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Targeting epigenetic and posttranslational modifications

regulating ferroptosis for the treatment of diseases

Yumin Wang1, Jing Hu?, Shuang Wu?, Joshua S. Fleishman?, Yulin Li’, Yinshi Xu®, Wailong Zou', Jinhua Wangﬁg, Yukuan Feng7®,
Jichao Chen'™ and Hongquan Wang @™

Ferroptosis, a unique modality of cell death with mechanistic and morphological differences from other cell death modes, plays a
pivotal role in regulating tumorigenesis and offers a new opportunity for modulating anticancer drug resistance. Aberrant
epigenetic modifications and posttranslational modifications (PTMs) promote anticancer drug resistance, cancer progression, and
metastasis. Accumulating studies indicate that epigenetic modifications can transcriptionally and translationally determine cancer
cell vulnerability to ferroptosis and that ferroptosis functions as a driver in nervous system diseases (NSDs), cardiovascular diseases
(CVDs), liver diseases, lung diseases, and kidney diseases. In this review, we first summarize the core molecular mechanisms of
ferroptosis. Then, the roles of epigenetic processes, including histone PTMs, DNA methylation, and noncoding RNA regulation and
PTMs, such as phosphorylation, ubiquitination, SUMOylation, acetylation, methylation, and ADP-ribosylation, are concisely
discussed. The roles of epigenetic modifications and PTMs in ferroptosis regulation in the genesis of diseases, including cancers,
NSD, CVDs, liver diseases, lung diseases, and kidney diseases, as well as the application of epigenetic and PTM modulators in the
therapy of these diseases, are then discussed in detail. Elucidating the mechanisms of ferroptosis regulation mediated by epigenetic
modifications and PTMs in cancer and other diseases will facilitate the development of promising combination therapeutic
regimens containing epigenetic or PTM-targeting agents and ferroptosis inducers that can be used to overcome chemotherapeutic
resistance in cancer and could be used to prevent other diseases. In addition, these mechanisms highlight potential therapeutic
approaches to overcome chemoresistance in cancer or halt the genesis of other diseases.
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INTRODUCTION modification that includes DNA methylation, histone modification,

Ferroptosis, a new form of regulated cell death (RCD), is driven by
iron-dependent lipid peroxidation (LPO) of polyunsaturated fatty
acid-containing phospholipids (PUFA-PLs) in cellular membranes.'™
Ferroptosis was first reported in 2012 and was found to be induced
by erastin, an oncogenic RAS-selective lethal chemical.* Ferroptosis
was officially identified as a non-apoptotic RCD triggered by
intracellular iron perturbations and oxidative stress.> A imbalance
between ferroptosis defense and systems dictates the execution
and induction of ferroptosis® Many metabolic pathways and
degradation pathways orchestrate the complex response to
ferroptosis by indirectly or directly regulating LPO or iron
accumulation.” The metabolic pathways include pathways related
to lipid, iron, and amino acid metabolism, and the degradation
pathways include pathways such as the ubiquitin-proteasome
system (UPS) and macroautophagy/autophagy.

Accumulating evidence suggests that ferroptosis is precisely
regulated at multiple levels that include protein posttranslational
modifications (PTMs) and epigenetic modifications® Epigenetic

and noncoding RNA (ncRNA) regulation is a dynamic and
reversible process, which regulates gene expression without
changing the DNA sequence.” "' PTMs covalently or enzymaticly
modify or introduce functional groups to dynamically modulate
protein localization, activity, and molecular interactions.'*'® PTMs
include phosphorylation, ubiquitination, SUMOylation, acetylation,
among others.'® Aberrant epigenetic modifications and PTMs
dynamically drive abnormal transcription or translation processes
to promote anticancer drug resistance, cancer progression,
metastasis, etc. The epigenetic modifications regulate the expres-
sion levels of ferroptosis-related genes, consequently determining
the vulnerability of cancer cells to ferroptosis at both the
transcriptional and translational levels.®'*"'® Moreover, emerging
evidence has revealed the roles of epigenetic modifications and
PTMs in the regulation of ferroptosis in NSDs, CVDs, liver diseases,
lung diseases, and kidney diseases.'”

Dysregulated ferroptosis is increasingly recognized as a
significant contributor to the pathogenesis of diseases, including
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Essential Discoveries in Ferroptosis Research
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* PUFA oxidation by lipoxygenases triggers ferroptosis.

(Yang WS. PNAS. 2016, 113: E4966-E4975)

« ACSLA4 dictates ferroptosis sensitivity.
(Doll S. Nat Chem Biol. 2017, 13: 91-98)

* Selenium is key to GPX4 activity.
(Ingold I. Cell. 2018, 172: 409-422. e421)

« FSP1is a new suppressor for ferroptosis.
(Bersuker K. Nature 2019, 575: 688-692; Doll S. Nature. 2019, 575: 693-698)

* GCH1/BH4 inhibits ferroptosis.
(Kraft VAN. ACS Cent. Sci. 2020, 6, 51-53;
Soula M. Nat Che mBiol. 2020, 16: 1351-1360)

* Discovery of peroxisome-
ether-phospholipid axis.
(Zou Y. Nature. 2020, 585: 603-608)

| * DHODH inhibits ferroptosis.
(Mao C. Nature. 2021, 593: 587-590)
* Vitamin Kis a new suppressor for * PKCBII promotes ferroptosis
| ferroptosis; FSP1 is a vitamin K reductase. via activating ACSL4.
(Mishima E. Nature. 2022, 608; 778-783; (Zhang HL. Nat Cell Biol. 2022, 24:
Kolbrink B. Cell Mol Life Sci. 2022, 79: 387) 88-98)
* VKORCIL1 is a new
| * Discovery of MBOAT1/2-MUFA System. | | suppressor of ferroptosis.
(Liang D. Cell. 2023, 186(13): 2748-2764) (Yang X. Cell Metab. 2023, doi:
10.1016/j.cmet.2023.06.014)

Fig. 1 The diagram depicting key milestones in the field of ferroptosis research

cancers,'® nervous system diseases (NSDs),'®?* cardiovascular
diseases (CVDs),**%® liver diseases,’>*° lung diseases,>' % and
kidney diseases.>> Recently, ferroptosis has been recognized to
play an important role in halting tumor growth.3® In the last
decade, accumulating evidence has revealed the role of ferrop-
tosis in tumor growth suppression and shown that ferroptosis
induction partlal7y mediates the tumor-suppressive effects of
chemotherapy.®*” Ferroptosis determines the efficacy of che-
motherapy, immunotherapy, and radiotherapy, and thus, combi-
nation treatments with ferroptosis inducers could boost the
efficacy of those therapies.?®3° Accumulating studies have shown
that pharmacologically modulating ferroptosis may be a ther-
apeutic approach for NSDs CVDs, liver diseases, lung diseases, and
kidney diseases.’ -4

In this review, we first summarize the core molecular mechanisms
of ferroptosis. Then, the role of epigenetic processes, including
histone PTMs, DNA methylation, and ncRNA regulation, are concisely
discussed. This discussion is followed by a detailed description of the
roles of epigenetic regulation of ferroptosis in the genesis of
diseases, including NSD, CVD, liver diseases, lung diseases, and
kidney diseases, as well as the application of epigenetic modulators
in the treatment of these diseases. Elucidating the epigenetic
regulatory mechanisms of ferroptosis in cancer and other diseases
will accelerate the development of promising combination ther-
apeutic regimens containing epigenetic agents and ferroptosis
inducers that can be used to overcome chemotherapeutic resistance
in cancer and could be used to prevent other diseases. In addition,
these mechanisms and highlight promising therapeutic approaches
that may be used to overcome chemotherapy drug resistance in
cancer or halt the genesis of other diseases.

MOLECULAR MECHANISMS OF FERROPTOSIS
The term ferroptosis was coined by the Stockwell laboratory in 2012
based on the three major research areas that provided a

foundational understanding of ferroptosis.: the control of ROS,***
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the mechanisms of amino acid and lipid metabolism,”*~° and the

regulation of iron? (Fig. 1). Iron accumulation and LPO trigger
ferroptosis, resulting in plasma membrane rupture.®’ The initiation of
ferroptosis requires two key signals, namely, the accumulation of free
iron and the inhibition of defense systems, mainly the solute carrier
family seven members 11-glutathione-glutathione peroxidase 4
(SLC7A11-GSH-GPX4) system.? The activation of ferroptosis indi-
cates a delicate imbalance between ferroptosis-promoting factors
and defense systems. When the former factors significantly override
the latter antioxidant defense systems, lethal accumulation of lipid
peroxides on cellular membranes leads to membrane rupture and
results in ferroptosis-related cell death®® (Fig. 2). Currently, the main
ferroptosis defense systems constitute the SLC7A11-GSH-GPX4
system,%*> the GTIP cyclohydrolase  1-tetrahydrobiopterin
(GCH1-BH,) system** the ferroptosis suppressor protein
1-ubiquinol  (FSP1-CoQH,)  system,’®*” the  dihydroorotate
dehydrogenase-dihydroubiquinone (DHODH-CoQH,) system,”® and
the O-acyltransferase domain containing 1/2-monounsaturated fatty
acids (MBOAT1/2-MUFA) system.>® Many key components of the
ferroptosis pathway, e.g., the principal proteins and enzymes
engaged in the induction and inhibition of ferroptosis, are
transcriptionally controlled by NF-E2 p45-related factor 2 (Nrf2), the
transcription factor encoded by NFE2L2.°°%* Nrf2 and Kelch-like ECH-
associated protein 1 (KEAP1), which is the principal negative
regulator of Nrf2 and an E3 ligase adaptor, are critical for maintaining
metabolic, redox and protein homeostasis.>>*® Nrf2 is involved in
regulating the transcription of enzymes responsible for GSH
biosynthesis, such as glutamate-cysteine ligase catalytic subunit
(GCLC), glutamate-cysteine ligase modifier subunit, glutathione
disulfide reductase, and GSH synthetase (GSS), which support
GPX4-mediated suppression of ferroptosis by increasing and
maintaining the GSH level. Other downstream targets of Nrf2 include
SLC7A11, GPX4, and NAD(P)H-quinone oxidoreductase 1, as well as
iron metabolism proteins, such as ferritin light chain (FTL), ferritin
heavy chain 1 (FTH1), ferroportin-1 (FPN1) and heme oxygenase 1
(HO-1), all of which are directly relevant to ferroptosis.®**

Signal Transduction and Targeted Therapy (2023)8:449



Targeting epigenetic and posttranslational modifications regulating...
Wang et al.

Glutamate

Glutamine

Cystine @ Ceruloplasmin_y,
Endocytosis
Py sfloe 3

1
Iron Export
Glutamine —— Glutamate Cystine
P> Fatty Acid
v
Cysteine
v
PUFA Ferritin Stores
MUFA-CoA CoQo GTP - Storage @ @
Inner Membrane (Matrix) PCBP1 © e
v esH —(RED—— ACSL4 FTH1/FTL Labile Iron Pool
MBOAT1 /2 FSP1 GCH1 GSH 00ERR0PPNPCOREORRAOD M|tochondna|
CoQun . Colu-Hs AL Ml
noomoo-ooon
P Cofacty
v v v Intermembrane Space v /..\\ e
PE-MUFA CoQqo-H: BH, i PUFA-CoA )
GPX4ere iti
Ferritinophagy POR
Outer Membrane (Cytosol) EECATS NOXs
ALOXs
PL-PUFA
ROS

Plasma Membrane Lipid Peroxidation Plasma Membrane Lipid Peroxidation

Ferroptosis

i
[l Antiferroptotic Proteins / Proferroptotic Proteins / | .. d .-" L
[l Inhibitors of Ferroptosis Inducers of Ferroptosis : ¢

Fig. 2 Core mechanisms of ferroptosis. The core of ferroptosis initiation is iron-dependent lipid peroxidation of polyunsaturated fatty acid
(PUFA)-containing phospholipids (PUFA-PLs). When the ferroptosis-promoting factors (or Ferroptosis prerequisites) exceeding the buffering
capability of cellular antioxidant systems (or ferroptosis defense systems), lethal accumulation of lipid peroxides on cellular membranes lead
to membrane rupture, resulting in ferroptosis-related cell death. The ferroptosis-promoting factors consist of PUFA-PL synthesis and
peroxidation, iron metabolism among others. Cells have evolved at least four ferroptosis defense systems,which includes GPX4/xCT system,
the FSP1/CoQH, system, the DHODH /CoQH, system, and the GCH1/BH, system, with different subcellular localizations to detoxify lipid
peroxides and thus protect cells against ferroptosis. The cytosolic GPX4 (GPX4<Y*®) cooperates with FSP1 on the plasma membrane (and other
non-mitochondrial membranes) and mitochondrial GPX4 (GPX4™™) cooperates with DHODH in the mitochondria to neutralize lipid
peroxides. ACSL4 and LPCAT3 mediate the synthesis of PUFA-PLs, which are susceptible to LPO through both non-enzymatic and enzymatic
mechanisms. Iron initiates the non-enzymatic Fenton reaction and acts as an essential cofactor for ALOXs and POR, which promote LPO. When
ferroptosis-promoting factors significantly exceed the detoxification capabilities of ferroptosis defense systems, an excessive and lethal
accumulation of lipid peroxides on cellular membranes result in membrane rupture and trigger ferroptosis-mediated cell death

Ferroptosis-promoting factors
PUFA-PL synthesis and peroxidation. The core mechanism of
ferroptosis is membrane LPO, a radical-induced chain reaction

through the iron-mediated Fenton reaction is the primary driver of
LPO of PUFA-PLs.%’87° The enzymatic reactions mediated by
arachidonate lipoxygenase (ALOX) or Cytochrome P450 oxidor-

consisting of a series of chemical reactions between molecular
oxygen (O,), oxidizable lipids, and iron, leading to the incorpora-
tion of O, into lipids.”®”" Because of their susceptibility to
peroxidation, PUFA-PLs are the substrates for LPO during
ferroptosis.’%’? The critical mediators of the synthesis of PUFA-
PLs include acyl-coenzyme A (CoA) synthetase long-chain family
member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3
(LPCAT3).”>"* ACSL4 ligates the free long-chain PUFAs adrenic
acid (AdA) and arachidonic acid (AA) to CoA to generate AA-CoA
and ADA-CoA (i.e, PUFA-CoAs), respectively.”*’® Subsequently,
these PUFA-CoAs are re-esterified and incorporated into PLs by
LPCAT3 to produce PUFA-PLs (such as AA-
phosphatidylethanolamine [PE] and ADA-PE).”>”>7%  PKCBII-
mediated phosphorylation of ACSL4 can further activate ACSL4.””
Acetyl-CoA carboxylase mediates the synthesis of PUFAs from the
basic building block acetyl-CoA.”> Nonenzymatic autoxidation

Signal Transduction and Targeted Therapy (2023)8:449

eductase are also involved in facilitating LPO.2%®* final step of
ferroptosis is the formation of pores in plasma or organelle
membranes driven by LPO or its secondary products (4-hydro-
xynonenal and malondialdehyde), which eventually results in cell
death. During recent decades, the involvement of ferroptosis in
diseases has attracted great interest, not only in the cancer
research community.®>5¢

Iron homeostasis. Free iron is involved in the core mechanism of
ferroptosis in at least two different ways.: inducing accumulation
of lethal lipid peroxides and initiating ferroptosis by catalyzing the
nonenzymatic Fenton reaction for direct peroxidation of PUFA-
PLs”%”? or functioning as an essential cofactor for POR and ALOX,
both of which are enzymes that participate in LPQ.>28%8187
Mammalian cells contain a relatively stable pool of intracellular
iron—the labile iron pool (LIP)—and maintain this pool by

SPRINGER NATURE
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orchestrating the regulation of iron uptake, utilization, storage
(ferritin: FTH1/FTL) and export (FPN, the iron export transpor-
ter).388% Deregulation of iron metabolism processes can suppress
or promote ferroptosis as a result of a decrease or increase in
intracellular LIP, respectively. Intracellular iron is mostly stored in
the ferritin protein complex, which is composed of 24 subunits of
FTL and FTH1.°° Poly rC-binding protein 1 binds to and
incorporates ferrous iron (Fe*") into ferritin, and this Fe®" is
further oxidized to ferric iron (Fe3*) by FTH1 inside the ferritin
cage, resulting in inert deposits of Fe>" that are unavailable for
intracellular use or ROS production.”’ Ferritinophagy, a nuclear
receptor coactivator 4 (NCOA4)-mediated autophagy-like process,
can degrade ferritin, release iron stored in ferritin into the LIP and
facilitate the availability of iron in cells, thereby boosting LPO-
driven ferroptosis.”>*>™®> Through its function as a selective
autophagy receptor, NCOA4 transports intracellular ferritin to
autophagic lysosomes and releases free iron through binding
FTH1.%® Inhibition of cytosolic glutamate oxaloacetate transami-
nase 1, which enhances ferritinophagy, can increase the LIP and
promote ferroptosis.”” Conversely, inhibition of ferritinophagy
mediated by NCOA4 decreases the LIP and suppresses
ferroptosis.”>”*

Ferroptosis defense systems

SLC7A11-GSH-GPX4 axis. There are four antiferroptosis defense
systems (or cellular antioxidant systems) that directly neutralize
lipid peroxides with distinctive subcellular localizations. Related
to the metabolism of amino acids, the SLC7A11-GSH-GPX4 axis
is a well-defined and major antiferroptosis defense system.®>*
SLC7A11 (also named xCT) and solute carrier family 3 member 2
constitute system Xc.°®%° xCT is a transporter subunit and
mediates the antiporter activity of system Xc~ through the
import of extracellular cystine and export of intracellular
glutamate.®®'°° Through a reduction reaction mediated by
nicotinamide adenine dinucleotide phosphate (NADPH) con-
sumption in the cytosol, extracellular cystine taken up via
SLC7A11 is rapidly reduced to cysteine, which then serves as the
rate-limiting precursor for GSH biosynthesis.”® GSH is the major
cofactor for GPX4-mediated detoxification of lipid peroxides.”
Inhibition of SLC7A11 activity or depletion of cystine promotes
ferroptosis in various cancer cells.’®> GPX4 is a member of the
GPX protein family with enzymatic lipid repair activity,'®''%? and
it has been identified as a key ferroptosis inhibitor.*'%3%* GPX4
can promote the production of nontoxic lipid PL alcohols from PL
hydroperoxides (L-OOH) and simultaneously oxidize two GSH
molecules to vyield oxidized GSH (GSSG).**'% Accumulating
studies have revealed the critical role of GPX4 in inhibiting
ferroptosis through its genetic or pharmacological manipula-
tion.'®"%7 GPX4 is regulated by epigenetic modifications and
PTMs.'®® Small molecule inhibitors of GPX4 could be optimized
for use as anticancer agents.'®

The FSP1-CoQH, system. Several nonperoxidase mechanisms
function in parallel with GPX4 to inhibit LPO and ferroptosis.
FSP1, localized on the plasma membrane, is also known as
apoptosis-inducing factor mitochondria-associated 2. In 2019,
FSP1 was identified as the second main protein inhibiting
ferroptosis independent of GPX4 through the production of
coenzyme Q;4 (CoQ;q, also known as ubiquinone), reduced forms
of endogenous electron carriers and vitamin K, all of which
possess significant antioxidant (RTA) activity.”®>”'"® FSP1 func-
tions as an NAD(P)H-dependent oxidoreductase to reduce CoQ;o
to regenerate CoQ,¢-H,, the reduced form of CoQ;q, which can
trap lipid peroxyl radicals to hinder LPO and halt ferroptosis.>®>’
FSP1 also inhibits ferroptosis independently of its oxidoreductase
function by activating ESCRT-lll-dependent membrane repair,
which halts ferroptosis."""''2 Small molecule inhibitors of FSP1
could also be optimized as anticancer agents.>’

SPRINGERNATURE

The GCH1-BH, system. A study in 2020 revealed that the
GCH1-BH4 system is another critical GPX4-independent inhibitor
of ferroptosis that acts by suppressing LPO.>**> GCH1, which
mediates the rate-limiting reaction generating the endogenous
metabolite BH,, was discovered as a suppressor by Kraft>* and as
an enhancer of ferroptosis by Birsoy in 2020.>> As a different RTA,
BH4 can be regenerated following its RTA reactions by dihydro-
folate reductase (DHFR). Inhibition of DHFR synergizes with
inhibition of GPX4 to induce ferroptosis.>®> Moreover, BH4
enhances CoQ;o synthesis by converting phenylalanine into
tyrosine, which can be further converted to 4-OH-benzoate, the
precursor of CoQ;o.>* GCH1-mediated BH4 synthesis reprograms
lipid metabolism and inhibits ferroptosis by selectively preventing
two polyunsaturated fatty acyl tails from depleting PLs.>*

The DHODH-CoQH, system. A newly identified GPX4-
independent mitochondria-localized ferroptosis defense system,
the DHODH-CoQH, system can compensate for GPX4 loss and
detoxify mitochondrial lipid peroxides.® DHODH is localized to
the inner mitochondrial membrane, where it catalyzes de novo
pyrimidine synthesis through which CoQ10 can be reduced to
CoQH, at the rate-limiting fourth step. The function of CoQH, is
analogous to that of FSP1 in extra-mitochondrial membranes.*®
After acute inactivation of GPX4, DHODH-mediated flux is
significantly increased, leading to increased generation of CoQH,,
which neutralizes LPO and inhibits ferroptosis in mitochondria.>®
Inactivation of both mitochondrial DHODH and GPX4 causes
robust ferroptosis by unleashing potent LPO reactions in
mitochondria.® Low expression of DHODH or high expression of
GCH1 renders cells more sensitive or resistant to ferroptosis,
respectively.

MBOAT1/2-MUFA system. The MBOAT1/2-PE-MUFA system is a
newly identified ferroptosis defense mechanism independent of
GPX4 and FSP1.°° Jiang and colleagues identified new PL-
modifying enzymes, MBOAT1 and MBOAT2, which function as
ferroptosis suppressors.>® By functioning as a lyso-PL acyltransfer-
ase (LPLAT), membrane-bound MBOAT2 inhibits ferroptosis by
selectively incorporating MUFAs into lysophosphatidylethanola-
mine (lyso-PE), thereby correspondingly increasing the abundance
of cellular PE-MUFAs and decreasing the abundance of cellular PE-
PUFAs. PE-PUFAs are the preferred substrate for LPO and
determine ferroptosis sensitivity.”>”* The sex hormone receptors,
i.e, the estrogen receptor (ER) and androgen receptor (AR),
directly transcriptionally upregulate MBOAT1 and MBOAT2,
respectively. AR or ER antagonists boost the antitumor activity
of ferroptosis inducers in AR prostate cancers and ER™ breast
cancers with or without resistance to single-agent hormone
therapies.>®

EPIGENETIC AND POSTTRANSLATIONAL MODIFICATIONS

Epigenetic modification, a dynamic and reversible process,
regulates gene expression without changing the DNA
sequence.”'® There are four major mechanisms of epigenetic
regulation: DNA methylation, chromatin structure regulation,
histone PTM, and ncRNA regulation.>'®'"®* The common well-
studied epigenetic regulatory mechanisms are DNA methylation,
histone modification, and ncRNA regulation.'" The histone subunit
in the nucleosome contains a characteristic tail possessing specific
amino acids for covalent PTMs, such as ubiquitination, phosphor-
ylation, methylation, acetylation, SUMOylation, acylation, glycosy-
lation, hydroxylation, serotonylation, glycation, and ADP-
ribosylation."™*™""7 Epigenetic regulation of gene expression is
mediated by various classes of proteins, most of which have
enzymatic activities. Four classes of epigenetic regulators, i.e.,
“writers”, “erasers”, “readers”, and “remodelers”, constitute the
molecular component of the epigenetic regulators of DNA and
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histone modifications and chromatin structure.'’>'"® The writers
and erasers add and remove epigenetic marks, respectively. The
readers recognize specific epigenetic marks to mediate down-
stream effects, while the remodelers modulate the chromatin
state.'® Approximately 1000 epigenetic regulators form one of the
largest protein groups in mammals. Cancer develops as a result of
progressive accumulation of cell-intrinsic genetic and epigenetic
changes, which are key characteristics of most cancers.''®'?°
Epigenetic mechanisms regulate cancer biology in multiple ways,
including driving tumorigenesis and invasion and modulating the
immune response. Furthermore, modulation of the epigenome
exposes cancer cells to immune-mediated attack, increasing
cancer cell sensitivity to immunotherapy in various solid
tumors.'?"'?2 As covalent or enzymatic modifications of synthe-
sized proteins, PTMs modify or introduce functional groups, such
as phosphoryl, methyl, acetyl and glycosyl groups, to dynamically
modulate protein localization, activity and molecular interac-
tions.'>'* PTMs include phosphorylation, ubiquitination, SUMOy-
lation, acetylation, methylation, ADP-ribosylation, palmitoylation,
neddylation, glycosylation, prenylation, cholesterylation, myristoy-
lation, glutathionylation, sulfhydration, citrullination, S-nitrosyla-
tion, and several novel PTMs.”> PTMs are usually reversible.
Epigenetic modifications and PTMs are strongly correlated with
the occurrence and genesis of many diseases. Epigenetic
modifications and PTMs transcriptionally and posttranscriptionally
regulate gene expression, respectively, and posttranscriptionally
modulate protein activity, function and degradation.'”® These
modifications are required for the maintenance of tissue-specific
expression of genes and proteins and for normal cellular
development. Dysregulation of epigenetic modifications and
PTMs causes aberrant expression of gene and protein signatures
and transformation into malignant phenotypes, which induces
disease onset and progression.'>*™'%> Accumulating evidence has
revealed that dysregulated epigenetic regulation contributes to
tumor drug resistance, NSDs, CVDs, liver diseases, lung diseases,
and kidney diseases.

EPIGENETIC AND POSTTRANSLATIONAL MODIFICATIONS
REGULATING FERROPTOSIS IN DISEASES

Epigenetic and posttranslational modifications regulating
ferroptosis in cancer

Ubiquitination-mediated regulation of ferroptosis
in cancer. Ubiquitination is a key and highly conserved PTM
and plays a vital role in modulating the degradation of various
protein substrates.'?®*'?” Deubiquitinases (DUBs) can remove
ubiquitin chains to reverse ubiquitination, leading to termination
of ubiquitination and preservation of substrate protein expres-
sion.'”” The interaction between ubiquitination by ubiquitinases
and DUBs plays an important role in controlling almost all aspects
of biological activities. Emerging studies have revealed that
deubiquitination/ubiquitination are involved in regulating ferrop-
tosis in cancer. Specific regulators can modulate ferroptosis by
regulating the ubiquitination of ferroptosis-related factors (Table 1
and Fig. 3).

Hepatocellular carcinoma (HCC): Suppressor of cytokine signal-
ing 2-mediated ubiquitination of SLC7A11 enhances ferroptosis
and radiosensitization in HCC.'*® PCDHB14 functions as a novel
tumor suppressor by enhancing ferroptosis through promotion of
RNF182-dependent ubiquitination of p65 and blockade of its
binding to the promoter of SLC7A11, thereby downregulating
SLC7A11 in HCC.'”® P53 binds to PCDHB14 to induce its
expression.'?® Quiescin sulfhydryl oxidase 1 (QSOX1) promotes
ferroptosis induced by sorafenib in HCC by driving ubiquitin-
mediated degradation of EGFR, leading to suppression of Nrf2
activation, suggesting that QSOX1 is an inducer of ferroptosis.'*°
Tribbles homolog 2 (TRIB2) functions as one of the key molecules
that stabilizes GPX4 and attenuates oxidative stress-induced cell
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damage.”>' A recent study revealed that TRIB2 inhibits and
desensitizes ferroptosis through BTrCP-mediated ubiquitination of
TfRC, thereby leading to a decline in the LIP in liver cancer cells.'*?
The largest RNA-binding protein, high-density lipoprotein-binding
protein (HDLBP), is an important transporter that protects cells
against cholesterol overaccumulation. Elevated expression of
HDLBP stabilizes IncFAL to decrease ferroptosis vulnerability by
diminishing TRIM69-mediated FSP1 degradation in HCC cells."?
Inhibition of FSP1 enhances the antitumor activity of ferroptosis
inducers, supporting the potential utility of targeting FSP1 as a
therapeutic approach for HCC patients with high HDLBP or IncFAL
expression.'>>

Gastric cancer (GQ): Erastin and RSL3 upregulate the cation
channel transient receptor potential melastatin-2 (TRPM2) in GC
cell lines. TRPM2 knockdown induces ferroptosis in GC cells, as
evidenced by the reductions in the GSH content and GPX activity
and increased concentrations of Fe®", ROS and lipid peroxides.
Silencing TRPM2 increases the sensitivity of GC cells to RSL3- and
erastin-induced ferroptosis by destabilizing the HIF-1a and Nrf2
proteins, suggesting that TRPM2 functions as a negative regulator
of erastin- and RSL3-induced ferroptosis'** and indicating that the
combination of TRPM2-targeted drugs with chemotherapeutics
potentiates the effectiveness of treatment and improves the
outcome of patients. Increased expression of the long noncoding
RNA (IncRNA) BDNF-AS inhibits ferroptosis by recruiting WDR5 to
transcriptionally upregulate FBXW?7, thereby mediating the
ubiquitin-dependent degradation of VDAC3 and promoting the
progression of GC."* Increased expression of CST1 promotes the
progression and metastasis of GC via inhibition of ferroptosis by
reducing GPX4 ubiquitination and degradation by recruiting
OTUB1." Paclitaxel and cisplatin (CDDP) increase the secretion
of cancer-associated fibroblast-derived miR-522 by activating the
USP7/hnRNPA1 axis, thereby suppressing ALOX15 expression and
ferroptosis and ultimately leading to reduced chemosensitivity."*”

Colorectal cancer (CRC): Increased expression of LINC00239 is
associated with poorer prognosis in patients with CRC."*® Over-
expression of LINC00239 inhibits erastin- and RSL3-mediated
antitumor activity by inhibiting ferroptosis. LINC00239 interacts
with and binds to the Kelch domain of Keap1, thereby inhibiting
the ubiquitination of Nrf2 to stabilize it, suggesting that
LINC00239 functions as an oncogene by inhibiting ferroptosis by
binding to Keap1 and stabilizing Nrf2 in CRC cells."*® Loss of
ribonucleotide reductase subunit M1 (RRM1) destabilizes p53 and
increases the sensitivity of different types of cancer cells to
ferroptosis by inhibiting the expression of GPX4. Silencing RRM1
promotes the interaction of MDM2 and P53 while decreasing the
binding of USP11 to p53, thereby stimulating the ubiquitination of
p53, in turn leading to decreased expression of p21, which
eventually induces ferroptosis through inhibition of GPX4 and
results in cancer cell death.'®

Cholangiocarcinoma (CCA): FBXO31 functions as a tumor
suppressor, and its expression increases the sensitivity of stem
cell-like cells to cisplatin by enhancing ferroptosis through
promotion of the proteasomal degradation of GPX4 in CCA
cells.™ The expression of a component of the linear ubiquitin
chain activation complex, shank-associated RH domain interacting
protein (SHARPIN), was found to be increased, promoting cell
proliferation through ferroptosis inhibition mediated by promot-
ing the ubiquitination and degradation of P53, thereby upregulat-
ing SLC7A11/GPX in CCA cells.'"" Blocking SHARPIN-mediated
inhibition of ferroptosis via the P53/SLC7A11/GPX4 axis and
targeting SHARPIN might be promising treatment approaches for
CCA.

Non-small cell lung carcinoma (NSCLC): Inducing ferroptosis is a
good treatment approach for LUAD patients with late-stage and/
or therapy-resistant tumors. Erastin promotes the nuclear translo-
cation of USP7 by increasing its interaction with p53, which erases
the monoubiquitination of lysine 120 on histone H2B (H2Bub1) in
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Fig. 3 Posttranslational modification of ferroptosis by ubiquitination in cancer. ALL acute lymphoblastic leukemia; BAP1 tumor suppressor
BRCA1-associated protein 1, BC breast cancer, CCA cholangiocarcinoma, CISD2 CDGSH iron sulfur domain 2, ccRCC clear cell renal cell
carcinoma, CRC colorectal cancer, ESCC esophageal squamous cell carcinoma, GBC gallbladder cancer, GBM glioblastoma, GC gastric cancer,
HCC hepatocellular carcinoma, HNRNPA2B1 heterogeneous nuclear ribonucleoprotein A2/B1, OC ovarian cancer, QSOX1 quiescin sulfhydryl
oxidase 1, TEAD4 TEA domain family member 4, USP ubiquitin specific peptidase, RND1 Rho family GTPase 1, SOCS2 suppressor of cytokine
signaling 2, BTrCP beta-transducin repeat containing E3 ubiqutin protein ligase

the SLC7A11 gene regulatory region and inactivates SCL7A11
expression, eventually leading to ferroptosis in NSCLC cells.'*?
TRIM6 functions as an oncogene by promoting SLC1A5 ubiquiti-
nation and degradation, thereby inhibiting glutamine import,
glutaminolysis, LPO, and ferroptosis.'** USP35 is upregulated in
NSCLC. USP35 knockdown promotes ferroptosis and increases the
sensitivity of lung cancer cells to paclitaxel and cisplatin.'**
Conversely, overexpression of USP35 facilitates lung cancer cell
growth and tumor progression by reducing Erastin/RSL3-triggered
ferroptosis. USP35 directly interacts with the FPN protein to
maintain its stability, suggesting that USP35 functions as an
oncogene by inhibiting ferroptosis through stabilization of FPN.'**
USP11 deubiquitinates and stabilizes Nrf2. Elevated USP11
expression promotes cancer cell proliferation by inhibiting
ferroptosis through deubiquitination and stabilization of Nrf2 in
NSCLC cells.'*

Glioblastoma: Overexpression of TRIM7 inhibits NCOA4-
mediated ferritinophagy and ferroptosis through directly binding
and ubiquitinating NCOA4 in human glioblastoma cells. Ablation
of TRIM7 increases the sensitivity of human glioblastoma cells to
temozolomide, suggesting that TRIM7 functions as a negative
regulator of ferroptosis.'*® Downregulated expression of Rho
family GTPase 1 (RND1) predicts a better prognosis in patients
with glioblastoma multiforme (GBM). RND1 induces ferroptosis by
interacting with and deubiquitinating P53, thereby inhibiting

SPRINGERNATURE

SLC7A11 in GBM cells.'” Circular RNAs (circRNAs) regulate
ferroptosis through several mechanisms in GBM. Downregulation
of circLRFN5 promotes malignancy by inhibiting ferroptosis in
GBM cells. CircLRFN5 binds to the paired related homeobox 2
(PRRX2) protein and promotes its ubiquitin-mediated degradation,
thereby transcriptionally upregulating the expression of the
ferroptosis suppressor GCH1 in glioma stem cells (GSCs), leading
to ferroptosis induction.'*®

Clear cell renal cell carcinoma (ccRCC): As a tumor suppressor,
the H2A DUB BRCAT1-associated protein 1 (BAP1) suppresses
tumorigenesis by inducing ferroptosis through suppression of
SLC7A11 in ccRCC. BAP1, which encodes a nuclear DUB to reduce
histone 2A ubiquitination (H2Aub) on chromatin, reduces the
H2Aub level in the SLC7A11 promoter and suppresses SLC7A11
expression in a deubiquitination-dependent manner, leading to
inhibition of cystine uptake, LPO and ferroptosis.'*® BAP1 inhibits
the progression of tumors partially by inducing ferroptosis
through suppression of SLC7A11 expression, and cancer-
associated BAP1 mutants lose their ability to suppress SLC7A11
and promote ferroptosis. BAP1 promotes Erastin-induced ferrop-
tosis by repressing SLC7A11 expression. BAP1 and PRC1 (a major
H2Aub ligase) coordinately suppress SLC7A11 expression by
regulating the level of H2Aub in the SLC7A11 promoter.'*°

Gynecologic neoplasms: An increased expression level of
estrogen receptor 1 (ESR1) promotes cancer by inhibiting

Signal Transduction and Targeted Therapy (2023)8:449



ferroptosis in breast cancer cells through NEDDA4L-mediated
ubiquitination and  degradation of CD71.°° Silencing
ESR1 significantly promotes ionizing radiation-mediated ferropto-
sis and increases the CD71 protein level."*® The results suggest
that in breast cancer, ESR1 is an inhibitor of ferroptosis, while
CD71 is an inducer of ferroptosis.'”® Methylenetetrahydrofolate
reductase (MTHFR), a key enzyme for folic acid metabolism,
inhibits TRC8-mediated HMOX1 ubiquitination, thereby blocking
ferroptosis and promoting the growth of ovarian cancer (OC)
cells.”” The E3 ubiquitin ligase 3-hydroxy-3-methylglutaryl
reductase (HRD1) exhibits decreased degradation in ovarian
cancer tissues and functions as a tumor suppressor. HRD1 was
found to inhibit the proliferation and colony formation of ovarian
cancer cells by inducing ferroptosis through facilitation of
ubiquitination-dependent SLC7A11 degradation. This finding
suggests that HRD1 exerts antitumor effects by promoting
ferroptosis in ovarian cancer cells by increasing SLC7A11
degradation.'*?

Other tumors: In bladder cancer (BCa), an important serine
metabolism enzyme, phosphoglycerate dehydrogenase (PHGDH),
is highly expressed. PHGDH interacts with the RNA-binding
protein poly(rC)-binding Protein 2 and inhibits its ubiquitin-
mediated degradation, which in turn upregulates SLC7A11 and
inhibits ferroptosis, thereby promoting malignant progression.'>*
The PHGDH inhibitor NCT-502 enhances ferroptosis and halts
tumor progression in BCa.'*® This finding indicates that inhibition
of PHGDH could be a therapeutic strategy for BCa. PAQR3, a
member of the Progestin and AdipoQ Receptor (PAQR) family, is a
newly discovered tumor suppressor, and its expression is
decreased in  acute lymphoblastic  leukemia  (ALL).
PAQR3 suppresses cell proliferation and aggravates ferroptosis
by increasing ubiquitin-dependent degradation of Nrf2 in ALL
cells.”>* Activation of autophagy was found to sensitize ALL cells
to Erastin-induced ferroptosis by inhibiting ubiquitination-
dependent degradation of VDAC3 mediated by the E3 ligase
FBXW?7,'** indicating that autophagy activation combined with
ferroptosis induction is a potential therapeutic strategy for ALL.
FOXM1 and Nedd4 regulate VDAC2/3 during ferroptosis in
melanoma cells.”*® Erastin induces FOXM1 expression to activate
the transcription of Nedd4, which degrades VDAC2/3 and
suppresses ferroptosis. Ablation of Nedd4 inhibits the degradation
of VDAC2/3 proteins, increasing the sensitivity of cancer cells to
Erastin-induced ferroptosis.'>® These results suggest that Nedd4
regulates ferroptosis and highlight Nedd4 as a target for
overcoming Erastin-induced resistance in melanoma cells. Silen-
cing CDGSH iron sulfur domain 2, an iron-sulfur protein with a
[2Fe-2S] cluster that is critical for cell proliferation and iron
homeostasis, increases the degradation of p62 (an autophagy
adaptor), leading to increased Keap1-mediated ubiquitination of
Nrf2 and its subsequent degradation, thereby promoting ferrop-
tosis in fibrosarcoma cells."’

Phosphorylation-mediated regulation of ferroptosis
in cancer. Histone phosphorylation is a histone modification
whose modulation is catalyzed by many protein kinases and
phosphatases, such as protein phosphatase 1, mitogen- and
stress-activated kinases, and Aurora B, and is achieved through the
addition of phosphate groups to threonine, serine or tyrosine
residues in histone tails.'*® Histone phosphorylation frequently
occurs early after the formation of a DNA double-strand break and
mediates the recruitment of DNA damage repair proteins.'®
Histone phosphorylation has been revealed to be associated with
transcriptional activation. As an important epigenetic PTM,
phosphorylation is strongly associated with tumorigenesis.'®%'®'
Emerging studies suggest that phosphorylation regulates ferrop-
tosis in cancer (Table 2 and Fig. 4).

Colorectal cancer: AMP-activated protein kinase (AMPK)-
mediated phosphorylation of BECN1 enhances ferroptosis through
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binding to SLC7A11 to directly block system Xc™.'®? Silencing
BECN1 inhibits ferroptosis induced by the system Xc inhibitors
erastin-, sulfasalazine-, and sorafenib. Phosphorylation of BECN1
(Ser90/93/96) induced by AMPK is required for BECN1-SLC7A11
complex formation and LPO. Inhibition of PRKAA/AMPKa reduces
Erastin-mediated BECN1 phosphorylation at S93/96, BECN1-
SLC7A11 complex formation, and subsequent ferroptosis. Activa-
tion of the BECN1 pathway increases ferroptosis in CRC cells.'®?
KIF20A expression is increased in oxaliplatin-resistant CRC cell
lines. Silencing KIF20A increases the sensitivity of cancer cells to
oxaliplatin and suppresses NUAK1, thereby upregulating the
expression of PP1[3, which subsequently decreases the phosphor-
ylation of downstream GSK3{ to suppress the activation of Nrf2
and the expression of GPX4, abolishing oxaliplatin resistance in
these cells.’®®

Hepatocellular carcinoma: AKT activated by insulin-like growth
factor 1 receptor (IGF1R) signaling phosphorylates creatine kinase
B (CKB) at T133, reducing its metabolic activity and increasing its
binding to and phosphorylation of GPX4 at S104, which prevents
HSC70 binding to GPX4, thereby abrogating degradation of GPX4
by chaperone-mediated autophagy, inhibiting ferroptosis and
promoting tumor growth in mice.'®® Elevated expression of
ribonucleotide reductase regulatory subunit M2 (RRM2) inhibits
ferroptosis in HCC cells. Ferroptotic stress induces phosphorylation
of RRM2 at T33, thus promoting the RRM2-GSS interaction, which
results in the translocation of RRM2 and GSS to the proteasome for
simultaneous degradation.'®

Gastric cancer: A recent study showed that Metazoan SpoT
Homolog 1 (MESH1) is the first NADPH phosphatase regulating
ferroptosis in the cytosol.'® Silencing MESH1 dramatically
protects cells against ferroptosis. In GC, MESH1 knockdown
upregulates the protein expression of ATF3 and ATF4, increases
elF2a phosphorylation, and induces the mRNA expression of XBPs,
ATF3, and CHOP. Concurrent silencing of ATF4 restores the
sensitivity of MESH1-depleted RCC4 cells to ferroptosis. Concur-
rent knockdown of NADK abolishes ATF3 induction."®’

Breast cancer: PKCBIl phosphorylates ACSL4 to boost LPO to
induce ferroptosis.”” PKCBIl was found to function as a critical
contributor to ferroptosis by sensing initial lipid peroxides and
amplifying ferroptosis-associated LPO by phosphorylating and
activating ACSL4. Inhibiting the PKCBII-ACSL4 pathway attenuates
ferroptosis in vitro and impedes immunotherapy-induced ferrop-
tosis in vivo. Murine recurrent breast tumor cells are highly
sensitive to ferroptosis. The receptor for collagen |, discoidin
domain receptor tyrosine kinase 2 (DDR2), is upregulated in
human mesenchymal breast cancer cells and ferroptosis-sensitive
recurrent tumor cells. Upregulation of DDR2 increases the
susceptibility of recurrent breast tumors to ferroptosis through
the Hippo pathway.'®® Erastin induces upregulation and phos-
phorylation of DDR2. Epithelial-mesenchymal transition (EMT)-
driven DDR2 upregulation maintains a growth advantage but
results in ferroptosis susceptibility mediated by YAP/TAZ in
recurrent tumors.'®® Silencing DDR2 reduces the clonogenic
proliferation of recurrent tumor cells. These results reveal an
important role of EMT-driven DDR2 upregulation in maintaining
the growth advantage but endowing YAP/TAZ-mediated ferrop-
tosis susceptibility in recurrent tumors, highlighting potential
therapeutic strategies to eradicate recurrent breast cancer cells
with mesenchymal features.'®® Cystine starvation activates GCN2
to increase the phosphorylation of elF2a and the expression of the
ATF4 protein and its target gene CHAC1. Silencing CHAC1 rescues
cystine depletion-induced ferroptosis in human triple-negative
breast cancer (TNBC) cells.'®®

Non-small cell lung carcinoma: Inhibition of system XC~
increases endogenous glutamate accumulation, which enhances
adenylyl cyclase (ADCY)-mediated Ca®"-dependent cAMP produc-
tion to stimulate protein kinase A (PKA)-associated phosphoryla-
tion and suppress glutamine-fructose-6-phosphate transaminase
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Fig. 4 Posttranslational modification of ferroptosis by phosphorylation and acetylation in cancer. ATF4 Activating transcription factor 4,
ADCY10 adenylyl cyclase 10; p-OHB B-hydroxy-butyric acid; fTrCP beta-transducin repeat containing E3 ubiqutin protein ligase, CBP/p300

histone acetyltransferases CBP and p300, CCA cholangiocarcinoma, CRC colorectal cancer,

CHAC1 glutathione specific gamma-

glutamylcyclotransferase 1, CISD2 CDGSH iron sulfur domain 2, CKB creatine kinase B, DDR2 discoidin domain receptor tyrosine kinase 2,
elF2a alpha subunit of eukaryotic initiation factor 2, FSP1 ferroptosis suppressor protein 1, GC gastric cancer, GCN2 general control
nonderepressible 2, GSS glutathione synthetase, HCC hepatocellular carcinoma, HMGCL ketogenesis-related hydroxy-methyl-glutaryl-CoA
lyase, HSPB1 heat shock protein beta-1, HSF1 heat shock factor 1, IGF1R insulin-like growth factor 1 receptor, LUAD lung adenocarcinoma,
NAT10 N-acetyltransferase 10, PKC protein kinase C, MESH1 metazoan SpoT homolog 1, RRM2 ribonucleotide reductase regulatory subunit
M2, RND1 Rho family GTPase 1, TNBC, triple-negative breast cancer, YAP Yes-associated protein

(GFPT1), thereby suppressing YAP expression and failing to sustain
ferritinophagy-triggered transcriptional compensation of FTHIT,
leading to increases in the LIP and ferroptosis sensitivity.'”°
Osteosarcoma/prostate adenocarcinoma: Heat shock protein
beta-1 (HSPB1) functions as an inhibitor of ferroptosis in cancer.
Erastin enhances heat shock factor 1 (HSF1)-dependent HSPB1
expression in cancer cells. Silencing HSPB1 and HSF1 promotes
but HSPB1 overexpression inhibits erastin-induced ferroptosis.
Protein kinase C (PKC)-mediated HSPB1 phosphorylation inhibits
ferroptosis. Inhibition of HSPB1 phosphorylation and HSF1-HSPB1
signaling boosts the anticancer activity of erastin in vivo.'”’

Acetylation-mediated regulation of ferroptosis in cancer. Protein
acetylation is required for key cellular processes related to
physiology and diseases, such as transcriptional activity, protein
stability, enzyme activity, protein—protein interactions, subcellular
localization, and protein—-DNA interactions.'’? Histone acetylation
was first found to modulate gene transcription as early as the
1960s."”® Since the first acetylation modification of a nonhistone
protein, p53, was found in the 1980s, various nonhistone proteins
have been identified as targets for acetylation.'’? Emerging

Signal Transduction and Targeted Therapy (2023)8:449

studies suggest that acetylation regulates ferroptosis in cancer
(Table 3 and Fig. 4).

Non-small cell lung carcinoma: Regulation of ferroptosis by P53
was first reported in 2015, and the associated study revealed
SLC7A11 as a direct target gene of P53 for suppression.'’* The
acetylation-defective mutant p53*® was found to be unable to
induce cell cycle arrest, senescence and apoptosis but retained the
full ability to inhibit SLC7A11 expression and induce ferroptosis.
Gu and colleagues revealed the role of acetylation in modulating
P53-mediated ferroptosis and tumor suppression in NSCLC.'”>
Expression of P53 efficiently inhibited tumor growth, which was
restored by the overexpression of SLC7A11 in vivo, suggesting the
important role of SLC7A11 inhibition in p53-mediated tumor
suppression. However, p53*® (K98R + 3KR) lost the ability to
suppress SLC7A11, thus inducing ferroptosis and tumor suppres-
sion.'”” These results revealed the role of acetylation in regulating
p53-mediated ferroptosis and tumor suppression. Most recent
studies have shown that GINS4, a regulator of initiation and
elongation during DNA replication, negatively regulates ferropto-
sis in lung adenocarcinoma (LUAD). Ablation of GINS4 facilitates
ferroptosis.'’® GINS4 suppresses P53-mediated ferroptosis by
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Table 3. Posttranslational modification of ferroptosis by acetylation in cancer
Cancer Modification Targets Enzyme  Biological functions Ref
NSCLC Acetylation  p53 CBP/p300 Acetylation is crucial for p53-mediated ferroptosis and tumor suppression. 173
NSCLC Acetylation p53 - p53 inhibits cystine uptake and sensitizes cells to ferroptosis by repressing expression of 174
SLC7A11. Notably, p53,*® an acetylation-defective mutant that fails to induce cell-cycle
arrest, senescence and apoptosis, fully retains the ability to regulate SLC7A11 expression and
induce ferroptosis upon ROS-induced stress.
NSCLC Acetylation p53 - GINS4 negatively regulate ferroptosis in LUAD. GINS4 suppressed p53-mediated ferroptosis '7°
through stabilizing p53 via activate snail that antagonized the acetylation of p53(K351).
HCC Acetylation B-OHB - HMGCL increased H3K9 acetylation through $-OHB and promoting the expression of DPP4in "7
a dose-dependent manner, leading to HCC cells vulnerability to erastin- and sorafenib-
induced ferroptosis.
Glioma Acetylation STAT3  KAT6B KAT6B contributes to glioma progression by repressing ferroptosis via epigenetically 179
inducing STAT3.
Osteosarcoma Acetylation p53 mTOR inhibition acts as an unexpected checkpoint in p53-mediated tumor suppression. 180
CRC Acetylation  FSP1 NAT10 NAT10 promotes colon cancer progression by inhibiting ferroptosis through N4-acetylation '7®
and stabilization of FSP1 mRNA.
CBP/p300 histone acetyltransferases CBP and p300, HMGCL ketogenesis-related hydroxy-methyl-glutaryl-CoA lyase, 8-OHB B-hydroxy-butyric acid, NAT10
N-acetyltransferase 10, FSP1 ferroptosis suppressor protein 1, LUAD lung adenocarcinoma

stabilizing p53 via activation of snail, which antagonizes the
acetylation of P53 at K351. These results indicate that GINS4 is a
potential oncogene that destabilizes p53 and then inhibits
ferroptosis, thus constituting a potential therapeutic target for
LUAD.'7®

Hepatocellular carcinoma: Dipeptidyl peptidase 4 (DPP4) is a
key protein that maintains intracellular iron accumulation and
LPO. Ketogenesis-related hydroxy-methyl-glutaryl-CoA lyase
(HMGCL) negatively regulates cell proliferation and metastasis in
HCC. HMGCL increases (-hydroxybutyric acid (3-OHB)-mediated
acetylation of DPP4 at histone 3 lysine 9 (H3K9) and promotes its
expression, leading to increased vulnerability of HCC cells to
erastin- and sorafenib-induced ferroptosis.'””” This observation
suggests that HMGCL functions as a tumor suppressor by
increasing ferroptosis susceptibility driven by B-OHB-mediated
acetylation of DPP4.

Colorectal cancer: NAT10 negatively regulates tumorigenesis
and metastasis in CRC. Upregulation of N-acetyltransferase 10
(NAT10) promotes cancer progression by inhibiting ferroptosis via
N4 acetylation and stabilization of FSP1T mRNA in CRC cells.'”®
FSP1 mRNA undergoes N4-acetylcytidine (ac4C) modification,
leading to inhibition of ferroptosis. This observation reveals that
NAT10-mediated N4 acetylation of FSP1 mRNA terminates
ferroptosis in colon cancer cells.

Glioma: KAT6B, a histone acetyltransferase, promotes glioma
progression by inhibiting ferroptosis through epigenetic induction
of STAT3."? KAT6B expression is increased in glioma. KAT6B
reverses erastin-induced ferroptosis in glioma cells, indicating that
KAT6B functions as an inhibitor of ferroptosis. A mechanistic study
showed that ablation of KAT6B represses the expression of STAT3.
Silencing KAT6B inhibits the enrichment of RNA polymerase I
(RNA pol Il) and histone H3 lysine 23 acetylation (H3K23ac) on the
STAT3 promoter, while loss of STAT3 reverses KAT6B-induced
inhibition of ferroptosis in glioma cells.

Osteosarcoma: K139 has been identified as a novel acetylation
site in human p53 accounting for p53-mediated mTOR suppres-
sion.'®® The p53-4KR mutant retains the ability to inhibit mTOR
activity, which is completely abolished in the p53-5KR (K136R +
K98R + K117R + K161R + K162R) mutant. The 5KR mutation series
in p53 abolishes its remaining tumor suppressor function.
Treatment with an mTOR inhibitor was found to suppress early-
onset tumor formation in P535KR/5KR mice, which was similar to
that observed in p53-null mice. This finding reveals a role of p53-
mediated mTOR regulation in tumor suppression.'&°

SPRINGERNATURE

Methylation-mediated regulation of ferroptosis in cancer. First
discovered in 1959, protein methylation is an important PTM that
regulates the functions of both nonhistone and histone
proteins.'®''82 Histon methylation was identified in 1964.'%3
Currently, accumulating discoveries have revealed much of the
biology of protein methylation.”®® Protein methylation occurs
mainly on side chains of arginine (Arg) and lysine (Lys)
residues.'® The protein Arg methyltransferases (PRMTs) that
use S-adenosylmethionine (SAM) as the methyl donor induce
mono- or dimethylation of Arg on its side chains,'®>'%® whereas
Lys residues may undergo mono-, di- or trimethylation (me1,
me2 or me3, respectively) in a SAM-dependent manner.'®’
Circumstantial evidence has shown that dysregulation of protein
methylation is involved in tumorigenesis.'®*®'%° Emerging studies
have suggested that methylation regulates ferroptosis in cancer
(Table 4 and Fig. 5).

Cancers of the digestive system: Increased expression of ELOVL5
and FADS1 enhances the sensitivity of mesenchymal-type GC cells
to ferroptosis. ELOVL5 and FADS1 are silenced by DNA methyla-
tion in intestinal-type GCs, rendering cells resistant to ferroptosis.
AA and AdA derived from linoleic acid are not generated in
intestinal-type GCs. AA supplementation restores the ferroptosis
sensitivity of intestinal-type GCs.'®® In CRC, increased methylation
levels of solute carrier family 2 member 1 (SLC2A1) greatly inhibit
autophagy and ferroptosis, resulting in immunosuppression and a
poor prognosis in patients.'”’ Aberrant methylation of the
promoter inactivates PCDHB14 in HCC patients. PCDHB14 func-
tions as a tumor suppressor to enhance cell cycle arrest, inhibit cell
proliferation, and induce ferroptosis. PCDHB14 inhibits HCC
progression by enhancing RNF182-mediated degradation of p65
and promotes cell sensitivity to ferroptosis in HCC by suppressing
SLC7A11."%°

Non-small cell lung carcinoma: There are low levels of DNA
methylation in upstream regions of GPX4 and an increased level of
H3K4me3. H3K27ac leads to increased expression of GPX4.
Inhibiting the expression of GPX4 induces ferroptosis in cancer
cells and boosts the anticancer effect of cisplatin.'®> cAMP
response element-binding protein (CREB) is upregulated in LUAD.
Silencing CREB decreases the viability and inhibits the growth of
cancer cells by promoting ferroptosis. CREB suppresses ferroptosis
by binding the promoter region of GPX4, and E1A binding protein
P300 (EP300) enhances this binding.'”®> A lysine monomethylase,

Signal Transduction and Targeted Therapy (2023)8:449
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Epigenetic modification of ferroptosis by methylation, glcNAcylation, and SUMOylation in cancer. ALG3 Alpha 1,3-mannosyltransferase,

CBS cystathionine -beta-synthase, CREB, cAMP response element-binding protein, CYP2E1 cytochrome P450 family two subfamily E member
1, EGFR epidermal growth factor receptor, ELOVL5 elongation of very long-chain fatty acid protein 5, EP300 E1A binding protein P300, FADS2
fatty acid desaturase 2, FASN fatty acid synthase, FADS1 fatty acid desaturase 1, FSP1 ferroptosis suppressor protein 1, FTH ferritin heavy chain,
GALNT14 N-Acetylgalactosaminyltransferase-14, GBM glioblastoma, HMGCL ketogenesis-related hydroxy-methyl-glutaryl-CoA lyase, KDM3B
histone lysine demethylase 3B, KDM4A histone lysine demethylase 4 A, p-OHB f-hydroxy-butyric acid, MM multiple myeloma, NAT10
N-acetyltransferase 10, PSAT1 phosphoserine aminotransferases 1, SDH succinate dehydrogenase, SENP1 small ubiquitin-like modifier (SUMO)-

specific protease 1, TFRC transferrin receptor

SET7, directly interacts with the DUB OTUB1 to catalyze its
methylation at lysine 122, inhibiting the binding of OTUB1 to the
E2 ubiquitin-conjugating enzyme UBC13. SET7-mediated methyla-
tion of OTUB1 promotes ferroptosis through relieving OTUB1-
mediated suppression of ferroptosis, highlighting that SET7
inhibitor treatment might enhance OTUB1 function as a ther-
apeutic approach.'®*

Clear cell renal cell carcinoma: CX3CL1 overexpression attenu-
ates the proliferation and metastasis of ccRCC cells by increasing
their sensitivity to ferroptosis. The expression of CX3CL1 is
associated with its DNA methylation level in ccRCC."" Decreased
expression of succinate dehydrogenase (SDH), which is respon-
sible for oxidative phosphorylation (OXPHOS) and flux through the
tricarboxylic acid (TCA) cycle, is correlated with ccRCC progression.
SDH deficiency enhances tumorigenesis by inhibiting ferroptosis
in ccRCC cells. High mutation rates and increased methylation in
the SDH promoter lead to SDH deficiency, thereby promoting
tumorigenesis through inhibition of ferroptosis.'®®

The promoter of the gene coding for FSP1 is hypermethylated
in ALL cells, silencing the expression of FSP1 and generating
selective dependency on GSH-centered antiferroptosis defenses.
Expression of FSP1 in trans increases the resistance of leukemic

SPRINGERNATURE

cells to compounds targeting the GSH-dependent antiferroptosis
pathway. FSP1 overexpression promotes ALL tumor growth.

Acute lymphoblastic leukemia: ALL cells are selectively sensitive
to compounds that block the GSH-dependent ferroptosis defense
system. The promoter of FSP1 has been found to be hypermethy-
lated in ALL cell lines and patient biopsies. Silencing FSP1
produces selective dependency on the GSH-centered ferroptosis
defense system. Overexpression of FSP1 enhances the resistance
of leukemic cells to compounds that target the GSH-dependent
antif1egr7roptosis pathway, revealing metabolic vulnerability in
ALL.

Ferroptosis induction leads to changes in histone modification
and DNA methylation associated with cellular senescence.

Multiple myeloma: RSL3-induced ferroptosis leads to changes in
histone modification and DNA methylation related to cellular
senescence.'® MM1 multiple myeloma cells are sensitive to
ferroptosis induced by RSL3 and epigenetic reprogramming.
Enrichment of CpG probes in genes associated with cell cycle
progression and senescence was found in ferroptotic MM cells,
suggesting that ferroptotic cell death is associated with an
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epigenomic stress response that might increase the therapeutic 5 8 8 g g 2

applicability of ferroptotic compounds.'®®

Fibrosarcoma: The H3K9 demethylase KDM3B functions as a
potential epigenetic regulator of ferroptosis. KDM3B can inhibit
erastin-triggered ferroptosis. Overexpression of KDM3B reduces
H3K9 methylation and inhibits ferroptosis by upregulating
SLC7A11 in cooperation with the transcription factor ATF4.'%°

Osteosarcoma: Upregulated KDM4A expression was found to be
associated with poorer prognosis. Knockdown of KDM4A pro-
motes ferroptosis through regulation of SLC7A11 transcription by
controlling the demethylation of H3K9me3 in the SLC7A11
promoter.®°

Glycosylation-mediated regulation of ferroptosis in cancer. O-
GIcNAcylation, the attachment of O-linked N-acetylglucosamine
(O-GIcNAc) moieties to threonine or serine residues of proteins in
the nucleus, cytosol or mitochondria, is an important PTM that
links nutrient flux to gene transcription in tumorigenesis.2®'2%2
O-GIcNAcylation is dynamically and finely modulated by
O-GIcNAcase (OGA) and O-GIcNAc transferase (OGT) proteins.
Abnormal O-GlcNAcylation has been identified as a common
characteristic in cancers due to deregulated cellular nutrient
flux.2°>2%* Emerging studies suggest that GlcNAcylation regulates
ferroptosis in cancer (Table 5 and Fig. 5).

Cancers of the digestive system: GlcNAcylated c-Jun represses
ferroptosis by antagonizing the synthesis of GSH in HCC. Erastin
inhibits malignant phenotypes by inhibiting the O-GIcNAcylation,
protein expression, transcriptional activity and nuclear accumula-
tion of c-Jun in HCC. An overabundance of O-GIcNAcylated c-Jun
conversely inhibits ferroptosis by increasing the synthesis of GSH
via increased transcription of PSAT1 and CBS.2*> This observation
indicates that O-GlcNAcylated c-Jun is at the core of ferroptosis
and that targeting c-Jun O-GIcNAcylation might be a potential
therapeutic approach for HCC.2°> O-GlcNAcylation stabilizes and
enhances the expression of YAP, which plays a pivotal role in
controlling ferroptosis. O-GlcNAcylated YAP mediates increased
ferroptosis sensitivity through a transcriptional increase in TfRC
expression in HCC cells.?®® Knockdown or mutation of YAP
abolishes the O-GIcNAcylation-mediated increase in sensitivity to
ferroptosis. The related study provided the first evidence that
O-GIcNAcylation can increase the sensitivity of HCC cells to
ferroptosis via YAP/TFRC, highlighting new therapeutic strategies
for HCC.*°® In pancreatic cancer, O-GlcNAcylation of zinc finger E-
box-binding homeobox 1 (ZEB1) enhances ferroptosis in
mesenchymal pancreatic cancer cells. High glucose exposure
increases the O-GlcNAcylation of ZEB1, transcriptionally inducing
fatty acid synthase (FASN) and fatty acid desaturase 2 (FADS2)
expression, thereby resulting in ferroptosis in mesenchymal
pancreatic cancer cells.’®” These results indicate that glycolipid
metabolism and O-GIcNAcylation play a novel role in increasing
ferroptosis susceptibility in mesenchymal cancer cells, which
reveals a new molecular mechanism of ferroptosis and suggests a
therapeutic strategy for refractory pancreatic cancers.

Gynecologic neoplasms: Increased expression of GALNT14 is
found in ovarian cancer. Silencing GALNT14 eliminates ovarian
cancer cells by promoting apoptosis and ferroptosis by reducing
the O-glycosylation of EGFR and promoting its degradation,
thereby suppressing mTOR pathway activity.>®® Combination
treatment with an mTOR inhibitor and cisplatin induced apoptosis
and ferroptosis, suggesting that the combination of cisplatin with
an mTOR inhibitor might be a promising strategy to combat
cisplatin resistance in ovarian cancer.?®® Alpha 1,3-mannosyltrans-
ferase (ALG3) is involved in protein glycosylation critical for the
assembly of lipid-linked oligosaccharides and in N-linked glyco-
sylation of proteins at the luminal side of the endoplasmic
reticulum (ER). Inhibition of ALG3 leads to N-linked glycosylation

Biological functions
sensitive to ferroptosis. de-O-GlcNAcylation of the FTH at S179 promoted its interaction with NCOA4, the ferritinophagy receptor,

Inhibition of O-GlcNAcylation promoted ferritinophagy, resulting in the accumulation of labile iron and rendering the cell more
thereby accumulating labile iron for ferroptosis.

O-GlcNAcylation of ZEB1 facilitated mesenchymal pancreatic cancer cell ferroptosis. High glucose increased O-GlcNAcylation of ZEB1, 27
O-glycosylation of EGFR. Finally, an additive effect promoting cell death occurs with a combination of an mTOR inhibitor and cisplatin.

O-GlcNAcylated c-Jun conversely repressed ferroptosis via stimulating GSH synthesis through boosting the transcription of PSAT1 and
transcriptionly inducing FASN and FADS2, thereby resulting in ferroptosisin mesenchymal pancreatic cancer cells.

CBS.
ferroptosis of ovarian cancer cells. Downregulation of GALNT14 suppresses the activity of the mTOR pathway through modifying

O-GlcNAcylated c-Jun antagonizes ferroptosis via inhibiting GSH synthesis in liver cancer. Erastin specifically inhibited c-Jun O-
GlcNAcylation in liver cancer and further suppressed the related cancer-promoting function of c-Jun. Overexpression of

Inhibition of ALG3 lead to N-linked glycosylation deficiency-mediated ferroptosis to boost anti-PD1 immunotherapy.

O-GlcNAcylated YAP mediates the ferroptosis sensitivity through transcriptional elevation of TFRC in HCC cells
GALNT14 GALNT14 is significantly upregulated in ovarian cancer. Downregulation of GALNT14 significantly inhibits both apoptosis and

Targets Enzyme
ALG3

O-GIcNAcylation YAP
O-GlcNAcylation EGFR
N-GlcNAcylation SREBP1
O-GlcNAcylation FTH

O-GlcNAcylation c-Jun
Pancreatic cancer O-GlcNAcylation ZEB1

Posttranslational modification of Ferroptosis by GlcNAcylation in cancer
Modification

ALG3 alpha 1,3-mannosyltransferase, BC breast cancer, CBS cystathionine-beta-synthase, EGFR epidermal growth factor receptor, FADS2 fatty acid desaturase 2, FASN fatty acid synthase, GALNT14 N-

Acetylgalactosaminyltransferase-14, FTH ferritin heavy chain, OC Ovarian cancer, PSAT1 phosphoserine aminotransferases 1, TFRC transferrin receptor

Osteosarcoma

Table 5.
Cancer
HCC
HCC
ocC

BC
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Table 6.

Posttranslational modification of Ferroptosis by SUMOylation in cancer

Cancer Modification Targets Enzyme Biological functions

Ref

Lung cancer SUMOylation A20 SENP1

GBM
stability in GBM.

Elevated SENP1 mediated A20 SUMOylation lead to decreased ACSL4 and increased SLC7A11, 2™
thereby inhibiting ferroptosis.

SUMOylation ACSL4 GALNT14 Elevated HSP27 inhibit ferroptosis through inducing SUMOylation of ACSL4 to reduce its 215

GBM glioblastoma, SENP1 Small ubiquitin-like modifier (SUMO)-specific protease 1

deficiency-mediated ferroptosis to boost the efficacy of anti-PD1
immunotherapy.®® Ablation of ALG3 was found to attenuate
tumor growth in a cytotoxic T-cell-dependent manner in mice.>*®
Moreover, ALG3 inhibition and treatment with tunicamycin (an
N-linked glycosylation inhibitor) synergize with anti-PD1 therapy
to inhibit tumor growth in mouse models.’® Inhibition of ALG3
induces impairment of posttranslational N-linked glycosylation,
resulting in sterol-regulated element-binding protein (SREBP1)-
dependent lipogenesis and excessive lipid accumulation, which
induces immunogenic ferroptosis in cancer cells and leads to the
formation of a proinflammatory microenvironment, thereby
boosting antitumor immune responses.

Osteosarcoma: Protein O-GIcNAcylation orchestrates both
mitophagy and ferritinophagy to support ferroptosis in osteosar-
coma cells.?'® RSL3 modulates ferroptosis by inducing a biphasic
change in protein O-GIcNAcylation. Inhibition of O-GlcNAcylation
enhances ferritinophagy, leading to an increased labile iron
content, thus rendering the cell more sensitive to ferroptosis.
De-O-GIcNAcylation of FTH at $179 facilitates its interaction with
NCOAA4, resulting in labile iron accumulation to support ferropto-
sis.>'® These results reveal links between dynamic O-GlcNAcylation
and both iron metabolism and ferroptosis initiation, highlighting a
potential therapeutic regimen for cancers.

SUMOylation-mediated regulation of ferroptosis in cancer. A PTM
involving conjugation of small ubiquitin-like modifier (SUMO)
proteins to substrate proteins, SUMOylation is involved in various
cellular processes and is a vital cellular mechanism in stress
responses.’’’ SUMOylation is also a reversible and dynamic
process. SUMOylation occurs through an enzymatic cascade that
consists of a dimeric SUMO-activating E1 enzyme (SAE1 and SAE2/
UBA2), a single E2 enzyme (ubiquitin-conjugating enzyme 9,
UBCY), and a limited set of E3 ligases.?'? SUMO-specific proteases
(SENPs) cooperate with  SUMO molecules to modulate the
SUMOylation status of a substrate protein by specifically de-
SUMOylating the substrate protein. Aberrantly overactivated
SUMOylation has been detected in many cancers and is involved
in EMT, tumorigenesis, metastasis, drug resistance, and antitumor
immunity.2'"?'* Emerging studies suggest that SUMOylation
regulates ferroptosis in cancer (Table 6 and Fig. 5). Aberrantly
increased SENP1 expression predicts a poor prognosis in patients
with lung cancer. Inhibition of SENP1 inhibits the proliferation and
growth of lung cancer cells. Overexpression of SENP1 inhibits
Erastin- or cisplatin-induced ferroptosis. Elevated SENP1 expres-
sion mediates A20 SUMOylation to reduce the expression of
ACSL4 and induce the expression of SLC7A11, thereby inhibiting
ferroptosis in lung cancers.?'* SENP1 functions as a ferroptosis
suppressor, as determined through a novel network analysis of
how A20 SUMOylation links SLC7A11 and ACSL4 in lung cancer
cells. Inhibition of SENP1 enhances ferroptosis. Elevated HSP27
expression inhibits ferroptosis by inducing SUMOylation of ACSL4
to reduce its stability in GBM cells.>'”

Ng-methyladenosine (m°A) modification-mediated regulation of

ferroptosis in cancer. Accumulating studies have shown that
mSA modification plays a vital role in epigenetic regulation in

SPRINGERNATURE

organisms and in the pathogenesis of malignant diseases.
Aberrant m®A modification, a dynamic and reversible post-
transcriptional RNA modification mediated by methyltrans-
ferases (writers), demethylases (erasers), and m®A binding
proteins (readers), is associated with the development, pro-
gression, occurrence, and prognosis of cancer. Emerging
studies suggest that m®A modification regulates ferroptosis in
cancer (Table 7 and Fig. 6).

Non-small cell lung carcinoma: Exosomal miR-4443 promotes
cisplatin resistance by enhancing METLL3-mediated m®A mod-
ification of FSP1, thereby inhibiting ferroptosis.?'® Downregulation
of the m°A reader YT521-B homology domain containing 2
(YTHDC2) is related to poor clinical outcomes in patients with
LUAD. YTHDC2 was found to inhibit tumorigenesis in a mouse
model of spontaneous LUAD. YTHDC2 inhibits cystine uptake and
blocks the downstream antioxidant system. Lung tumorigenesis is
rescued by supplementation with downstream cystine antiox-
idants in mice with pulmonary YTHDC2 overexpression. YTHDC2
inhibits LUAD tumorigenesis by suppressing the transcription of
SLC7A11 mRNA and promoting its decay in an m®A-dependent
manner,”"” suggesting that increased cystine uptake through
suppression of YTHDC2 is critical for LUAD tumorigenesis and that
blocking this process may be a therapeutic approach. This
observation was corroborated by other studies, which showed
that YTHDC2 promoted m°A methylation and subsequently
destabilized HOXA13 mRNA to suppress SLC3A2 expression,
thereby inducing ferroptosis and inhibiting LUAD tumorigen-
esis.”'® The upregulated reader protein IGF2BP3 recognizes and
binds target mRNAs encoding antiferroptotic factors that can
undergo METTL3-mediated m®A methylation, leading to suppres-
sion of ferroptosis and stimulation of tumorigenesis.”'® The writer
METTL3 promotes tumor growth and inhibits ferroptosis by
stabilizing the m®A modification of SLC7A11 in LUAD.>%°

Hepatocellular carcinoma: Elevated expression of HDLBP, the
largest RNA-binding protein, inhibits ferroptosis in HCC cells.
HDLBP binds to and stabilizes IncFAL. The splicing of IncFAL is
enhanced by YTHDF2 in an mC®A-dependent manner. IncFAL
reduces vulnerability to ferroptosis by directly binding to FSP1 and
competitively abolishing Trim69-dependent polyubiquitination
and degradation of FSP1."*® Upregulation of IGF2BP3 is strongly
associated with early recurrence, tumor invasion, and poor
prognosis in HCC. Silencing IGF2BP3 significantly promotes
sorafenib-induced ferroptosis in HCC cells. Moreover, Nrf2 mRNA
was identified as an important target of IGF2BP3, which stabilizes
Nrf2 mRNA via m®A modification. Upregulation of IGF2BP3 inhibits
sorafenib-induced ferroptosis b%/ promoting Nrf2 mRNA stability in
an m®A-dependent manner,”?" suggesting a new anticancer
strategy aimed at improving the efficacy of sorafenib by inhibiting
IGF2BP3. METTL3-mediated m®A modification of SLC7A11 pro-
motes ferroptosis resistance in hepatoblastoma cells. METTL3/
IGF2BP1-mediated m°A modification stabilizes SLC7A11 mRNA
and upregulates SLC7A11 expression by inhibiting the dead-
enylation process in hepatoblastoma cells.???

Thyroid cancer: ALKBH5 inhibits the progression of thyroid
cancer by enhancing ferroptosis through Nrf2 inactivation
mediated by decreasing the m°A level in TIAM1.2%2 FTO inhibits

Signal Transduction and Targeted Therapy (2023)8:449
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Fig. 6 Epigenetic modification of ferroptosis by m®A in cancer. ALKBH5 AIkB homolog 5, ACSL3 acyl-CoA synthetase long-chain family
member 3, BC breast cancer, CBS cystathionine-beta-synthase, FSP1 ferroptosis suppressor protein 1, FTH1 ferritin heavy chain 1, FTO fat mass
and obesity-associated protein, GBM glioblastoma, GC gastric cancer, HCC hepatocellular carcinoma, GPX4 glutathione peroxidase 4, HDLBP
high-density lipoprotein-binding protein, HPSCC hypopharyngeal squamous cell carcinoma, IGF2BP1 Insulin-like growth factor 2 mRNA
binding protein 1, IGF2BP2 Insulin-like growth factor 2 mRNA binding protein 2, METTL3 methyltransferase-like protein 3, METTL14
methyltransferase -like 14, METTL16 methyltransferase-like 16, NKAP NF-kB activating protein, NPC nasopharyngeal carcinoma, NSCLC non-
small cell lung carcinoma, SFPQ splicing factor proline and glutamine-rich, SLC3A2 solute carrier family 3 member 2, YTHDC2 YTH domain
containing 2, YTHDF1 YTH N6-methyladenosine RNA binding protein 1, YTHDF2 YTH N6-methyladenosine RNA binding protein 2, YTHDC2

YTH domain containing 2

the progression of thyroid cancer by inducing ferroptosis through
m®A-mediated downregulation of SLC7A11.2%*

Breast cancer: METTL16 promotes the progression of breast
cancer by inhibiting ferroptosis by epigenetically increasing GPX4
expression via m®A modification.”>® The m®A modification level is
reduced due to downregulation of METTL14 in anti-HER2 therapy-
resistant breast cancer. This decrease in the m6A level prevents
YTHDC2-mediated degradation of FGFR4 mRNA, thus leading to
the accumulation of FGFR4 in resistant breast cancer cells. FGFR4
phosphorylates GSK-33 and activates B-catenin/TCF4 signaling to
increase the transcription of the SLC7A11 and FPN1 genes.
Upregulation of SLC7A11 and FPN1 accelerates GSH synthesis and
Fe?t efflux, which confer anti-HER2 resistance by attenuating
ferroptosis in breast cancer cells. Roblitinib, a highly selective
inhibitor of FGFR4, combats anti-HER2 resistance by inducing
ferroptosis in refractory HER2-positive breast cancer.??°

Other tumors: In GBM, NKAP inhibits ferroptosis by recruiting
SFPQ to promote SLC7A11 mRNA splicing in a manner dependent
on METTL3-mediated m®A modification.””” Upregulation of FTO
promotes radioresistance by repressing ferroptosis through
promotion of OTUB1 expression in nasopharyngeal carcinoma
(NPC).?%® ALKBHS5 inhibits ferroptosis by activating Nrf2 in an m°A-
IGF2BP2-dependent manner in hypopharyngeal squamous cell
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carcinoma (HPSCC).>%° HIF-1a mediates IncRNA-CBSLR expression
to recruit the YTHDF2 protein and CBS mRNA to form the CBSLR/
YTHDF2/CBS complex, resulting in m6A-dependent destabilization
of CBS mRNA and leading to decreased methylation of the ACSL4
protein and an increase in its ubiquitin-proteasome-dependent
degradation, thereby inhibiting ferroptosis in GC cells.>*°

Noncoding RNA-induced modulation of ferroptosis
in cancer. ncRNAs, encompassing microRNAs (miRNAs), IncRNAs,
and circRNAs, do not encode proteins. However, ncRNAs are
considered master regulators of various cellular processes,
particularly in cancers, where they are implicated in all hallmarks
of cancer. Recent studies have demonstrated that ncRNAs,
particularly miRNAs, IncRNAs, and circRNAs, are involved in the
biological process of ferroptosis by regulating the molecular
mechanism of ferroptosis in tumor cells. We refer readers to some
recent excellent reviews for a detailed discussion of the roles of
ncRNAs in regulating ferroptosis in cancer. 317234

Epigenetic and posttranslational modifications regulating
ferroptosis in central nervous system (CNS) diseases
Accumulating evidence supports neuronal ferroptosis as a critical
factor in traumatic brain injury (TBI), multiple sclerosis (MS), spinal
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cord injury (SCl), neurodegenerative diseases such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD), and stroke, including
spontaneous intracerebral hemorrhage (ICH), acute ischemic
stroke (AlS), and subarachnoid hemorrhage (SAH); in addition,
pharmacological inhibition of ferroptosis is supported as a
therapeutic strategy for these diseases.'® Emerging evidence has
revealed the role of epigenetic modifications and PTMs in
regulating ferroptosis in CNS diseases. Below, we summarize the
epigenetic modifications and PTMs regulating ferroptosis in CNS
diseases (Table 8 and Fig. 7).

Parkinson’s disease. PD is the second most common neurode-
generative disease and is a progressive condition pathologically
characterized by the degeneration of nigrostriatal dopaminergic
neurons located in the substantia nigra pars compacta (SNpc) of
the brainstem and the presence of Lewy bodies, which consist
mainly of misfolded a-synuclein, Parkin, ubiquitin, PTEN-induced
kinase-1 (PINK1), and other proteins, in the surviving neu-
rons.>*>7238 pPD is characterized by motor and nonmotor symp-
toms and affects more than 2% of the population above 65 years
of age.*’?*° Accumulating evidence indicates that ferroptosis
plays a role in the genesis of PD.'987290-262 However, data
revealing the roles of epigenetic regulation of ferroptosis by
ncRNAs in PD are limited. Upregulation of the IncRNA NEAT1 was
observed in 1-methyl-4-phenylpyridinium (MPP™)-treated SK-N-SH
cells. Silencing IncRNA NEAT1 was found to increase cell viability
through ferroptosis inhibition by sponging and suppressing miR-
150-5p.*" Overexpression of miR-150-5p upregulates SLC7A11
expression by directly binding to BAP1 to suppress ferroptosis.
BAP1 overexpression or miR-150-5p inhibition mitigate sh-NEAT1-
mediated inhibition of ferroptosis.*' Together, these observations
indicate that upregulation of NEAT1 promotes MPP*-induced
ferroptosis by regulating the miR-150-5p/BAP1/SLC7A11 pathway
in SK-N-SH cells.*’ miR-335 was found to promote ferroptosis
through the degradation of FTH1 in vivo and in vitro in
6-hydroxydopamine (6-OHDA)-induced models of PD.?°* Midbrain
dopamine oxidation promotes ferroptosis in dopaminergic
neurons by facilitating NEDD4-mediated ubiquitination of
GPX4.2%

Acute ischemic stroke. Caused by arterial occlusion, AlS is the
most common type of stroke, represents a significant threat to
human life and is among the most frequent causes of disability
and death worldwide.?**?%> Emerging evidence has shown that
ferroptosis plays a role in the genesis of neuronal injury after
ischemic stroke.'??%672°2 Recently, accumulating evidence has
revealed the roles of epigenetic regulation of ferroptosis via
ncRNA expression, methylation, ubiquitination, and acetylation in
AIS.2%73%2 ypregulation of the circRNA Carm1 inhibits ferroptosis
through its binding to microRNA-3098-3p to downregulate ACSL4
in OGD/R-treated HT22 cells.>*® Upregulation of LncRNA PVT1
promotes ferroptosis through miR-214-mediated suppression of
TFR1 and P53 expression.””* miR-27a promotes ferroptosis by
inhibiting Nrf2 expression during ischemic stroke.’*> miR-27a
aggravates cerebral ischemia/reperfusion injury (IRI) by promoting
ferroptosis through inhibition of SLC7A11.2* miR-760-3p in
exosomes from adipose-derived stem cells (ADSC-Exos) inhibits
ferroptosis by targeting CHAC1 in neurons.?®” GATA6 suppresses
neuronal autophagy and ferroptosis through a miR-193b/ATG7
axis-dependent mechanism.??® LncRNA Meg3 promotes oxygen-
glucose deprivation (OGD)-mediated hyperglycemic reperfusion-
induced ferroptosis by upregulating p53, thereby inhibiting GPX4
expression in rat brain microvascular endothelial cells
(RBMVECs).?*° ELAVL1 suppresses ferroptosis-induced cerebral IR
and subsequent brain damage by inhibiting PINK1 expression
through stabilization of DNMT3B mRNAZ3% USP14 stabilizes
NCOA4 to promote ferritinophagy-mediated ferroptosis in
ischemic stroke.*®' HDAC9 promotes neuronal ferroptosis through
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deacetylation and deubiquitination, dependently increasing HIF-1
expression and thus increasing the transcription of TfR1 and
decreasing the Sp1 protein level by deacetylation and ubiquitina-
tion, leading to downregulation of GPX4 in in vitro and in vivo
models of stroke.3*?

Intracerebral hemorrhage. ICHs are defined by brain injury
resulting from acute extravasation of blood into the brain
parenchyma from a ruptured cerebral blood vessel.3** Occurring
spontaneously and accounting for 80% of hemorrhagic strokes
and 10-15% of all strokes,*®® ICH is an acute subtype of cerebral
stroke. Emerging evidence has shown that ferroptosis plays a role
in the genesis of secondary brain injury after ICH (SBI-
ICH)."93%4=328 Data revealing the roles of epigenetic regulation of
ferroptosis by ncRNAs in ICH are limited. LncRNA H19 protects
against ICH-related injuries by regulating the microRNA-106b-5p/
ACSL4 axis.>*® miR-137 inhibits ferroptosis in oxyhemoglobin
(oxyHb)-treated SH-SY5Y cells via the COX2/PGE2 pathway.**°
Downregulation of miR-124 induces FPN expression and attenu-
ates iron accumulation.®®' Acupuncture may alleviate neuronal
cell death, inflammation, and ferroptosis after ICH by down-
regulating miR-23a-3p.>3?

Traumatic brain injury. Structural and physiological disruption of
brain function caused by external forces results in TBI, which is a
major cause of disability and death in patients worldwide and a
key injury mechanism involving the death of nerve cells.33373%”
Emerging evidence indicates that ferroptosis plays a vital role in
secondary brain injury and worsens long-term outcomes after
TBI>*#73%% Emerging studies have revealed the roles of epigenetic
regulation of ferroptosis by ncRNAs in TBI>** Upregulated
circPtpn14 (mmu_circ_0000130) promotes ferroptosis by spong-
ing miR-351-5p, which targets the 5-LOX mRNA for degradation,
thereby upregulating the expression of 5-LOX after TBI. Decreased
miR-212-5p expression has been found in TBI. Overexpression of
miR-212-5p attenuates cell death by inhibiting ferroptosis through
repression of Ptgs2 after TBI.>>*

Spinal cord injury. SCl is a severely disabling neurological
condition causing primary damage to the spinal cord via
compression and laceration, followed by secondary damage
consisting of inflammation and ischemia, culminating in sub-
stantial loss of tissue3***° Ferroptosis plays a key role in
secondary SCl, and this role is closely related to inflammation,
immunity, and chronic injuries. 33924360362 Emerging studies
have revealed the roles of epigenetic regulation of ferroptosis by
ncRNAs and ubiquitination in SCI2** miR-672-3p enhances
functional recovery by inhibiting ferroptosis via upregulation of
FSP1 in contusive SCI.>%*Mesenchymal stem cell (MSC) exosomal
IncGm36569 attenuates neuronal dysfunction through ferroptosis
inhibition by sponging miR-5627-5p to induce FSP1 upregula-
tion.3®* Silencing miR-6315 attenuates neuronal dysfunction by
inhibiting ferroptosis via upregulation of GPX4.3®> Downregulated
USP7 expression and upregulated HMOX-1 expression were found
in SCI rat models. USP7 overexpression alleviates SCI through
deubiquitination of HMOX-1 and promotion of its expression,
thereby reducing ferroptosis.>®°

Multiple sclerosis. A CNS disorder characterized by inflammation,
demyelination, gliosis and neuroaxonal degeneration, MS is highly
heterogeneous and affects over 2.8 million people world-
wide>*’73”! Recently, ferroptosis was shown to play a key role
in the genesis of MS, and inhibition of ferroptosis was found to
attenuate disease progression in an experimental autoimmune
encephalitis (EAE) mouse model.>”>”7 Emerging studies have
revealed the roles of epigenetic regulation of ferroptosis by
ncRNAs and methylation in MS. The histone methyltransferase
G9a promotes neurodegeneration by inducing ferroptosis by
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Epigenetic and posttranslational modification of ferroptosis in CNS disease and CVD. AlS acute ischemic stroke, BAP1 BRCA1-associated

protein 1, BMSC-Exos bone marrow mesenchymal stem cells (BMSCs)-derived exosomes, CVD cardiovascular diseases, DIC doxorubicin-
induced cardiomyopathy, HFD High-fat diet, Egr-1 transcription factor early growth response-1, FSP1 ferroptosis suppressor protein 1, FTH1
ferritin heavy chain 1, METTL14 methyltransferase-like 14, ME2 malic enzyme 2, MIRI myocardial ischemia/reperfusion injury, MPP™ 1-methyl-4-
phenylpyridinium, MS multiple sclerosis, MSCs-exo mesenchymal stem cells-derived exosomes, NAMPT nicotinamide phosphoribosyltransfer-
ase, NHLRC1 NHL repeat-containing 1, Ptgs2 prostaglandin-endoperoxide synthase-2, TBI traumatic brain injury, SIC sepsis-induced
cardiomyopathy, SPATA2 Spermatogenesis-associated protein 2, TfR1 transferrin receptor 1, TMEM43 transmembrane protein 43

catalyzing the writing of the repressive mark H3K9me2, thereby
suppressing the expression of GCLC, CBS, and GPX43’® In
addition, bone marrow mesenchymal stem cell-derived exosomes
(BMSC-Exos) containing miR-367-3p were found to attenuate the
severity of EAE by inhibiting ferroptosis through repression of
EZH2 expression, leading to overexpression of SLC7A11.372

Epigenetic and posttranslational modifications regulating
ferroptosis in cardiovascular diseases

Accumulating evidence supports ferroptosis as a critical factor in
CVDs, including myocardial IRl (MIRI), doxorubicin (DOX)-
induced cardiomyopathy (DIC), cardiac fibrosis (CF), heart failure,
high-fat diet (HFD)-induced cardiac injury, cardiac hypertrophy,
aortic dissection (AD), and septic cardiomyopathy (SCM). Below,
we summarize the epigenetic regulation of ferroptosis in CVDs
(Table 9 and Fig. 7).

Myocardial ischemia/reperfusion injury. Myocardial reperfusion
strategies and reoxygenation are the preferred and effective
treatments for acute myocardial infarction (AMI).>"%>% However,
reperfusion inevitably causes cardiomyocyte death, increases the
infarct size, and aggravates the condition; these events are
collectively referred to as MIRI>®" MIRI leads to energy metabolism

Signal Transduction and Targeted Therapy (2023)8:449

disruption and oxidative stress, among other issues.3®? A recent
novel study revealed a role of ferroptosis in MIRI in murine models,
establishing a correlation between cardiac cell death and
ferroptosis in vivo.3®33%% Thereafter, emerging studies have
attempted to elucidate the pathophysiological role of ferroptosis
in the genesis of MIRI?>?82383385-3%5 There are also emerging
studies that have revealed the roles of epigenetic regulation of
ferroptosis bsy ncRNAs, ubiquitination, and phosphorylation in
MIRIP85396-40> (Taple 9). CircRNA FEACR alleviates MIRI through
inhibition of ferroptosis by interacting with nicotinamide phos-
phoribosyltransferase  (NAMPT), which upregulates NAMPT-
dependent sirtuin1 (Sirt1) expression, thereby reducing the
forkhead box protein O1 (FOXO1) acetylation level to promote
its transcriptional activity, eventually upregulating the transcrip-
tion of FTH1.3°® Upregulation of LncRNA SEMA5A-IT1 protects
cardiomyocytes against hypoxia/reoxygenation (H/R) injury par-
tially through inhibition of ferroptosis by sponging miR-143-3p to
upregulate SLC7A11.2%” miR-210-3p attenuates myocardial cell
injury induced by H/R through inhibition of ferroptosis by
downregulating TfR1.3%®  miR-190a-5p promotes ferroptosis
through inhibition of GLS2 expression.’*® MiR-199a-5p promotes
cardiomyocyte death in OGD/reperfusion (OGD/R)-treated H9c2
cells by inducing ferroptosis via downregulation of GPX4 through
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inhibition of the Akt/eNOS signaling pathway.*®® Upregulated
expression of miR-214-3p promotes MIRI by inducing ferroptosis
through suppression of ME2.*°" Egr-1-mediated upregulation of
miR-15a-5p promotes MIRI by inducing ferroptosis through
suppression of GPX4.*°2 Upregulated expression of frataxin
alleviates cardiomyocyte ferroptosis. NHL repeat-containing 1
(NHLRC1) is an E3 ligase that mediates ubiquitin-mediated
degradation of frataxin.*®®> USP7 promotes MIRI by inducing
ferroptosis via activation of the p53/TfR1 pathway.>®> USP22
alleviates MIRI by inhibiting ferroptosis via the SIRT1-p53/SLC7A11
axis.*** The expression of SIRT1, USP22, and SLC7A11 is inhibited
by IRI, whereas increased expression of p53 is found in affected
myocardial tissues. Conversely, overexpression of USP22, SIRT1, or
SLC7A11 inhibits IRl and increases the viability of cardiomyocytes
by inhibiting ferroptosis.*** Upregulated expression of HIP-55
alleviates cardiomyocyte ferroptosis and MI injury.*®> HIP-55 is
phosphorylated by AKT at $269/T291, leading to negatively
regulation of MAP4K1 by AKT to attenuate MI injury in a site-
specific manner, as evidenced by the finding that S269A/T291A-
mutated HIP-55 (HIP-55AA) decreased the interaction between
HIP-55 and MAP4K1, resulting in loss of ferroptosis inhibition.**>

Doxorubicin-induced cardiomyopathy. Anthracycline-based che-
motherapy can lead to the progressive development of cardio-
myopathy. Although DOX is an effective chemotherapeutic agent
prescribed to treat breast, ovarian, and gastrointestinal cancers, it
causes cardiotoxicity, resulting in DCM, which leads to congestive
heart failure>%%® The exact mechanisms of DOX-induced
cardiotoxicity remain poorly understood. However, emerging
studies have attempted to elucidate the pathophgsiological role
of ferroptosis in the genesis of DCM.>>383407-409 |5 addition,
emerging studies have revealed the roles of epigenetic regulation
of ferroptosis by m°A modification, other methylation modifica-
tions, phosphorylation, and ubiquitination in DCM*'°*'> (Table 9).
METTL14 promotes ferroptosis in DOX-induced cardiomyocytes by
mediating IGF2BP1 m6A-dependent stabilization of KCNQ10T1 to
sponge miR-7-5p, thereby increasing the level of the transferrin
receptor.*'® Upregulated expression of PRMT4 aggravates DIC by
promoting ferroptosis via an interaction with Nrf2 to promote its
enzymatic methylation, thereby suppressing GPX4 expression.*"’
Activation of AMPK a2 attenuates DOX-induced cardiotoxicity by
inhibiting ferroptosis.*'?> TRIM21 ablation protects against DIC
through inhibition of ferroptosis by enhancing sequestration of
Keap1 by P62.*™ MITOL knockdown reduced susceptibility to DOX
in cultured cardiomyocytes stressed with DOX.*'* Overexpressed
SPATA2 recruits CYLD to promote ferritinophagy by decreasing
NCOA4 ubiquitination and ferritin expression and promote
ferroptosis by increasing ACSL4 expression.*'

Cardiac fibrosis. Knockout of SIRT3 results in increased p53
acetylation and ferroptosis through downregulation of GPX4 in
mouse hearts. p53 acetylation-induced ferroptosis is partially
involved in SIRT3-mediated CF in myofibroblasts.*'® MiR-375-3p
promotes CF by accelerating ferroptosis in cardiomyocytes by
downregulating GPX4.*'”

Heart failure. circSnx12 functions as an endogenous sponge to
bind miR-224-5p, and FTH1 has miRNA binding sites in its
3'UTR*'® Downregulated expression of PGAM5 promotes ferrop-
tosis in models of heart failure by decreasing Keap1 ubiquitina-
tion, thereby reducing the activation of Nrf2.*'°

HFD-induced cardiac injury. The IL-6/STAT3 axis exacerbates
cardiac injury by increasing NCOA4-mediated ferritinophagy and
ferroptosis in HFD-fed mice.**

Cardiac hypertrophy. CD147 promotes cardiac remodeling and
dysfunction by promoting ferroptosis in a glycosylation-
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dependent manner by binding to TRAF2 to activate the down-
stream TRAF2-TAK1 axis.*?'

Aortic dissection. Upregulated expression of METTL3 facilitates
ferroptosis in human aortic smooth muscle cells by promoting the
degradation of SLC7A11 and FSP1 mRNA.*?2

Septic cardiomyopathy. Seventy percent of patients with sepsis
have SCM, which is the leading cause of sepsis-related mortality
and morbidity.**>*** Ferroptosis was recently found to play a key
role in the genesis of SCM, and inhibition of ferroptosis attenuates
SCM progression.**>™*2° Thus, ferroptosis is involved in SCM.
Emerging studies have revealed the roles of epigenetic regulation
of ferroptosis in SCM*'°*'> (Table 9). TMEM43 knockdown
promotes lipopolysaccharide (LPS)-induced cardiac injury and
dysfunction in mice by inducing ferroptosis by increasing the
levels of P53 and ferritin and decreasing the levels of GPX4 and
SLC7A11.%%°

Epigenetic and posttranslational modifications regulating
ferroptosis in liver diseases

Accumulating studies have shown that ferroptosis plays a role in
the genesis of liver diseases,>**° and pharmacological induction
and inhibition of ferroptosis show significant potential utility for
the treatment of hepatic disorders.**°~*** Accumulating evi-
dence indicates epigenetic modifications regulate ferroptosis in
liver diseases, including acute liver injury (ALI), nonalcoholic
fatty liver disease (NAFLD), liver fibrosis, hepatic ischemia/
reperfusion injury, and toxin-mediated hepatic toxicity. In this
section, we summarize the epigenetic regulation of ferroptosis
by ubiquitination, phosphorylation, and acetylation in liver
diseases (Table 10 and Fig. 8).

Acute liver injury. ALl is the primary cause of liver diseases and is
associated with high morbidity and mortality, causing 3.5% of
deaths worldwide.”*> Various hepatotoxic factors, including lipid
deposition, viruses, and drugs, can induce ALl. Emerging studies
have suggested that ferroptosis plays a role in the genesis of
ALI**5*** and have revealed the roles of epigenetic regulation of
ferroptosis by ubiquitination in ALI*'®™*'> (Table 10). Mesenchymal
stem cells (MSCs) and MSC-derived exosomes (MSC-Exos) alleviate
injury through ferroptosis inhibition by decreasing the mRNA
levels of Ptgs2 and LOXs while increasing the protein level of
SLC7A11 in CCls-induced ALI. MSC-Exo-induced expression of the
SLC7A11 protein was found to be accompanied by increases in
CD44 and OTUB1 expression. OTUB1-mediated deubiquitination
rescued CCl,-triggered ubiquitination of SLC7A11, thus stabilizing
SLC7A11 to activate system Xc~ and thereby preventing
hepatocyte ferroptosis.**> The overexpressed ubiquitin E3 ligase
HUWET1 inhibits ferroptosis by targeting TfR1 for ubiquitination
and proteasomal degradation in the context of CCls-induced liver
injury, suggesting that HUWE1 functions as an inhibitor to
mitigate ALl by antagonizing both aberrant iron accumulation
and ferroptosis.**®

Liver fibrosis. Liver fibrosis is a pathological state and abnormal
repair response to chronic liver injury that is characterized by
diffuse and progressive excessive deposition of extracellular
matrix (ECM) in the liver. Liver fibrosis typically results from
chronic liver damage resulting from infection, toxin or drug
exposure, NAFLD, cholestasis, or autoimmune insults.**”**® Liver
fibrosis has become one of the leading causes of liver disease
globally and often progresses to liver cirrhosis and HCC.
Accumulating evidence has shown that ferroptosis is involved in
the pathogenesis of liver fibrosis.***=**” Recent studies have also
shown the roles of epigenetic regulation of ferroptosis by
phosphorylation®*® and ubiquitination®®™*¢" in liver fibrosis.
Upregulated expression of ELAVL1 induces liver fibrosis by
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factor 1, BRD7 bromodomain-containing protein 7, COPD chronic obstructive pulmonary disease, GCN5L1 mitochondrial general control of
amino acid synthesis 5 like 1, IRI ischemia/reperfusion injury, LOXs lipoxygenases, NETs neutrophil extracellular traps, Ptgs2 prostaglandin-
endoperoxide synthase 2, STAT3 signal transducer and activator of transcription 3, TfR1 transferrin receptor 1, TMEM16A transmembrane

member 16A, TMEM16A transmembrane member 16A

epigenetic regulation of ferroptosis by phosphorylation and
acetylation in SALL. NETs induce ferroptosis through METTL3-
induced m®A modification of GPX4 in the pathogenesis of sepsis-
associated ALL*"®> miR-125b-5p in ADSC-Exos alleviates sepsis-
induced ferroptosis in mouse pulmonary microvascular endothe-
lial cells (MPVECs) by upregulating Keap1/Nrf2/GPX4 expression,
hence ameliorating sepsis-induced acute lung injury.*®® Inhibition
of MUCT aggravates lung injury by triggering ferroptosis via a
reduction in the phosphorylation level of GSK3f and an increase
in Keap1 expression, thereby inhibiting the activation of Nrf2 to
decrease GPX4 expression.*’* FBXW7 mediates the protein
degradation of AU-rich element (ARE)-binding factor 1 (AUF1).
AUF1 alleviates sepsis-induced acute lung injury through ferrop-
tosis inhibition by upregulating Nrf2 and downregulating ATF3.*”>
ncRNAs are also involved in the modulation of SALI by regulating
ferroptosis. Septic conditions were found to upregulate the
expression of circEXOC5 in both in vivo and in vitro sepsis
models. CircEXOC5 exacerbates SALI through ferroptosis induction
by stabilizing ACSL4 mRNA via PTBP1 binding.*’° Silencing
circEXOC5 inhibits lung injury by alleviating ferroptosis, as
evidenced by upregulated GPX4 protein expression, decreased
ROS levels, and decreased ACSL4 expression.*’?

Chronic obstructive pulmonary disease. NF-kB/RelA-mediated

PRMT7 upregulation induces monomethylation of histones at
enhancers and can regulate Rap1a expression, which is crucial for

Signal Transduction and Targeted Therapy (2023)8:449

MAPK signaling downstream of G-protein coupled receptor
activation, integrin activation, and the consequent adhesion and
migration abilities of monocytes. ALOX5-mediated release of LTB4
in inflammatory macrophages upregulates ACSL4 in AT2 cells,
thereby promoting tissue injury through increasing susceptibility
to cigarette smoke-induced ferroptosis.*®' Nrf2 promoter
hypermethylation-induced inhibition of Nrf2 expression induces
ferroptosis by inhibiting GPX4 in human bronchial epithelial (HBE)
cells challenged with cigarette smoke extract.*® Cigarette smoke-
induced USP14 downregulation aggravates bronchial epithelial

cell ferroptosis through proteasomal degradation of MFG-E8.*¢3

Epigenetic and posttranslational modifications regulating
ferroptosis in kidney diseases

Accumulating studies have shown that ferroptosis plays a role in
the genesis of kidney diseases.>® Accumulating evidence has
shown epigenetic regulation of ferroptosis in kidney diseases,
including acute kidney injury (AKI),*®**®> diabetic nephropathy
(DN),*® renal fibrosis,*®” renal IRl (RIRI),**®*°? sepsis-induced
acute kidney injury (SAKI),*** toxin-mediated kidney toxicity,***
and crystal nephropathies.**> Below, we summarize the epigenetic
regulation of ferroptosis by phosphorylation, ncRNAs, deacetyla-
tion, and ubiquitination in kidney diseases (Table 12 and Fig. 9).

Acute kidney injury. AKl is caused by sudden loss of excretory
kidney function, leading to increased serum creatinine, decreased
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regulator

urine output, or both.**®**” The various etiologies of AKI include
kidney ischemia, exposure to nephrotoxins, dehydration and
sepsis.*”® AKI develops in ~10-15% of inpatients. Kidney damage
or dysfunction can occur over a longer period or follow AKI along
a continuum with acute and chronic kidney disease.**® Ferroptosis
is closely associated with the development of AKI**4>499-501
Accumulating evidence has revealed epigenetic regulation of
ferroptosis by phosphorylation and ncRNAs in AKI. Translocation
of P66Shc to mitochondria promotes cisplatin-induced AKI by
promoting ferroptosis.*** MicroRNA-214-3p aggravates cisplatin-
induced AKI through ferroptosis induction by targeting GPX4.%%

Diabetic nephropathy. DN, also called diabetic kidney disease
(DKD), results from microvascular damage sustained as a result of
diabetes, leading to proximal tubule injury.”®®> DKD is the leading
cause of kidney failure worldwide, affecting approximately half of
patients with type 2 diabetes and one-third of patients with type 1
diabetes. The characteristics of DKD are the accumulation of ECM,
hypertrophy and fibrosis in kidney glomerular and tubular cells.>%3

Increasing evidence has shown that ferroptosis plays a vital role
in the genesis of DKD.>**>% A recent study also showed the role
of epigenetic regulation of ferroptosis by ncRNAs in DKD.
Downregulated expression of mmu_circRNA_0000309 results in
a decrease in its competitive sponging of miR-188-3p, subse-
quently promoting GPX4 expression, thereby blocking ferroptosis-
dependent mitochondrial damage and podocyte apoptosis. In
addition, overexpression of GPX4 counteracts

SPRINGERNATURE

mmu_circRNA_0000309  silencing-mediated in

germacrone-exposed MPC5 cells.*5°

ferroptosis

Renal fibrosis.  Renal fibrosis is a common final outcome of a wide
variety of chronic kidney disease (CKD) and is characterized by
excessive deposition of ECM that leads to tissue scarring.’'®
Evidence has shown that ferroptosis is involved in the pathogen-
esis of kidney fibrosis.*3>487117516 A recent study also showed the
role of epigenetic regulation of ferroptosis by deacetylation in
kidney fibrosis. Sirtuin 1-mediated p53 deacetylation was found to
attenuate calcium oxalate deposition-induced renal fibrosis by
suppressing ferroptosis.*®”

Renal ischemia/reperfusion injury. RIRI is the main cause of AKI
and contributes to rapid renal dysfunction, morbidity and
mortality in patients with a wide range of injuries.”'” Evidence
has demonstrated that ferroptosis is involved in the pathogenesis
of RIRI>'®2% ncreasing evidence shows the roles of epigenetic
regulation of ferroptosis by ncRNAs and ubiquitination in RIRI.
Upregulated expression of miR-20a-5p attenuates IRl and post-
ischemic renal fibrosis through ferroptosis inhibition by repressing
ACSL4.%%8 Upregulated expression of miR-182-5p and miR-378a-3p
leads to ferroptosis in the context of renal injury by down-
regulating GPX4 and SLC7A11, respectively, in the rat kidneys
subjected to ischemia/reperfusion.*®® Increased USP14 expression
has been found in H/R-exposed HK-2 cells and in kidney tissues of
mice subjected to I/R. Inhibiting USP14 suppresses H/R-induced

Signal Transduction and Targeted Therapy (2023)8:449



ferroptosis in HK-2 cells.**® TRIM21 aggravates ischemia/reperfu-
sion-induced AKI by promoting ferroptosis via ubiquitination of
GPX4.”" Inhibiting USP7 attenuates RIRI through ferroptosis
inhibition by decreasing the ubiquitination of TBK1 and promot-
ing DNMT1-mediated methylation of FMR1.%9

Sepsis-induced acute kidney injury. SAKI is a common critical
illness characterized by rapid sepsis-associated deterioration of
renal function; it is one of the leading causes of death worldwide
and is a common and life-threatening complication in hospitalized
and critically ill patients.>>*>%” SAKI leads to a greatly increased
risk of CKD, cardiovascular events and death. Novel findings
suggest that ferroptosis plays a pathological role in SAKI.>28->%0
Recent evidence has shown the role of epigenetic regulation of
ferroptosis by ncRNAs in SAKI, demonstrating that LPS increases
the phosphatidylcholine content and the activity of LPCAT3 and
decreases the expression of miR-124-3p.1 in human renal tubular
epithelial cells in a SAKI model.**" miR-124-3p.1 overexpression in
turn suppresses cell injury by inhibiting LPCAT3-related ferropto-
sis, suggesting that miR-124-3p.1 is a ferroptosis inhibitor.>*"’

MODULATION OF EPIGENETIC AND POSTTRANSLATIONAL
MODIFICATIONS REGULATING FERROPTOSIS FOR DISEASE
THERAPY

Modulation of epigenetic modifications and PTMs regulating
ferroptosis for cancer therapy

Epigenetic modifications modulate multiple aspects of cancer
biology, and during the last decade, this observation has
increased the interest in developing epigenetic strategies to
impact tumor growth and drug resistance, thereby combating
cancers.'?122532 Unlike genetic mutations, dysregulated epige-
netic mechanisms and PTMs can feasibly be targeted by small
molecule compounds to treat cancers (Table 13).

Hepatocellular carcinoma. Tiliroside, a potent TBK1 inhibitor,
increases the sensitivity of HCC to sorafenib by targeting TBK1
to induce ferroptosis by decreasing the phosphorylation of p62
and the affinity of p62 for Keap1 and promoting Keap1-mediated
Nrf2 ubiquitination and degradation in HCC.>*3 Corosolic acid can
increase the sensitivity of HCC to ferroptosis by inhibiting GSH
synthesis via HERPUD1, which decreases MDM2 ubiquitination
and promotes the ubiquitination of GSS, thereb)/ inhibiting GSH
synthesis to enhance ferroptosis in HCC>** DHA triggers
ferroptosis by enhancing the formation of the PEBP1/15-LO
complex and promoting cell membrane LPO. DHA promotes
PEBP1 protein expression through inhibition of its ubiquitination
and degradation.”®> Polyphyllin VI induces ferroptosis by inhibit-
ing STAT3 phosphorylation, which inhibits GPX4 expression in
HCC.>*¢ Anisomycin activates p38MAPK to induce ferritinophagy
through the phosphorylation of histone H3 on serine 10 (p-H3510)
in HCC.>Y

Non-small cell lung carcinoma. Bufotalin induces ferroptosis by
facilitating the ubiquitination and degradation of GPX4 in
NSCLC>*®  Sanguinarine triggers ferroptosis by destabilizing
GPX4 by promoting its ubiquitination and degradation mediated
by its E3 ligase STUB1 in NSCLC.>*° Selenite induces ferroptosis by
activating the p38-ATF4-DDIT3 axis. Selenite also alters the cellular
DNA methylation machinery by upregulating TET1 and down-
regulating DNMT1. Low-dose selenite treatment enhances the
antitumor activity of osimertinib in EGFR-mutant H1975 NSCLC
cells and of adagrasib in KRAS-mutant H358 NSCLC cells.>*°

Breast cancer. Eupaformosanin significantly decreases the viabi-
lity of TNBC cells by inducing ferroptosis via ubiquitination of
mutant p53.>*' DMOCPTL induces ferroptosis through ubiquitina-
tion of GPX4 in breast cancer cells.>*> NN3 kills p53-positive breast
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cancer cells by promoting ferroptosis through downregulation of
the SLC7A11 pathway by triggering the ubiquitination and
proteasome-dependent degradation of PARP1.°* Ketamine
induces ferroptosis through GPX4 repression by decreasing the
occupancy of KAT5 in its promoter region, thus inhibiting the
enrichment of H3K27ac and RNA pol II, in breast cancer cells.>**

Glioblastoma/glioma. ALZ003 induces FBXL2-mediated AR ubi-
quitination and degradation. ALZ003 significantly inhibits glio-
blastoma cell survival by inducing ferroptosis.>*> Paeoniflorin
inhibits glioma growth by inducing ferroptosis through upregula-
tion of NEDD4L to mediate STAT3 ubiquitination-mediated
repression of Nrf2 and GPX4 in glioma.”*® Myrislignan induces
ferroptosis through the Slug-SLC7A11 axis by inactivating NF-«kB
signaling through blockade of p65 phosphorylation in GBM
cells.>

Pancreatic cancer. QD394 induces ferroptosis by inhibiting STAT3
phosphorylation, thereby inhibiting GPX4 expression in pancreatic
cancer.>*®

Esophageal squamous cell carcinoma (ESCC). Allicin may induce
ferritinophagy by increasing AMPK phosphorylation and decreas-
ing mTOR in ESCC>*

Ovarian cancer. Eriodictyol induces ferroptosis by downregulat-
ing Nrf2 phosphorylation, thereby decreasing the protein levels of
SLC7A11 and GPX4 in ovarian cancer.>*°

Thyroid cancer. RSL3 activates ferroptosis by suppressing mTOR-
triggered autophagy. Inhibiting GPX4 mirrored the effect of RSL3
on mTOR pathway suppression in thyroid cancer.’

Modulation of epigenetic and posttranslational modifications
regulating ferroptosis for CNS disease therapy

A therapeutic regimen for pharmacologically inhibiting ferroptosis
to treat disease has been convincingly established in CNS
diseases, especially in neurodegenerative diseases and stroke.'”
Small molecule compounds also feasibly target dysregulated
epigenetic mechanisms and PTMs in CNS diseases (Table 14).

Intracerebral hemorrhage. Paeonol, a naturally occurring phenolic
agent extracted from Cortex Moutan, exerts neuroprotective
effects in patients with many CNS diseases.”>*>”® Paeonol inhibits
ferroptosis in neurons in ICH by downregulating HOTAIR-
dependent UPF1-mediated degradation of ACSL4.3'? Isorhyncho-
phylline (IRN), a tetracyclic oxindole alkaloid extracted from
Uncaria rhynchophylla, has diverse biological activities, such as
antioxidant, neuroprotective and anti-inflammatory  activ-
ities.>”4>83 |sorhynchophylline attenuates cell damage by inhibit-
ing ferroptosis via upregulation of miR-122-5p and SLC7A11
mRNA expression and inhibiting p53 expression in ferric
ammonium citrate (FAC)-treated hippocampal HT-22 cells. The
protective effects of IRN against FAC-induced ferroptosis were
weakened by miR-122-5p knockdown.?'®

Parkinson’s disease. (-)Clausenamide (Clau), a scavenger of lipid
peroxidation products, is an alkaloid that is isolated from the plant
Clausena lansium (Lour.) and exhibits neuroprotective activities
both in vivo and in vitro.’’*% Clau prevents the nuclear
translocation of ALOX5 by directly interacting with Ser663 of
ALOX5, the PKCa phosphorylation site.2*°

Traumatic brain injury. Melatonin, an indole hormone that
contributes to neuroprotection, exerts a neuroprotective effect
by inhibiting ferroptosis.>®*>%” A recent study showed that
melatonin ameliorates neurological deficits by inhibiting neuroin-
flammation and ferroptosis via MT2/IL-33/ferritin H signaling in

SPRINGER NATURE

29



Targeting epigenetic and posttranslational modifications regulating...

Wang et al.

30

JERIeIV]]

sa13ads uabAxo aaldeal suolpauljozeuinb e F6£gD UONGIYUL E1VLS IA UljiAydAjod 4aoued ueleao DO “(DV.LOHd) esoewiyd paiabiel-sishjoaoid [dyyd ENN ‘Spijousyiied 1onpoid [einjeu Jo SABALSP € 1IdDOWd
‘uuIsiwae0IPAYIQ YHJ ‘BWO03SeIqOID gD ‘ewouldled |93 snowenbs [eabeydoss ))HsF “adued isealg g ‘(MdVIN) dseun| uieioid pajeande-usboyw ged jo isiuobe ue upAwosiuy ‘Bojeur ulWNIND © £00Z7Y

6bc 4Olw bBuiseanap pue uonejfioydsoyd ydWy Buiseanur ybnoayyr Abeydouniiisy sonpul Aew uidi MdWY uonejfioydsoyd uplvy JDs3

abe ¥XdD buniqiyur Agaiayy ‘uonejfioydsoyd €1yIS Bunigiyul ybnoayy sisordoussy saonpul y6£Ad €1V1S uonejkioydsoyd ¥6£Q0D J95ued djjeaIdURY
‘uoissaiddns Aemyied YOI W UO 12313 £7SY PIIOLIW UMOPD0UY

. onauab Xdo ‘Abeydoine passbbuy Aemyied Buijeubis yolw buissauddns ybnoays sisordo.isay s1eande €Sy yolw uonejfioydsoyd €1SY  s49dued ploAyl
7XdD pue LLYLI1S

osc 30 S[9A3] urdl01d Buiseanap Agassyyuonejfioydsoyd zyN Bunenbaiumop ybnouyy sisoydousy sadnpui [0A1dipous ZHN uonejkioydsoyd JoA1pouy D0
s|[92 gD ul Aemyied buieubis | 1y/£D15-6n|S ay1 ybnouyy sisordoussy

sps  PINpul pue urdjoid 5od jo uonejfioydsoyd ayy Buppdolq Aq Buijeubis gsi-4N jo uoieAide ay3 paugiyul ueubijsuAw g3-4N uonejkioydsoyd ueublsuAp WgD
#XdD ‘THN Jo uoissaidai £]VIS Jo uoneuninbign ayy ssjeipaw

ops PUR T¥AAAN 40 uonenbaidn eia sisoydousy bupnpui A ewol6 1oy Bnip aA1129)43 ue se uonduNy 3YBiw uLouoded €1V1S/17AdiN  uoneumnbigqn ulojjluoaed ewol|H
sisoydousay bupnpul ybnoiylewoise|qolb

ee 40 BAIAINS 3YL pauqiyul Apuedyiubis €007V “uoiepeibap pue uoneuninbign Yy palelpaw-g1Xd4 s9dnpul €007y 403dadas usboipuy  uoneuninbign €002V nWao
(I lod ¥NY)
|| asesswAjod YNY pue (de/Z)EH) uonejf1ade /g duish| €H dUolsly Jo JusWYdLUS 3y} Buissaidas ‘pXdD Jo uolbail

e J930woid ay3 uo g1y Bunenuane Aq HXdo Jo uoissaidxe ayi bumigiyur ybnoayy sisoydousy sednpul dulwelRy| SIV uonejf1eoy aulwedy g
‘Remyied L Ly/D7TS
ay1 bunenbaiumop Aq sisordosrs) pajowoid A|9A11D99 1eY) S[[9d Jodued 1sealq aAllsod-g6d ul wisiueydaw

epe  dOWNiUE Snblun e paNqIYxd NN "LdYVd JO uonepelbap pajelpaw-swosesiold pue uoneuinbign si96611 ENN LLVZD1S/6sd  uoneuninbign ENN g

s "YXdD 40 uoneuninbign ybBnouys sisoidoissy dnpul 11dDOWA ¥XdD  uoneumnbiqn 11dO0Wa od
'€6d jueinw jo uoneuninbign eia sisoydotiay

e PUPNPUL YBnoIY) S||3 (DENL) J9dued iseaiq aAnebau-aidul Jo Aljigela ayi paugiyur Ajpuedyiubis ujuesowsojedny ¢gd  uoneuninbign uluesowsojedny g
‘G/6LH Ul paAIasqo wsiBiauAs 19buU0IIS YUM ‘GSEH JURINW-SYYY Ul qiseibepe yum
pue ‘S/61H IueINW-Y49H3J Ul qIUIIBWISO YUM paziBiduhs a1uUs|as 9sop-moT AlIAIIDe S Jo wisiueydaw Jofew e se
j0u ybnous ‘1131 Bunenbaidn pue |JIANG Bunenbaiumop ybnoiayy Asuiydsew uonejAyiaw yYNQG Je[njjad paisyje

ops  OSIE 9UUSISS "dsuodsai ute0.d papjojun a3 ul sixe £11Ad-v41y-8ed buneanse ybnoiys sisoydolssy sednpul SUUSSS Mdvgesd uonej Ay EMIVETELS JT1DOSN
‘P XdD snouabopus jo uonepeibap pue uoneunbign pajeipaw

s -LgnLs 9sebi| €3 ybnoiyl yXdo Jo ANjiqeis uloid ayy buiseasdap ybnoayy sisoydotsay passbbui sueuinbues ¥XdD  uoneuninbign aupeuinbueg JT1OSN

sgs ¥XdD Jo uonepelbap pue uoneunbign ayy buneyljdey Ag sisoydoulay sednpul uljeloing ¥XdD  uoneuninbign uleloyng JT1DOSN
‘(015€H-d)

sec 0L dULIdS Uo gH duoisiy yo uonelfioydsoyd ay1 ybnoayy Abeydountiizy adnpul 01 YdYINGEd sa1eAide upAWOSIUY MdVINgsd uonejAioydsoyd upAwosiuy JDOH

ogg UOISSRIOX3 HXdD SuqIyul ydaiym ‘uonejfioydsoyd g1y1s Bumqiyur ybnoays sisordoussy ayy saonputl |A uljiAydAjod €1V1S uonejkioydsoyd IA uljiAydAjod JDH
‘uonepeibap uoneuninbign sy jo uomgiyui ybnoiyy uoissaidxs ueloid [dg3d 1owoid yHQ "uonepixoiad

cec pidi| sueiqwiaw |33 Bupowoid pue O7-51/1dg93d Jo uonewsoy ayy bunowoid Aq sisordoiay pasdnpul YHA 1dg3d  uoneumnbign VHa JOH
Ajiqndassns sisoydoulay asealdul 03 SISAYIUAS HSD
Bunigiyui Agassyl ‘'sso jo uoneuninbign bunowoud ‘NG asebi| uninbign €3 pajedosse-sSo aya Jo uoneuninbign

vee Y3 paonpas Ydiym ‘LandyIH eia sisayiuhks HSD bunigiyur ybnoiys sisoydotsay 03 AUAINSUSS 3seaIduUl ued v ldNdY3IH uoneuninbign  pide d1jo0solod) JDH
uonepelbsp pue uoneuninbign N paieipaw-Ldesy
Bbunowoid pue [deay Joj zod jo Anuyje ayy pue zod uonejfioydsoyd ayy buiseardsp ybnoiyy sisoydotisy adnpul

cec O} LMAL Bunabiey Aq Juswieas DDH Ul qIUSJRIOS JO ISZIYISUSS B Se suolduNy pue Jolqiyul [yg L Jusiod e st apisoul|iL ZHN/Ldeay/zod  uoneuninbign pIsodl|IL JDH

JEYY| suolduny [esibojolg s19b.e] uonedYIPoW spunodwo> J9due)

J30ued uj sisoldolia) adnpul 01 swisiueydaw [euollejsuellisod pue dnsuabids peieinbaisAp 196.e1 spunodwod sjnNdajow |jews *g| djqe}

Signal Transduction and Targeted Therapy (2023)8:449

SPRINGERNATURE



Targeting epigenetic and posttranslational modifications regulating...

Wang et al.

31

Juswieanald DHAGL pue |-194 Aq pasianal
A|9A1129)3 99 PINOd yd1ym ‘ad1w d/qjeg ul buijeubis zjN paiejnbaiumop pue sisoydouay ‘ssans

A3d1X01

vob DAI1EPIXO YIM paluedwodde ‘uojjewwe|jul pue uoidunysAp oAl pasnpul-aleweadted [Ay13 74N uonejfioydsoyd OHg} pue [-194 oneday pajelpaw- UIXo]
'sisolqsAp N6 Buiidessunod pue Jsuieq

e [BSOONW [eunsaiul buluieiutew ‘sixe sisoydoudy-dNY Buieinbal ein @T4vN sHgIyul D uiyujoin MdWY  uonejfioydsoyd D ulyujoin aT4vN
*DSH Ul uoal Jo asealdul 8yl bupnpul Agaiayl ‘zdyl Jo uoneuninbign ayy buniqiyur

ves elA sisoldouiay DSH BudNpul ybnoayl OJlIA Ul pue OAIA Ul SISOIQY JDAI| SDIRIAD||e JBYIDWDMY T0dWY  uonejAioydsoyd Jaylawauy SIS0IqUY JDAIT
‘uoljeAde Z4IN pue uonepeibap pue uoneuninbign |-oH bumowoid

€65 ybnouy sisordousay se1hdoieday Buniqiyur Aq sisoiqy JoAI| SUGIYUl LZ4D4 JURUIQUIODDY uoneuninbign 12494 1ueuiquoday SIS0IqU JDAIT
*s1so1douisy

z6s  DSH P31RIP3W-SOY S1eANDR 0] XOPal SNOLIRY BudNpUL AQ SISOICY JOAI| SSNOW SIRIAS||e SuLIDAIag unLgy uoneuninbign auuaglag SIS0IqU J9AIT
1501d0.1I3)
Buissauddns Ajjeuy pue ‘sisayiuAs HSD pue Jajsuel) sueiquisw | 1y/D7S Bunowoid Agaiayy
‘ABeydoine Bupnpul Aq LND3g pue | LY£D1S Jo Buipuliq ayi skosssp osje Ing ‘suidjoid paiejas
-Abeydoine pue -Xdo ‘L1V/LD1S JO uoissaidxa ayy seiejnbaidn Ajuo jou gjIN JO uoneandy
*s1s03douI9y) HqIyul 0} Jdjsuel) suelquidw | LY/D1S pasealoul pue |NDIF pailejAioydsoyd

. -€6S 01 Bulpulq | LY/D1S paidnisip sueydeioyns Aq uoneande A6eydoine jusapuadap-z4N LND3g uonejfioydsoyd aueydeioyng Ainfur 191 3ndy
"896 punodwiod 1oxqiyut 2519 Aq pa3d0|q 3q pInod

see  U2IUM ‘sisordouizy paseasdap ul buninsas ‘zso jo uonenbaidn pasned dg-epe L-Hiw JO uonigqiyul Z5T1O VYNYdU 896 punodwo) 41N
'S|9A9] €1VIS paiejAioydsoyd Bupnpas ybnoiyy oAIA ul pue

ozy  OJMA UL Y3OQ sisordoudy pajeipaw-Abeydouniiizy woly sa1k30Awolpied s1a3301d sujwnbuojiadid €1VIS uonejfioydsoyd aulwnbuopadld  Ainful deipaed pasnpul-q4H
‘Aanful

les OBIPIED padnpul-aip 1ey-ybiy ul buljeubis JeySH/INY IA 3dUelSISaI SIS01d0Id) SIJU0D [01ISeIRD dexiso/y  uonejAioydsoyd lonse@)  Ainful deipied pasnpul-g4H
4D pasnpul-y/| paieiAd|je pue sisoldousy

v pajeIpaw-XdD padnpal ‘sisejqoiqy deipled jo Aldeded juepixonue sy} sajowold |-194 ¥XdD VYNYoU L-une1soi sisoiqi4 deipied)
'sisoiqy delpled

oy PUE sisO1dOLId) Ul uoINPaL JUEdYIUBIS B 0} P3| |-UIIRISOLS) YIM 3DIW OYI-ELYIS JO JUdWILI| egd uone|f1ady L-ue1son sisoiqi4 delpied

oy SISEIqOIqUOAW ZO6H Ul sisoydoudy pajelns|je Apuesyiubis 99D Aq uonejfiede g6d jo uoniqiyul egd uole|A19dy 99D sisoiqi4 deipJed)
's1ieay

b1y INOAIOWI-TOLIW Ul S6ewep [eipiedoAw pacnpul-XOd 4O uoieqiadexs sassaiddns |-uleisosssd uofeuninbign L-U13eISoLIDS ola
‘uonejfioydsoyd zoydNY

21y PUEANDE BIA UOIIDUNY DelpIed dA0idwl pue sis01do.s) HgIYul Pinod Judwiieas) (13N) UlwIosw T0dWY  uonejkioydsoyd UIWIODN ola

L JI@ Ul sisoydouidy paleipaw- ] INYd JO 9|04 |eIUSWILIIBP Saysijoge |-194 uonejAylap 1-194

'y 104 AB31e1IS UOIIUSAIDIUI SAIDRYD Ue s| sisoydoldy Jo €113 Jo u 1yui

— 1eY3 15966NSs synsal asay ] ddIW Ul dyy Pasnpul-Ndyg saieboige A|obie| [-uneisxoidi] GXOTv  uonejfioydsoyd L-uneisxoidi] UoDISSIP d1lIoY

'sisoydouiay ¥Hg-1HDD ‘0LD0D

065 pue asuodsal A10jewweyul 3y1 bunigqiyul ybnoiyl uole|ip dijioe palenuanie 0//yAyd -1dSd ‘PXdD- X We1sAS uonejyisy 0//¥A49 uondassip Jiioy
'$9JN3|ND [EUOINBU UBWNY Ul UORIGIYUl 6D AQ PalsO0q Sem pue Snssi) uleiq S| Ul padnpal
sem uolssaidxa auab d1joydousy-laue [euoinau ‘A4ejiWiS *BWOdINO [ed1ul]d> paAoidwl pue ‘sso|

gse |BUOINBU padNpUI-UONEWWE|UI PAONP3I ‘UoIssaIdX dUdb d1301d0oLIB)-1IUe P3I0ISAI JOYGIYUl B6D ¥XdD uone|Aysy Z¥90DNN SW
"XOT-S 31e|nBaiumop 03 dg-1§e-Yiw
abuods yd1ym ‘(0€ L0000 241 Nww) L udidd41d> Bupnpas eia ssais (YJ) wnjndpas diwsejdopua

8¢ pue sisoydouay Buniqiyur ybnoayy |g1 491je adjw Jo uonduny uielq sanoidwi uluoleldi XOT-S VNYoU uluolePN 191
‘SXOTY 4O uoiedojsuel) Jeapnu ay3 pajuaaid

ovz snyl pue ‘a11s uonejfioydsoyd-0Dyd Yl ‘SXOTV JO £9949S SY1 Yum s31oe131ul A|10211p nejd GXO1vY  uonejfioydsoyd aplweuasne|D-(-) ad
‘umopypouy dg-zzL-giw Aq pauayeam
219M s1s03dolIa) padnpul-DYH Isuiebe NY| JO S10949 aA1da104d Y] *s||9d zz-1H |edwedoddiy
pa1eaJ1-91e411D> WnlUOWWEe dLIR) Ul uolssaidxa €6d Buniqiyul pue ‘YNHW | LY/D1S pue dg-zzL

c1¢ -diw Bunenbaidn eia sisoydoussy bunigiyui ybnoayy sbewep (|9 sazenuane auljAydoyduLylos) LLvZD1s/€sd VNY2Uu aul|Aydoypuhylos| HDI
"¥1SDV Jo uonepeiBbap pajelpaw-14dn

zie juepuadap-y|vVLOH bunenbaiumop ybnoayl H| Ul suoinau Jo sisoldoulsy sgiyul [ouosed 15OV uoneuninbign Jouoaeq HDI

JeN] suonouny [esibojolg s1abie| uonedyIpoy spunodwo) saseasig

saseasip Asuppy pue ‘Bun| 49A1| “4e[ndseAcipied ‘SND 31eaJ) 03 spunodwod 3jnd3jow |jews £q uonedyipow [euoliejsuespsod pue dnauabida paieinbaisAp bunsbie]  ‘yL 3jqel

SPRINGER NATURE

Signal Transduction and Targeted Therapy (2023)8:449



Targeting epigenetic and posttranslational modifications regulating...

Wang et al.

32

uiB101d BUNDEISIUI-ZTDG SHI|-UISOAW [10D-PBII0D [NDIF ‘ZLHIS 104 JouqIyu Ue ZYOY

909

S09

09

€09

209

L09

009

665

T3IN pue BY/MEld @Y1 JO suolieAllde ein

sisoydouay buniqiyul ybnoayl sbeweq |eusy padnpul-uAwelpy salenuane Al apisojebelisy
uoneuninbign

Lyodipy Aq abeweq |eupuoydonpy ybnoayl AyredosydaN dnagelq ul sisordoikd paieipapy
-dwosewwepul €4YIN pue sisordolsaq aseasip Asupiy d11agelp s9lenualie y ulpuesiyds
‘uoneuninbign

¥XdD Bumiqgiyui Aq sisordoussy Bunigiyul ybnoayy sseasip Asupiy d13aqelp sajelird)je g apljobyulD
‘uonepelbap uone bign asnpau

BIA LYOPD1S 9zIjige1s ybnoayy sisordousay buniqiyur Aq Ainfur sejngny pajelolpwe uizoyylbedeq

‘PXON jo uoneuninbign pajeipaw-diHD sa1owoid
elA sisoydoasny buligiyul ybnoayy Ainfur Asupy 91nde pasnpul-une|dsid saleloljawe |0)Isoul-oAw

eln sisoydouiay buniqiyul Aq Ainfur Asupiy ainde pasnpui-uneldsid sajenuane upaduUAwolpAyiq

‘uoissaidxa | |1Y|S Jo uonenbaidn ein uonejfiade ggey £5d Budnpal
elA sisoydoasay buniqiyul ybnoayy Ainfur jeuss ande pasnpul-g uixAwAjod sajesoldwe uidjedieg

"UOHEANDE ZHN P31RIPAW-(E-YSD/MY BlA
sisoydouny buliqiyul ybnoayy Ainfuj Asupry pasnpul-pidy d1jo4 salenualie (Z6S5t-D4) 1eIsnpexoy

‘uonejfioydsoyd gpews juspuadap-1g4D1

TN/ PIV/MENd

¥XdS
LYO¥rD1S

7XON

esd

THIN/IENSO/PIY

uone|Aioydsoyd

uoneuninbign
uoneuninbign

uoneuninbign

uole|A19dy

uone|fioydsoyd

Al @pisojebensy

V ulpuesiyss
g apljobyuID
uizoyl|bedeq

Jousoul-oAw
unasuAwolpAyiqg

uia|esieg

(26S¥-D4) 1e1snpexoy

abeweq
Jeusy pasnpuj-upAwelpy

aseasip Asupnp| diaqgelq
aseasip Asupp| diagelq
aseasip Asupnp| diagelq

Ainfur Asupny 21ndy
Ainfur Asupy 91ndy

Ainfur Asupy 91ndy
Ainfu)

Kaupiy padnpul-ppYy 2104
A3d1X01

vey 4O JONQIYUI SANDDIIS B ‘ES|S YUM Juswieasl Aq PIrenudne sem yieap |93 padnpul-wniwpe) 1g4o1  uonejkioydsoyd £SIS ASupn| pajeipaw-uixo)

Ad1x01

vey UYEIP (192 THH padnpul-winiwped passaiddns ‘4z 150S9S 10 ZHSLEYAS ‘SI0NGIyul dseun| S/pNTY S/IYITVY - ¥T1S0SgS 10 THSLEYES Asuppy| pareipaw-uixol
PXdD JO uonenbaidn syl Yim paiejaaiod si YdIym ‘oA ul pue

ey ONA UI yioq dbewep sonpais pue uolssaidxa LZNIYL S21einbaiumop quielpad Jougiyul e v ¥XdD uoneuninbign 14l |eusy

osy OIW Y/l JO Ainful [euas pajeind)e APAIIISYS DYN Pue ¥LdSN 4O J0NgIyul SNddjow |jews e ‘L] ¥LdsSn uoneuninbign 14l [eusy
*S|9A3| ulR104d paieal
-sisoydouia) pue sadads uabAxo aAldeal Bbupeas|d pue ‘sbewep elpuoydoyw bureaeibbe
ybnouyy suosewab jo spays Ainful-nue pue sisoydodenue ayy pajeboige soiwiw de-ggL-yiw

ogy O 9DU3|IS 60£0000” YNY/ID N eIA sisojdondy Bumqiyur ybnoays NG sHgIYul SUOIdRWISD - - auoidewWIdD Ayredoaydau onagelq
[ER

cgy J8H PUE |92 gZ-Sy3g Ul 1oeAxd dows anaiebid Ag pacnpul sisoidous) sajelolpwe 83-D4NY 83-54W uoneuninbign 83-D4WY4 adodo

'sisoydoussy pue ERVERLETIEN

ges  ©2UDISBUDS BuBdOI] SNYL (OZEM) OZE SUISA| 18 £G4 pare|1adeap uluolelsw AQ uoneande €4S €5d/e14IS uone|f1ady uluoleP\ lel;yuds Areuowng
‘LLYLDIS pue ¥Xd5

bunenbaidn Agaiayy ‘uonepesbap swosearosd pajeuninbign N buqiyul eia sisordoussy Ainfu)

66 Bunigiyur ybnoiyy Linfur Bun| snde padnpul-spueyddeskjododi| ssieins|je suoundeqQ TN uoneuninbign sauoundeqQ  BunT 9ndy padnpul-sisdas

orb ‘ewapa Areuow|nd pue Ainful Bun| saieiAd|e |-uleIsolia4 - - 1-U13e1501194 Ainfur bun| aandy

sop S TL-TTN Ul s1s03d01Id) PadNPUI-SY Pa1eBiiw ||e UoIssaIdXaIaA0-Z-UJN Pue JoNqIyul My3d M43d uonejfioydsoyd Jouqiyur Yyid Ainfur bun| andy
S|I9> L

cop ~TTW-P31e21331d |-194 Ul pa1ebiiw 219m sisoldoudy pue sbewep elpuoydouw paIabbl-dIussly - uoneuninbign 1-194 Ainfur bun| aanoy

cop MV pue sisordousay Aleuownd pasnpul-sy palaiunod juswieasnald Doupw - uonejfioydsoyd DOMN Ainfur bun| a1ndy
‘Kemized Buijeubis sisordoussy

065 PUE SIXe YYId-ZNAW 341 Bunenbai ein ainjiey 1sAl| 91nde padNpuI-apILeISdeOIYL SUGIYUl ZHDY ¥XdD/ZNAW  uonejkioydsoyd IOV ainjie} IsAl| S1NdY

A3d1X01

cop OPOW 3snow e ul dbewep J3AI| padnpul-sisoldossy pa1bbia a1esoydA|D Hqiyul DHE3 10 L-194 74N uonejkioydsoyd OHg1 10 |-194 oneday pajelpaw- UIXo]

JE] suonouny |esibojolg syobue) uonesyipow spunodwo) saseasig

panunuod  ‘yL 3|qeL

Signal Transduction and Targeted Therapy (2023)8:449

SPRINGERNATURE



TBI>®8 Melatonin improves brain function in mice after TBI by
inhibiting ferroptosis and ER stress by reducing the expression of
circPtpn14 (mmu_circ_0000130), which sponges miR-351-5p to
downregulate 5-LOX.>%

Multiple  sclerosis. The G9a inhibitor UNC0642 reduces
inflammation-induced neuronal loss and improves clinical out-
comes through restoring the expression of antiferroptotic genes.
The neuronal expression of antiferroptotic genes was found to be
decreased in MS brain tissue but was increased by G9a inhibition
in human neuronal cultures.3”®

Modulation of epigenetic modifications regulating ferroptosis for
CVD therapy

Increasing evidence has suggested that ferroptosis may represent
a therapeutic approach for CVD. Some small molecule compounds
can target dysregulated epigenetic mechanisms in liver diseases
(Table 14).

Aortic dissection. BRD4770 attenuates aortic dilation by inhibit-
ing the inflammatory response and ferroptosis.>® Liproxstatin-1
inhibits BAPN-induced aortic aneurysm and dissection (AAD) in
mice. Inhibition of METTL3 expression or ferroptosis is an
effective intervention strategy for AD.*?? Ferrostatin-1 (Fer-1)
aboljf1hes the detrimental role of PRMT4-mediated ferroptosis in
DIC.

Disseminated intravascular coagulation (DIC). Metformin (MET)
improves cardiac function by inhibiting ferroptosis through
activation of AMPKa2 phosphorylation.*'? Ferrostatin-1 suppresses
the exacerbation of DOX-induced myocardial damage in MITOL-
knockout hearts.*'

Cardiac fibrosis. C646 attenuates ferroptosis by inhibiting p53
acetylation in H9c2 myofibroblasts.*'® Treatment of SIRT3-cKO
mice with ferrostatin-1 was found to lead to significant reductions
in ferroptosis and CF.*'® Ferrostatin-1 increases the antioxidant
capacity of cardiac fibroblasts, reduces GPX4-mediated ferroptosis
and alleviates I/R-induced CF.*'”

HFD-induced cardiac injury. Celastrol induces ferroptosis resis-
tance via AKT/GSK3p signaling in HFD-induced cardiac injury.>®"
Piperlongumine inhibits ferritinophagy-mediated ferroptosis in
cardiomyocytes by reducing the phosphorylated STAT3 level.*?°

Myocardial ischemia/reperfusion injury. Inhibition of miR-190a-5p
upregulates GLS2, resulting in decreased ferroptosis, and this
effect could be blocked by the GLS2 inhibitor compound 968.3%°

Modulation of epigenetic modification and posttranslational
modifications regulating ferroptosis for liver disease therapy
Emerging evidence has suggested that ferroptosis may represent
a novel therapeutic approach for liver diseases. Dysregulated
epigenetic mechanisms and PTMs can also be feasibly targeted by
small molecule compounds in liver diseases (Table 14).

Liver fibrosis. Berberine attenuates liver fibrosis in mice by
inducing ROS-mediated HSC ferroptosis.’*> Recombinant FGF21
inhibits liver fibrosis by inhibiting hepatocyte ferroptosis
through promotion of HO-1 ubiquitination and degradation
and Nrf2 activation.’®® Artemether alleviates liver fibrosis in vivo
and in vitro by inducing HSC ferroptosis through inhibition of
IRP2 ubiquitination, thereby inducing an increase in the iron
content in HSCs.>%*

Nonalcoholic fatty liver disease. Urolithin C ameliorates NAFLD by

regulating the AMPK-ferroptosis axis, maintaining the intestinal
mucosal barrier and counteracting gut dysbiosis.>*>
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Toxin-mediated  hepatic  toxicity. Ferrostatin-1  and tert-
butylhydroquinone (tBHQ) reverse ethyl carbamate-induced liver
dysfunction and inflammation by inhibiting ferroptosis in BALB/c
mice.*®* Ferrostatin-1 and tBHQ were also found to attenuate liver
damage resulting from glyphosate-triggered ferroptosis in a
mouse model.*®®

Acute liver failure. AGK2 alleviates thioacetamide-induced acute
liver failure by inhibiting ferroptosis by regulating the MFN2-PERK
pathway.”

Modulation of epigenetic and posttranslational modifications
regulating ferroptosis for lung disease therapy

Emerging evidence has suggested that targeting ferroptosis may
represent a novel therapeutic approach for lung diseases.
Dysregulated epigenetic mechanisms and PTMs can also be
feasibly targeted by small molecule compounds in lung diseases
(Table 14).

Acute lung injury. MitoQ pretreatment counteracts arsenic-induced
pulmonary ferroptosis and ALL**® Ferrostatin-1 mitigates arsenic-
triggered mitochondrial damage and ferroptosis in MLE-12 cells.*®®
PERK inhibitors mitigate arsenic-induced ferroptosis in MLE-12
cells.*® Ferrostatin-1 alleviates lung injury and pulmonary edema.*’°

Sepsis-induced acute lung injury. Obacunone alleviates LPS-
induced acute lung injury by inhibiting ferroptosis through
inhibition of the ubiquitin-mediated proteasomal degradation of
Nrf2, thereby upregulating GPX4 and SLC7A11.>%7

Pulmonary epithelial senescence. SIRT3 activation by melatonin
alleviates PM2.5-induced senescence and ferroptosis in mice by
deacetylating p53 at lysine 320 (K320).>%®

Chronic obstructive pulmonary disease. hMFG-E8 ameliorates
ferroptosis induced by cigarette smoke extract in BEAS-2B cells
and HBE cells.*®?

Modulation of epigenetic and posttranslational modifications
regulating ferroptosis for kidney disease therapy

An increasing body of evidence indicates that targeting ferrop-
tosis may represent a therapeutic approach for kidney disease.
Dysregulated epigenetic mechanisms and PTMs can also be
feasibly targeted by small molecule compounds in kidney diseases
(Table 14).

Diabetic nephropathy. Germacrone ameliorates DN by inhibiting
ferroptosis through upregulation of mmu_circRNA_0000309,
which sponges miR-188-3p, subsequently upregulating GPX4
expression.*%®

Renal IRl. The small molecule USP14 inhibitors 1UT and NAC
ameliorate renal injury in I/R mice.**° The JAK2 inhibitor fedratinib
downregulates TRIM21 expression and reduces damage both
in vivo and in vitro, and these effects are correlated with
upregulation of GPX4.%!

Toxin-mediated kidney toxicity. SB431542 and SB505124, ALK4/5
kinase inhibitors, suppress cadmium-induced HK-2 cell death.***
SIS3, a selective inhibitor of TGFR1-dependent Smad3 phosphor-
ylation, attenuates cadmium-induced cell death.***

Folic acid-induced kidney injury. Roxadustat (FG-4592) amelio-
rates folic acid-induced kidney injury by repressing ferroptosis via
Akt/GSK-3B-mediated Nrf2 activation.”®

Acute kidney injury. Baicalein ameliorates polymyxin B-induced
acute renal injury by inhibiting ferroptosis through a reduction in
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p53 K382 acetylation via upregulation of SIRT1 expression.5®°
Dihydromyricetin attenuates cisplatin-induced AKI by inhibiting
ferroptosis.®°’ Myo-inositol ameliorates cisplatin-induced AKI by
inhibiting ferroptosis through the promotion of CHIP-mediated
ubiquitination of NOX4.5%2

Diabetic kidney disease. Dapagliflozin ameliorates tubular injury
by inhibiting ferroptosis through stabilization of SLC40A1 by
reducing its ubiquitin-mediated degradation.?®® Ginkgolide B
alleviates DKD by inhibiting ferroptosis through inhibition of
GPX4 ubiquitination.®® Schisandrin A attenuates ferroptosis and
pyroptosis in DKD through attenuation of mitochondrial damage
via AdipoR1 ubiquitination.®®

Adriamycin-induced renal damage. Astragaloside IV attenuates
adriamycin-induced renal damage by inhibiting ferroptosis
through activation of PI3K/Akt and Nrf2.5%¢

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Epigenetic modifications and PTMs are essential for the main-
tenance of physical homeostasis and are implicated in the
pathology of a variety of diseases. Accumulating evidence
indicates that epigenetic modifications and PTMs play vital roles
in regulating ferroptosis by controlling the expression of
ferroptosis-associated genes in cancer, NSDs, CVDs, liver diseases,
lung diseases, and kidney diseases. The present review highlights
the crucial roles of epigenetic modifications and PTMs regulating
ferroptosis in tumorigenesis and the genesis of NSDs, CVDs, liver
diseases, lung diseases, and kidney diseases and clarified the
regulatory interactions between epigenetic modifications and
PTMs regulating ferroptosis in the genesis of these diseases.
However, epigenetic modification-mediated regulation of ferrop-
tosis in cancers is an emerging field and is still in its infancy. It is
crucial to determine whether other epigenetic regulators play a
role in regulating ferroptosis in cancers. First, in addition to
ubiquitination, phosphorylation, acetylation, SUMOylation, O-
GlcNAcylation, methylation, and ncRNA regulation, whether other
epigenetic modifications, including ISGylation and lactylation, are
involved in regulating ferroptosis remains unclear. Second,
specific epigenetic modifications and PTMs regulate ferroptosis
in specific cancers, NSDs, CVDs, liver diseases, lung diseases, and
kidney diseases, and whether these epigenetic regulatory
mechanisms are actually specific in other types of cancers remains
an open question for future investigation. Third, epigenetic
modifications and PTMs of targets that induce or inhibit
ferroptosis have been identified, and dysregulated epigenetic
modifications and PTMs can be feasibly targeted by small
molecule compounds. Epigenetic drugs have exhibited viable
therapeutic potential for NSDsS %' CvDs®''5' liver dis-
eases,’'®®"7 |ung diseases,®'®%° and kidney diseases®'®?* in
preclinical and clinical trials. Epigenetic drugs targeting epigenetic
regulators through modulation of epigenetic mechanisms have
been applied and clinically translated for the treatment of
hematological malignancies, greatly contributing to the develop-
ment of antitumor drugs.''®'2*624 Epigenetic drugs were found to
exhibit viable therapeutic potential for solid tumors in preclinical
and clinical trials.""®%** Combinations of epigenetic drugs with
other therapies are being tested in preclinical research and clinical
trials for the treatment of solid tumors.52%%%” According to
previous studies on clinical epigenetic drugs for hematological
malignancies and studies that have revealed key roles of
ferroptosis in mediating antitumor activity, we believe that
epigenetic drugs targeting epigenetic regulators and ferroptosis
could erase the roadmap to cancer. However, much remains to be
done before the practical application of these treatment
modalities, and inevitable challenges remain and need further
clinical investigation. Herein, we highlight in detail the current
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efforts to translate this knowledge into clinical benefit for patients.
Fourth, whether epigenetic modifications affect multiple ferrop-
tosis regulators and how these different epigenetic modifications
and PTMs cooperate with diverse signaling pathways to control
the susceptibility of cancer cells to ferroptosis remain unclear. The
epigenetic modification network of ferroptosis needs extensive
investigation. Fifth, although ferroptosis has recently been
confirmed to play a vital role in tumorigenesis and in the genesis
of NSDs, CVDs, liver diseases, lung diseases, and kidney diseases,
the detailed mechanisms related to ferroptosis and the molecular
pathways involved remain open topics for future investigation.
Moreover, the mechanisms by which epigenetic modifications and
PTM events control the expression of ferroptosis-related genes in
cancers, NSDs, CVDs, liver diseases, lung diseases, and kidney
diseases remain incompletely elucidated. Determining whether
mechanisms of novel epigenetic modifications and PTMs are
actually specific in different diseases and cell types needs more
systematic and comprehensive investigation.

In conclusion, epigenetic modifications and PTMs play funda-
mental roles in diseases, such as cancers, NSDs, CVDs, liver
diseases, lung diseases, and kidney diseases. More studies on the
effects of epigenetic modifications and PTMs on ferroptosis will
ensure a better understanding of the pathogenesis of these
diseases and identify novel paradigms for their treatment.
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