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Abstract: Ferroptosis is a new form of programmed cell death with characteristic accumu-
lation of reactive oxygen species (ROS) resulting from iron accumulation and lipid perox-
idation. Ferroptosis is involved in many diseases, including cancer, and induction of
ferroptosis has shown attractive antitumour activities. In this review, we summarize recent
findings on the regulatory mechanisms of key regulators of ferroptosis, including the
catalytic subunit solute carrier family 7 member 11 (SLC7A11), the glutathione peroxidase
4 (GPX4), p53 and non-coding RNAs, the correlations between ferroptosis and iron home-
ostasis or autophagy, ferroptosis-inducing agents and nanomaterials and the diagnostic and
prognostic value of ferroptosis-associated genes in TCGA data.
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Introduction

Ferroptosis is a new form of programmed cell death that is different from apoptosis,
necroptosis and autophagy at both the morphological and biochemical levels and
has characteristic accumulation of reactive oxygen species (ROS) resulting from
iron accumulation and lipid peroxidation." Ferroptosis is involved in many dis-
eases, such as ischaemia/reperfusion-induced organ injury, stroke and cancer.
Inhibition of ferroptosis has been shown to be effective in treating ischaemia/
reperfusion-induced organ injury and stroke in several experimental models,*
and inducing ferroptosis is considered a promising method for cancer therapy.®®
As hotspots of cancer research, cancer immunotherapy and tumour cell interactions
are also associated with ferroptosis. Immunotherapy-activated CD8" T cells aug-
ment lipid peroxidation and ferroptosis and ultimately promote immunotherapy
efficacy.’ Intercellular interactions between cancer cells were shown to suppress
ferroptosis by activating NF2 and regulating the Hippo signalling pathway, and
blocking NF2 sensitized cancer cells to ferroptosis.' In this article, we reviewed
the recent findings on ferroptosis in cancer, especially the correlation between
ferroptosis and iron homeostasis or autophagy, the molecular regulatory mechan-
isms of ferroptosis, and ferroptosis-inducing agents/nanomaterials.

Dysregulation of Iron Homeostasis Regulates

Ferroptosis in Cancer Cells

Iron dependency is a characteristic of cancer cells, and its dysregulation leads to
ferroptosis.'! Cellular iron homeostasis is associated with the uptake and efflux of iron
and the release of the cellular iron storage protein ferritin.'* Transferrin (TF) is an
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abundant and high-affinity iron-binding protein that can
carry iron in the plasma and transfer it to cells that have
(TFRCs) by
In breast cancer cells, TFRCs participate in

transferrin  receptors receptor-mediated
endocytosis.'?

sulfasalazine-induced ferroptosis.'® Ferroportin is an iron

efflux pump and exports iron out of the cell.'*

Ferroportin
upregulation inhibited ferroptosis, and silencing of ferropor-
tin sensitized cancer cells to ferroptosis.'>'® Ferritin is the
critical intracellular iron storage protein complex and is
composed of two proteins, FTL (ferritin light polypeptide 1)
and FTH1 (ferritin heavy polypeptide 1). Ferritin has a cage-
like structure with a central cavity for iron storage.
Transferrin and its receptor are required for ferroptosis
(Figure 1)."”!® Treatment of breast cancer cells with sirame-
sine (a lysosome-disrupting agent) and lapatinib (a tyrosine
kinase inhibitor) increased transferrin expression, decreased
ferroportin-1 expression, upregulated FeCl; levels, and ulti-
mately induced ferroptosis in breast cancer cells. In addition,
knockdown of transferrin or overexpression of ferroportin-1
downregulated ROS and inhibited ferroptosis.'” In both

System X

Glutamate e Pyrimidotriazinedione 35G8

high-grade serous ovarian cancer tissues and ovarian cancer
tumour-initiating cells (TICs), ferroportin is downregulated,
and the transferrin receptor (TFR1) is overexpressed, reflect-
ing that fact that ovarian cancer growth is highly dependent
on iron; in addition, forced decreases in intracellular iron
concentrations inhibited tumour growth and intraperitoneal
Knockdown of

ferroportin also promoted erastin-induced ferroptosis in neu-

dissemination of tumour cells in vivo.?°

roblastoma cells.'® Inhibitors of lysosome activity, including
Baf Al and PepA-Me, decrease the intracellular iron level
and lysosomal ROS and prevent erastin- or RSL3-induced
ferroptosis in human fibrosarcoma HT 1080 cells partially by
attenuating intracellular transport of transferrin or autophagic
degradation of ferritin.*'

Ferritinophagy refers to the process of autophagic degra-
dation of ferritin, and it is required for ferroptosis.****
Ironomycin is a selective agent against breast cancer stem
cells, and it can accumulate and sequester iron in lysosomes,
trigger ferritinophagy and finally induce ferroptosis.***

NCOAA4, as a selective cargo receptor for ferritin, is involved
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Figure | The mechanism of ferroptosis.

Note: This figure shows the process of ferroptosis and summarizes the molecules and pathways in the regulation of ferroptosis.

Abbreviation: PUFA, polyunsaturated fatty acids.
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in ferritinophagy.”® Silencing NCOA4 upregulates ferritin
expression, decreases Fe** levels and limits erastin-induced
ferroptosis.”’*® In summary, dysregulation of iron homeos-
tasis participates in the occurrence of ferroptosis, and indu-
cing ferroptosis by upregulating the iron level might become
a new anticancer strategy.

The Correlation Between
Autophagy and Ferroptosis in

Cancer Cells

Autophagy is an important catabolic process that transfers
cytoplasmic material to lysosomes for degradation. The
role of autophagy in cell death is inconsistent. In some
cases, autophagy promotes cell survival in response to
environmental stresses, including energy depletion and
nutritional starvation; in other cases, abnormal autophagy,
such as excessive or impaired autophagy, leads to cell
death. The correlation between ferroptosis and autophagy
is still largely unclear. On the one hand, suppression of
autophagy by quinacrine induced ferroptosis and further
enhanced the susceptibility of glioblastoma stem cells to
temozolomide;*’ on the other hand, activation of ferropto-
sis has been linked to enhanced autophagy.”® When autop-
hagy is activated, the cellular iron stock protein ferritin is
degraded, and the cellular iron level is rapidly upregulated
via ferritinophagy. The high levels of cellular labile iron
promote the accumulation of cellular ROS, which induce
the onset of ferroptosis. Interestingly, a recent study
reported that selective autophagic degradation of
ARNTL/BMALI, which is a circadian clock regulator,
enhanced the ferroptosis of cancer cells both in vitro and
in vivo.*%!

Atg5 and Atg7 are key genes in the formation of the
autophagosome, and knockout or knockdown of Atg5 and
Atg7 reduces Fe*" and lipid peroxidation levels by inhibiting
the degradation of the iron storage protein ferritin and further
inhibits erastin-induced ferroptosis.”® However, autophagy
inhibitors such as bafilomycin A; and chloroquine (CQ)
cannot inhibit erastin-induced ferroptosis in some cancer
cell lines (e.g., HT-1080, BJeLR and PANCI)."*® Some
possible reasons are that both CQ and bafilomycin Al are
non-specific autophagy inhibitors, and they also inhibit lyso-
somal processes and endocytic pathways.>?

BECNI (beclin 1) is a key component of the class III
phosphatidylinositol 3-kinase (Ptdlns3K) complex and is
involved in autophagosome formation. BECN1 interacts
with several proteins and regulates many processes,

including autophagy, endocytosis and phagocytosis. Song
et al reported that BECN1 promoted ferroptosis by inter-
acting with SLC7A11 and upregulating lipid peroxidation
in an autophagy-independent manner, and the formation of
the BECN1-SLC7A11 complex was regulated by AMPK-
mediated phosphorylation of BECN1 at Ser90/93/96.>"

In addition to autophagy, ferroptosis crosstalks with
apoptosis. Inducers of ferroptotic erastin or artesunate
(ART) could promote tumour necrosis factor-related apop-
tosis-inducing ligand (TRAIL)-induced apoptosis, induce
endoplasmic reticulum (ER) stress and upregulate the
expression of p53-upregulated modulator of apoptosis
(PUMA) induced by CHOP. The synergistic effects of
erastin/ART and TRAIL occur via the p53-independent
CHOP/PUMA pathway.** CA9, a membrane-associated a-
CA (carbonic anhydrase), is upregulated in the formation
of malignant mesothelioma. Inhibition of CA9 induced the
ferroptosis and apoptosis of cancer cells by increasing
catalytic Fe** in lysosomes and mitochondria and lipid
peroxidation.*® However, the regulatory hub and network
connecting ferroptosis and apoptosis are still unknown.

Key Regulators in the Regulation of

Ferroptosis in Cancer Cells

SLC7A11, GPX4 and p53 were identified as the key
regulators in cancer cell ferroptosis. In addition, an
increasing number of studies have focused on the roles
of non-coding RNAs and other mechanisms in ferroptosis
regulation.

SLC7AI |

System Xc is a heterodimeric cystine/glutamate antiporter
and consists of two key members, including the catalytic
subunit solute carrier family 7 member 11 (SLC7A11) and
solute carrier family 3 member 2 (SLC3A2). System Xc
mainly transports extracellular cystine to cells (Figure 1).
Intracellular cystine is rapidly converted to cysteine and
then functions as the precursor for glutathione biosynth-
esis. System Xc is the upstream molecule in the process
of ferroptosis. Drugs that target SLC7A11 and block
cystine uptake could induce ferroptosis (Figure 1).
Erastin, sulfasalazine and sorafenib could induce ferropto-
sis via targeting and inhibiting system Xc .’ In particular,
erastin, which is different from other inhibitors of system
Xc, caused strong and persistent inhibition of system Xc
when exposed to cells for a very short duration at low
erastin concentrations. These inhibitory effects of erastin
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on system Xc are not caused by modification of the
transporter.36

There are at least two ways to control system Xc-
activity in ferroptosis. First, SLC7A1l could interact
with BECN1 and further induce ferroptosis. Second,
SLC7AT1l could be regulated at the transcriptional level,
and a decrease in SLC7A11 could consequently induce
ferroptosis.>’ In vitro and in vivo studies revealed that
cyclin-dependent kinase inhibitor 2A (CDKN2A/ARF)
sensitized cancer cells to ferroptosis by inhibiting the
ability of NRF2 and its transcriptional target SLC7A11.>’
Sulfasalazine induced ferroptosis via inhibiting SLC7A11.
CISD2 overexpression enabled resistance to sulfasalazine-
induced ferroptosis, and silencing CISD2 or pioglitazone
treatment sensitized resistant head and neck cancer cells to
sulfasalazine-induced ferroptosis.*® Pyrimidotriazinedione
35G8, a protein disulfide isomerase inhibitor, induced
ferroptosis and autophagy by upregulating the transcrip-
tion and protein expression of SLC7A11.*’ In addition,
SLC7AI1l can also be regulated at the post-translational
level. The tumour suppressor BRCA1-associated protein 1
(BAP1) is a nuclear deubiquitinating enzyme and can
reduce histone 2A ubiquitination (H2Aub) on chromatin.
In human cancers, BAP1 reduces H2Aub occupancy on
the SLC7A11 promoter and suppresses SLC7A11 expres-
sion in a deubiquitination-dependent manner and then
inhibits cystine uptake, promotes lipid peroxidation, and
finally induces ferroptosis. Importantly, mutants (C91A,
S10T, E31A, L49V, C91G, H169Q, F170C and G185R)
in the UCH domain of BAP1 lose the function of repres-
sing SLC7A11 expression and the ability to inhibit ancho-

rage-independent growth.*’

GPX4 in the Regulation of Ferroptosis in

Cancer Cells

GPX4 is an antioxidant enzyme (Figure 1). As the key
regulator of ferroptosis, GPX4 catalyses and reduces lipid
peroxides.*' GPX4 is expressed in 35.5% (n=93) of dif-
fuse large B cell lymphoma, and its positive expression is
positively associated with poor overall survival (OS) and
progression-free survival (PFS) and negatively correlated
with 8-hydroxydeoxyguanosine (8-OHdG), which is an
oxidative stress marker. Overexpression of GPX4 confers
resistance to ROS-induced cell death to tumour cells, and
silencing GPX4 sensitizes tumour cells to ROS-induced
cell death.*> The hypoxia-inducible factor (HIF) pathway
confers with sensitivity to ferroptosis to clear cell

carcinoma cells via regulation of GPX4 expression.*
GPX4 is also reported to have interactions and be regu-
lated via protein degradation by HSPAS in cancer cells.**

The GPX4 inhibitors RSL3 and ML-162 induced fer-
roptosis of head and neck cancer cells and increased the
expression of p62 and NRF2 in cisplatin-resistant cancer
cells and cancer cells with acquired RSL3 resistance.
Overexpression of NRF2 renders chemosensitive NH3
cells resistant to RSL3, and silencing NRF2 has opposite
effects.* RSL3 promotes ROS accumulation and induces
cell death in colorectal cancer (CRC) cells, increases trans-
GPX4
Overexpression of GPX4 rescued RSL3-induced ferropto-
sis in CRC cells.*® Importantly, GPX4 can also be
regulated at the post-translational level. Hereditary leio-

ferrin expression and decreases expression.

myomatosis and renal cell cancer (HLRCC) is a hereditary
cancer with characteristic inactivation of the Krebs cycle
enzyme fumarate hydratase (FH). A recent study reported
that a ferroptosis inducer could target and selectively kill
HLRCC cells, and FH inactivation sensitized HLRCC
cells to ferroptosis by promoting intracellular fumarate
accumulation and further modifying the C93 succinylation
of GPX4 and inhibiting its activity.*” FINO, is an endo-
peroxide-containing 1,2-dioxolane that can effectively
induce ferroptosis by indirectly inhibiting GPX4 enzy-
matic function and directly oxidizing iron, ultimately indu-
cing widespread lipid peroxidation and ferroptosis with no
effects on GPX4 expression.*® In summary, the expression,
activity and post-translational modification of GPX4 are
regulated in cancer formation and development.

p53 in the Regulation of Ferroptosis in

Cancer Cells

Traditionally, p53 is a well-known tumour suppressor and
elicits cell cycle arrest, apoptosis and senescence in
response to cellular stress. A recent study reported that
p53 inhibited cystine uptake and induced ferroptosis;
mechanistically, p53 bound to the promoter of the
SLC7A11 gene, and transcriptionally, p53 repressed
SLC7AI11I expression. The p53**® mutant retained the abil-
ity to regulate SLC7A411 expression and induce ferroptosis
but failed to induce cell cycle arrest, senescence and
apoptosis (Figure 2). Notably, SLC7A1l overexpression

33 R_mediated tumour growth suppression in

abrogated p5
a xenograft model.** Meanwhile, N-terminal mutants of
p53 (L25Q, F53Q, W26S and F54S) had no effect on

SLC7A11 expression and ROS levels and failed to
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Figure 2 The regulated mechanism of SLC7AI .

facilitate ferroptosis.”’® The P47S variant of p53 conferred
human cells with resistance to RSL3-induced ferroptosis.”’

Spermidine/spermine N1-acetyltransferase 1 (SAT1) is
a transcription target of p53 and is a rate-limiting enzyme
in polyamine catabolism, and its activation induces lipid
peroxidation, sensitizes cells to ferroptosis in response to
ROS-induced stress, and suppresses tumour growth in
a xenograft tumour model. Importantly, knockout of SAT1
partially abrogates p53-mediated ferroptosis.”> Compound
D13, a derivative of albiziabioside A, possesses strong inhi-
bitory activity against cancer cells, is especially efficacious
against multidrug-resistant (MDR) cancer cells in vitro, and
suppresses tumorigenesis without causing toxicity in normal
organs in vivo. Mechanistically, compound D13 activates
p53 and induces ferroptosis and apoptosis via the mitochon-
drial pathway.>® Erastin induces ferrroptotic and apoptotic
cell death in A549 cells and upregulates p53 in a ROS-
dependent manner. Meanwhile, p53 activation suppressed
SLC7A11 and further promoted ROS accumulation via posi-
tive feedback.>* The IncRNA P53RRA, which is downregu-
lated in cancers, interacts with Ras GTPase-activating
protein-binding protein 1 (G3BP1) and displaces p53 from
the G3BP1 complex, causes pS3 accumulation in the nucleus
and ultimately resulting in ferroptosis and apoptosis
(Figure 2).% Cystine deprivation induces ferroptosis of cer-
tain cancer cells, and stabilization of wild-type p53 attenuates

ferroptosis in response to cystine deprivation via upregula-
tion of the p53 transcriptional target p21, slowing the deple-
the
accumulation of lipid ROS.*® Loss of p53 prevents nuclear

tion of intracellular glutathione and reducing
accumulation of dipeptidyl peptidase-4 (DPP4) and promotes
plasma membrane-associated DPP4-dependent lipid peroxi-

dation, ultimately leading to ferroptosis.>’

Non-Coding RNAs in the Regulation of

Ferroptosis in Cancer Cells

In addition to the IncRNA P53RRA, which was mentioned
above, many other non-coding RNAs also play important
roles in ferroptosis. miR-7-5p conferred cancer cell radio-
resistance by decreasing mitoferrin and Fe*" and ultimately
inhibiting ferroptosis.”® miR-137 blocked the erastin- and
RSL3-induced ferroptosis of human melanoma cells that
harboured the BRAFY**°F mutation by targeting SLC1AS,
and knockdown of miR-137 enhanced the antitumour activity
of erastin both in vitro and in vivo.”” miR-9 reduced erastin-
and RSL3-induced ferroptosis by targeting the glutamic-
oxaloacetic transaminase GOT1 in melanoma.®® miR-27a
regulated cisplatin resistance by directly targeting
SLC7A11 in bladder cancer, and miR-27a overexpression
or silencing of SLC7A11 resensitized tumour cells to cispla-
tin (Table 1).°" Using an RNA sequencing method, Yu et al

revealed that differentially expressed IncRNAs were enriched
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Table | The Roles of miRNAs in Cancer Cell Ferroptosis

miRNA Target Function Cancer Types References

Name

miR-7-5p NA Inhibiting ferroptosis and inducing resistance to Cervical cancer, tongue cancer and liver 58
irradiation cancer

miR-9 GOTI Inhibiting erastin- and RSL3-induced ferroptosis Melanoma 60

miR-27a SLC7AIl | Regulating cisplatin resistance Bladder cancer 6l

miR-137 SLCIAS Inhibiting erastin- and RSL3-induced ferroptosis Melanoma 59

miR-6852 CBS Inhibiting ferroptosis and being sponged by Lung cancer 63
LINC00336

in the ferroptotic pathway in non-small-cell lung cancer
(NSCLC).%? LINC00336 was reported to inhibit ferroptosis
in lung cancer cells by sponging miR-6852 and positively
regulating its target, CBS (cystathionine p-synthase).®?

Other Mechanisms Underlying

Ferroptosis Regulation
Many genes, such as NFSI, ANp63a and LSH, are
involved in the regulation of ferroptosis. NFS1 activity is
fundamental for maintaining iron-sulfur cluster biogenesis
in high-oxygen environments such as the lung. NFSI1
depletion suppresses the growth of metastatic and primary
lung tumours by inducing ferroptosis, with no effects on
the growth of mammary or subcutaneous tumours. In
a subset of lung adenocarcinomas, NFS1 is amplified,
and its loss inhibits lung cancer growth.®* ANp63a pro-
tected the p53~~ MEFs from erastin-induced ferroptosis,
and these findings indicated that ANp63a negatively regu-
lated ferroptosis in a p53-independent manner.®> CHACI
degradation of GSH enhanced cystine starvation-induced
ferroptosis by activating the GCN2-elF2a-ATF4 pathway
cells.®®

O-GlcNAcylation-regulated GSH synthesis participates in

in triple-negative  breast cancer c-Jun
the ferroptosis process in liver cancer cells.®” Silencing
CDO1 inhibited erastin-induced ferroptosis in gastric can-
cer cells both in vitro and in vivo by increasing GSH
levels, preventing ROS production, reducing lipid perox-
idation and upregulating GPX4 expression.®® Lymphoid-
specific helicase (LSH) is a DNA methylation modifier
that is directly regulated by EGLN1 and c-Myc. LSH
inhibits ferroptosis by interacting with WDR76, regulating
iron and lipid ROS.® A recent study also identified fer-
roptosis upregulated factors (FUFs), which were transcrip-

tionally regulated by HIC1, and ferroptosis downregulated

factors (FDFs), which were transcriptionally regulated by
HUF4A, in liver cancer.”® In artesunate-induced ferropto-
sis, GRP78 was upregulated, and silencing GRP78 sensi-
tized pancreatic cancer cells to artesunate.”’ ATM was
found to be an essential factor in ferroptosis, and inactiva-
tion or silencing of ATM suppressed cystine deprivation-

.. -1
or erastin-induced ferroptosis.'

Ferroptosis-Inducing Agents and

Nanomaterials

Inducing ferroptosis is a promising method for cancer
therapy; therefore, many studies have focused on the
exploration of ferroptosis-inducing agents. Recent stu-
dies reported that many agents induced ferroptosis of
cancer cells by regulating different downstream genes.
hydroperoxide (t-BuOOH),
a widely used inducer of oxidative stress, increased

Tertiary-butyl which is
lipid peroxidation and cytosolic ROS and ultimately
induced ferroptosis.”* Dihydroartemisinin (DHA) effec-
tively induced the ferroptosis of cancer cells by regulat-
AMPK/mTOR/p70S6k
promoting the degradation of ferritin and further

ing the signalling pathway,

increasing the iron pool.”>’*  Ardisiacrispin B,
a naturally occurring oleanane-type triterpene saponin
that is extracted from the fruit of Ardisia kivuensis
Taton (of the family Myrsinaceae), also effectively
induced the ferroptosis of cancer cells.”” Bromelain
treatment inhibited the cell growth and proliferation of
Kras-mutant colorectal cancer cells by upregulating the
expression of the ferroptosis responder ACSL-4.”°
CHO004, a bioactive inhibitor of human cystathionine
B-synthase (CBS), which is the key enzyme in the
transsulfuration pathway for sulfur amino acids, was

reported to induce the ferroptosis of HepG2 cells and
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Table 2 The Dysregulation and Prognostic Value of Ferroptosis Associated Genes in TCGA Data

Gene Name Dysregulation in Cancer Correlation with Survival
in Cancer
BAPI BRCAI associated protein | Up: LIHC Unfavourable: PRAD, LIHC
Down: NO Favourable: UVM, THYM,
LUAD
BECNI Beclin | Up: CHOL Unfavourable: NO
Down: NO Favourable: UCEC
CDOI Cysteine dioxygenase type | Up: NO Unfavourable: STAD
Down: CHOL, KICH, BRCA, LUSC, UCEC, LUAD, Favourable: UVM, LIHC, LUAD
PRAD, BLCA, KIRC, COAD, HNSC, STAD
CHACI ChaC glutathione specific Up: BLCA, LUSC, COAD, CHOL, BRCA, LUAD Unfavourable: UVM, KIRC,
gamma-glutamylcyclotransferase KIRP, THYM, LGG
| Down: KIRP, KIRC Favourable: MESO
CISD2 CDGSH iron sulfur domain 2 Up: NO Unfavourable: LUAD, LGG,
KICH, UVM
Down: NO Favourable: KIRC
DPP4 Dipeptidyl peptidase 4 Up: THCA Unfavourable: LGG, BLCA,
PRAD, LUSC
Down: KICH, BRCA, LUSC Favourable: KIRC, THYM,
MESO, KIRP
FTHI Ferritin heavy chain | Up: CHOL, LIHC Unfavourable: HNSC, UVM,
LGG, LIHC, THYM, KIRP
Down: NO Favourable: NO
FTL Ferritin light chain Up: HNSC, LIHC Unfavourable: LGG, UCEC,
MESO, KIRC
Down: NO Favourable: NO
GPX4 Glutathione peroxidase 4 Up: UCEC Unfavourable: COAD, LAML
Down: NO Favourable: UCEC, THCA,
LUAD
LINCO00472 Long intergenic non-protein Up: CHOL Unfavourable: PAAD
(LncRNA coding RNA 472 Down: LUSC, KIRC, KIRP, BLCA, KICH, LUAD, HNSC, | Favourable: UVM, BRCA,
P53RRA) THCA, ESCA KIRC, LGG
miR-137 Up: LUAD, COAD, LIHC, LUSC, BRCA, KICH Unfavourable: HNSC
Down: NO Favourable: ACC
NCOA4 Nuclear receptor coactivator 4 | Up: NO Unfavourable: TGCT
Down: NO Favourable: KIRC, LGG, LUAD,
SARC, MESO,
NFE2L2 (NRF2) | Nuclear factor, erythroid 2 like | Up: LUSC Unfavourable: LGG
2 Down: NO Favourable: KIRC, MESO,
SARC
NFSI NFS| cysteine desulfurase UP: LUSC Unfavourable: LAML
Down: NO Favourable: LGG
SATI Spermidine/spermine NI- Up: UCEC Unfavourable: LGG, KIRC
acetyltransferase | Down: NO Favourable: UCEC, MESO, ACC
(Continued)
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Table 2 (Continued).

Gene Name Dysregulation in Cancer Correlation with Survival
in Cancer
SLCIAS Solute carrier family | member | Up: CHOL, LIHC, THCA, LUSC, STAD, COAD, ESCA, Unfavourable: LGG, MESO,
5 UCEC, PAAD LIHC, KIRC, UVM
Down: NO Favourable: STAD
SLC3A2 Solute carrier family 3 member | Up: CHOL, ESCA, KICH, LUSC, HNSC, COAD, BLCA Unfavourable: SKCM, LIHC,
2 HNSC, LGG, ACC, LUAD,
Down: NO Favourable: UCS
SLC7ALI Solute carrier family 7 member | Up: CHOL, LIHC, LUSC, KIRP, KICH, LUAD, COAD, Unfavourable: ACC, UVM,
1l PAAD, BRCA, HNSC, KIRC, ESCA, PRAD, STAD LIHC, KIRP, MESO, THCA,
SARC
Down: NO Favourable: OV
SLCIIAI (LSH) | Solute carrier family | | member | Up: COAD, KIRC, CHOL, KIRP, STAD, HNSC, UCEC, Unfavourable: LGG, KIRC,
| BRCA LIHC, THYM,
Down: PAAD, LUAD, LUSC Favourable: PCPG
TF Transferrin Up: LUAD, KIRC, LUSC, STAD, UCEC Unfavourable: KIRC, STAD
Down: CHOL, HNSC, BRCA, KICH Favourable: BRCA, LAML, LGG
TFRC Transferrin receptor Up: CHOL, ESCA, HNSC, UCEC, LUSC, LIHC, STAD, Unfavourable: LGG, LIHC,
BLCA THCA, KICH, ACC, TGCT,
Down: NO Favourable: STAD, LUSC

Abbreviations: ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CHOL, cholangiocarcinoma; COAD, colon
adenocarcinoma; ESCA, esophageal carcinoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP,
kidney renal papillary cell carcinoma; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell
carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; SARC, sarcoma; SKCM,
skin cutaneous melanoma; STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UVM, uveal

melanoma.

inhibit tumour growth in a liver tumour xenograft mouse
model.”” BAY 11-7085 induced ferroptosis by activat-
ing the Nrf2-SLC7A11-HO-1 signalling pathway, espe-
cially promoting HO-1 translocation from the cytosol to
the nucleus and mitochondria.”® In addition, Betula
etnensis Raf. (of the family Betulaceae) extract pro-
moted ferroptosis by inducing HO-1 expression.”’
Piperlongumine (PL) is a product,
Yamaguchi et al reported that PL and CN-A (a plant
growth regulator) synergistically induced the ferroptosis

natural and

of pancreatic cancer cells. Additionally, sulfasalazine
(SSZ, a ferroptosis inducer) further improved the cancer
cell-killing activities of PL and CN-A treatment.®
Molecularly, sulfasalazine upregulated ROS and down-
regulated GPX4 and xCT in breast cancer cells.'
Sorafenib treatment induced ferroptosis by increasing
the mRNA and protein expression of MT-1G via
NRF2.*' In addition, epunctanone and artemisinin deri-
vatives have also been reported to induce ferroptosis in

tumour cells.®*®® Taken together, these results suggest

that future studies should focus on the antitumour activ-
ity of ferroptosis-inducing agents in animal models,
including a patient-derived xenograft model (PDX).
Exploiting ferroptosis-inducing nanomaterials is an
attractive area of study. Wang et al produced arginine-
rich manganese silicate nanobubbles (AMSNS5) via a one-
pot reaction with arginine (Arg) as the surface ligand for
tumour homing. The AMSNs had a highly efficient glu-
tathione (GSH)-depleting ability and thereby effectively
induced ferroptosis by inactivating GPX4. Moreover,
AMSN degradation during GSH depletion led to
imaging (MRI)

enhancement.®* SRF@FelIITA nanoparticles are formed

T1-weighted magnetic resonance
with the Fe*” ion and naturally derived tannic acid (TA)
as the outer surface and sorafenib (SRF) as the core. In
lysosomes, the outer surface of SRF@FellITA nanopar-
ticles was dissociated, and SRF was released to inhibit
GPX4 activity and induce ferroptosis. The TA was
reduce the

arranged to liberated and ferroptosis-

generated Fe*' to Fe?", and the sustained Fe?' levels
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Figure 3 The dysregulation and prognostic value of SLC7A[ | in cancers.
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Notes: (A) The expression of SLC7Al| was higher in LIHC tissues than that in normal tissues (Fold change = 22.44, p < 0.001) and its high expression was positively
associated with poor prognosis of LIHC patients (p < 0.001). (B) The expression of SLC7AI | was higher in KIRP tissues than that in normal tissues (Fold change = 15.31,
p < 0.001) and its high expression was positively associated with poor prognosis of KIRP patients (p = 0.0016).

led to the death of H,O,-overloaded cancer cells and
strongly inhibited tumour proliferation but had minimal
effects on normal cells. Typically, photosensitizer-
adsorbed SRF@FelIITA nanoparticles allow for rapid
tumour imaging owing to the acid-responsive fluores-
cence recovery, and these nanoparticles are very useful
for future applications.®> Shen et al reported cisplatin
(CDDP)-loaded Fe304/Gd203 hybrid nanoparticles con-
jugated to lactoferrin (LF) and an RGD dimer (RGD?2)

(FeGd-HN@Pt@LF/RGD?2). These nanoparticles crossed
the blood-brain barrier, were internalized by cancer cells
via integrin avf3-mediated endocytosis, released Fe*',
Fe*" and CDDP, and then directly or indirectly partici-
pated in the Fenton reaction and induced cancer cell
death.®® Yue et al designed a novel ferroptosis agent,
FePt-PTTA-Eu3+-FA (FPEF), which consists of the lumi-
nescent lanthanide complex PTTA-Eu3+ and folic acid
(FA) in FePt nanoparticles. In vitro and in vivo studies
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Figure 4 The dysregulation and prognostic value of TF in cancers.
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with poor prognosis of BRCA patients (p = 0.0034). (B) The expression of TF was higher in KIRC tissues than that in normal tissues (Fold change = 16.96, p < 0.001) and its
high expression was positively associated with poor prognosis of KIRC patients (p < 0.001).

confirmed that these nanoparticles showed satisfactory
anticancer activity.®’

Dysregulation and Prognostic Value
of Ferroptosis-Associated Genes in
Cancer

To further explore the roles of ferroptosis-associated genes in
carcinoma, we analysed the dysregulation and prognostic

value of these genes using TCGA data by analysing the
starBase v2.0 database™ (Table 2). As SLC7AIL is the key

regulator of ferroptosis, silencing SLC7A11 or inhibiting its
activity can induce ferroptosis. SLC7A11 is overexpressed in
many types of cancers (Table 2), including cholangiocarci-
noma (CHOL), head and neck squamous cell carcinoma
(HNSC), liver hepatocellular carcinoma (LIHC), lung squa-
mous cell carcinoma (LUSC) and kidney renal papillary cell
carcinoma (KIRP). Zhu et al confirmed SLC7A11 upregula-
tion in oral tongue squamous cell carcinoma (OTSCC), and
downregulation of its expression via administration of Ce6-
showed

erastin nanoparticles satisfactory antitumour
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with poor prognosis of KIRC patients (p = 0.023).

effects.® Importantly, high expression of SLC7A11 is sig-
nificantly associated with poor prognosis in LIHC and KIRP
patients (Table 2, Figure 3A and B). These results suggest
that the resistance to ferroptosis caused by SLC7A11 over-
expression is involved in the tumorigenesis of many types of
cancer. TCGA data showed that GPX4 was upregulated in
uterine corpus endometrial carcinoma (UCEC) and corre-
lated with unfavourable survival outcome in colon adenocar-
cinoma (COAD) and acute myeloid leukaemia (LAML).
GPX4 was confirmed to be overexpressed and correlated
with poor prognosis in NSCLC.”® However, its diagnostic
and prognostic value in other types of cancer still need to be
evaluated. Transferrin is underexpressed in breast invasive
carcinoma (BRCA), and its underexpression is related to an
unfavourable survival outcome (Table 2 and Figure 4A).
Lapatinib alone or in combination with siramesine increased
transferrin expression and resulted in ferroptosis and autop-
hagy-related cell death.”’ However, transferrin is overex-
pressed in kidney renal clear cell carcinoma (KIRC), and
its overexpression is significantly linked with poor prognosis
in KIRC patients (Table 2 and Figure 4B). These inconsistent
findings suggest that transferrin plays different roles in dif-
ferent types of cancers. LINC00472 (IncRNA P53RRA) is
downregulated in several types of cancers, such as bladder
urothelial carcinoma (BLCA), lung adenocarcinoma
(LUAD), HNSC and KIRC. Interestingly, its low expression
is associated with poor prognosis in KIRC patients

(Figure 5). In lung cancer cells, the interaction between
LINC00472 and G3BP1 promoted p53 translocation from
the cytoplasm to the nucleus, enhanced the suppressive
effects of p53 on SLC7AI1l expression, and ultimately
induced ferroptosis.” In other tumours, whether low expres-
sion of LINC00472 affects p53-based SLC7A11 suppression
still needs to be explored. Future studies should focus on the
detailed regulatory mechanisms of these genes in ferroptosis.

Concluding Remarks

Although there have recently been many proceedings and
new findings on ferroptosis, the detailed mechanisms are
largely unknown. 1) The roles of circRNAs in the regula-
tion of ferroptosis are still unknown. 2) Except for limited
ferroptosis-associated genes, such as SLC7A11, GPX4 and
pS3, the regulatory networks underlying ferroptosis are
still unclear. 3) The interactome and post-translational
modifications of SLC7A11 and GPX4 still need to be
identified. 4) Future studies should focus on the diagnostic
and prognostic value of ferroptosis-associated genes. 5)
Cancer therapy targeting ferroptosis should be further stu-
died and validated, and inducing ferroptosis might become
a promising cancer treatment method.
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