is the sixth most common cause of cancer
death in the world, which can be divided into esophageal
(ESCC)
adenocarcinoma (EAC) from the pathological point of view.

squamous  cell  carcinoma and  esophageal
Nearly 90% of esophageal cancer patients in the world are
ESCC patients. The most unfortunate for esophageal cancer is
that it is already in the middle and late stages with a poor
prognosis at the time of diagnosis. The 5-year survival rate is less
than 20% in developed countries and less than 5% in developing
countries. Thus, early screening, diagnosis, and treatment for
ESCC patients are critical (Jemal et al., 2011; Arnold et al., 2015;
Codipilly et al, 2018). Clinical efforts have been devoted to
finding marker molecules representing the early stage of
cancer, whose characteristic changes can become a reliable
signal, thus playing a predictive role and providing robust
evidence for early screening of esophageal cancer patients.

In essence, ferroptosis is an oxidative damage process
induced by the imbalance of oxidation and antioxidant
systems. In 2014, Sehitogullar et al. detected the serum of
33 patients with ESCC after primary cancer resection to catch
the oxidative stress level of ESCC patients. The results showed
that the activities of glutathione peroxidase (GPXs), glutathione
reductase (GR), and superoxide dismutase (SOD) in the ESCC
group were lower than those in the control group. At the same
time, the level of malondialdehyde (MDA) was significantly
higher than that in the control group. This data set suggested
that ESCC patients have a high level of oxidative stress
(Sehitogullari et al., 2014). In 2020, Xiong et al. mentioned in
their research that the expression level of SLC7A11 in cystine/
glutamic acid transporter was significantly increased in ESCC
patients, and it was verified by data mining analysis that
SLC7A11 was a differentially expressed gene, and the survival
prognosis of its highly expressed patients was poor. In addition,
they preliminarily speculated that SLC7A11 might participate in
ferroptosis through P53 and ROS metabolic pathways through
functional enrichment analysis (Xiong et al, 2020). In 2019,
Wang et al. proposed that the mutation of isocitrate
dehydrogenase 1(IDHI1), a key enzyme in the tricarboxylic
acid cycle, could enhance the sensitivity of ESCC
KYSE170 cells to Erastin (ferroptosis inducer). Specifically, D-
2- hydroxyglutaric acid, a metabolite produced by mutant
IDHI1 in tumor cells, reduces the expression of antioxidant
GPX4 thus
sensitivity induced by Erastin (Wang et al., 2019). Jiang et al.

in tumor cells, enhancing the ferroptosis
found that the expression level of DnaJ/Hsp40 homolog B
subfamily 6 (DNAJB6) in ESCC tissue was lower than that in
normal esophageal cancer tissues, and its expression level was
negatively correlated with lymph node metastasis. The cancer
inhibition effect of the DNJB6 was verified by in vivo and in vitro

experiments. Through further mechanism research, they were
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surprised to find that the overexpression of DNAJB6 gene was
accompanied by a significant decrease in GPX4 and p-AKT
protein levels. At the same time, the increase in lipid
peroxidation level and the characteristic changes of ferroptosis
in mitochondria were detected. Accordingly, they proposed for
the first time compelling evidence that overexpression of
DNAJB6 increased ferroptosis in esophageal cancer cells by
down-regulating GPX4 (Jiang et al., 2020).

NRF2 is a well-known transcription factor that regulates
antioxidant system proteins. In ESCC, NRF?2 still upregulates the
expression of SLC7A11 as its role as a transcription factor. The
upregulated SLC7A11 is beneficial to the synthesis of
GSH, further
ferroptosis. The inhibition of the ferroptosis pathway instead
promotes the radioresistance of ESCCs (Feng et al., 2021). The
team of Chen et al. identified a new neuropeptide-related
ferroptosis  pathway that  neuropeptide
LGI1 receptor ADAM23 not only inhibited the proliferation
and migration of ESCCs but also upregulated the ferroptosis
pathway. The mechanism may be that overexpressed
ADAM23 promotes ferroptosis by consuming GPX4, SLC3A2,
and SLC7A11. The up-regulation of ADAM23 is complete by the
upstream ARHGEF26-AS1 (LncRNA) regulating miR-372-3p,
positively regulating ADAM23 (Chen et al., 2021b).

intracellular enhancing the resistance to

and found

Ferroptosis of esophageal cancer cells
induced by anticancer therapy

Radiotherapy has always been one of the effective treatments
for patients with esophageal cancer, whose principle is DNA
double bond breakage and cell cycle stagnation, which is well
known. Recently, Lei et al. discovered that after radiotherapy,
ROS level and ACSL4 level in FOL-1 cells of esophageal
adenocarcinoma were significantly up-regulated, both of
which were prerequisites for ferroptosis. At the same time,
FOL-1 cells exhibited an adaptive response to radiotherapy by
up-regulating the levels of SLC7A11 and GPX4. That is,
radiotherapy can up-regulate both the promotion and the
inhibition pathways of ferroptosis in FOL-1 cells. On these
grounds, they further used inhibitors of SLC7All and
GPX4 simultaneously with radiotherapy. They found that the
sensitivity of FOL-1 to radiotherapy was improved, thus
preliminarily revealing the close relationship between the
ferroptosis pathway and radiotherapy (Lei et al, 2020).
Terpenoids have attracted the attention of researchers because
of their excellent pharmacological effects, such as anticancer,
anti-inflammation, anti-oxidation, and so on (Ku and Lin, 2013).
And Oridonin (Ori) is one of them. Zhang et al. verified Ori’s
anticancer activity to inhibit esophageal cancer cells’ growth in
their experiments and proposed the relationship between the
anticancer activity of Ori and ferroptosis. After treating of ESCC
cell TE-1 by Orij, intracellular iron ions, malondialdehyde (MDA)
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levels, and ROS were significantly dose-dependent. In addition,
metabonomics analysis showed that Ori significantly inhibited
the y-glutamyl cycle of TE-1 cells, decreasing intracellular
glutathione synthesis and thus inducing the ferroptosis of cells
(ZhangJ. etal., 2021). The anticancer activity of isopropyl lactone
in many cancers was confirmed, and its effect in esophageal
cancer has been initially proposed in the study of Lu et al. They
detected the impact of isopropyl lactone on inhibiting invasion
and migration in ESCC Ecal09 cells, which was mediated
through such means as apoptosis and ferroptosis. After the
isopropyl lactone treatment, the isopropyl lactone caused the
apoptosis of cells by up-regulating the external apoptosis
pathway of death receptor 5 (DR5) to activate cells and,
simultaneously, caused ferroptosis by increasing intracellular
ROS levels. To verify this, they treated Ecal09 cells with
ferroptosis inhibitor combined with isopropyl lactone and
found that the cell death was saved and the cell viability was
improved (Lu et al., 2018). Pentaaminolevulinic acid (5-ALA), a
natural amino acid, is widely used in cancer treatment. Current
research shows that 5-ALA induces ferroptosis through
glutathione peroxidase 4 (GPX4) and HMOXI1, and has an
anti-tumor effect in ESCC (Shishido et al., 2021).

Preventing the continued proliferation of cancer cells and
promoting the death of cancer cells is one of the primary
purposes of anti-cancer treatment. As a cell death mode
characterized by oxidative damage, ferroptosis has become an
essential link in many cancer treatment drugs and means. In
addition to their classical anti-tumor effects, the radiotherapy
and classical anti-cancer drugs mentioned above have also been
confirmed to promote ferroptosis of cancer cells by increasing
ferroptosis-inducing factors such as intracellular iron ions and
ROS, inhibiting GPX4 expression, reducing GSH content and the
like, which is a beneficial and surprising discovery. According to
these findings, the existing clinical anti-cancer treatments can be
further enhanced, for example, chemoradiotherapy combined
with ferroptosis inducer treatment which increases the mortality
of cancer cells and also increases the sensitivity of cancer cells to
chemoradiotherapy; the design of targeted drugs against
ferroptosis inhibitory factors combined them with classical
anticancer drug therapy to improve the ability of anti-cancer
medications to promote ferroptosis of cancer cells.

Prediction of the prognosis of esophageal
cancer patients by ferroptosis-related
genes (FRGs)

Lu et al. systematically identified FRGs TFRC, ATGS5,
ENPP2, SCP2, MAPKI, and PRKAAL1 as valuable genes for
predicting the prognosis of ESCC, among which SCP2,
MAPKI, and PRKAAl were identified as
prognostic genes (Lu T. et al., 2021). Similarly, they identified
ALOX12, ALOX12B, ANGPTL7, DRD4, MAPKY, SLC38A1, and

independent
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ZNF419 as prognostic FRGs in patients with ESCC, among
which the expression of ALOX12, ANGPTL7, DRD4 and
MAPKOY in ESCC was significantly decreased. In contrast, the
expression of SLC38A1 and ZNF419 was significantly increased,
but the expression of ALOX12B was not significantly different.
On this basis, the researcher selected SLC38A1 with noticeable
expression difference to further explore its influence on the
proliferation and migration of ESCC cells and finally
concluded that SLC38A1 promoted the proliferation and
migration of ESCC cells (Song et al., 2021); Ye et al. identified
SRC, FADS2, GLUDI1, POLG, ANO6, SLC2A6, PTGS2,
ALOXES3, efc. (Ye et al.,, 2021); Zhao et al. identified six FRGs
with prognostic value in 112 ESCC samples (Zhao M. et al,
2022). Among them, the expressions of PRNP, SLC3A2,
SLC39A8, and SLC39A14 were negatively correlated with the
prognosis of ESCC patients, while the expressions of
ATP6VOA1 and LCN2 were the opposite. They also evaluated
the infiltration of immune cells, and the results showed that the
of ATP6V0OA1l, SLC39A14, SLC39AS,
LCN2 were positively associated with the infiltration of
B cells. In contrast, the expressions of SLC3A2 and PRNP
were negatively correlated with the infiltration of B cells. The

expressions and

same study also reported a significant correlation between
74 FRGs (Zhao Y. Y. et al, 2022) and the risk score of
esophageal cancer patients, among which 32 genes were
positively correlated with the risk score, with the top five
genes being HIC1, ACSL3, NNMT, ANO6 and CDOI, and
42 genes were negatively correlated with the risk score, with
the top five genes being HAMP, ALOX12B, MAFG, HILPDA and
DUOXI1 (Shi et al., 2021).

Many ferroptosis-related genes mentioned above have
different prognostic values for esophageal cancer patients,
even some of which can become independent prognostic
factors. The deep exploration and further improvement of
these genes can provide early signals for the occurrence and
development of esophageal cancer, thereby helping the clinic to
take preventive and therapeutic measures earlier. In addition,
these ferroptosis-related genes with prognostic values are
significantly related to the tumor immune microenvironment.
Further, combined with the correlation of immune check
inhibition points, this significant correlation can be used
clinically to design a more reliable immunotherapy protocol
to tap the potential of prognostic ferroptosis-related genes in
immunotherapy of esophageal cancer.

Non-coding RNA regulating FRGs in
esophageal cancer cells

CircPVT1 is a circular non-coding RNA and a crutial regulatory
factor in the pathogenesis of ESCC. For example, it can enhance the
malignant phenotype of ESCC by regulating the miR-4663/Pax and
PPAR axis, including the proliferation and invasion of ESCC cells
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(Zhong et al, 2019). A recent study showed that circPVT1 was
significantly upregulated in 5- fluorouracil-resistant ESCCs, and the
knock-down of circPVT1 significantly reduced the expression levels
of GPX4 and SLC7A11, which indicated that the overexpression of
circPVT1 could upregulate the expression of GPX4 and SLC7A11,
thus enhancing the ferroptosis resistance and chemotherapy drug
resistance of cancer cells. In addition, their results also showed that
CircPVT1 regulated the chemosensitivity of ESCCs through miR-
30a-5p/FZD3 axis (Yao et al,, 2021). Methylene selenite (MSA) is a
selenium substituted compound which realizes the nuclear transfer
of NRF2 by down-regulating the expression of Keap1 in ESCCs. The
accumulation of NRF2 in the nucleus will strengthen its binding
with antioxidant response elements (ARE), thus upregulating the
expression of antioxidant-related genes. Further studies showed that
miR-200a  mainly mediated MSA’s
Keapl expression. MSA firstly upregulates the expression of miR-
200a, while Keapl is the direct downstream target of miR-200a.
Highly expressed miR-200a inhibits the expression of Keapl,

down-regulation  of

resulting in increased nuclear metastasis of NRF2 and further
enhancing the antioxidant activity of cells (Liu et al, 2015).
Keapl is also a direct target of miR-432-3p, which directly binds
to the regulatory region of Keapl and then down-regulates its
expression, thereby positively regulating NRF2. Besides, miR-432-
3p is over-expressed in primary ESCC, which is closely related to the
decreased sensitivity of chemotherapeutic drugs such as cisplatin
(CDDP) (Akdemir et al,, 2017). Noncoding RNAs directly targeting
NRE2 include miR-507 (Yamamoto et al,, 2014) and MicroRNA-
153-3p (Zuo et al, 2020). miR-507 inhibits the expression of
NRF2 through direct targeting, thus inhibiting the carcinogenesis
pathway mediated by NRF2. The author found that miR-507 was
low in ESCC, thus losing its inhibitory effect on NRF2. To further
determine the target genes regulated by NRF2, the expression of
eight NRF2 transcription target genes which were obviously
inhibited in ESCCs transfected with miR-507 was detected,
which further determined the target genes regulated by NRF2,
including SLC7A11; MiR-153-3p can inhibit the proliferation of
food cells and enhance cisplatin resistance by down-regulating the
expression of NRF2 in Eca-109 cells.

Non-coding RNA, as an important regulatory molecule in gene
expression, regulates disease occurrence, development, and outcome.
With the molecular mechanism of the ferroptosis pathway becoming
more apparent, more and more related genes have been confirmed.
The discovery and research of the upstream regulation mechanism of
these genes have become a hot spot, among which non-coding RNA
is widely studied. The non-coding RNA listed above affects the
proliferation, invasion, and metastasis of esophageal cancer cells by
regulating the ferroptosis pathway during the occurrence and
On these
corresponding detection means can be developed to detect the

development of esophageal cancer. grounds,
non-coding RAN with biomarker value in esophageal cancer
patients at different stages, which can be applied to clinical
diagnosis and staging. With its role in regulating the ferroptosis

pathway, small molecular compounds that promote or prevent the
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combination of non-coding RNA and target genes can be developed
to intervene in the ferroptosis process in esophageal cancer cells.

Summary and prospect

As the prognosis of early esophageal cancer patients is good,
the early diagnosis of esophageal cancer is vital. For mid and late-
stage patients, relying on surgery alone is infeasible, and the best
treatment method is to combine chemoradiotherapy; however,
radiotherapy insensitivity and chemotherapy drug resistance are
often one of the main reasons that affect the treatment effect.
Presently, the mechanism of ferroptosis in esophageal cancer is
extensively studied, including such issues as some ferroptosis
inducers combined with chemotherapy drugs have more obvious
efficacy than that of the two drugs alone but also improve the
sensitivity of chemotherapy drugs. Many ferroptosis-related
genes have been verified as prognostic genes of esophageal
cancer. The changes in their expression levels in different
stages of esophageal cancer patients can provide beneficial
information for clinics and robust evidence for clinicians to
accurately diagnose and stage. In addition, by up-regulating or
down-regulating the essential regulatory point genes in the
ferroptosis pathway, the ferroptosis of esophageal cancer cells
can be promoted utilizing elevated levels of intracellular iron
ions, ROS, and lipid peroxidation, thereby achieving tumor
inhibition. Secondly, combined with the current hot immune
checkpoint treatment, the correlation between the differentially
expressed genes related to ferroptosis and each immune
checkpoint in esophageal cancer was analyzed to find out the
genes with significant correlation for further design of immune
checkpoint related immunotherapy.

The research on the mechanism of ferroptosis is
deepening, but there are still more elaborate and complex
networks of signal pathways waiting for us to explore. In future
research, we need to reveal and analyze the molecular
mechanism of ferroptosis in cells more comprehensively

References

Akdemir, B., Nakajima, Y., Inazawa, J., and Inoue, J. (2017). miR-432 induces
NREF2 stabilization by directly targeting KEAP1. Mol. Cancer Res. 15, 1570-1578.
doi:10.1158/1541-7786.MCR-17-0232

Alvarez, S. W., Sviderskiy, V. O., Terzi, E. M., Papagiannakopoulos, T., Moreira,
A. L., Adams, S., et al. (2017). NFS1 undergoes positive selection in lung tumours
and protects cells from ferroptosis. Nature 551, 639-643. do0i:10.1038/
nature24637

Anderson, G. J., and Frazer, D. M. (2017). Current understanding of iron
homeostasis. Am. J. Clin. Nutr. 106, 15595-1566s. doi:10.3945/ajcn.117.
155804

Anandhan, A., Dodson, M., Schmidlin, C. J,, Liu, P., and Zhang, D. D. (2020).
Breakdown of an ironclad defense system: The critical role of NRF2 in mediating
ferroptosis. Cell Chem. Biol. 27, 436-447.

Arnold, M., Soerjomataram, I, Ferlay, J., and Forman, D. (2015). Global
incidence of oesophageal cancer by histological subtype in 2012. Gut 64,
381-387. doi:10.1136/gutjnl-2014-308124

Frontiers in Molecular Biosciences

10.3389/fmolb.2022.1027912

from metabolism, immunity, and genetics perspectives.
There is relatively little research on the mechanism of
ferroptosis in esophageal cancer. Its research mainly focuses
on predicting the prognosis of esophageal cancer patients,
providing us with many potentially valuable genes. Next, the
focus of our study should be to find out the most valuable
FRGs from the data supplied by bioinformatics for in-depth
mechanism research and dig out more mechanisms for
regulating ferroptosis. The research results will provide
clinical treatment strategies and powerful evidence in
pharmacology to develop corresponding ferroptosis
inhibitors or inducers. For cancer patients who have
developed chemotherapy drug resistance, applying the

ferroptosis mechanism in treatment will bring them new hope.

Author contributions

HL conceptualized this review, decided on the content, and
RM and HL wrote the manuscript. RM and KW prepared the
figures. HL revised the manuscript. All authors read and
approved the final manuscript and agreed to be accountable
for all aspects of the work. All authors read and approved the final
manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (81660459).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Aversa, L, Chirillo, R., Chiarella, E., Zolea, F., Di Sanzo, M., Biamonte, F., et al.
(2018). Chemoresistance in H-ferritin silenced cells: The role of NF-kB. Int. J. Mol.
Sci. 19, E2969. doi:10.3390/ijms19102969

Bassi, M. T., Gasol, E., Manzoni, M., Pineda, M., Riboni, M., Martin, R, et al.
(2001). Identification and characterisation of human xCT that co-expresses, with
4F2 heavy chain, the amino acid transport activity system xc. Pflugers Arch. 442,
286-296. doi:10.1007/s004240100537

Bentinger, M., Brismar, K., and Dallner, G. (2007). The antioxidant role of
coenzyme Q. Mitochondrion 7, S41-S50. doi:10.1016/j.mit0.2007.02.006

Bersuker, K., Hendricks, J. M., Li, Z., Magtanong, L., Ford, B, Tang, P. H,, et al.
(2019). The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis.
Nature 575, 688-692. doi:10.1038/s41586-019-1705-2

Cai, J., Yi, M., Tan, Y., Li, X,, Li, G,, Zeng, Z., et al. (2021). Natural product
triptolide induces GSDME-mediated pyroptosis in head and neck cancer through
suppressing mitochondrial hexokinase-II. J. Exp. Clin. Cancer Res. 40, 190. doi:10.
1186/513046-021-01995-7

frontiersin.org


https://doi.org/10.1158/1541-7786.MCR-17-0232
https://doi.org/10.1038/nature24637
https://doi.org/10.1038/nature24637
https://doi.org/10.3945/ajcn.117.155804
https://doi.org/10.3945/ajcn.117.155804
https://doi.org/10.1136/gutjnl-2014-308124
https://doi.org/10.3390/ijms19102969
https://doi.org/10.1007/s004240100537
https://doi.org/10.1016/j.mito.2007.02.006
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1186/s13046-021-01995-7
https://doi.org/10.1186/s13046-021-01995-7
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1027912

Maimaitizunong et al.

Chen, B,, Chen, Z, Liu, M., Gao, X., Cheng, Y., Wei, Y., et al. (2019). Inhibition of
neuronal ferroptosis in the acute phase of intracerebral hemorrhage shows long-
term cerebroprotective effects. Brain Res. Bull. 153, 122-132. doi:10.1016/j.
brainresbull.2019.08.013

Chen, C,, Huang, Y., Xia, P, Zhang, F,, Li, L., Wang, E., et al. (2021a). Long
noncoding RNA Meg3 mediates ferroptosis induced by oxygen and glucose
deprivation combined with hyperglycemia in rat brain microvascular endothelial
cells, through modulating the p53/GPX4 axis. Eur. J. Histochem. 65, 3224. doi:10.
4081/ejh.2021.3224

Chen, C., Zhao, J., Liu, J. N, and Sun, C. (2021b). Mechanism and role of the
neuropeptide LGI1 receptor ADAM23 in regulating biomarkers of ferroptosis and
progression of esophageal cancer. Dis. Markers 2021, 9227897. doi:10.1155/2021/
9227897

Chen, D., Chu, B., Yang, X,, Liu, Z, Jin, Y., Kon, N,, et al. (2021). iPLA2p-
mediated lipid detoxification controls p53-driven ferroptosis independent of GPX4.
Nat. Commun. 12, 3644. doi:10.1038/s41467-021-23902-6

Chen, P. H,, Wu, J,, Ding, C. C,, Lin, C. C,, Pan, S., Bossa, N, et al. (2020). Kinome
screen of ferroptosis reveals a novel role of ATM in regulating iron metabolism. Cell
Death Differ. 27, 1008-1022. doi:10.1038/s41418-019-0393-7

Chen, W., W,, Fu, ], Chen, Y., Li, Y., Ning, L., Huang, D, et al. (2021). Circular
RNA circKIF4A facilitates the malignant progression and suppresses ferroptosis by
sponging miR-1231 and upregulating GPX4 in papillary thyroid cancer. Aging
(Albany NY) 13, 16500-16512. doi:10.18632/aging.203172

Cheng, J., Fan, Y. Q, Liu, B. H., Zhou, H., Wang, J. M., and Chen, Q. X. (2020).
ACSL4 suppresses glioma cells proliferation via activating ferroptosis. Oncol. Rep.
43, 147-158. doi:10.3892/0r.2019.7419

Chu, B, Kon, N, Chen, D, Li, T, Liu, T, Jiang, L., et al. (2019). ALOX12 is
required for p53-mediated tumour suppression through a distinct ferroptosis
pathway. Nat. Cell Biol. 21, 579-591. doi:10.1038/s41556-019-0305-6

Codipilly, D. C., Qin, Y., Dawsey, S. M, Kisiel, ]., Topazian, M., Ahlquist, D., et al.
(2018). Screening for esophageal squamous cell carcinoma: Recent advances.
Gastrointest. Endosc. 88, 413-426. doi:10.1016/j.gie.2018.04.2352

Cui, Y, Qin, L, Tian, D, Wang, T. Fan, L, Zhang, P, et al. (2018).
ZEB1 promotes chemoresistance to cisplatin in ovarian cancer cells by
suppressing SLC3A2. Chemotherapy 63, 262-271. doi:10.1159/000493864

D’Agostino, S., Lanzillotta, D., Varano, M., Botta, C., Baldrini, A., Bilotta, A., et al.
(2018). The receptor protein tyrosine phosphatase PTPR] negatively modulates the
CD98hc oncoprotein in lung cancer cells. Oncotarget 9, 23334-23348. doi:10.18632/
oncotarget.25101

Dev, S., and Babitt, J. L. (2017). Overview of iron metabolism in health and
disease. Hemodial. Int. 21 (1), S6-s20. doi:10.1111/hdi.12542

Di Sanzo, M., Chirillo, R., Aversa, 1., Biamonte, F., Santamaria, G., Giovannone, E.
D, etal. (2018). shRNA targeting of ferritin heavy chain activates H19/miR-675 axis
in K562 cells. Gene 657, 92-99. doi:10.1016/j.gene.2018.03.027

Ding, Y., Chen, X,, Liu, C,, Ge, W., Wang, Q., Hao, X,, et al. (2021). Identification
of a small molecule as inducer of ferroptosis and apoptosis through ubiquitination
of GPX4 in triple negative breast cancer cells. J. Hematol. Oncol. 14, 19. doi:10.1186/
513045-020-01016-8

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R, Skouta, R,, Zaitsev, E. M., Gleason,
C.E, etal. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death.
Cell 149, 1060-1072. doi:10.1016/j.cell.2012.03.042

Dixon, S.J., Winter, G. E., Musavi, L. S., Lee, E. D., Snijder, B., Rebsamen, M., et al.
(2015). Human haploid cell genetics reveals roles for lipid metabolism genes in
nonapoptotic cell death. ACS Chem. Biol. 10, 1604-1609. doi:10.1021/acschembio.
5b00245

Dodson, M., Castro-Portuguez, R, and Zhang, D. D. (2019). NRF2 plays a critical
role in mitigating lipid peroxidation and ferroptosis. Redox Biol. 23, 101107. doi:10.
1016/j.redox.2019.101107

Dong, H., Qiang, Z., Chai, D., Peng, ., Xia, Y., Hu, R,, et al. (2020). Nrf2 inhibits
ferroptosis and protects against acute lung injury due to intestinal ischemia
reperfusion via regulating SLC7A11 and HO-1. Aging (Albany NY) 12,
12943-12959. doi:10.18632/aging.103378

Dev, S., and Babitt, J. L. (2017). Overview of iron metabolism in health and
disease. Hemodial. Int. 21 (1), S6-S20.

Fang, X., Wang, H., Han, D, Xie, E., Yang, X., Wei, ], et al. (2019). Ferroptosis as a
target for protection against cardiomyopathy. Proc. Natl. Acad. Sci. U. S. A. 116,
2672-2680. doi:10.1073/pnas.1821022116

Feng, L., Zhao, K, Sun, L, Yin, X, Zhang, J, Liu, C, et al. (2021).
SLC7AI1 regulated by NRF2 modulates esophageal squamous cell carcinoma

radiosensitivity by inhibiting ferroptosis. J. Transl. Med. 19, 367. doi:10.1186/
512967-021-03042-7

Frontiers in Molecular Biosciences

13

10.3389/fmolb.2022.1027912

Fuhrmann, D. C., Mondorf, A., Beifus, J., Jung, M., and Briine, B. (2020). Hypoxia
inhibits ferritinophagy, increases mitochondrial ferritin, and protects from
ferroptosis. Redox Biol. 36, 101670. doi:10.1016/j.redox.2020.101670

Gamble, L. D., Purgato, S., Murray, J., Xiao, L., Yu, D. M. T., Hanssen, K. M, et al.
(2019). Inhibition of polyamine synthesis and uptake reduces tumor progression
and prolongs survival in mouse models of neuroblastoma. Sci. Transl. Med. 11,
eaaul099. doi:10.1126/scitranslmed.aau1099

Gao, Q, Zhang, G, Zheng, Y, Yang, Y., Chen, C, Xia, J, et al (2020).
SLC27A5 deficiency activates NRF2/TXNRD1 pathway by increased lipid peroxidation
in HCC. Cell Death Differ. 27, 1086-1104. doi:10.1038/s41418-019-0399-1

Gao, R, Kalathur, R. K. R., Coto-Llerena, M., Ercan, C., Buechel, D., Shuang, S.,
et al. (2021). YAP/TAZ and ATF4 drive resistance to Sorafenib in hepatocellular
carcinoma by preventing ferroptosis. EMBO Mol. Med. 13, e14351. doi:10.15252/
emmm.202114351

Guan, Z., Chen, ], Li, X,, and Dong, N. (2020). Tanshinone ITA induces
ferroptosis in gastric cancer cells through p53-mediated SLC7A11 down-
regulation. Biosci. Rep. 40, BSR20201807. doi:10.1042/BSR20201807

He, G. N, Bao, N. R, Wang, S., Xi, M., Zhang, T. H., and Chen, F. S. (2021).
Ketamine induces ferroptosis of liver cancer cells by targeting IncRNA PVT1/miR-
214-3p/GPX4. Drug Des. devel. Ther. 15, 3965-3978. doi:10.2147/DDDT.S332847

Heider, M., Eichner, R., Stroh, J., Morath, V., Kuisl, A., Zecha, J., et al. (2021). The
IMiD target CRBN determines HSP90 activity toward transmembrane proteins
essential in multiple myeloma. Mol. Cell 81, 1170-1186.e10. e10. doi:10.1016/j.
molcel.2020.12.046

Hirano, H., and Kato, K. (2019). Systemic treatment of advanced esophageal
squamous cell carcinoma: Chemotherapy, molecular-targeting therapy and
immunotherapy. Jpn. J. Clin. Oncol. 49, 412-420. doi:10.1093/jjco/hyz034

Hoffmann, C., Dietrich, M., Herrmann, A. K., Schacht, T., Albrecht, P., and
Methner, A. (2017). Dimethyl fumarate induces glutathione recycling by
upregulation of glutathione reductase. Oxid. Med. Cell. Longev. 2017, 6093903.
doi:10.1155/2017/6093903

Hou, Y., Cai, S., Yu, S, and Lin, H. (2021). Metformin induces ferroptosis by
targeting miR-324-3p/GPX4 axis in breast cancer. Acta Biochim. Biophys. Sin. 53,
333-341. doi:10.1093/abbs/gmaal80

Huang, J., Tabbi-Anneni, I, Gunda, V., and Wang, L. (2010). Transcription factor
Nrf2 regulates SHP and lipogenic gene expression in hepatic lipid metabolism. Am.
J. Physiol. Gastrointest. Liver Physiol. 299, G1211-G1221. doi:10.1152/ajpgi.00322.2010

Tida, Y., Okamoto-Katsuyama, M., Maruoka, S., Mizumura, K., Shimizu, T.,
Shikano, S., et al. (2021). Effective ferroptotic small-cell lung cancer cell death from
SLC7AL11 inhibition by sulforaphane. Oncol. Lett. 21, 71. doi:10.3892/01.2020.12332

Jamar, N. H., Kritsiligkou, P., and Grant, C. M. (2017). The non-stop decay
mRNA surveillance pathway is required for oxidative stress tolerance. Nucleic Acids
Res. 45, 6881-6893. doi:10.1093/nar/gkx306

Jemal, A, Bray, F., Center, M. M., Ferlay, J., Ward, E., and Forman, D. (2011).
Global cancer statistics. Ca. Cancer J. Clin. 61, 69-90. doi:10.3322/caac.20107

Jiang, B., Zhao, Y., Shi, M, Song, L., Wang, Q. Qin, Q. et al. (2020).
DNAJB6 promotes ferroptosis in esophageal squamous cell carcinoma. Dig. Dis.
Sci. 65, 1999-2008. doi:10.1007/s10620-019-05929-4

Jiang, L., Kon, N,, Li, T, Wang, S. J., Su, T., Hibshoosh, H., et al. (2015).
Ferroptosis as a p53-mediated activity during tumour suppression. Nature 520,
57-62. doi:10.1038/nature14344

Kagan, V. E., Mao, G., Qu, F., Angeli, J. P., Doll, S., Croix, C. S,, et al. (2017).
Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol.
13, 81-90. doi:10.1038/nchembio.2238

Kensler, T. W., Wakabayashi, N., and Biswal, S. (2007). Cell survival responses to
environmental stresses via the Keap1-Nrf2-ARE pathway. Annu. Rev. Pharmacol.
Toxicol. 47, 89-116. doi:10.1146/annurev.pharmtox.46.120604.141046

Kerins, M. J., and Ooi, A. (2018). The roles of NRF2 in modulating cellular iron
homeostasis. Antioxid. Redox Signal. 29, 1756-1773. doi:10.1089/ars.2017.7176

Kong, R, Wang, N., Han, W., Bao, W., and Lu, J. (2021). IFNy-mediated
repression of system xc(-) drives vulnerability to induced ferroptosis in
hepatocellular carcinoma cells. J. Leukoc. Biol. 110, 301-314. doi:10.1002/JLB.
3MA1220-815RRR

Koppula, P., Zhuang, L., and Gan, B. (2021). Cystine transporter slc7al1/xCT in
cancer: Ferroptosis, nutrient dependency, and cancer therapy. Protein Cell 12,
599-620. doi:10.1007/s13238-020-00789-5

Kroemer, G., Galluzzi, L., Vandenabeele, P., Abrams, J., Alnemri, E. S., Baehrecke,
E. H, et al. (2009). Classification of cell death: Recommendations of the
nomenclature committee on cell death 2009. Cell Death Differ. 16, 3-11. doi:10.
1038/cdd.2008.150

frontiersin.org


https://doi.org/10.1016/j.brainresbull.2019.08.013
https://doi.org/10.1016/j.brainresbull.2019.08.013
https://doi.org/10.4081/ejh.2021.3224
https://doi.org/10.4081/ejh.2021.3224
https://doi.org/10.1155/2021/9227897
https://doi.org/10.1155/2021/9227897
https://doi.org/10.1038/s41467-021-23902-6
https://doi.org/10.1038/s41418-019-0393-7
https://doi.org/10.18632/aging.203172
https://doi.org/10.3892/or.2019.7419
https://doi.org/10.1038/s41556-019-0305-6
https://doi.org/10.1016/j.gie.2018.04.2352
https://doi.org/10.1159/000493864
https://doi.org/10.18632/oncotarget.25101
https://doi.org/10.18632/oncotarget.25101
https://doi.org/10.1111/hdi.12542
https://doi.org/10.1016/j.gene.2018.03.027
https://doi.org/10.1186/s13045-020-01016-8
https://doi.org/10.1186/s13045-020-01016-8
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1021/acschembio.5b00245
https://doi.org/10.1021/acschembio.5b00245
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.18632/aging.103378
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.1186/s12967-021-03042-7
https://doi.org/10.1186/s12967-021-03042-7
https://doi.org/10.1016/j.redox.2020.101670
https://doi.org/10.1126/scitranslmed.aau1099
https://doi.org/10.1038/s41418-019-0399-1
https://doi.org/10.15252/emmm.202114351
https://doi.org/10.15252/emmm.202114351
https://doi.org/10.1042/BSR20201807
https://doi.org/10.2147/DDDT.S332847
https://doi.org/10.1016/j.molcel.2020.12.046
https://doi.org/10.1016/j.molcel.2020.12.046
https://doi.org/10.1093/jjco/hyz034
https://doi.org/10.1155/2017/6093903
https://doi.org/10.1093/abbs/gmaa180
https://doi.org/10.1152/ajpgi.00322.2010
https://doi.org/10.3892/ol.2020.12332
https://doi.org/10.1093/nar/gkx306
https://doi.org/10.3322/caac.20107
https://doi.org/10.1007/s10620-019-05929-4
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1146/annurev.pharmtox.46.120604.141046
https://doi.org/10.1089/ars.2017.7176
https://doi.org/10.1002/JLB.3MA1220-815RRR
https://doi.org/10.1002/JLB.3MA1220-815RRR
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1038/cdd.2008.150
https://doi.org/10.1038/cdd.2008.150
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1027912

Maimaitizunong et al.

Ku, C. M,, and Lin, J. Y. (2013). Anti-inflammatory effects of 27 selected
terpenoid compounds tested through modulating Th1/Th2 cytokine secretion
profiles using murine primary splenocytes. Food Chem. 141, 1104-1113. doi:10.
1016/j.foodchem.2013.04.044

Kwon, M. Y., Park, E,, Lee, S. J., and Chung, S. W. (2015). Heme oxygenase-1
accelerates erastin-induced ferroptotic cell death. Oncotarget 6, 24393-24403.
doi:10.18632/oncotarget.5162

Lachaier, E., Louandre, C., Godin, C., Saidak, Z., Baert, M., Diouf, M., et al. (2014).
Sorafenib induces ferroptosis in human cancer cell lines originating from different
solid tumors. Anticancer Res. 34, 6417-6422.

Lei, G., Zhang, Y., Koppula, P., Liu, X,, Zhang, J., Lin, S. H., et al. (2020). The role
of ferroptosis in ionizing radiation-induced cell death and tumor suppression. Cell
Res. 30, 146-162. doi:10.1038/s41422-019-0263-3

Li, W, Dong, X,, He, C, Tan, G, Li, Z, Zhai, B,, et al. (2019). LncRNA
SNHGI contributes to sorafenib resistance by activating the Akt pathway and is
positively regulated by miR-21 in hepatocellular carcinoma cells. J. Exp. Clin.
Cancer Res. 38, 183. doi:10.1186/s13046-019-1177-0

Lin, W., Wang, C,, Liu, G., Bi, C., Wang, X., Zhou, Q,, et al. (2020). SLC7A11/xCT
in cancer: Biological functions and therapeutic implications. Am. J. Cancer Res. 10,
3106-3126.

Liu, M., Hu, C,, Xu, Q,, Chen, L., Ma, K., Xu, N, et al. (2015). Methylseleninic acid
activates Keapl/Nrf2 pathway via up-regulating miR-200a in human oesophageal
squamous cell carcinoma cells. Biosci. Rep. 35, €00256. doi:10.1042/BSR20150092

Liu, Y., and Gu, W. (2022). p53 in ferroptosis regulation: the new weapon for the
old guardian. Cell Death Differ. 29, 895-910. doi:10.1038/541418-022-00943-y

Lu, S. C. (2013). Glutathione synthesis. Biochim. Biophys. Acta 1830, 3143-3153.
doi:10.1016/j.bbagen.2012.09.008

Lu, T, Xu, R, Li, Q,, Zhao, J. Y., Peng, B., Zhang, H., et al. (2021). Systematic
profiling of ferroptosis gene signatures predicts prognostic factors in esophageal
squamous cell carcinoma. Mol. Ther. Oncolytics 21, 134-143. doi:10.1016/j.omto.
2021.02.011

Lu, X, Kang, N, Ling, X,, Pan, M., Du, W, and Gao, S. (2021). MiR-27a-3p
promotes non-small cell lung cancer through slc7all-mediated-ferroptosis. Front.
Oncol. 11, 759346. doi:10.3389/fonc.2021.759346

Lu, Y., Qin, H,, Jiang, B., Lu, W,, Hao, J., Cao, W,, et al. (2021). KLF2 inhibits
cancer cell migration and invasion by regulating ferroptosis through GPX4 in clear
cell renal cell carcinoma. Cancer Lett. 522, 1-13. doi:10.1016/j.canlet.2021.09.014

Lu, Z, Zhang, G., Zhang, Y., Hua, P, Fang, M., Wu, M,, et al. (2018).
Isoalantolactone induces apoptosis through reactive oxygen species-dependent
upregulation of death receptor 5 in human esophageal cancer cells. Toxicol.
Appl. Pharmacol. 352, 46-58. doi:10.1016/j.taap.2018.05.026

Luo, Y., Gao, X., Zou, L., Lei, M., Feng, J., and Hu, Z. (2021). Bavachin induces
ferroptosis through the STAT3/P53/slc7all Axis in osteosarcoma cells. Oxid. Med.
Cell. Longev. 2021, 1783485. doi:10.1155/2021/1783485

Ma, L., Chen, T., Zhang, X., Miao, Y., Tian, X,, Yu, K,, et al. (2021). The m(6)A
reader YTHDC2 inhibits lung adenocarcinoma tumorigenesis by suppressing
SLC7A11-dependent antioxidant function. Redox Biol. 38, 101801. doi:10.1016/j.
redox.2020.101801

Ma, N., Wei, W., Fan, X,, and Ci, X. (2019). Farrerol attenuates cisplatin-induced
nephrotoxicity by inhibiting the reactive oxygen species-mediated oxidation,
inflammation, and apoptotic signaling pathways. Front. Physiol. 10, 1419.
doi:10.3389/fphys.2019.01419

Ma, S., Henson, E. S., Chen, Y., and Gibson, S. B. (2016). Ferroptosis is induced
following siramesine and lapatinib treatment of breast cancer cells. Cell Death Dis.
7, €2307. doi:10.1038/cddis.2016.208

Maiorino, M., Conrad, M., and Ursini, F. (2018). GPx4, lipid peroxidation, and
cell death: Discoveries, rediscoveries, and open issues. Antioxid. Redox Signal. 29,
61-74. doi:10.1089/ars.2017.7115

Mangcias, J. D., Pontano Vaites, L., Nissim, S., Biancur, D. E., Kim, A. ]., Wang, X.,
et al. (2015). Ferritinophagy via NCOA4 is required for erythropoiesis and is
regulated by iron dependent HERC2-mediated proteolysis. Elife 4, €10308. doi:10.
7554/eLife.10308

Mancias, J. D., Wang, X., Gygi, S. P., Harper, ]. W., and Kimmelman, A. C. (2014).
Quantitative proteomics identifies NCOA4 as the cargo receptor mediating
ferritinophagy. Nature 509, 105-109. doi:10.1038/nature13148

Mao, C, Liu, X,, Zhang, Y., Lei, G,, Yan, Y., Lee, H,, et al. (2021). DHODH-
mediated ferroptosis defence is a targetable vulnerability in cancer. Nature 593,
586-590. doi:10.1038/s41586-021-03539-7

Mohamad Fairus, A. K., Choudhary, B., Hosahalli, S., Kavitha, N., and Shatrah, O.
(2017). Dihydroorotate dehydrogenase (DHODH) inhibitors affect ATP depletion,

endogenous ROS and mediate S-phase arrest in breast cancer cells. Biochimie 135,
154-163. doi:10.1016/j.biochi.2017.02.003

Frontiers in Molecular Biosciences

10.3389/fmolb.2022.1027912

Montero, J. C., Calvo-Jiménez, E., Del Carmen, S., Abad, M., Ocana, A., and
Pandiella, A. (2022). Surfaceome analyses uncover CD98hc as an antibody drug-
conjugate target in triple negative breast cancer. J. Exp. Clin. Cancer Res. 41, 106.
doi:10.1186/s13046-022-02330-4

Mou, Y., Wang, J., Wu, ], He, D., Zhang, C., Duan, C,, et al. (2019). Ferroptosis, a
new form of cell death: Opportunities and challenges in cancer. J. Hematol. Oncol.
12, 34. doi:10.1186/s13045-019-0720-y

Nakajima, M., Kato, H., Miyazaki, T., Inose, T., Tanaka, N., Suzuki, S., et al.
(2016). An absolute standardized uptake value is more useful than the decreased
rate of uptake of FDG-PET to predict responses to neoadjuvant chemoradiotherapy
for esophageal cancer. Open J. Gastroenterol. 06, 373-385. doi:10.4236/0jgas.2016.
611040

Poplawski, P., Wisniewski, J. R., Rijntjes, E., Richards, K., Rybicka, B., Kéhrle, J.,
et al. (2017). Restoration of type 1 iodothyronine deiodinase expression in renal
cancer cells downregulates oncoproteins and affects key metabolic pathways as well
as anti-oxidative system. PLoS One 12, €0190179. doi:10.1371/journal.pone.
0190179

Qi, J., Kim, J. W., Zhou, Z., Lim, C. W., and Kim, B. (2020). Ferroptosis affects the
progression of nonalcoholic steatohepatitis via the modulation of lipid
peroxidation-mediated cell death in mice. Am. J. Pathol. 190, 68-81. doi:10.
1016/j.ajpath.2019.09.011

Sehitogullari, A., Aslan, M., Sayir, F., Kahraman, A., and Demir, H. (2014). Serum
paraoxonase-1 enzyme activities and oxidative stress levels in patients with
esophageal squamous cell carcinoma. Redox Rep. 19, 199-205. doi:10.1179/
1351000214Y.0000000091

Sha, W., Hu, F,, Xi, Y., Chu, Y., and Bu, S. (2021). Mechanism of ferroptosis and
its role in type 2 diabetes mellitus. J. Diabetes Res. 2021, 9999612. doi:10.1155/2021/
9999612

Shen, L. D., Qi, W. H., Bai, J. J., Zuo, C. Y., Bai, D. L., Gao, W. D,, et al. (2021).
Resibufogenin inhibited colorectal cancer cell growth and tumorigenesis through
triggering ferroptosis and ROS production mediated by GPX4 inactivation. Anat.
Rec. 304, 313-322. doi:10.1002/ar.24378

Shi, X., Liu, X,, Pan, S., Ke, Y., Li, Y., Guo, W., et al. (2021). A novel autophagy-
related long non-coding RNA signature to predict prognosis and therapeutic
response in esophageal squamous cell carcinoma. Int. . Gen. Med. 14,
8325-8339. doi:10.2147/IJGM.S333697

Shishido, Y., Amisaki, M., Matsumi, Y., Yakura, H., Nakayama, Y., Miyauchi, W.,
et al. (2021). Antitumor effect of 5-aminolevulinic acid through ferroptosis in
esophageal squamous cell carcinoma. Ann. Surg. Oncol. 28, 3996-4006. doi:10.
1245/510434-020-09334-4

Song, J., Liu, Y., Guan, X,, Zhang, X, Yu, W,, and Li, Q. (2021). A novel
ferroptosis-related biomarker signature to predict overall survival of esophageal
squamous cell carcinoma. Front. Mol. Biosci. 8, 675193. doi:10.3389/fmolb.2021.
675193

Song, X,, Xie, Y., Kang, R,, Hou, W,, Sun, X,, Epperly, M. W, et al. (2016).
FANCD? protects against bone marrow injury from ferroptosis. Biochem. Biophys.
Res. Commun. 480, 443-449. doi:10.1016/j.bbrc.2016.10.068

Song, X., Zhu, S., Chen, P., Hou, W., Wen, Q,, Liu, ], et al. (2018). AMPK-
mediated BECN1 phosphorylation promotes ferroptosis by directly blocking system
X(c)(-) activity. Curr. Biol. 28, 2388-2399. e5. doi:10.1016/j.cub.2018.05.094

Sugiura, M., Sato, H., Okabe, A., Fukuyo, M., Mano, Y., Shinohara, K. I, et al.
(2021). Identification of AR-V7 downstream genes commonly targeted by AR/AR-
V7 and specifically targeted by AR-V7 in castration resistant prostate cancer.
Transl. Oncol. 14, 100915. doi:10.1016/j.tranon.2020.100915

Sui, X, Zhang, R,, Liu, S., Duan, T., Zhai, L., Zhang, M., et al. (2018). RSL3 drives
ferroptosis through GPX4 inactivation and ROS production in colorectal cancer.
Front. Pharmacol. 9, 1371. doi:10.3389/fphar.2018.01371

Sun, D, Li, Y. C, and Zhang, X. Y. (2021). Lidocaine promoted ferroptosis by
targeting miR-382-5p/SLC7A11 Axis in ovarian and breast cancer. Front.
Pharmacol. 12, 681223. doi:10.3389/fphar.2021.681223

Sun, X, Niu, X, Chen, R, He, W,, Chen, D., Kang, R, et al. (2016).

Metallothionein-1G  facilitates sorafenib resistance through inhibition of
ferroptosis. Hepatology 64, 488-500. doi:10.1002/hep.28574

Sun, Y., Berleth, N., Wu, W., Schliitermann, D., Deitersen, J., Stuhldreier, F., et al.
(2021). Fin56-induced ferroptosis is supported by autophagy-mediated
GPX4 degradation and functions synergistically with mTOR inhibition to kill
bladder cancer cells. Cell Death Dis. 12, 1028. doi:10.1038/s41419-021-04306-2

Takahashi, T., Okamoto, T., Mori, K., Sayo, H., and Kishi, T. (1993). Distribution
of ubiquinone and ubiquinol homologues in rat tissues and subcellular fractions.
Lipids 28, 803-809. doi:10.1007/BF02536234

Wang, L., Liu, Y., Du, T., Yang, H., Lei, L., Guo, M., et al. (2020). ATF3 promotes
erastin-induced ferroptosis by suppressing system Xc. Cell Death Differ. 27,
662-675. doi:10.1038/s41418-019-0380-z

frontiersin.org


https://doi.org/10.1016/j.foodchem.2013.04.044
https://doi.org/10.1016/j.foodchem.2013.04.044
https://doi.org/10.18632/oncotarget.5162
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1186/s13046-019-1177-0
https://doi.org/10.1042/BSR20150092
https://doi.org/10.1038/s41418-022-00943-y
https://doi.org/10.1016/j.bbagen.2012.09.008
https://doi.org/10.1016/j.omto.2021.02.011
https://doi.org/10.1016/j.omto.2021.02.011
https://doi.org/10.3389/fonc.2021.759346
https://doi.org/10.1016/j.canlet.2021.09.014
https://doi.org/10.1016/j.taap.2018.05.026
https://doi.org/10.1155/2021/1783485
https://doi.org/10.1016/j.redox.2020.101801
https://doi.org/10.1016/j.redox.2020.101801
https://doi.org/10.3389/fphys.2019.01419
https://doi.org/10.1038/cddis.2016.208
https://doi.org/10.1089/ars.2017.7115
https://doi.org/10.7554/eLife.10308
https://doi.org/10.7554/eLife.10308
https://doi.org/10.1038/nature13148
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.1016/j.biochi.2017.02.003
https://doi.org/10.1186/s13046-022-02330-4
https://doi.org/10.1186/s13045-019-0720-y
https://doi.org/10.4236/ojgas.2016.611040
https://doi.org/10.4236/ojgas.2016.611040
https://doi.org/10.1371/journal.pone.0190179
https://doi.org/10.1371/journal.pone.0190179
https://doi.org/10.1016/j.ajpath.2019.09.011
https://doi.org/10.1016/j.ajpath.2019.09.011
https://doi.org/10.1179/1351000214Y.0000000091
https://doi.org/10.1179/1351000214Y.0000000091
https://doi.org/10.1155/2021/9999612
https://doi.org/10.1155/2021/9999612
https://doi.org/10.1002/ar.24378
https://doi.org/10.2147/IJGM.S333697
https://doi.org/10.1245/s10434-020-09334-4
https://doi.org/10.1245/s10434-020-09334-4
https://doi.org/10.3389/fmolb.2021.675193
https://doi.org/10.3389/fmolb.2021.675193
https://doi.org/10.1016/j.bbrc.2016.10.068
https://doi.org/10.1016/j.cub.2018.05.094
https://doi.org/10.1016/j.tranon.2020.100915
https://doi.org/10.3389/fphar.2018.01371
https://doi.org/10.3389/fphar.2021.681223
https://doi.org/10.1002/hep.28574
https://doi.org/10.1038/s41419-021-04306-2
https://doi.org/10.1007/BF02536234
https://doi.org/10.1038/s41418-019-0380-z
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1027912

Maimaitizunong et al.

Wang, Q., Bin, C, Xue, Q, Gao, Q.,, Huang, A, Wang, K, et al. (2021).
GSTZ1 sensitizes hepatocellular carcinoma cells to sorafenib-induced ferroptosis
via inhibition of NRF2/GPX4 axis. Cell Death Dis. 12, 426. doi:10.1038/s41419-021-
03718-4

Wang, R, Xing, R,, Su, Q., Yin, H,, Wu, D,, Lv, C,, et al. (2021). Knockdown of
SFRS9 inhibits progression of colorectal cancer through triggering ferroptosis
mediated by GPX4 reduction. Front. Oncol. 11, 683589. doi:10.3389/fonc.2021.
683589

Wang, T. X,, Liang, J. Y., Zhang, C., Xiong, Y., Guan, K. L,, and Yuan, H. X.
(2019). The oncometabolite 2-hydroxyglutarate produced by mutant
IDH1 sensitizes cells to ferroptosis. Cell Death Dis. 10, 755. doi:10.1038/s41419-
019-1984-4

Wang, X., Chen, Y., Wang, X,, Tian, H., Wang, Y., Jin, J., et al. (2021). Stem cell
factor SOX2 confers ferroptosis resistance in lung cancer via upregulation of
SLC7A11. Cancer Res. 81, 5217-5229. doi:10.1158/0008-5472.CAN-21-0567

Wang, Y., Zhao, G., Condello, S., Huang, H., Cardenas, H., Tanner, E. ], et al.
(2021). Frizzled-7 identifies platinum-tolerant ovarian cancer cells susceptible to
ferroptosis. Cancer Res. 81, 384-399. doi:10.1158/0008-5472.CAN-20-1488

Wang, Z., Zhang, X,, Tian, X, Yang, Y., Ma, L., Wang, ], et al. (2021). CREB
stimulates GPX4 transcription to inhibit ferroptosis in lung adenocarcinoma.
Oncol. Rep. 45, 88. doi:10.3892/0r.2021.8039

Xia, Y., Liu, S., Li, C,, Ai, Z., Shen, W., Ren, W, et al. (2020). Discovery of a novel
ferroptosis inducer-talaroconvolutin A-killing colorectal cancer cells in vitro and
in vivo. Cell Death Dis. 11, 988. doi:10.1038/s41419-020-03194-2

Xie, Y., Hou, W,, Song, X, Yu, Y., Huang, J., Sun, X,, et al. (2016). Ferroptosis:
Process and function. Cell Death Differ. 23, 369-379. doi:10.1038/cdd.2015.158

Xiong, Y., Li, Y., Chengxiang, F., Qian, W., Zhang, W, Yi, Z,, et al. (2020). Data
mining analysis of SLC7A11 expression in esophageal cancer and its involvement in
regulating ferroptosis through the P53/ROS Metabolic Pathway. Carcinog.
Teratogenesis Mutagen. 32, 126-131. doi:10.3969/j.issn.1004-616x.2020.02.008

Xu, T, Ding, W, Ji, X,, Ao, X,, Liu, Y., Yu, W,, et al. (2019). Molecular
mechanisms of ferroptosis and its role in cancer therapy. J. Cell. Mol. Med. 23,
4900-4912. doi:10.1111/jcmm.14511

Xu, Y., Lv, D, Yan, C, Su, H.,, Zhang, X., Shi, Y., et al. (2022). METTL3 promotes
lung adenocarcinoma tumor growth and inhibits ferroptosis by stabilizing
SLC7A11 m(6)A modification. Cancer Cell Int. 22, 11. doi:10.1186/s12935-021-
02433-6

Yamamoto, S., Inoue, J., Kawano, T., Kozaki, K., Omura, K., and Inazawa, J.
(2014). The impact of miRNA-based molecular diagnostics and treatment of NRF2-
stabilized tumors. Mol. Cancer Res. 12, 58-68. doi:10.1158/1541-7786.MCR-13-
0246-T

Yan, B., Ai, Y., Sun, Q., Ma, Y., Cao, Y., Wang, ], et al. (2021). Membrane damage
during ferroptosis is caused by oxidation of phospholipids catalyzed by the
oxidoreductases POR and CYB5R1. Mol. Cell 81, 355-369.e10.

Yang, J., Zhou, Y., Xie, S., Wang, J,, Li, Z,, Chen, L., et al. (2021). Metformin
induces Ferroptosis by inhibiting UFMylation of SLC7AIll in breast cancer.
J. Exp. Clin. Cancer Res. 40, 206. doi:10.1186/s13046-021-02012-7

Yao, W., Wang, J., Meng, F., Zhu, Z,, Jia, X,, Xu, L, et al. (2021). Circular RNA
CircPVT1 inhibits 5-fluorouracil chemosensitivity by regulating ferroptosis

Frontiers in Molecular Biosciences

15

10.3389/fmolb.2022.1027912

through MiR-30a-5p/FZD3 Axis in esophageal cancer cells. Front. Oncol. 11,
780938. doi:10.3389/fonc.2021.780938

Ye,]., Wu, Y, Cai, H,, Sun, L., Deng, W., Liang, R,, et al. (2021). Development and
validation of a ferroptosis-related gene signature and nomogram for predicting the
prognosis of esophageal squamous cell carcinoma. Front. Genet. 12, 697524. doi:10.
3389/fgene.2021.697524

Yi, R, Wang, H., Deng, C, Wang, X, Yao, L, Niu, W,, et al. (2020).
Dihydroartemisinin ~ initiates ~ ferroptosis  in  glioblastoma  through
GPX4 inhibition. Biosci. Rep. 40, BSR20193314. doi:10.1042/BSR20193314

Yu, Y., Xie, Y., Cao, L, Yang, L, Yang, M., Lotze, M. T, et al. (2015). The
ferroptosis inducer erastin enhances sensitivity of acute myeloid leukemia cells to
chemotherapeutic agents. Mol. Cell. Oncol. 2, €1054549. doi:10.1080/23723556.
2015.1054549

Yuan, L., Li, S., Chen, Q., Xia, T., Luo, D., Li, L., et al. (2022). EBV infection-
induced GPX4 promotes chemoresistance and tumor progression in
nasopharyngeal carcinoma. Cell Death Differ. 29, 1513-1527. doi:10.1038/
$41418-022-00939-8

Zhang, J., Wang, N., Zhou, Y., Wang, K, Sun, Y., Yan, H,, et al. (2021). Oridonin
induces ferroptosis by inhibiting gamma-glutamyl cycle in TE1 cells. Phytother. Res.
35, 494-503. doi:10.1002/ptr.6829

Zhang, K. R,, Zhang, Y. F, Lei, H. M,, Tang, Y. B,, Ma, C. S, Lv, Q. M,, et al.
(2021). Targeting AKR1BI inhibits glutathione de novo synthesis to overcome
acquired resistance to EGFR-targeted therapy in lung cancer. Sci. Transl. Med. 13,
eabg6428. doi:10.1126/scitranslmed.abg6428

Zhang, L., Liu, W, Liu, F,, Wang, Q., Song, M., Yu, Q,, et al. (2020). IMCA induces
ferroptosis mediated by SLC7A11 through the AMPK/mTOR pathway in colorectal
cancer. Oxid. Med. Cell. Longev. 2020, 1675613. doi:10.1155/2020/1675613

Zhang, Y., Koppula, P., and Gan, B. (2019). Regulation of H2A ubiquitination and
SLC7A11 expression by BAP1 and PRCI. Cell Cycle 18, 773-783. doi:10.1080/
15384101.2019.1597506

Zhao, L, Peng, Y., He, S, Li, R, Wang, Z,, Huang, J., et al. (2021). Apatinib

induced ferroptosis by lipid peroxidation in gastric cancer. Gastric Cancer 24,
642-654. doi:10.1007/s10120-021-01159-8

Zhao, M., Li, M., Zheng, Y., Hu, Z,, Liang, J., Bi, G., et al. (2022). Identification and
analysis of a prognostic ferroptosis and iron-metabolism signature for esophageal
squamous cell carcinoma. J. Cancer 13, 1611-1622. doi:10.7150/jca.68568

Zhao, Y. Y., Yang, Y. Q, Sheng, H. H,, Tang, Q., Han, L., Wang, S. M,, et al.
(2022). GPX4 plays a crucial role in Fuzheng Kang’ai decoction-induced non-small
cell lung cancer cell ferroptosis. Front. Pharmacol. 13, 851680. doi:10.3389/fphar.
2022.851680

Zhong, R,, Chen, Z., Mo, T., Li, Z., and Zhang, P. (2019). Potential Role of
circPVT1 as a proliferative factor and treatment target in esophageal carcinoma.
Cancer Cell Int. 19, 267. doi:10.1186/s12935-019-0985-9

Zou, Y., Palte, M. ], Deik, A. A, Li, H,, Eaton, J. K., Wang, W, et al. (2019). A
GPX4-dependent cancer cell state underlies the clear-cell morphology and confers
sensitivity to ferroptosis. Nat. Commun. 10, 1617. doi:10.1038/5s41467-019-09277-9

Zuo, J., Zhao, M, Fan, Z., Liu, B,, Wang, Y., Li, Y., et al. (2020). MicroRNA-153-3p
regulates cell proliferation and cisplatin resistance via Nrf-2 in esophageal squamous
cell carcinoma. Thorac. Cancer 11, 738-747. doi:10.1111/1759-7714.13326

frontiersin.org


https://doi.org/10.1038/s41419-021-03718-4
https://doi.org/10.1038/s41419-021-03718-4
https://doi.org/10.3389/fonc.2021.683589
https://doi.org/10.3389/fonc.2021.683589
https://doi.org/10.1038/s41419-019-1984-4
https://doi.org/10.1038/s41419-019-1984-4
https://doi.org/10.1158/0008-5472.CAN-21-0567
https://doi.org/10.1158/0008-5472.CAN-20-1488
https://doi.org/10.3892/or.2021.8039
https://doi.org/10.1038/s41419-020-03194-2
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.3969/j.issn.1004-616x.2020.02.008
https://doi.org/10.1111/jcmm.14511
https://doi.org/10.1186/s12935-021-02433-6
https://doi.org/10.1186/s12935-021-02433-6
https://doi.org/10.1158/1541-7786.MCR-13-0246-T
https://doi.org/10.1158/1541-7786.MCR-13-0246-T
https://doi.org/10.1186/s13046-021-02012-7
https://doi.org/10.3389/fonc.2021.780938
https://doi.org/10.3389/fgene.2021.697524
https://doi.org/10.3389/fgene.2021.697524
https://doi.org/10.1042/BSR20193314
https://doi.org/10.1080/23723556.2015.1054549
https://doi.org/10.1080/23723556.2015.1054549
https://doi.org/10.1038/s41418-022-00939-8
https://doi.org/10.1038/s41418-022-00939-8
https://doi.org/10.1002/ptr.6829
https://doi.org/10.1126/scitranslmed.abg6428
https://doi.org/10.1155/2020/1675613
https://doi.org/10.1080/15384101.2019.1597506
https://doi.org/10.1080/15384101.2019.1597506
https://doi.org/10.1007/s10120-021-01159-8
https://doi.org/10.7150/jca.68568
https://doi.org/10.3389/fphar.2022.851680
https://doi.org/10.3389/fphar.2022.851680
https://doi.org/10.1186/s12935-019-0985-9
https://doi.org/10.1038/s41467-019-09277-9
https://doi.org/10.1111/1759-7714.13326
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1027912

	Ferroptosis and its emerging role in esophageal cancer
	Introduction
	Main regulatory mechanism of ferroptosis
	Production of lipid peroxide
	Iron ions
	Lipid peroxidation

	Antioxidant system
	Cystine/glutamate antitransporter (System Xc-)
	Glutathione peroxidase 4 (GPX4)
	Ferroptosis-suppressor-protein 1 (FSP1)/coenzyme Q10 (CoQ10)
	Antioxidant systems in mitochondria
	Nuclear factor erythroid 2-related factor 2(NRF2)

	P53 and ferroptosis

	Study on ferroptosis in esophageal cancer
	Ferroptosis of esophageal cancer cells induced by anticancer therapy
	Prediction of the prognosis of esophageal cancer patients by ferroptosis-related genes (FRGs)
	Non-coding RNA regulating FRGs in esophageal cancer cells

	Summary and prospect
	Author contributions
	Funding
	Conflict of interest
	References


