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ARTICLE INFO ABSTRACT

Keywords: Ferroptosis is a form of iron-related oxidative cell death governed by an integrated redox system, encompassing
Ferroptosis pro-oxidative proteins and antioxidative proteins. These proteins undergo precise control through diverse post-
M"diﬁcat‘ion translational modifications, including ubiquitination, phosphorylation, acetylation, O-GlcNAcylation, SUMOy-
23%;2‘:;;;“ lation, methylation, N-myristoylation, palmitoylation, and oxidative modification. These modifications play
Proteasome pivotal roles in regulating protein stability, activity, localization, and interactions, ultimately influencing both

the buildup of iron and lipid peroxidation. In mammalian cells, regulators of ferroptosis typically undergo
degradation via two principal pathways: the ubiquitin-proteasome system, which handles the majority of protein
degradation, and autophagy, primarily targeting long-lived or aggregated proteins. This comprehensive review
aims to summarize recent advances in the post-translational modification and degradation of proteins linked to
ferroptosis. It also discusses strategies for modulating ferroptosis through protein modification and degradation
systems, providing new insights into potential therapeutic applications for both cancer and non-neoplastic

diseases.

1. Introduction

Cell death is a fundamental process in life, triggered by physiological
or pathological stressors. It can generally be categorized into two clas-
ses: accidental cell death (ACD) and regulated cell death (RCD) [1]. ACD
occurs as an uncontrolled response to severe and unforeseen cellular
damage that exceeds the cell’s regulatory mechanisms. In contrast, RCD
is intricately regulated by intracellular molecules. Apoptosis, primarily
mediated by caspases, has been extensively studied as one of the most
enduring forms of RCD, contributing to embryonic development, im-
mune system maturation, and tumorigenesis. Recent research has un-
covered diverse non-apoptotic forms of RCD characterized by unique
morphology, biochemistry, and genetic alterations [2,3]. These
non-apoptotic types can be modulated by experimental small molecules
or clinical drugs.

Ferroptosis was specified as an iron-dependent, non-apoptotic form

of RCD that can be triggered by a few classes of small molecules (e.g.,
erastin and RSL3) and inhibited by lipophilic antioxidants (e.g.,
ferrostatin-1) [4]. The process of ferroptosis involves iron-dependent
lipid peroxidation, leading to oxidative damage to plasma membrane
and the extracellular emission of damage-associated molecular patterns
(DAMPs) [5,6]. These DAMPs are pivotal in activating the immune
response, serving as signals that notify the immune system of the pres-
ence of damaged or stressed cells. Both excessive and deficient ferrop-
tosis are implicated in various diseases and pathological conditions,
including cancer, tissue ischemia-reperfusion, inflammatory diseases,
neurodegeneration, age-related diseases, and tissue damage (e.g., kid-
ney injury) [7-9]. This discovery has sparked a substantial increase in
research on ferroptosis, yielding fresh insights into its molecular and
cellular mechanisms, along with its potential applications in disease
treatment [10-12].

The regulation of ferroptosis occurs at the transcription, translation,
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and post-translational levels [13]. Mounting evidence substantiates the
importance of post-translational modifications (PTMs) in governing
ferroptosis and influencing susceptibility in diverse pathophysiological
processes. Eukaryotic cells employ the protein degradation system,
primarily the ubiquitin-proteasome system (UPS) and autophagy, to
maintain appropriate protein levels. The interplay of PTMs and protein
degradation mechanisms offers multiple avenues for intervention in the
context of ferroptosis.

This review outlines the fundamental molecular mechanisms of fer-
roptosis, with a particular focus on the pivotal role of oxidative and
antioxidant systems in modulating ferroptosis via PTMs and protein
degradation. Finally, we explore the therapeutic implications of tar-
geting PTMs and degradation in diseases related to ferroptosis.

2. The process of ferroptosis

Ferroptosis is characterized by oxidative cell death resulting from the
unrestricted peroxidation of polyunsaturated fatty acids (PUFAs) within
phospholipids, a critical component of cell membranes [14]. In the
following discussion, our focus will be on elucidating the central
mechanisms responsible for the formation and mitigation of lipid per-
oxidation, as they are pivotal in shaping a cell’s vulnerability to fer-
roptosis (Fig. 1).

2.1. Iron accumulation

As an abundant essential trace element, iron is crucial for the in-
duction of ferroptosis. Two mechanisms may explain how excess iron
contributes to ferroptosis. First, iron can trigger the generation of
reactive oxygen species (ROS) via the Fenton reaction. Second, iron also
acts as a cofactor for lipid peroxidase enzymes (e.g., lipoxygenase
[ALOX]), contributing to oxidative damage in ferroptosis. Mitochondria,
a critical metabolic hub, may influence susceptibility to ferroptosis by
regulating the balance between mitochondrial iron and lipid peroxida-
tion. Given that iron can accumulate within different subcellular
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organelles, further investigation is warranted to compare their respec-
tive roles in ferroptosis.

Nonetheless, targeting different steps of iron metabolism, including
iron uptake (e.g., transferrin receptor [TFRC] and lactotransferrin
[LTF]), storage (e.g., ferritin), and efflux (e.g., SLC40A1/ferroportin),
can modulate cellular or tissue susceptibility to ferroptosis [15].
Therefore, gaining insight into the threshold and molecular network
associated with iron-mediated cell proliferation and cell death (e.g.,
ferroptosis) is crucial for disease treatment.

2.2. Lipid peroxidation

While the ultimate execution steps of ferroptosis remain poorly un-
derstood, lipid peroxidation emerges as a pivotal factor, either directly
initiating membrane damage or propelling the activities of downstream
membrane-damaging proteins. Lipid peroxidation primarily targets
phospholipids containing PUFAs, although lipid sources from organelles
(e.g., peroxisomes) and lipophagy (a form of selective autophagy that
degrades lipid droplets) also contribute to ferroptosis in a context-
dependent manner [16-18]. To identify diverse lipid sources and their
associated metabolic pathways in different disease conditions, lipid
species profiling through lipidomics is essential [19,20].

As lipid-metabolizing enzymes, acyl-CoA synthetase long-chain
family member 4 (ACSL4), lysophosphatidylcholine acyltransferase 3
(LPCAT3), and ALOXs mediate the oxidation of esterified PUFA (e.g.,
arachidonic acid)-phospholipids during ferroptosis [21-24]. Alongside
the ACSL4-LPCAT3 pathway, ACSL4 also activates sterol O-acyl-
transferase 1 (SOAT1) in pancreas cancer cells, leading to the production
of PUFA-cholesteryl esters (CEs) instead of PUFA-PEs, thereby promot-
ing ferroptosis [25]. Transmembrane protein 164 (TMEM164) functions
as a pro-ferroptotic enzyme, either playing a direct role in the enrich-
ment of PUFA-ether phospholipids or forming the lipid foundation for
the initiation of phagophore formation in the context of autophagy [26,
27]. In contrast, acyl-CoA synthetase long-chain family member 3
(ACSL3)-mediated synthesis of monounsaturated fatty acids (MUFA)
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Fig. 1. The process of ferroptosis. Ferroptosis is a form of nonapoptotic cell death characterized by overwhelming membrane lipid peroxidation and iron accu-
mulation. Ferroptosis involves an imbalance in the oxidation and antioxidant systems. TFRC and LTF mainly promote ferroptosis by transferring Fe>" into cells, while
ferritin and SLC40A1 by storing iron and transporting iron out of cells, respectively. NCOA4-mediated ferritinophagy may play a role in regulating cellular iron levels
by targeting ferritin for degradation. Subsequently, Fe>* generates ROS through Fenton reaction. In particular, ACSL4, LPCAT3, SOAT1, TMEM164, ALOX, and POR
pathways mediate the peroxidation of polyunsaturated fatty acids (PUFA), which is necessary for iron-mediated oxidative damage in ferroptosis. To counteract this
oxidative stress, antioxidant defense systems have been identified, including SLC7A11-GSH-GPX4 and CoQ. Moreover, phospholipid modifying enzymes ACSL3 and
MBOATSs inhibit ferroptosis activity by promoting MUFA-PL synthesis. In the intricate network regulating lipid metabolism, ALDH1B1 and GSTP1 emerge as key
players in ferroptosis. Their actions restrict the generation of 4-hydroxynonenal (4HNE), effectively acting as suppressors of ferroptosis.
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mitigate the accumulation of lipid ROS and reduce the levels of oxidized
PUFA-PEs [28]. Phospholipid-modifying enzymes membrane bound
O-acyltransferase domain containing proteins (e.g., MBOAT1 and
MBOAT?2) act as a ferroptosis suppressor through transferring MUFA
into lyso-phosphatidylethanolamine [29]. In addition, the coupling of
POR with cytochrome B5 reductase 1 (CYB5R1) facilitates the genera-
tion of ROS, which drives lipid peroxidation and subsequent ferroptosis
[30,31]. These findings further suggest that various lipid species origi-
nating from different synthesis pathways (e.g., de novo lipogenesis) may
competitively or synergistically impact the overall extent of lipid
peroxidation.

Certain products resulting from lipid peroxidation, notably 4-
hydroxynonenal (4HNE) at elevated concentrations, can directly pro-
mote ferroptosis through positive feedback mechanisms that enhance
lipid peroxidation [32-34]. While these discoveries enhance our un-
derstanding of the pathways that initiate lipid peroxidation in ferrop-
tosis, further elucidation of context-dependent signal pathways and the
transition from physiological to pathological lipid peroxidation is vital
for the development of precise antitumor strategies.

2.3. Antioxidant defense

Major ferroptosis antioxidant systems include GPX4-glutathione
(GSH) system axis and ubiquinone (CoQ) system. Classic ferroptosis
activators, such as erastin and RSL3, serves as inhibitors of the
GPX4-GSH antioxidant system, which plays an essential role in pro-
tecting against ferroptosis induced by excessive oxidative stress.

2.3.1. System Xc -GSH-GPX4 system

GPX4 belongs to the GPX family of proteins and primarily converts
phospholipid hydroperoxides to phosphatidyl alcohols [35]. Both
cytoplasmic and mitochondrial-localized GPX4 have been shown to
confer resistance to ferroptosis [36,37]. Inhibition of GPX4 through
genetic or pharmacological means can lead to the buildup of lipid per-
oxides, consequently triggering ferroptosis [38,39]. GSH, a key cofactor
of GPX4, is an antioxidant tripeptide synthesized from three amino
acids, glutamate, cysteine, and glycine. Cystine, transported intracellu-
larly via system Xc~, undergoes NADPH-dependent reduction to yield
cysteine, a rate-limiting precursor for GSH synthesis. Solute carrier
family 7 member 11 (SLC7A11) is a major functional subunit of system
Xc~, while solute carrier family 3 member 2 (SLC3A2) anchors SLC7A11
to the plasma membrane. Genetic or pharmacological inhibition of
SLC7A11 depletes intracellular GSH, thereby promoting ferroptosis [4].

However, GPX4 inhibitors do not uniformly affect all cells; certain
tumor cells display resilience to ferroptosis even when GPX4 is sup-
pressed [40], suggesting the existence of GPX4-independent mecha-
nisms of tumor resistance to ferroptosis. Furthermore, it should also be
noted that in some cases, the knockout of GPX4 is unable to induce
ferroptosis. For instance, the knockout of GPX4 in red blood cells or
myeloid cells can lead to necroptosis and pyroptosis, respectively [41,
42]. Although the mechanisms remain unclear, one hypothesis is that
GPX4 deficiency may lead to distinct forms of lipid peroxidation,
affecting membrane structure and function in a cell-type-dependent
manner.

2.3.2. CoQ system

FSP1/AIFM2 and dihydroorotate dehydrogenase (DHODH) can
resist ferroptosis through CoQ system independently of GPX4 [43,44].
Apart from its role in mitochondrial electron transfer, CoQ also acts as a
scavenger of lipid peroxyl radicals. FSP1 employs an integrated mech-
anism to inhibit ferroptosis. One facet of this mechanism involves FSP1
functioning as an NADPH-dependent oxidoreductase, reducing CoQ to
ubiquinol (CoQH2), thus blocking lipid peroxidation and ferroptosis.
Interestingly, FSP1 may produce a cytoplasmic rather than mitochon-
drial CoQH; pool. In contrast, CoQ is primarily synthesized in mito-
chondria, where DHODH serves as another reductase that facilitates the
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conversion of CoQ to CoQH2 [37]. When GPX4 is inactive, DHODH
scavenges mitochondrial lipid peroxidation in a CoQHgz-dependent
manner, thereby inhibiting ferroptosis [37]. This is in line with the
protective role of StAR related lipid transfer domain containing 7
(STARD7)-mediated CoQ transport to the plasma membrane against
ferroptosis [45]. Consequently, cytoplasmic FSP1 and mitochondrial
DHODH can complement each other, jointly inhibiting lipid peroxida-
tion and exerting a synergistic effect. It’s worth noting that recent
concerns have been raised regarding the off-target effects of DHODH
inhibitors on FSP1 in cancer cells [46]. Despite that, it’s important to
acknowledge that many compounds exhibit various activities at high
concentrations. Furthermore, FSP1 also influences the redox states of
vitamin K and the recruitment of membrane repair machinery [47,48].
The expression of FSP1 is positively regulated by transcription factor
NFE2L2/NRF2 and m6A methyltransferase METTL3, therefore promot-
ing ferroptosis resistance in cancer cells [49,50]. However, there is
currently a lack of systematic research to determine whether these
various functions occur sequentially or simultaneously.

3. Protein modification in ferroptosis

PTM refers to chemical modifications that take place on proteins
after they have been synthesized or translated from messenger RNA
[51]. These modifications can significantly impact the structure, activ-
ity, localization, and function of proteins, playing pivotal roles in both
cell survival and cell death processes. In this section, we will explore the
current understanding of how PTMs function in monitoring ferroptosis
through various proteins (Table 1).

3.1. Ubiquitination

Ubiquitin, a small 76-amino acid protein, binds to its target sub-
strate, forming a polyubiquitin chain in a process known as ubiquiti-
nation. This procedure is catalyzed by a cascade involving E1 ubiquitin-
activating enzyme, E2 ubiquitin-conjugating enzyme, and E3 ubiquitin
ligase. Ubiquitination occurs predominantly at specific lysine (K) resi-
dues, including K6, K11, K27, K29, K33, K48, K63, and methionine-1
(M1). Ubiquitination is a tightly regulated PTM, that can be reversed
by deubiquitinating enzymes, which remove ubiquitin molecules from
proteins [52]. This PTM has emerged as a critical regulatory mechanism
in ferroptosis. The processes of ubiquitination and deubiquitination
often determine protein degradation and stability, offering a potential
means to modulate the levels of proteins involved in ferroptosis. We will
delve into this aspect in the subsequent section on ‘UPS-mediated pro-
tein degradation’.

In addition to its traditional role in protein degradation, ubiquiti-
nation is linked to various non-degradative functions. Recent research
highlights that K63-linked ubiquitination can either promote or hinder
the translocation of target proteins to the plasma membrane [53,54].
The function of FSP1 in inhibiting ferroptosis is intricately tied to its
membrane localization [43,44,55]. FSP1 undergoes K63-linked ubiq-
uitination and relocates to the plasma membrane to limit ferroptosis
[56]. Furthermore, the E3 wubiquitin ligase TRIM21 facilitates
K63-linked ubiquitination of FSP1 at Lys 322 and Lys 366. Mutations at
these residues disrupt plasma membrane localization and the anti--
ferroptosis activity of FSP1 [56].

3.1.1. Phosphorylation

Phosphorylation is a widespread covalent modification in PTM.
Protein kinases catalyze the transfer of phosphate groups from ATP or
GTP to amino acid residues (e.g., serine, threonine, and tyrosine) on
substrate proteins [57]. Protein phosphatases, on the other hand,
remove phosphate groups. This dynamic interplay between kinases and
phosphatases makes phosphorylation the primary regulatory mecha-
nism in ferroptosis (Fig. 2).



Y. Wang et al.

Table 1
Main types of PTM in ferroptosis.
PTM category Substrates  Key Effects of PTM in Ref
regulators ferroptosis
Ubiquitination FSP1 TRIM21, K63-linked [56,143,
TRIM69, ubiquitination 145]
TRIM56 enhances plasma
membrane
localization of FSP1
and inhibits
ferroptosis; K48-
linked
ubiquitination
enhances
degradation of
FSP1 and promotes
ferroptosis
Phosphorylation DHODH LOXL3 Enhances [66]
degradation of
DHODH and
promotes
ferroptosis
TFRC HUWEL1, Enhances [108,109]
BTRC degradation of
TFRC and inhibits
ferroptosis
LTF NEDDA4L Enhances [110]
degradation of LTF
and promotes
ferroptosis
SLC40A1 RNF217, Enhances [111,112]
USP35 degradation of
SLC40A1 and
promotes
ferroptosis
IRP2 FBXL5 Enhances [114]
degradation of
IRP2 and inhibits
ferroptosis
SLC7A11 BTRC, Enhances [6,
HECTD3, degradation of 115-122]
NEDDA4L, SLC7A11 and
SOCS2, promotes
SYVN1, ferroptosis
TRIM26,
ZRANBI1,
OTUBI,
USP20
GPX4 FBXO031, Enhances [126-134]
NEDD4, degradation of
NEDDA4L, GPX4 and promotes
STUBL, ferroptosis
TRIM21,
TRIM25,
TRIM26,
TRIMS59,
LUBAC,
OTUB1,
OTUDS5,
USP31
ACSL4 RNF146, Enhances [146-148]
NEDDA4L, degradation of
MARCHF6 ACSL4 and inhibits
ferroptosis
GSTP1 SMURF2 Enhances [34]
degradation of
GSTP1 and
promotes
ferroptosis
VDAC2/3 NEDD4, Enhances [150,151]
FBXW7 degradation of
VDAC2/3 and
inhibits ferroptosis
NFE2L2 KEAP1, Enhances [87,154,
MIBI1, degradation of 155] [156]
USP11 NFE2L2 and

Table 1 (continued)
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PTM category

Substrates

Key
regulators

Effects of PTM in
ferroptosis

Ref

Acetylation

O-
GlcNAcylation

SUMOylation

HELLS

NCOA4

BECN1

GPX4

ACSL4

HSPB1

EIF4E

UMPS

HPCAL1

BECN1

TP53

ALOX12

HSPAS

Histone

SLC7A11

YAP1

ZEB1

JUN

Ferritin

DCAFS,
USP5,
USP11

TRIM?7,
FBXW7

USP11

CKB

PKCBII

PKC

NA

AMPK

PRKCQ

AMPK

CREBBP,
SIRT1

CTH

EP300

KATS5,
EHMT2,
SIRT1
OGT

OGT

OGT

OGT

OGT

promotes
ferroptosis
Enhances
degradation of
HELLS and
promotes
ferroptosis
Enhances
degradation of
NCOA4 and
inhibits ferroptosis
Enhances
degradation of
BECN1 and inhibits
ferroptosis
Decreases
degradation of
GPX4 and inhibits
ferroptosis
Enhances
dimerization of
ACSL4 and
promotes
ferroptosis
Enhances function
of HSPB1 and
inhibits ferroptosis
Enhances
formation of EIF4E-
ALDH1B1 complex
and promotes
ferroptosis
Enhances function
of DHODH and
inhibits ferroptosis
Enhances function
of HPCAL1 and
promotes
ferroptosis
Enhances function
of BECN1 and
promotes
ferroptosis
Enhances function
of TP53 and
promotes
ferroptosis
Enhances function
of ALOX12 and
promotes
ferroptosis
Enhances function
of HSPA5 and
inhibits ferroptosis
Context-specific
effects

Enhances function
of SLC7A11 and
inhibits ferroptosis
Enhances function
of YAP1 and
promotes
ferroptosis
Enhances function
of ZEB1 and
promotes
ferroptosis
Enhances function
of JUN and
promotes
ferroptosis
Enhances binding
of ferritin and
NCOA4 and

[158-160]

[161,162]

[163]

[58]

[63]

[64]

[33]

[65]

[70]

[71]

[76,771

[78]

[79]

[81,83]

[84]

[85,86]

[85,86]

[89]

[90]

(continued on next page)
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Table 1 (continued)

Effects of PTM in Ref
ferroptosis

PTM category Substrates Key

regulators

promotes

ferroptosis

Decreases [92]
degradation of

ACSL4 and

promotes

ferroptosis

Enhances function [93]
of HIF1A and

promotes

ferroptosis

Enhances [97]
degradation of

ACSL4 and inhibits
ferroptosis

Decreases function [98]
of NEF2L2 and

promotes

ferroptosis

Decrease binding of [99]
OTUBLI and

UBE2N, and

promotes

ferroptosis

Enhances plasma [43]
membrane

localization of FSP1

and inhibits

ferroptosis

Decreases [102]
degradation of

SLC7A11 and

inhibits ferroptosis
Enhances function [104]
of PRDX3 and

promotes

ferroptosis

ACSL4 SENP1

Methylation HIF1A SENP1

ACSL4

CARM1

N- NFE2L2
myristoylation

CARM1

OTUB1 SETD7

FSP1 ACSL1

Palmitoylation SLC7A11 ZDHHC8

Oxidative PRDX3 NA

modification

3.1.2. Phosphorylation of GPX4

Metabolic enzymes can serve as protein kinases, exerting significant
control over essential cellular processes in tumor cells. One such
enzyme, creatine kinase B (CKB), plays a role in energy metabolism and
serves as a downstream of AKT kinase [58]. Phosphorylation of creatine
kinase B (CKB) at Thr133 by AKT reduces its affinity for creatine,
resulting in decreased metabolic activity [58]. CKB also phosphorylates
GPX4 at Ser104, a modification that stabilizes GPX4 by preventing its
interaction with the chaperone protein HSPA8/HSC70 and subsequent
autophagy-mediated degradation in hepatocellular carcinoma cells
[58]. These findings suggest that oncogenic signaling endows CKB with
protein kinase activity, which in turn reduces autophagy-dependent
ferroptosis [58]. It remains interesting to identify distinct phosphory-
lation sites that enhance GPX4 functions rather than inhibiting them.

3.1.3. Phosphorylation of hippo pathway effectors

The Hippo pathway is essential for controlling organ size and
maintaining tissue homeostasis, and its dysregulation has been impli-
cated in various cancers [59]. In the Hippo pathway, YAP1 and TAZ are
mainly phosphorylated by the kinases LATS1/2, which are downstream
effectors of MST1/2 [59]. When the Hippo pathway is activated, the
transcriptional co-activators YAP1 and TAZ are phosphorylated, leading
to their retention in the cytoplasm and subsequent degradation [59].
Cell density determines ferroptosis susceptibility through regulation of
the Hippo-YAP1/TAZ pathway [60]. Specifically, high cell density
promotes the phosphorylation of YAP1 and TAZ, which blocks their
interact with transcription factors to promote the expression of
ferroptosis-related genes, including ACSL4, TFRC, EMP1, and SKP2
[60-62]. Therefore, targeting the phosphorylation of Hippo pathway
effectors may provide a novel approach for ferroptosis-mediated
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anti-tumor therapy.

3.1.4. Phosphorylation of metabolic pathways

Protein kinase C beta II (PKCBII) is a key player in lipid signaling at
the plasma membrane and appears to function as a sensor of lipid per-
oxidation [63]. PKCBII-mediated phosphorylation of ACSL4 at Thr328
enhances ACSL4 dimerization and activity, creating a positive feedback
loop that promotes ferroptotic cell death [63]. In contrast,
PKC-mediated phosphorylation of HSPB1 at Ser 15 restricts
cytoskeleton-mediated iron uptake, consequently mitigating ferroptotic
cell death in HeLa, U20S, and LNCaP cancer cells [64]. Thus, under-
standing the diverse substrates of PKC kinase is crucial for identifying
new targets in the context of ferroptosis. Furthermore, phosphorylation
of EIF4E at Ser53 promotes ferroptosis through the formation of the
aldehyde dehydrogenase 1 family member B1 (ALDH1B1)-EIF4E com-
plex, which hinders ALDH1B1’s metabolic function in preventing the
production of lipid peroxidation by-product 4HNE in cancer cells [33].
However, the identity of the key upstream kinase responsible for phos-
phorylating EIF4E at Ser53 remains elusive.

DHODH is involved in pyrimidine metabolism through facilitating
the oxidation of dihydroorotate (DHO) to orotate while reducing CoQ.
To regulate this metabolic process, activated AMP-activated protein
kinase (AMPK) phosphorylates uridine monophosphate synthetase
(UMPS) at Ser 214 and enhances pyrimidinosome assembly, which
promotes DHODH-mediated anti-ferroptosis response in HeLa cells [65].
Lysyl oxidase like 3 (LOXL3) can translocate into the mitochondria,
where it undergoes phosphorylation by adenylate kinase 2 (AK2) kinase
at Ser 704 [66]. This phosphorylation event prevents the ubiquitination
of DHODH, enhancing the stability of DHODH to resist ferroptosis in
liver cancer [66]. Future research may delve into the broader context of
pyrimidine metabolism, including its interactions with other metabolic
pathways, regulatory mechanisms, and the impact of pyrimidine meta-
bolism on cellular functions and health.

3.1.5. Phosphorylation of autophagy pathways

Autophagy is an intracellular process that performs a crucial role in
recycling cellular components, maintaining cellular homeostasis, and
promoting cell survival under various stress conditions [67]. Never-
theless, excessive autophagy can result in cellular dysfunction, ulti-
mately leading to cell death. Recent studies suggest that ferroptosis
represents a distinctive form of autophagy-dependent cell death in
specific contexts [68]. Phosphorylation regulates autophagy-dependent
ferroptosis by influencing autophagy receptors (e.g., NCOA4 and hip-
pocalcin like 1 [HPCAL1]), the core autophagy regulator beclin 1
(BECN1, also known as Atg 6 in yeast), and the key upstream kinase,
mechanistic target of rapamycin kinase (MTOR). The ATM ser-
ine/threonine kinase directly phosphorylates NCOA4 at Ser 550, pro-
moting ferritinophagy and regulating intracellular bioactive iron levels
[69]. HPCAL1, another ferroptosis-related autophagy receptor, is acti-
vated by protein kinase C theta (PRKCQ) kinase, which phosphorylates
HPCALL1 at Thr149. This phosphorylation enhances HPCAL1's ability to
mediate cadherin 2 (CDH2) degradation, reducing membrane tension
and increasing lipid peroxidation in cancer cells [70]. BECN1, a critical
autophagic molecule that forms a complex with PIK3C3/VPS34, un-
dergoes AMPK-mediated phosphorylation at S90/93/96 [71]. This
phosphorylation is necessary for the interaction between BECN1 and
SLC7A11, promoting ferroptosis in colon adenocarcinoma cells [71].
MTOR, a serine/threonine protein kinase, is inhibited under
nutrient-deprived conditions, but activated by cystine, leading to the
suppression of autophagy-dependent ferroptosis in pancreatic cancer
cells [72]. Although these findings provide important information on the
phosphorylation targets of autophagy machinery, a key unanswered
question is how to distinguish classical autophagy induced by starvation
from non-classical autophagy involved in ferroptosis based on phos-
phorylation events.
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Fig. 2. Phosphorylation in ferroptosis. Direct phosphorylation of GPX4, ACSL4, BECN1, HPCAL1, PKM2, NCOA4, HSPB1, LOXL3, EIF4E, and UMPS by various

kinases is involved in the regulation of ferroptosis. P, phosphorylation.
3.2. Acetylation

Emerging evidence suggests that acetylation of various proteins,
including tumor protein p53 (TP53), ALOX12, HMGB1, HSPA5, and
histones, plays a role in the regulation of ferroptosis (Fig. 3).

TP53, known for its role as a transcription factor and a potent tumor
suppressor mainly through apoptosis induction, exhibits a distinctive
role in ferroptosis regulation when acetylation is altered. The

Ferritinophagy ¢
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acetylation-deficient mutant, TP53%%R (with mutations at K117R,
K161R, and K162R), triggers ferroptosis by downregulating SLC7A11,
without affecting apoptosis in H1299 lung cancer cells [73]. Interest-
ingly, the loss of acetylation of TP53 at Lys 98 and the 3 KR mutant
abolish its ability to downregulate SLC7A11 and induce ferroptosis in
H1299 cells [74]. Additionally, TP53 acetylation at Lys 351 is crucial for
GINS complex subunit 4 (GINS4)-mediated ferroptosis suppression in
lung adenocarcinoma [75]. CREB-binding protein (CREBBP, also known

o Writer @) Enhanced by acetylation
o Eraser @ Inhibited by acetylation

Cystine -
|
Cysteine

| o &2 o

G1H
Sogo=
|

Lipid peroxidation [

Fig. 3. Acetylation in ferroptosis. The acetylation of histones, ALOX, TP53, HSPA5, and HMGBI, orchestrated by acetyltransferases and deacetylases, plays a
pivotal role in the regulation of ferroptosis. The promotion or inhibition of protein function by acetylation is indicated by a positive (+) or negative (—) sign,
respectively. Ac, acetylation.
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as CBP) acts as a key acetyltransferase for TP53 acetylation, inhibiting
SLC7A11 expression at the transcriptional level in the model of acute
lung injury [76]. In contrast, sirtuin 1 (SIRT1)-mediated TP53 deace-
tylation inhibits heat stress-induced ferroptosis in lung epithelial cells
[77]. Acetylation finely tunes the activity of ALOX12, thereby enhancing
its crucial role in regulating ferroptosis [78]. In contrast, hydrogen
sulfide (HyS) synthesized by cystathionine gamma-lyase (CTH, also
known as CSE) inhibits acetylation of ALOX12 and protects myoblasts
from ferroptosis [78]. Acetyltransferases such as E1A binding protein
p300 (EP300) can acetylate HSPAS at Lys 353, leading to the inhibition
of ferroptosis by decreasing GPX4 stability in pancreatic cancer cells
[79]. Furthermore, acetylated HMGB1 also interacts with GPX4 and
inhibits GPX4’s anti-ferroptotic activity in colon cancer cells [80].
Therefore, conducting a comprehensive investigation into the acetyla-
tion mechanism of ferroptosis pathway could advance our understand-
ing of cancer and inflammatory-related diseases.

Histone acetylation plays a fundamental role in regulating chromatin
structure and gene expression during ferroptosis. The lysine acetyl-
transferase 5 (KAT5) may promote histone H3 Lys 27 acetylation
(H3K27ac) in the GPX4 promoter region, enhancing GPX4 expression
[81]. Targeted inhibition of the KAT5-GPX4 axis induces ferroptosis in
breast cancer cells [81]. Similarly, KAT5-dependent acetylation occurs
in the promoter region of FTL, which mediates iron storage in cells and
limits ferroptosis in lung adenocarcinoma [82]. Epigenetic regulation of
bromodomain containing 4 (BRD4) expression is mediated by the
euchromatic histone lysine methyltransferase 2 (EHMT2, also known as
G9a) or the histone deacetylase SIRT1 [83]. Suppression of BRD4 ac-
tivity or expression can activate ferritinophagy by increasing ATG5 and
lysosomal associated membrane protein 1 (LAMP1) expression in lung
cancer cells both in vitro and in vivo [83].

While most studies have primarily examined acetylation alterations
in individual proteins, the comprehensive regulatory role of acetylation
in diverse proteins during the biological process of ferroptosis remains
unclear. Advances in mass spectrometry have enabled precise identifi-
cation of acetylation modification sites. It will be crucial to elucidate the
enzyme-substrate relationships and differentiate between enzymatic
and non-enzymatic acetylation mechanisms to enhance our under-
standing of acetylation’s function and mechanism in ferroptosis.
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However, the development of specific therapeutic strategies to modulate
acetylation, rather than other PTMs, presents a challenge in precision
tumor therapy.

3.3. O-GlcNAcylation

O-GlcNAcylation involves the enzymatic processes of adding and
removing O-GlcNAc, mainly mediated by two types of enzymes, namely
O-linked N-acetylglucosamine (GlcNAc) transferase (OGT) and O-
GlcNAcase (OGA), respectively. O-GlcNAcylation is an emerging and
promising mechanism for regulating ferroptosis, including its modula-
tion of system Xc~, transcription factors, and autophagy pathways
(Fig. 4). OGT O-GlcNAcylates SLC7A11 at Ser 26, which acts as a critical
modification for SLC7A11’s activity in cystine transport [84].
0O-GlcNAcylation of YAP1 at Thr241 and ZEB1 at Ser 555 enhance their
transcriptional activity [85,86]. Consequently, high glucose levels have
the potential to increase susceptibility to ferroptosis by facilitating
O-GlcNAcylation of YAP1 and ZEB1 in hepatocellular carcinoma and
pancreatic cancer cells, respectively [85,86]. Furthermore, O-GlcNA-
cylation of KEAP1 at Ser104 promotes ubiquitination-mediated degra-
dation of NFE2L2, an anti-ferroptotic transcription factor [87], in
response to glucose changes [88]. However, O-GlcNAcylated JUN acts as
an impediment to ferroptosis by promoting GSH synthesis in hepato-
cellular carcinoma [89]. Additionally, the de-O-GlcNAcylation of
ferritin at Ser 179 enhances its interaction with the ferritinophagy re-
ceptor NCOA4 [90]. Specifically, pharmacological or genetic inhibition
of O-GlcNAcylation promotes ferritinophagy and mitophagy, leading to
the induction of ferroptosis through increasing the accumulation of
labile iron in U20S or HT29 cancer cells [90]. These findings reveal a
novel connection between dynamic O-GlcNAcylation and ferroptosis,
although the precise crosstalk mechanism between ferritinophagy and
mitophagy requires further elucidation.

3.4. SUMOylation

PTM mediated by small ubiquitin-like modifier (SUMO) is recog-
nized as a regulatory mechanism for dynamically modulating ferroptosis
(Fig. 5A). The SUMO specific peptidase 1 (SENP1) regulates
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Fig. 4. O-GlcNAcylation in ferroptosis. O-GlcNAcylation mediated by O-linked N-acetylglucosamine transferase (OGT) plays a crucial role in regulating ferroptosis
through modifying ferritin, YAP1, ZEB1, JUN, SLC3A2, and SLC7A11. The promotion or inhibition of protein function by acetylation is indicated by a positive (+) or
negative (—) sign, respectively. The promotion or inhibition of protein function by O-GlcNAcylation is indicated by a positive (+) or negative (—) sign, respectively.

Ac, acetylation.
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Fig. 5. SUMOylation, methylation, N-myristoylation, palmitoylation, and oxidative modification in ferroptosis. A. SUMOylation modifies various regulatory
factors (e.g., TNFAIP3/A20, ACSL4, and HIF1A) of ferroptosis. B. Methylation serves as a modifying mechanism for a range of proteins, including histone, NFE2L2/
NRF2, ACSL4, and OTUBI, influencing the processes of ferroptosis. C. N-myristoylation of FSP1 at Gly2 recruits it to the plasma membrane, where it functions as an
oxidoreductase to generate CoQH2 parallel to GSH system. D. ZDHHCS8 catalyzes the S-palmitoylation of SLC7A11 specifically at C327 and diminishes the ubiq-
uitination levels to stabilize SLC7A11. E. PRDX3 yields cysteine oxidation to sulfinic acid (-SO5) and sulfonic acid (-SO3), which induces its translocation from
mitochondria to plasma membrane, where it inhibits cystine uptake. The promotion or inhibition of protein function by the modification is indicated by a positive (+)
or negative (—) sign, respectively. SUMO, SUMOylation. Met, methylation. Myr, N-myristoylation. Pal, palmitoylation.

deubiquitinating enzyme TNFAIP3 (also known as A20) through deSU-
MOylation, thereby inhibiting ferroptosis by influencing the interaction
of TNFAIP3 with ACSL4 and SLC7A11 in lung cancer cells [91]. Simi-
larly, SENP1 reduces the SUMOylation of ACSL4, resulting in ACSL4
degradation and ferroptosis inhibition in head and neck squamous cell
carcinoma [92]. Furthermore, hypoxia-induced upregulation of SENP1
expression mediates deSUMOylation of hypoxia inducible factor 1 sub-
unit alpha (HIF1A) and ACSL4 in H9c2 embryonic rat cardiomyocytes,
leading to the inhibition of ferroptosis [93]. HSP70 inhibits ferroptosis
by increasing HIF1IA SUMOylation, which contributes to lung cancer
recurrence following radiofrequency ablation [94]. Conversely, genetic
inhibition of HSP70 can reduce HIF1A SUMOylation, inhibiting lung
cancer cell proliferation and migration [94]. The intricate interplay
between SUMOylation and ubiquitination in the context of ferroptosis,
where SUMOylation can either enhance or impede ubiquitination, re-
mains to be fully elucidated. Additionally, gaining structural insights
into SUMOylation enzymes and substrates is crucial for an enhanced
understanding of the molecular mechanisms underlying ferroptosis.

3.5. Methylation

Methylation is a modification that affects both histone and non-
histone proteins. Recent studies have unveiled a potential connection
between ferroptosis and protein methylation (Fig. 5B). Lysine deme-
thylase 4A (KDM4A) inhibits ferroptosis by demethylating H3K9me3 in
the promoter region of SLC7A11 in osteosarcoma [95]. Additionally,
lysine demethylase 3B (KDM3B) upregulates SLC7A11 expression by

binding to the activating transcription factor 4 (ATF4), thereby pre-
venting erastin-induced ferroptosis in HT-1080 cancer cells [96].
Coactivator associated arginine methyltransferase 1 (CARM1, also
known as PRMT4) directly interacts with ACSL4 and inhibits ferroptosis
by increasing ACSL4 methylation levels at Arg 339 in colorectal cancer
cells [97]. Consequently, methylated ACSL4 can undergo ubiquitination
and degradation induced by the E3 ubiquitin ligase ring finger protein
25 (RNF25) [97]. However, CARM1 enhances sensitivity to ferroptosis
in cardiomyocytes by interacting with NFE2L2 (best known as NRF2)
and promoting its methylation, which limits NFE2L2’s transcriptional
activity on GPX4 [98]. Moreover, SETD7, a lysine monomethylase,
directly interacts with OTUBI to catalyze the methylation of OTUBI1 at
Lys 122, disrupting the interaction between OTUB1 and the anti--
ferroptosis protein ubiquitin conjugating enzyme E2 N (UBE2N/UBC13)
in H1299 lung cancer cells [99]. Of note, ensuring that
methylation-targeting ferroptotic therapies selectively affect cancer
cells without harming healthy cells is a significant challenge. Methyl-
ation processes are vital for normal cellular functions, so specificity is
crucial to minimize side effects.

3.6. N-myristoylation

Lipidation is a covalent modification of proteins by lipid molecules,
regulating various aspects of physiology, including membrane transport,
protein secretion, autophagy, and apoptosis [100]. N-myristoylation is
an evolutionarily conserved lipidation process that plays a critical role in
the localization of proteins, their stability, and signal transduction.
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Emerging evidence indicates that N-myristoylation plays a role in
regulating ferroptosis (Fig. 5C). N-myristoylation of FSP1 at Gly2 directs
it to the plasma membrane, where it functions as an oxidoreductase,
contributing to CoQH2 production alongside the GSH system [43].
Furthermore, acyl-CoA synthetase long-chain family member 1 (ACSL1)
enhances ferroptosis resistance in ovarian cancer by increasing the
N-myristoylation of FSP1 and facilitating its translocation to the cell
membrane [101]. A potent inhibitor targeting myristoylated FSP1 pre-
vents its localization to the plasma membrane, resulting in ferroptosis in
cancer cells [55]. While the protective role of N-myristoylation of FSP1
against ferroptosis is evident, the specific cellular enzyme responsible
for this modification remains to be identified.

3.7. Palmitoylation

Palmitoylation, a reversible form of lipidation, involves the enzy-
matic attachment of a 16-carbon fatty acid to a specific protein. In
glioblastoma, the SLC7A11 protein undergoes S-palmitoylation, a crit-
ical modification essential for its stability [102]. The zinc finger
DHHC-type palmitoyltransferase 8 (ZDHHCS8) catalyzes the S-palmi-
toylation of SLC7A11, specifically at Cys 327, reducing ubiquitination
levels and thereby stabilizing SLC7A11 [102]. This enzymatic process is
facilitated by AMPK, which directly phosphorylates ZDHHCS at Ser 299
[102]. Consequently, ZDHHC8 knockdown disrupts glioblastoma
growth by promoting ferroptosis [102]. These findings underscore the
pivotal role of S-palmitoylation in the regulation of ferroptosis during
tumorigenesis (Fig. 5D). Overall, palmitoylation serves as a mechanism
for precisely modulating the behavior and function of cellular proteins,
especially those linked to cellular membranes or engaged in
membrane-related processes, such as the regulation of
SLC7Al1-mediated cysteine uptake at the cell membrane.

=

A

H,0.

> Fer— | OTUBT
OTUD5
USP31
iti 3+
Gemtnoehagy Fe" ™ oH—> PUFA-OOH—> Lipid peroxidation

Redox Biology 75 (2024) 103259
3.8. Oxidative modification

ROS (e.g., HyO5) has the capacity to directly oxidize protein thiols,
resulting in the formation of sulfinic acid (RSO2H) and sulfonic acid
(RSO3H) oxidation states [103]. This PTM can lead to alterations in
protein function. A recent study has identified hyperoxidized peroxir-
edoxin 3 (PRDX3) as a potential marker for ferroptosis in chronic liver
diseases [104]. PRDX3 undergoes specific hyperoxidation during fer-
roptosis, distinguishing it from apoptosis, necroptosis, and cuproptosis
[104]. Furthermore, hyperoxidized PRDX3 induces ferroptosis by
translocating from the mitochondria to the plasma membrane, where it
inhibits cystine uptake (Fig. 5E) [104]. Additional research is required
to ascertain whether hyperoxidized PRDX3 inhibits the function of
system Xc~ . Although the precise reasons for the selective induction of
PRDX3 oxidation over other PRDX family members remain unclear,
high-throughput proteomics approaches may provide potential avenues
for the discovery of newly oxidized protein targets.

4. Protein degradation in ferroptosis
4.1. UPS

Protein degradation mediated by the UPS plays a multifaceted role in
regulating ferroptosis. The proteasome, a crucial protein-degrading
machinery, is essential for maintaining proper proteostasis and miti-
gating cellular stress. Interestingly, ferroptosis inducer RSL3 inhibits
proteasome activity, resulting in the accumulation of ubiquitination
[105]. However, NFE2L1 (also known as NRF1) and PARK?7 (also known
as DJ-1) exert protective roles against ferroptosis by preserving pro-
teasomal activity [105,106]. Moreover, the UPS takes center stage in the
orchestration of the ferroptotic process by governing the degradation of
key signaling molecules and modulators involved in ferroptosis, as dis-
cussed in detail below (Fig. 6) [107].
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Fig. 6. UPS-mediated protein degradation in ferroptosis. The ubiquitination of proteins is important for the initiation of ferroptosis, which is regulated by various
E3 ubiquitin ligases and deubiquitinating enzymes (DUBs). The ubiquitin-proteasome system (UPS) is involved in the degradation and stability of key regulators
governing iron metabolism (e.g., TFRC, LTF, and SLC40A1), autophagy (e.g., NCOA4, and ZFP36, and BECN1), antioxidant system (e.g., SLC7A11, GPX4, FSP1,
DHODH, and GSTP1), and transcription (e.g., NFE2L2/NRF2 and HELLS/LSH), as well as other proteins, including ACLS4 and VDAC. Ub, ubiquitination.
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4.1.1. UPS-mediated regulation of iron metabolism

Some of the key proteins involved in regulating iron metabolism
during ferroptosis, including TFRC, LTF, SLC40A1, and iron-regulatory
proteins (IRPs), are subject to regulation by the UPS. In the context of
ferroptosis, the E3 ubiquitin ligase HUWE1 specifically targets TFRC for
ubiquitination and subsequent proteasomal degradation, thereby
reducing iron accumulation and suppressing ferroptosis in models of
acute liver injury [108]. Additionally, tribbles pseudokinase 2 (TRIB2),
a member of the tribbles family, facilitates the ubiquitination of TFRC
via the E3 ubiquitin ligase BTRC (also known as BTrCP), resulting in
decreased labile iron levels in hepatocellular carcinoma cells [109]. The
E3 ubiquitin ligase NEDD4L, belonging to the HECT family, targets LTF
for degradation, leading to increased intracellular iron levels, which, in
turn, promote the accumulation of ROS and downstream ferroptosis in
pancreatic cancer cells [110]. Furthermore, the E3 ubiquitin ligase
RNF217 mediates the ubiquitination and subsequent degradation of
SLC40A1, thereby enhancing tissue injury responses to iron overload in
the liver [111]. Conversely, the deubiquitinating enzyme USP35 in-
teracts with SLC40A1 to maintain the protein stability of iron trans-
porters, preventing the onset of ferroptosis in lung cancer [112].

The iron response element binding proteins IRP1 and IRP2 play
master roles in post-transcriptionally regulating iron homeostasis. IRPs
promote the translation of TFRC while inhibiting the synthesis of
SLC40A1 and ferritin genes FTH1/FTL. IRP2, but not IRP1, is subject to
regulation at the protein level through UPS-mediated degradation
[113]. Mechanistically, the E3 ubiquitin ligase FBXL5 mediates the
ubiquitination and subsequent proteasomal degradation of IRP2,
thereby mitigating ferroptosis-associated acute kidney injury [114].
Further examination is required to determine whether targeting IRP2
degradation is a viable approach in cancer cells.

4.1.2. UPS-mediated regulation of system Xc™-GSH-GPX4 pathway

The maintenance of SLC7A11 protein stability is tightly regulated by
the UPS. Several E3 ubiquitin ligases, including BTRC [115], HECTD3
[116], NEDD4L [117], SOCS2 [118], SYVN1 (also known as HRD1)
[119], TRIM26 [120], and ZRANB1 [121], have been identified as
positive regulators of ferroptosis by promoting ubiquitin proteasomal
degradation of SLC7A11. These complex regulatory mechanisms have a
context-dependent impact on the progression of ferroptosis-mediated
conditions, such as hepatic fibrosis, colorectal cancer, breast cancer,
and hepatocellular carcinoma. Conversely, the deubiquitinating en-
zymes OTUB1 and ubiquitin specific peptidase 20 (USP20) mediate the
deubiquitination of SLC7A11, thereby stabilizing SLC7A11 levels in
cancer cells [6,122]. Additionally, hepatocellular carcinoma ferroptosis
associative IncRNA (HEPFAL) accelerates ferroptosis in hepatocellular
carcinoma cells, whereas IncRNA LINCO00578 inhibits ferroptosis by
modulating the ubiquitination of SLC7A11 in pancreatic cancer cells
[123,124]. In contrast, fascin actin-bundling protein 1 (FSCN1) directly
interacts with SLC7A11, enhancing its degradation by UPS in breast
cancer cells [125]. However, it is noteworthy that drugs specifically
designed to induce the degradation of SLC7A11 have not yet been
reported.

The degradation of GPX4 is subject to stringent regulation by ubig-
uitination, a process mediated by multiple E3 ubiquitin ligases,
including FBXO31 [126], NEDD4 [127], NEDDA4L [128,129], STUB1
[130], TRIM21 [131], TRIM25 [132], TRIM26 [133], and TRIM59
[134]. Among them, TRIM25 selectively degrades GPX4 in pancreatic
cancer cells, as opposed to immune cells, attributed to its specific and
elevated expression in cancer cells [132]. Additionally, the linear
ubiquitin chain assembly complex (LUBAC) serves as a pivotal positive
regulator of GPX4 stability through linear ubiquitination in MEFs,
playing a protective role in ferroptosis [135]. Furthermore, p21, a
regulator of cell cycle progression at G1, has been reported to enhance
M1-linked ubiquitination of GPX4, induced by LUBAC, leading to the
stability of GPX4 in osteoarthritic chondrocytes [136]. Broad-spectrum
inhibition of deubiquitinating enzymes results in the ubiquitination and
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degradation of GPX4, culminating in ferroptotic cell death in tumor cells
[137]. Specifically, the deubiquitinating enzymes OTUB1 [138], OTU
deubiquitinase 5 (OTUDS5) [32,139], and ubiquitin specific peptidase 31
(USP31) [140] remove ubiquitination, inducing subsequent proteaso-
mal degradation of GPX4, thus inhibiting ferroptosis-mediated tissue
injury or tumor progression. Additional studies have demonstrated that
SMG9 nonsense mediated mRNA decay factor and trypsin, a proteolytic
enzyme, promote ferroptosis by directly interacting with GPX4 and
facilitating its degradation in cancer cells [141,142]. Nevertheless, to
date, there is no available evidence elucidating the UPS-mediated
degradation mechanism of GPX4 within different organelles. Under-
standing the direct or indirect degradation pathways of GPX4 is crucial
for the development of selective ferroptotic activators. Since multiple E3
ligases contribute to GPX4 degradation, the identification of upstream
signaling pathways may be key to understanding this mechanism’s
complexity.

4.1.3. UPS-mediated regulation of CoQ pathway

E3 ubiquitin ligases play a significant role in regulating the degra-
dation of FSP1 and DHODH involved in ferroptosis. The E3 ubiquitin
ligase TRIM69 facilitates the proteasomal degradation of FSP1 through
K48-linked ubiquitination, but this process is counteracted by high
density lipoprotein binding protein (HDLBP), which stabilizes the long
noncoding RNA plexin B2 (PLXNB2, also known as IncFAL) [143].
CD36, a scavenger receptor, positively regulates the ubiquitination of
FSP1 at Lys 16 and Lys 24, leading to FSP1 degradation and the pro-
motion of ferroptosis in acute kidney injury [144]. Tripartite motif
containing 56 (TRIM56) mediates the ubiquitination and degradation of
FSP1, contributing to the ferroptosis-inducing activity of sorafenib in
hepatocellular carcinoma cells [145]. In contrast, ACSL1 inhibits the
proteasomal degradation of FSP1 by promoting its N-myristylation in
ovarian cancer cells [101]. Additionally, DHODH is subject to ubiq-
uitination at Lys 344, which promotes its proteasome-mediated degra-
dation in liver cancer cells [66]. LOXL3 suppresses ferroptosis to
enhance liver cancer chemoresistance by reducing DHODH ubiquitina-
tion [66]. Overall, the activation of various UPS pathways can regulate
CoQ levels by degrading FSP1 or DHODH. However, the cell
type-dependent UPS pathway responsible for their degradation remains
unknown.

4.1.4. UPS-mediated degradation of ACSL4

The E3 ubiquitin ligase RNF146 interacts with ACSL4, and facilitates
the ubiquitination and degradation of ACSL4 [146]. Accordingly, the
overexpression of RNF146 prevents oxygen-glucose depriva-
tion/reperfusion-induced ferroptosis [146]. Consistently, the activating
transcription factor 3 (ATF3) activates the transcription of RNF146,
leading to the inhibition of neuron ferroptosis in ischemic stroke model
[146]. Similarly, E3 ubiquitin ligases NEDD4L and MARCHF6 orches-
trate the ubiquitination and degradation of ACSL4, mitigating ferrop-
totic cell death in myocardial ischemia-reperfusion injury and tumor
models, respectively [147,148]. Cytochrome P450 family 1 subfamily B
member 1 (CYP1B1) suppresses ferroptosis and enhances resistance to
anti-PD-1 therapy by degrading ACSL4 in colorectal cancer [149]. Thus,
exploring ACSL4 ubiquitination provides a promising foundation for
developing therapeutic strategies in the context of ferroptosis.

4.1.5. UPS-mediated degradation of GSTP1

Glutathione S-transferases (GSTs), a group of detoxification en-
zymes, play a crucial role in counteracting hydrophobic electrophilic
molecules. Glutathione S-transferase pi 1 (GSTP1) has been identified as
a defense enzyme against ferroptosis by catalyzing the conjugation of
GSH with 4HNE to detoxify it and reduce lipid hydroperoxides [34]. The
E3 ubiquitin ligase SMURF2 is responsible for ubiquitination of GSTP1
at Lys 191/121/55 and degradation of GSTP1 in the process of ferrop-
tosis [34]. Pharmacological or genetic inhibition of GSTP1 sensitized
cancer cell responses to ferroptosis inducers both in vitro and in vivo [34].
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In contrast, overexpression of GSTP1 confers resistance to immune
checkpoint blockade [34]. These findings, along with prior research [32,
33], collectively highlight the role of the 4HNE detoxification systems as
a cellular defense mechanism against ferroptosis.

4.1.6. UPS-mediated degradation of VDAC

The voltage-dependent anion channels (VDAC) are multifunctional
channel proteins situated on the outer mitochondrial membrane and
consist of three isoforms: VDAC1, VDAC2, and VDAC3. These isoforms
facilitate the exchange of metabolites and ions between mitochondria
and the cytoplasm in eukaryotic cells. VDACs have emerged as potential
critical targets of erastin, and the knockdown of VDAC2 or VDAC3
effectively inhibits erastin-induced ferroptosis [150]. The E3 ubiquitin
ligase NEDD4 regulates VDAC2/3 through ubiquitination, leading to
their degradation and reduced melanoma cell sensitivity to
erastin-induced ferroptosis [150]. Additionally, the E3 ubiquitin ligase
FBXW?7 modulates the protein levels of VDAC3 via ubiquitination in
gastric cancer cells [151]. Nevertheless, the precise mechanism by
which VDACs govern mitochondrial dysfunction and various cell death
(including ferroptosis) remains to be fully elucidated.

4.1.7. UPS-mediated regulation of KEAP1-NFE2L2 pathway

The transcription factor NFE2L2 plays a central role in the regulation
of ferroptosis primarily by expressing genes involved in the antioxidant
system. NFE2L2 activation leads to the upregulation of ferroptosis-
resistant genes like SLC7A11, enhancing cellular resistance to ferrop-
tosis [152]. Simultaneously, NFE2L2 regulates genes associated with
iron metabolism, influencing intracellular ferric ion levels [153]. The E3
ubiquitin ligase KEAP1 targets NFE2L2 for proteasomal degradation
[87,154]. Sequestosome 1 (SQSTM1, also known as p62), an autophagy
receptor, binds to KEAP1, displacing NFE2L2 and preventing its pro-
teasomal degradation, thus protecting hepatocellular carcinoma against
ferroptosis [87]. Furthermore, the MIB E3 ubiquitin protein ligase 1
(MIB1) promotes NFE2L2 degradation independently of Notch
signaling, increasing lung cancer cell susceptibility to ferroptosis in-
ducers [155]. In contrast, the deubiquitinating enzyme ubiquitin spe-
cific peptidase 11 (USP11) reduces cell sensitivity to ferroptosis by
deubiquitinating NFE2L2 and stabilizing its expression in lung cancer
cells [156]. Additionally, KEAP1 degradation is regulated by the UPS,
affecting the ferroptosis process. The E3 ubiquitin ligase TRIM25 pro-
motes KEAP1 ubiquitination, inducing temozolomide resistance in gli-
oma cells by inhibiting ferroptotic cell death [157]. These mechanisms
collectively oversee and adapt the antioxidant system to modulate
ferroptosis.

4.1.8. UPS-mediated degradation of HELLS

Lymphoid-specific helicase (HELLS, also known as LSH) plays a
crucial role in various aspects of epigenetic regulation, including histone
modifications. HELLS inhibits ferroptosis by sequestering unstable iron
and limiting the production of lipid ROS [158]. However, the ferroptosis
inducer erastin destabilizes HELLS [158]. This destabilization is facili-
tated by the cullin-RING E3 ubiquitin ligase complex Cullin-RING ligase
4 (CRL4)-DDB1 and CUL4 associated factor 8 (DCAF8), which mediates
polyubiquitination and subsequent proteasomal degradation of HELLS
in cancer cells [158]. Furthermore, the deubiquitinating enzymes
ubiquitin specific peptidase 5 (USP5) and USP11 inhibit ferroptosis by
mediating the deubiquitination and stabilization of HELLS in hepato-
cellular carcinoma and colorectal cancer, respectively [159,160].

4.1.9. UPS-mediated degradation of autophagy regulator

The ubiquitination of autophagy regulatory components is essential
for both the positive and negative regulation of autophagy. The direct
involvement of UPS-mediated degradation of autophagy regulators in
ferroptosis has been reported in several studies. For instance, the E3
ubiquitin ligase TRIM7 interacts directly with NCOA4 and ubiquitinates
it via K48-linked chains, thus inhibiting ferritinophagy-mediated
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ferroptosis in glioblastoma cells [161]. Similarly, the E3 ubiquitin ligase
FBXW?7 reduces the levels of ZFP36 ring finger protein, which affects the
stability of autophagy related 16 like 1 (ATG16L1) and regulates fer-
roptosis in hepatocellular carcinoma [162]. Furthermore, the deubi-
quitinating enzyme USP11 promotes autophagy-dependent ferroptosis
by stabilizing BECN1, leading to ferroptosis-mediated spinal cord
ischemia-reperfusion injury [163]. These findings underscore the role of
ubiquitination in fine-tuning autophagy-dependent ferroptosis.

4.2. Autophagy

Autophagy is a system for lysosome-dependent degradation that in-
volves the packaging of autophagic cargo within double-membrane
vacuoles called ’autophagosomes’ (Fig. 7A). These autophagosomes
eventually fuse with lysosomes, leading to cargo digestion. In addition to
macroautophagy, there are two other types of autophagy processes:
microautophagy and chaperone-mediated autophagy (CMA). Micro-
autophagy and CMA differ from macroautophagy as they involve the
direct or indirect delivery of cargo to lysosomes without the use of
vesicles. CMA is highly selective and targets specific proteins for
degradation with the assistance of chaperone proteins HSPA8 and
HSP90. The lysosome membrane receptor protein LAMP2A recognizes
the KFERQ motif exposed by binding proteins and guides the target
proteins into lysosomes for degradation.

In the following sections, we will provide concrete examples of how
the degradation of autophagic substrate proteins regulates ferroptotic
cell death (Fig. 7B) [164].

4.2.1. Autophagy-mediated regulation of iron metabolism

Iron metabolism regulators, such as ferritin, TFRC, and SLC40A1
(also known as ferroportin-1), are targeted for degradation through
autophagy to modulate ferroptosis. NCOA4 serves as a selective auto-
phagy receptor for the degradation of ferritin, a process known as fer-
ritinophagy. Inhibition of classical autophagy-related genes (e.g., ATG3,
ATGS5, and ATG7) or the use of classical autophagy inhibitors (e.g.,
chloroquine, bafilomycin Al, and 3-methyladenine) prevents lipid per-
oxidation and ferroptosis in mouse embryonic fibroblasts (MEFs) and
cancer cells [165,166]. Activation of NCOA4 promotes ferritin degra-
dation through autophagy, leading to increased intracellular Fe?* levels
and susceptibility to ferroptosis [165,166]. Aldehyde dehydrogenase 1
family member A3 (ALDH1A3) interacts with microtubule-associated
protein 1 light chain 3 beta (MAP1LC3B) and facilitates ferritinophagy
in glioblastoma cells [167]. Additionally, the suppression of the deubi-
quitinating enzyme USP8 enhances ferritinophagy by increasing
SQSTM1 ubiquitination, while NFE2L2 deletion hinders ferritinophagy
[153,168]. TFRC is also targeted by autophagy, and genetic or phar-
macological autophagy inhibition leads to TFRC accumulation [169].
Mutation of WD repeat domain 45 (WDR45), a key protein involved in
autophagosome formation, reduces autophagic degradation of TFRC,
promoting ferroptosis by increasing iron accumulation [169]. WDR45 is
associated with p-propeller protein-associated neurodegeneration.
SLC40A1 has emerged as a novel autophagy substrate that contributes to
ferroptosis tolerance [68]. Erastin-induced reductions in SLC40A1 pro-
tein expression in various cancer cells can be reversed through genetic or
pharmacological autophagy inhibition [68]. Mechanistically, autophagy
receptor SQSTM1 mediates SLC40A1 degradation during ferroptosis in
cancer cells [68]. These findings shed light on the interplay between
autophagy and iron homeostasis [68,170].

4.2.2. Autophagic degradation of GPX4

In addition to UPS, GPX4 can also undergo degradation through CMA
or autophagy. GPX4 contains putative KEFRQ-like motifs that are
recognized by CMA. In this context, HSPA8 interacts with GPX4 and
LAMP2A, facilitating CMA-mediated GPX4 degradation [171]. Anti-
mony, a metallic element, promotes the formation of complexes
involving HSPA8, HSP90, LAMP2A, and GPX4, thereby stimulating
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Fig. 7. Autophagy-mediated degradation in ferroptosis. A. The process of autophagy, including macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA). B. Selective autophagy is involved in regulating important players in iron metabolism (e.g., TFRC, ferritin, and SLC40A1), antioxidant system
(e.g., GPX4), membrane tension (e.g., CDH2), and lipid metabolism (e.g., ARNTL) in the process of ferroptotic cell death. Furthermore, CTSB and cysteine released by

lysosome can promote and inhibit ferroptosis, respectively.

ferroptosis, mainly through GPX4 degradation mediated by CMA [172].
Copper, another metal, contributes to ferroptosis by activating
autophagy-mediated GPX4 degradation [173,174]. Copper directly in-
teracts with GPX4, leading to the formation of GPX4 aggregates that are
subsequently cleared through autophagy, mediated by the autophagic
receptor Tax 1 binding protein 1 (TAX1BP1) [173]. Consequently,
copper chelators reduce ferroptosis-associated acute pancreatitis, while
copper ions increase ferroptosis-mediated tumor inhibition in pancreatic
cancer [173]. The mitochondrial outer-membrane protein FUNDC1 fa-
cilitates the mitochondrial translocation of GPX4 and its subsequent
autophagic degradation, ultimately leading to hepatic ferroptosis and
fibrotic injury [175]. Additionally, acid sphingomyelinase (ASM), a key
enzyme in sphingomyelin metabolism, promotes autophagic GPX4
degradation and subsequent ferroptosis. However, the specific auto-
phagic receptor responsible for this process remains unknown [176].

4.2.3. Autophagic degradation of ARNTL by clockophagy
The circadian rhythm is an endogenous system that oscillates with a
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period to control various cellular processes, including cell death. The
transcription factor ARNTL (also known as BMAL1), a crucial compo-
nent of the mammalian circadian clock, regulates the expression of a set
of circadian genes, including PER and CRY [177]. SQSTM1, acting as an
autophagy receptor, mediates ARNTL degradation, a process known as
clockophagy [178]. Specifically, ferroptosis activators (e.g., RSL3 and
FIN56) reduce the protein stability of ARNTL by activating
SQSTM1-mediated clockophagy [178]. Furthermore, the degradation of
ARNTL facilitates ferroptosis by enhancing the expression of egl-9
family hypoxia inducible factor 2 (EGLN2) and destabilizing the
pro-survival factor HIF1A in cancer cells [178]. Consequently, ARNTL
protects against experimental acute pancreatitis by blocking ferroptosis
[96]. Further validation is required to determine whether clockophagy
plays a role in circadian rhythms-related disorders.

4.2.4. Autophagic degradation of CDH2
Cadherins, including CDH1, CDH2, and CDHS5, are a class of trans-
membrane glycoproteins that rely on Ca?" to mediate intercellular
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adhesion and play crucial roles in normal tissue development and
various diseases. It has been reported that cell-cell contacts mediated by
CDH2 promote membrane tension, inhibiting ferroptosis [70]. Mem-
brane tension is the result of various mechanical and biochemical pro-
cesses that can impact the integrity, stability, and functionality of the
cellular membrane. Mechanistically, HPCAL]1 acts as an autophagy re-
ceptor, selectively inducing autophagic degradation of CDH2 in cancer
cells through the interaction of the LC3-interacting region (LIR) motif of
HPCAL1 with MAP1LC3B [70]. This process requires Thr149 phos-
phorylation of HPCAL1 induced by PRKCQ [70]. Further research is
required to ascertain whether inducing autophagy-dependent ferropto-
sis could be a strategy to inhibit cancer with high CDH2 expression.

5. Strategic targeting for protein modification and degradation
in ferroptosis

The operational mechanisms of ferroptosis have been elucidated in
various biological and pathological scenarios, encompassing its
involvement in suppressing tumors and causing damage to organs [7].
Accumulating investigations propose that pharmacological inhibition of
ferroptosis could offer advantages for specific pathological conditions,
including ischemia/reperfusion injury, neurodegeneration, and inflam-
mation damage. Furthermore, induction of ferroptosis is known to
suppress tumor growth and increase the immunogenicity of dying can-
cer cells. Protein modification and degradation pathways present
promising targets for the development of drugs capable of intervening in
ferroptosis. Next, we will focus on discussing the ferroptosis inhibitors or
inducers that targeting the UPS and autophagy, as well as their thera-
peutic effects in diseases.

5.1. Ferroptosis inducers

The emerging anti-tumor strategy revolves around inducing ferrop-
totic cell death in cancer cells. This is achieved by promoting the
degradation of antioxidant proteins, especially GPX4, through two key
cellular processes: the UPS and autophagy.

Certain small-molecule compounds play a crucial role in this strat-
egy. They can either facilitate the connection between E3 ubiquitin li-
gases and their substrates or inhibit specific deubiquitinating enzymes,
which ultimately leads to increased ubiquitination of the target protein,
followed by its proteasomal degradation. An example of such a com-
pound is N6F11, a small molecule known for selectively triggering fer-
roptosis in cancer cells while sparing immune cells. Mechanistically,
N6F11 promotes K48-linked ubiquitination of GPX4 at Lys 48 and its
subsequent degradation by activating TRIM25 [132,179].

Another innovative approach involves the use of Proteolysis Tar-
geting Chimeras (PROTAC), which are heterobifunctional molecules
designed to bind to both the target protein and the E3 ubiquitin ligase.
This interaction triggers the degradation of the target protein by the
proteasome machinery. Researchers have successfully employed PRO-
TAC technology to design and synthesize a series of GPX4 degraders,
enabling precise degradation of GPX4 to facilitate ferroptosis
[180-182]. Additionally, compounds like DMOCPTL, bufotalin, and
timosaponin AIIl effectively induce ferroptosis in cancer cells by pro-
moting UPS-mediated degradation of GPX4 [183-185].

Furthermore, inhibitors of deubiquitinating enzymes, such as PR-
619, PAPT, and NCI677397, have been shown to increase the ubiquiti-
nation of GPX4, leading to its destabilization in various types of cancer
cells [137,186,187]. Despite these advancements, it’s important to note
that no drugs utilizing these strategies have progressed to clinical trials
yet.

An alternative approach for inducing ferroptosis in tumor cells is by
triggering autophagy to eliminate specific anti-ferroptosis proteins or by
inducing selective autophagy. FIN56, for instance, is a specific ferrop-
tosis inducer that works by inducing autophagic degradation of GPX4
[188,189]. Moreover, FIN56 inhibits CoQ production in the mevalonate
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pathway, enhancing cellular sensitivity to ferroptosis induction [189].
Classical ferroptosis inducers like erastin (an SLC7A11 inhibitor) and
RSL3 (a GPX4 inhibitor) also induce autophagic degradation of anti--
ferroptosis proteins, and this effect can be further enhanced by copper
ions [178,190,191]. Multiple pathways, such as AMPK, MTOR, BECN1,
and ROS, are involved in the regulation of autophagy. Certain agents
like amentoflavone, dihydroartemisinin, curcumin, and chrysin can
activate  or  disrupt these pathways, thereby inducing
autophagy-dependent ferroptosis in tumor cells [192-195]. These
findings lay a promising foundation for future clinical development in
this field.

Additionally, another potential avenue for regulating ferroptotic cell
death involves targeting non-ubiquitination modifications of proteins. A
notable example is icFSP1, which binds to the myristoylated form of
FSP1, promoting phase condensation [55]. As a result, icFSP1-induced
subcellular relocalization of FSP1 promotes ferroptosis in cancer cells
and hinder tumor growth in vivo [55].

5.2. Ferroptosis inhibitors

While less frequently discussed, ferroptosis inhibitors associated
with protein modification and degradation hold substantial untapped
potential. For instance, the natural product salvianolic acid B has been
found to impede the proteasomal degradation of GPX4, effectively
inhibiting ferroptosis. This action has shown promise in ameliorating
myocardial ischemia-reperfusion injury in vivo [196]. Similarly, Gink-
golide B has demonstrated its potential in improving diabetic ne-
phropathy by protecting the kidneys from ferroptosis-induced damage.
It achieves this by reducing the ubiquitination of GPX4 in a mouse model
[197].

In the context of ferroptosis inhibition, classical autophagy inhibitors
like chloroquine, bafilomycin A1, and 3-methyladenine have exhibited a
protective role. They play a crucial part in scenarios such as alcohol-
induced ferroptosis in liver epithelial cells or the 6-hydroxydopamine
model of Parkinson’s disease [198,199]. Furthermore, the HSP90 in-
hibitor 2-amino-5-chloro-N,3-Dimethylbenzamide (CDDO) primarily
attenuates ferroptosis through blocking HSP90-mediated CMA and the
autophagic degradation of GPX4 in mice hippocampal neurons (HT-22)
cells [171]. Another small compound, iHPCAL1, directly interacts with
HPCALL, an autophagy receptor. It inhibits the function of HPCAL1 in
mediating the autophagic degradation of CDH2, thereby offering pro-
tection against ferroptosis-induced acute pancreatitis [70].

However, it’s important to note that the comparative benefits of
these drugs in comparison to traditional antioxidants are yet to be fully
assessed.

6. Conclusions and perspectives

Ferroptosis, a complex cellular process, involves a myriad of proteins
and diverse protein modifications. A deep comprehension of the land-
scape of protein modification and degradation in ferroptosis offers
important insights into the underlying molecular mechanisms.

In the pursuit of unraveling these complexities, ongoing research
focused on identifying novel therapeutic targets related to protein
modification or degradation holds immense promise. This research
could potentially pave the way for the development of targeted drugs or
interventions tailored to combat ferroptosis-associated diseases. It is
noteworthy that specific protein modification or degradation profiles,
such as hyperoxidized PRDX3 or downregulated GPX4, may emerge as
biomarkers for diagnosis and treatment efficacy of ferroptosis-related
diseases.

Nevertheless, navigating the intricacies of protein modification and
degradation in the context of ferroptosis poses several formidable
challenges.

First, the intricate interplay between different protein modifications
adds complexity, making it challenging to establish a comprehensive
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understanding of the mechanisms governing ferroptosis. As noted
above, both K63-linked ubiquitination and N-myristoylation can drive
the plasma membrane translocation process of FSP1. Given the pivotal
role of N-myristoylation in membrane anchoring, further investigations
are necessary to delve into the potential influence of ubiquitination on
FSP1 N-myristoylation.

Second, a single protein (e.g., ACSL4) may undergo various modifi-
cations, including ubiquitination, phosphorylation, methylation, and
SUMOylation. The regulatory mechanisms of different modifications on
ACLS4 in various diseases remain mysterious. Furthermore, another
protein, like GPX4, may experience degradation via both autophagy and
the UPS. The balancing mechanism of these two degradation systems
within cells is still worth exploring. One potential pathway is that, as
mentioned above, UPS can degrade autophagy regulators, thereby fine-
tuning the process of autophagy. Achieving precise control of specific
protein modifications and degradation is challenging, necessitating the
development of highly targeted intervention strategies.

Third, the roles of certain novel modifications (e.g., lactylation,
succinylation, crotonylation, and malonylation) in diseases are currently
under careful investigation. Exploring the connection between these
modifications and ferroptosis is one of the future research directions.
However, current analytical technologies may not be exhaustive enough
to fully characterize all facets of protein modification, especially at the in
vivo level. Some modifications may prove challenging to detect or
quantify accurately using existing methods, which could limit the dis-
covery of novel biomarkers and therapeutic targets.

To address these challenges effectively, innovative approaches and
advancements in experimental techniques are imperative. Collaborative
endeavors across disciplines, involving researchers in biochemistry,
molecular biology, and bioinformatics, will be essential to tackle the
intricacies of ferroptosis comprehensively. Additionally, improved
technological advancements (e.g., mass spectrometry techniques and
high-throughput screening methods) have the potential to alleviate the
current limitations in characterizing protein modifications.
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