Review Article

L))

Check for
updat

Page 1 of 9

A narrative review of mechanisms of ferroptosis in cancer: new

challenges and opportunities

. . 1,2 1,2 L 1,2 . 1,2 ye «1,2
Mingyan Jiang ~*, Ruolan Hu ", Ruixin Yu *, Yiwei Tang , Jinrong Li

'Department of Pediatrics, West China Second University Hospital, Sichuan University, Chengdu, China; *Key Laboratory of Birth Defects and

Related Diseases of Women and Children (Sichuan University), Ministry of Education, Chengdu, China

Contributions: (I) Conception and design: M Jiang, J Li; (II) Administrative support: J Li; (III) Provision of study materials or patients: M Jiang, R Hu,

R Yu, Y Tang; (IV) Collection and assembly of data: M Jiang, J Li; (V) Data analysis and interpretation: M Jiang, J Li; (VI) Manuscript writing: All

authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Jinrong Li. Department of Pediatrics, West China Second University Hospital, Sichuan University, Chengdu, China.

Email: ljinrong224@yeah.net.

Objective: This article reviews the specific mechanism of ferroptosis in cancer and introduces in detail the
opportunities and challenges of ferroptosis-based cancer therapy, aiming to provide a new research direction
for tumor therapy.

Background: Ferroptosis is a newly discovered programmed non-apoptotic form of cell death. Involving
changes in metabolic processes and the accumulation of peroxidation caused by factors such as drugs or genes
which destruct the cell membrane structure, this kind of cell death has been linked with the pathological
process of diseases such as tumors, neurological diseases, ischemia-reperfusion injury, kidney injury, and
hemopathy. This kind of cell death can play a vital role in inhibiting tumorigenesis by eliminating the
adaptive characteristics of malignant cells and removing cells that are unable to obtain key nutritional factors
or are infected and damaged by environmental changes. The present focus of research on the regulation of
ferroptosis-related diseases involves the use of small molecule compounds.

Methods: We described the mechanism of ferroptosis and its related small molecules compounds, which
involved in the regulatory mechanism, and analyzed the role and regulatory mechanism of ferroptosis in
different tumors.

Conclusions: This article reviewed the mechanism of ferroptosis and its role and mechanism in different
tumors, and showed it can inhibit the occurrence and development of different tumors and may reduce the

adverse effects of current treatment methods.
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Introduction

Cell death is an irreversible process closely related to the
growth, development, aging, and disease of organisms,
and research has shown a variety of programmed cell
death (PCD) forms such as apoptosis, necrosis, pyroptosis,
and oxeiptosis. Ferroptosis was discovered in 2012 (1),

and unlike other PCD, is characterized by the absence
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of apoptosis and dependence on iron, which can disrupt
the intracellular redox balance (2). Cells undergoing
ferroptosis show unique morphological characteristics, such
as mitochondrial atrophy and an increased density of the
mitochondrial membrane (3). Ferroptosis is accompanied
by a disturbance of intracellular iron ion current and a
significant increase of reactive oxygen species (ROS) and
lipid peroxidation, the latter of which in the inner cell
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membrane causes membrane damage, and ultimately
prompts cell disintegration and death. Ferroptosis has been
confirmed to be closely related to various diseases such as
neurodegenerative diseases, tumors, cardiovascular and
cerebrovascular diseases, and acute kidney injury (4), and
can be caused by different physiological and pathological
stress conditions in both humans and animals (3). This
kind of cell death can play a vital role in inhibiting
tumorigenesis by eliminating the adaptive characteristics of
malignant cells and removing cells that are unable to obtain
key nutritional factors or are infected and damaged by
environmental changes (5). This article reviews the specific
mechanism of ferroptosis in cancer and introduces in detail
the opportunities and challenges of ferroptosis-based
cancer therapy, aiming to provide a new research direction
for tumor therapy. We present the following article in
accordance with the Narrative Review reporting checklist
(available at https://dx.doi.org/10.21037/atm-21-4863).

Mechanism of ferroptosis

Ferroptosis is characterized by the intracellular iron-
dependent accumulation of lipid peroxides (6), which is
known to be influenced by iron ions, lipid reactive oxygen
species (L-ROS), and glutathione peroxidase 4 (GPX4). It
has been widely shown that a crucial cause of ferroptosis is
the excessive accumulation of L-ROS, which depends on
the catalysis of intracellular iron ions. This results in a break
in the balance of the production and clearance of ROS,
which ultimately leads to ferroptosis (3,7,8). Intracellular
ROS are mainly produced by the mitochondrial respiratory
chain, and can also be produced by a series of chemical
reactions in endoplasmic reticulum, reduced nicotinamide
adenine dinucleotide phosphate (NADPH) and NADPH
oxidase (NOX). Normally, the oxidation-antioxidant system
maintains ROS in a certain range, with beyond the normal
range considered as promoting tumor development and
progression. GPX4, heat shock factor-binding protein Bl
(HSBP1), and nuclear factor-factor 2 (Nrf2) negatively
regulate ferroptosis by limiting ROS production and
reducing cellular uptake of iron. By contrast, NADPH
oxidase and P53 exert positive regulation by promoting
ROS production (9) (Figure 1).

Lipid peroxidation

The main characteristic of ferroptosis is the iron-dependent
accumulation of lipid peroxides accompanied by a
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deficiency of oxidoreductase. Lipids maintain the integrity
of cell membranes, and destruction of the redox balance in
biological systems contributes to extensive lipid peroxidation
which alters the assembly, composition, structure, and
dynamics of lipid membranes. Lipid peroxides can also
further generate ROS or degrade into active compounds
responsible for DNA-protein cross-linking, causing damage
to skin, nerves, tissues, and organs (10). Lipid peroxidation
and cellular antioxidant capacity are also critical regulatory
targets for the cystine/glutamate antiporter system Xc- and
GPX4 (9). System Xc- is an upstream node of the GPX4-
GSH-cysteine axis and a key factor in ferroptosis (11),
while erastin promotes ferroptosis by directly inhibiting
the activity of the cystine/glutamate antiporter system Xc-
(12,13). On the one hand, the inhibition of system Xc-
inhibits the uptake of cysteine and reduces the synthesis
of glutathione (GSH), leading to GSH depletion in
cancer cells. GSH is a reducing co-substrate of GPX4
and an essential antioxidant in cells which it protects from
oxidative damage caused by highly toxic ROS. However,
depletion of GSH results in the inactivation of GPX4 and
promotes the accumulation of ROS in cancer cells causing
their death (8,9,14). On the other hand, inhibition of
system Xc- also inactivates the cystine-cysteine redox cycle,
restricting the supply of intracellular cysteine and further
inhibiting the synthesis of GSH, which ultimately leads to
ferroptosis (15,16).

Iron metabolism

Genes related to iron metabolism are confirmed to be
key mediators of ferroptosis (Figure 1). After binding to
transferrin receptor 1 (TFR1), Fe’* ions enter the endosome
through the cell membrane and localize in the endoderm,
where they are reduced to divalent ions by ferric reductase
[six-transmembrane epithelial antigen of the prostate
(STEAP)] (17). Fe’* is then promoted to release into the
labile iron pool in the cytoplasm, and excess iron is stored in
ferritin. Ferroportin is an iron export protein also known as
SLC11A3, which oxidizes Fe’* to Fe'* for export. Divalent
metal transporter 1 (DMT1 or SLC11A2) releases Fe’*
from the nucleus into a cytoplasmic labile iron pool, where
intracellular overloaded Fe™* catalyzes the production of
excessive ROS through the Fenton reaction (14), affecting
the state of the cell. Excess iron is stored intracellularly
as ferritin light chain (FTL) and ferritin heavy chain 1
(FTH1) (18). While studies have shown that increasing
exogenous iron ions can accelerate erastin-induced ferroptosis,
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Figure 1 Mechanism of ferroptosis.

the addition of other divalent metal ions has no such effect (3).
In another study on the high-throughput screening of small
molecules in 2008, RSL3 was found to directly inhibit the
activity of GPX4 and selectively kill BJeLR cells in the form
of ferroptosis. However, antioxidants and iron chelators
could block RSL3-induced ferroptosis, further suggesting
that ferroptosis is an iron-dependent cell death (19)
(Figure 1). Ferroptosis in RAS-mutant cancer cells with
mutant RAS also showed significantly increased cellular iron
intake but reduced storage capacity (20). The above findings
prove that the regulation of iron metabolism pathways can
lead to increased iron content in tumor cells, making cancer
tissues more sensitive to ferroptosis, which indicates iron is
essential for ferroptosis.

P53 gene

The P53 gene is a tumor suppressor gene which mediates
cell cycle arrest, senescence, and apoptosis which affect
tumor development, and some studies have indicated that
it is involved in ferroptosis (Figure I). By directly inhibiting
the transcription of SLC7A11, a key component of system
Xc-, P53 can inhibit the cellular uptake of cystine, and
can also participate in ferroptosis in colon cancer cells by
regulating Yes-associated protein 1 (YAPI), contributing to
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the inhibition of colon cancer and its treatment (21). During
ferroptosis, P53 achieves its effects on gene metabolism,
post-translational regulation, and the P53-p21 axis through
various mechanisms (22), and under specific conditions,
can promote, limit, or delay ferroptosis. However, the
bidirectional regulation of ferroptosis by P53 in a cell-
specific or context-dependent manner requires further
study.

MicroRNAs (miRNAs)

miRNAs are small, single-stranded, non-coding RNAs
that can bind to mRNAs to negatively regulate target gene
expression. SLC1AS5-mediated glutamine transport plays
a key role in tumor cell metabolism, proliferation, and
ferroptosis, and its inhibition can be used as a potential
approach for solid tumor therapy. Specifically, miR-137
can negatively regulate ferroptosis by directly targeting
SLC1AS5 (23). MiR-13 overexpression inhibits the
production of SLCI1AS, resulting in a reduction in cellular
glutamine uptake and accumulation of malondialdehyde
(MDA). This causes endogenous miR-137 inactivation using
related antagonists, and tumor cells show up-regulated
sensitivity to erastin-induced ferroptosis. Sangokoya

et al. (24) found that miR-485-3P and miR-194 target
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and regulate the expression of ferroportin by adding
exogenous iron and defetoxamine (DFO). Cancer
cells can achieve the accumulation of iron content by
largely inducing miR-485-3P and reducing intracellular
ferroportin. Additionally, miRNA-7 and miRNA-
200a can activate the Nrf2 pathway by inhibiting the
expression of Keapl (25), while miRNA-28 inhibits
Nrf2 in a Keapl-independent manner to affect cellular
ferroptosis (26). Both miRNA-101 and miRNA-455 can
promote Nrf2 expression by targeting Cullin-3 (27), while
miRNA-153, miRNA-142-5p, miRNA-27a, miRNA-144,
miRNA-93, miRNA-34a, miRNA-365-1, miRNA-193b,
and miRNA-29-b1 (27) can further affect ferroptosis by
reducing Nrf2 through different mechanisms.

Other mechanisms

Studies have reported that the voltage-dependent anion
channel (VDAC) 2 (VDAC2)/VDAC 3 pathway controls
the transmembrane flow of adenosine diphosphate (ADP),
phosphatidylinositol (PI), and adenosine triphosphate (ATP)
on the mitochondrial outer membrane, and that tubulin can
inhibit mitochondrial metabolism by blocking the VDAC2/
VDACS3 pathway, promoting aerobic glycolysis which is
the main energy source for tumor cells. Erastin, on the
other hand, can induce ferroptosis by inhibiting cystine/
glutamate antiporters by binding to VDAC2, VDAC3, and
SLC7AS (28). Additionally, in a U.S study it was found that
the long-chain fatty acyl-CoA synthetase family member
4 (ACSL4), which is related to lipid metabolism, is one of
the key proteins in ferroptosis (29). Arachidonic acid and
adrenal acid are polyunsaturated fatty acid substrates. They
can be acylated by ACSL4 and become part of membrane
phospholipids, which can be easily oxidized to L-ROS and
reduced by GSH and GPX4. RSL3 can directly inhibit
GPX4, leading to the accumulation and L-ROS and lipid
peroxidation, consequently triggering ferroptosis (29)
(Figure 1). In addition, Cysteinyl-tRNA synthetase can
deprive cystine, reduce the synthesis of GSH, and inactivate
GPX4, producing ROS to induce ferroptosis (30).

Regulatory mechanism of ferroptosis in different
tumors

Cancer is ranked by the World Health Organization as
the second leading cause of death and can occur in almost
any organ or tissue (31). As a novel mode of cell death
discovered in recent years, ferroptosis has been reported
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in colorectal cancer (32), gastric cancer (33), pancreatic
cancer (34), lung cancer (35), prostate cancer, and glioma (4).
Researchers have shown that inducing ferroptosis or using
ferroptosis activators in combination with anti-cancer drugs
is conducive to the intervention, inhibition, and clearance of
cancer. Changes in iron metabolism mechanisms, especially
in iron intake and export, contribute to the occurrence
and metastasis of cancer (36). An increase in the number
of TFR1, decrease in ferroportin levels, and high levels of
hepcidin have been seen on the surface of various tumor
cells including liver, breast, and prostate cancer, which
reduce the efflux of intracellular iron while promoting
extracellular iron intake (37-39). At the same time, tumor
tissues with intact basement membrane are found in an
ischemia-hypoxic state during proliferation, and a long-
term hypoxic state can induce tumor cells to express a series
of hypoxia inducible factors (HIF) (40). The activation of
HIF can activate the transcription of multiple genes related
to tumorigenesis such as vascular endothelial growth factor
A and zinc-finger proteins, and can also promote iron
intake, affecting ferroptosis (41). Therefore, tumor cells can
achieve increased intracellular iron content by regulating
iron metabolism pathways, which makes cancer tissues more
sensitive to ferroptosis.

Hepatocellular carcinoma (HCC)

The results of traditional treatment for HCC, including
surgery and chemotherapy, are unsatisfactory, especially
for advanced HCC. Ferroptosis is a newly discovered
mechanism of cell death and a potential biomarker for
HCC treatment (42), and according to relevant studies,
systemic and intracellular iron homeostasis are altered
in HCC and many cancer subtypes (36). Abnormal iron
absorption (43) and a disturbance of lipid metabolism
are observed in HCC (44). CircRNA0097009 affects
HCC by sponging miR-1261 and acting as a competitive
endogenous RNA to regulate SLC7A11 expression and
to induce ferroptosis (44). GSTZ1 also makes HCC cells
sensitive to sorafenib-induced ferroptosis by inhibiting
the NRF2/GPX4 axis (45). In addition, the p62-Keapl-
NREF?2 pathway plays a role in ferroptosis of HCC cells, and
inhibition of NRF2 expression can up-regulate iron and
ROS levels enhancing the antitumor effect of erastin (46).
Iron and L-ROS, by definition and process of ferroptosis,
are vital factors mediating it, as is GPX4. Researchers have
elaborated the relationship of ferroptosis with the three
key factor through different perspectives (such as tumor

Ann Transl Med 2021;9(20):1599 | https://dx.doi.org/10.21037/atm-21-4863



Annals of Translational Medicine, Vol 9, No 20 October 2021

suppressor genes, non-coding genes, regulatory proteins,
signaling pathways, and small molecule compounds) (43).
Thus, the proposal of ferroptosis provides new ideas for the
treatment of HCC.

Gastric cancer

Gastric cancer is currently the fifth most common and third
most deadly malignancy in the world (47). While traditional
radical surgery and palliative chemotherapy remain the
most common treatment, and cisplatin-based chemotherapy
is the most used first-line treatment, patients with advanced
gastric cancer usually develop drug resistance, resulting
in a poor prognosis (48). There is currently evidence that
ferroptosis is associated with chemoresistance in gastric
cancer (49). Elevated ATF3 has been shown to induce
ferroptosis in gastric cancer cells by inhibiting the Nrf2/
Keap1/xCT signaling pathway, consequently alleviating
cisplatin resistance (50). Erastin has also been reported to
induce ferroptosis in gastric cancer cells, while ferroptosis
inhibitors (F-1 and L-1) can inhibit cysteine dioxygenase
I (CDO1), restoring GPX4 expression and GSH levels
and ultimately reducing ROS generation to reverse erastin
induced ferroptosis (51). CD44 is an adhesion molecule
expressed in cancer stem cells, and its mutant (CD44v) can
interact with system Xc- to regulate intracellular GSH. A
high CD44 expression in human gastrointestinal tumor
cells then indicates high GSH synthesis capacity, which in
turn can block ROS-induced stress signal transduction and
make gastric cancer cells resistant to ferroptosis (52).

Ovarian cancer

Ovarian cancer is the deadliest malignancy in females,
killing about 150,000 women each year (53). As this cancer
has no obvious and typical clinical symptoms in its early
stages, about 75% patients are diagnosed at an advanced
stage, and between 70-80% will relapse after treatment (54),
with a 5-year survival rate of approximately 25-35% (55). As
advanced patients will develop drug resistance (56), there is
an urgent need for new treatments. Studies have shown that
continuous iron stimulation is a high-risk factor for ovarian
cancer (57). In a study by Yamada er 4/. (58), following
treatment of the normal ovarian cell line OSE/E7/human
telomerase reverse transcriptase (WTERT) genome with
iron ions, the genome showed the characteristics of ovarian
cancer, and normal ovarian cells gradually transformed
into cancer cells. Lidocaine can also promote ferroptosis
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in ovarian cancer by targeting the miR-382-5p/SLC7Al11
axis (59), as does superparamagnetic iron oxide cultured
in human serum by regulating p53 (60). Additionally,
as being a well-tolerated anti-malarial drug, artesunate
can also promote ROS and iron-dependent cell death in
ovarian cancer cells, but this process can be prevented by
the ferroptosis inhibitor F-1 (61). Thus, ferroptosis may be
crucial in the treatment of ovarian cancer.

Breast cancer

Breast cancer is the leading cause of death in women
worldwide and has a poor prognosis, especially triple-
negative breast cancer ('NBC). TNBC is an aggressive
breast cancer with a higher recurrence mortality rate than
other types (62). While L-cysteine deficiency in TNBC
is associated with high lethality, the ferroptosis inhibitors
DFO and F-1 can hinder cell death caused by L-cysteine
deficiency, suggesting it can induce ferroptosis in TNBC
cells (63). Ferroptosis can be induced by increasing iron-
dependent ROS (64), and CDO1 overexpression decreases
GSH levels in breast cancer cells, leading to further
accumulation of ROS and accelerating the occurrence
of ferroptosis (65). SAS triggers ferroptosis in breast
cancer ZR-75-1 cells by inhibiting the expression of xCT
protein and GPX4 protein, which are functional subunits
of system Xc-, and by promoting DMT1 expression (44).
Additionally, metformin induces ferroptosis in breast
cancer by targeting the miR-324-3p/GPX4 axis (66) and by
inhibiting UFMylation of SLC7A11 (67).

Lung cancer

Lung cancer is the malignant tumor with the highest
global mortality rate, accounting for approximately 25% of
cancer deaths. Since lung cancer is a highly heterogeneous
tumor with complex molecular mechanisms (68), many
molecularly targeted drugs are ineffective for some patients,
posing a great challenge for its treatment. According to
a recent clinical study, serum iron, ferritin, and total iron
binding capacity are significantly higher in lung cancer
patients than in healthy controls, and the higher the serum
iron concentration, the higher the risk of lung cancer (69).
Consistent with these results, data from a Taiwanese study
also showed that high serum iron (>120 pg/dL) increased
the risk of incidence and mortality from malignant tumors,
presenting a positively correlation (70). In addition, cisplatin
combined with erastin has a significant synergistic effect
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on anti-tumor activity in the treatment of lung cancer (71).
Cysteine desulfurase (NFS1) is responsible for the
biosynthesis of iron-sulfur clusters and can protect cells
from ferroptosis under high oxygen tension by maintaining
iron-sulfur cofactors, while the inhibition of GPX4 or
mTOR can overcome resistance to lapatinib by promoting
ferroptosis in lung cancer cells (72). YTHDC2 can act
as an endogenous ferroptosis inducer in lung cancer, and
SLC7A11, the main functional subunit of system XC-, is
essential in this process (73). Collectively, these results show
ferroptosis plays a critical role in lung cancer.

Conclusions and prospects

As a newly discovered non-PCD, ferroptosis is closely
related to a variety of physiopathological processes, and
currently holds an essential place in research on new
therapeutic strategies for cancer. This article reviewed the
mechanism of ferroptosis and its role and mechanism in
different tumors, and showed it can inhibit the occurrence
and development of different tumors and may reduce the
adverse effects of current treatment methods. It has been
reported that the acquisition of mesenchymal states, such as
epithelial-mesenchymal transformation or cancer stem cells,
is closely related to tumor cell metastasis and spread, and to
drug resistance and chemotherapy resistance (74). A high-
mesenchymal state is an important mechanism in acquired
and non-acquired anti-targeted therapy. The survival of
tumor cells with a high-mesenchymal state depends on
GPX4, which is closely related to ferroptosis and indicates
its critical involvement in tumors. In addition, some
studies have found that ferroptosis is more immunogenic
than apoptosis, and cells undergoing ferroptosis release
inflammatory-related injury molecules [such as high
mobility group protein 1 (HMGB1)], promoting
inflammation through danger-associated molecular patterns
(DAMPs) (75). Ferroptosis can also recruit and activate
immune cells at the tumor site by transmitting chemotactic
signals, indicating that ferroptosis inducers are likely to
promote anti-tumor immunotherapy.

Although ferroptosis is effective in cancer treatment,
there remain many questions, which require further
investigation. These include, how to explain the
relationship between ferroptosis and other cell death
processes at the molecular level; whether ferroptosis can
enhance the immunogenicity of cells to the host, thereby
causing adaptive immune responses; and what specific types
of oxidized lipids are involved in ferroptosis. In addition,
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in depth studies on the mechanism of ferroptosis and its
feasibility in the clinical treatment of tumors are required.
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