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Abstract 

Ferroptosis is a novel type of regulated cell death driven by the excessive accumulation of iron-dependent 
lipid peroxidation. Therapy-resistant tumor cells, particularly those in the mesenchymal-like state and 
prone to metastasis, are highly susceptible to ferroptosis, suggesting that induction of ferroptosis in 
tumor cells is a promising strategy for cancer therapy. Although ferroptosis is regulated at various levels, 
ubiquitination is key to post-translational regulation of ferroptotic cell death. E3 ubiquitin ligases (E3s) and 
deubiquitinating enzymes (DUBs) are the most remarkable ubiquitin system enzymes, whose 
dysregulation accounts for the progression of multiple cancers. E3s are involved in the attachment of 
ubiquitin to substrates for their degradation, and this process is reversed by DUBs. Accumulating 
evidence has highlighted the important role of ubiquitin system enzymes in regulating the sensitivity of 
ferroptosis. Herein, we will portray the regulatory networks of ferroptosis mediated by E3s or DUBs and 
discuss opportunities and challenges for incorporating this regulation into cancer therapy. 
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Introduction 
Ferroptosis, a newly identified form of cell 

death, has attracted significant attention as a potential 
therapeutic target for cancer [1-3]. Some 
therapy-resistant tumor cells, particularly those in the 
mesenchymal and dedifferentiated state, are 
vulnerable to ferroptosis inducers (FINs), which 
further underscores the potential of ferroptosis 
induction to eradicate tumors [4-7]. Unique among 
other cell death modalities in morphological and 
biochemical features, ferroptosis is characterized by 
shrunken mitochondria, increased mitochondrial 
membrane density, iron dependence, accumulation of 
reactive oxygen species (ROS) and lethal lipid 
peroxidation[8, 9]. Recently, the regulation of 
ferroptosis at the epigenetic, transcriptional, and 
post-transcriptional levels has been extensively 
studied and reviewed [10-13]. However, the 

post-translational regulation of ferroptosis has rarely 
been summarized and remains largely unknown.  

Ubiquitination, a process that covalently attaches 
ubiquitin, is one of the most well-studied regulatory 
post-translational modifications [14]. It is tightly 
coupled to the regulation of protein interactions, 
trafficking, degradation, and enzymatic activities, 
thereby affecting a wide spectrum of cellular 
processes, including ferroptosis, lysosomal 
degradation, DNA repair, apoptosis, and other 
diverse processes [15-17]. Similar to other cell 
modifications, the ubiquitin system is strikingly 
reversible, with the combined activity of ubiquitin 
conjugation counterbalanced by deconjugation. 
Ubiquitin conjugation is mediated by an enzymatic 
cascade (E1-E2-E3) that culminates in the activity of 
E3 ubiquitin ligases (E3s), which transfer ubiquitin to 
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substrates for subsequent degradation via the 26S 
proteasome system[18, 19]. Conjugation can be 
reversed by deubiquitinating enzymes (DUBs), which 
cleave ubiquitin from substrate proteins and edit 
ubiquitin chains [20]. Various E3s and DUBs have 
been implicated in tumorigenesis and progression by 
regulating oncogenes and tumor suppressors 
including such characteristics as stability, localization, 
and activation [21-23]. Accumulating evidence 
indicates that ubiquitin system enzymes or their 
complexes regulate the susceptibility of cancer cells to 
ferroptosis, mainly by regulating ubiquitination and 
the protein stability of key regulators of ferroptosis 
[24-26]. Therefore, a more comprehensive 
understanding of the ubiquitin system involved in the 
regulation of ferroptosis may provide new insights 
into cancer therapeutics. 

With rapid advances in research on ferroptosis, it 
is important to summarize the latest studies on the 
regulation of ferroptosis via ubiquitin system 
enzymes. In this review, we outline the mechanism of 
ferroptosis and its dual role in cancer progression. We 
also thoroughly discuss the current understanding of 
the regulatory networks of ferroptosis mediated by 
E3s and DUBs and discuss the opportunities and 
challenges for incorporating this regulation into 
cancer therapy. 

The mechanism of ferroptosis  
The core mechanism of ferroptosis involves 

antagonism between ferroptosis promotion and 
defense (Figure 1). Ferroptosis is mainly driven by the 
unrestricted peroxidation of polyunsaturated fatty 
acid-containing phospholipids (PUFA-PLs) in cellular 
membranes [9]. Incorporation of PUFAs into 
membrane PLs requires the enzymes acyl-CoA 
synthetase long-chain family member 4 (ACSL4) and 
lysophosphatidylcholine acyltransferase 3[27, 28]. 
Subsequently, excess iron promotes peroxidation of 
PUFA-PLs through two main mechanisms: 1) the 
generation of ROS by iron-mediated Fenton reaction 
and 2) the activation of iron-dependent lipoxygenases 
or cytochrome P450 oxidoreductases, which favor 
membrane damage and ferroptosis onset [29, 30]. 
Correspondingly, cells have evolved ferroptosis 
defense systems against peroxidation damage. The 
system xc--reduced glutathione (GSH)-glutathione 
peroxidase 4 (GPX4) pathway plays a central role in 
detoxifying lipid peroxidation [31, 32]. Several 
non-GPX4 pathways, including FSP1-CoQH2, 
DHODH-CoQH2 and GCH1-BH4, also inhibit 
ferroptosis [33-37]. Accumulating evidence indicates 
that targeting these ferroptosis-promoting or 
ferroptosis defense mechanisms could affect tumor 
behavior and treatment. We refer readers to other 
reviews for a detailed discussion of the mechanisms 
of ferroptosis [13, 32, 38-40].  

 

 
Figure 1. The mechanism of ferroptosis. Ferroptosis involves an antagonism between ferroptosis promotion and defense. The synthesis of PUFA-PLs by ACSL4 and 
LPCAT3 offers prerequisites for subsequent peroxidation. Excess iron promotes peroxidation of PUFA-PLs through two main mechanisms: 1) the generation of ROS by Fenton 
reaction and 2) the activation of lipoxygenases (ALOXs) or cytochrome P450 oxidoreductase (POR) as a cofactor, which favors ferroptosis onset. Correspondingly, cells have 
evolved ferroptosis defense systems against peroxidation damage: system xc--GSH-GPX4, FSP1-CoQH2, DHODH-CoQH2 and GCH1-BH4 pathways. 
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Figure 2. The role of ferroptosis in cancer progression and therapy. (A) FINs such as (1S,3R)-RSL3, erastin, and imidazole ketone erastin (IKE)-induced ferroptotic 
damage has a tumor suppressive role. On one hand, FINs can directly induce ferroptosis in cancer cells. On the other hand, ferroptosis induction promotes DC maturation, 
primes CD8+ T cell activation and facilitates M1 macrophage polarization. (B) Ferroptosis has an oncogenic role by promoting M2 macrophage polarization and impairing CD8+ 

T cell function. (C) Radio-, chemo-, and immunotherapy can trigger ferroptosis by affecting ferroptosis-related pathways. 

 

Ferroptosis involved in cancer 
Ferroptosis is well known for its anti-tumor 

effects, and its pro-tumor role has recently been 
reported. Here, we provide a thorough and critical 
analysis of the dual role of ferroptosis in cancer 
progression, as well as its synergistic effect on cancer 
therapy (Figure 2). 

The tumor suppressive role of ferroptosis  
Ferroptosis induction is an effective method for 

killing cancer cells through the genetic or 
pharmacological intervention of ferroptosis-related 
pathways. Ferroptosis can be induced by genetic 
ablation of solute carrier family 7 member 11 
(SLC7A11) or GPX4 in cancer cells, leading to 
significant tumor suppression [7, 41]. Additionally, 
several clinically approved drugs and experimental 
small-molecule compounds (sulfasalazine, sorafenib, 
erastin, and its analog imidazole ketone erastin) are 
well-known inducers of ferroptotic cancer cell death 

through the inhibition of system xc-[42-46]. 
Altretamine and (1S,3R)-RSL3 also show 
antineoplastic activity and provoke ferroptosis via 
inhibiting GPX4 directly [31, 45, 47].  

The induction of ferroptosis reshapes the tumor 
microenvironment (TME) to stimulate an anti-tumor 
immune response, thereby suppressing tumor 
progression. Ferroptosis induction increases cancer 
cell immunogenicity by upregulating MHC class I 
expression and releasing damage-associated mole-
cular patterns (DAMPs; e.g., ATP and HMGB1) [48, 
49]. On the other hand, ferroptotic stress promotes 
metabolic reprogramming and pro-inflammatory 
signaling activation in tumor-associated macrophages 
(TAMs), resulting in an antitumoral M1-like 
phenotype. This polarization induces phagocytic 
killing activity and inhibits tumor metastasis [50]. 
These findings suggest that the induction of 
ferroptosis could affect anti-tumor immunity and 
inhibit tumor progression.  
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The oncogenic role of ferroptosis 
However, emerging studies have also suggested 

that ferroptosis plays an oncogenic role in tumor 
immunity. DAMPs released from ferroptotic cancer 
cells, such as 8-OHG and KRASG12D, contribute to 
macrophage-induced tumorigenesis. Ferroptotic 
damage triggered by high-iron diets or GPX4 
knockout facilitates the release of 8-OHG and 
activation of the STING-dependent DNA sensor 
pathway, which results in TAM infiltration and 
pro-tumorigenic M2 polarization during Kras-driven 
pancreatic ductal adenocarcinoma (PDAC) in mice 
[51]. Similarly, exosomes packaged with the DAMP 
KRASG12D are released from PDAC cells during 
hydrogen peroxide-elicited ferroptosis and are taken 
up by macrophages via advanced glycosylation end 
product-specific receptor (AGER). This uptake causes 
AGER-mediated STAT3 activation, leading to M2 
macrophage polarization and PDAC growth [52].  

Inducing ferroptosis in CD8+ T cells effectively 
limits their anti-tumor activity and more importantly, 
supports tumor growth. Ma et al. found that TME 
cholesterol-induced CD36 expression in tumor- 
infiltrating CD8+ T cells is associated with tumor 
progression and poor survival in human and murine 
cancers [53]. Mechanistically, the membrane 
glycoprotein CD36 mediates fatty acid uptake to 
increase arachidonic acid levels, which promotes lipid 
peroxidation and ferroptosis in CD8+ T cells [53]. 
These findings highlight the dual role of ferroptosis in 
tumor progression, depending on the cellular context. 

The role of ferroptosis in tumor treatment 
Considering the anti-tumor role of ferroptosis, 

targeting ferroptosis is a promising strategy for cancer 
therapy. Intriguingly, radio-, chemo-, and 
immunotherapies have been reported to induce 
ferroptosis; boosting ferroptosis with FINs could 
further potentiate their efficacy. Ionizing radiation 
triggers ferroptosis by inhibiting SLC7A11 expression, 
upregulating ACSL4, and inducing ROS production 
[54, 55]. FINs also render cancer cells more sensitive to 
radiation and improve efficacy of radiotherapy [55, 
56]. Chemotherapeutic agents such as cisplatin induce 
ferroptosis via depletion of GSH [57]. Treatment with 
FINs potentiates the anti-tumor effect of chemothera-
peutic agents such as cisplatin, gemcitabine, 
doxorubicin, and cytarabine [41, 57-59]. In addition, 
interferon-gamma released from immunotherapy- 
activated CD8+ T cells triggers ferroptosis in tumor 
cells by inhibiting system xc- expression [60]. FINs in 
combination with checkpoint blockades synergis-
tically enhance T-cell-mediated anti-tumor immunity 
and induce ferroptosis in tumor cells [48, 61]. 
Furthermore, several clinical trials are underway to 

assess the safety and efficacy of the combination of 
FINs with traditional therapies in patients with cancer 
(NCT04205357, NCT03247088). Taken together, FINs 
have great potential in tumor therapy, especially in 
combination with conventional therapies. 

Ferroptosis regulated by E3s  
E3s include three major classes based on their 

domains and manners of ubiquitin ligation: really 
interesting new gene (RING), homologous to the 
E6-AP carboxyl terminus (HECT), and 
RING1-between-RING2 (RBR). E3s mainly target 
ferroptosis drivers or suppressors for ubiquitination, 
and regulate their degradation, localization, or 
transcriptional activity, thus modulating cellular 
sensitivity to ferroptosis. Herein, we summarize the 
studies on ferroptosis regulated by E3s published to 
date (Figure 3; Table 1). Importantly, we also discuss 
the relationship between ferroptosis-associated 
regulators and E3s (Figure 3; Table 1), thereby 
providing potential for the discovery of new E3s 
responsible for regulating ferroptosis.  

 

Table 1. Ferroptosis-related proteins regulated by E3 ubiquitin 
ligases 

E3 
ubiquitin 
ligase type  

E3 ubiquitin ligase Target  Effect on 
ferroptosis  

Reference 

RING TRIM26 SLC7A11 Promote [64] 
RING PRC1  SLC7A11 Unclear [66] 
RING MITOL Chac1  Inhibit [71] 
RING TRIM46  GPX4 Promote [73]  
RING MIB2 GPX4 Promote [74]  
RING β-TrCP  TFRC  Inhibit  [24] 
RING RNF139 HMOX1 Unclear [87] 
RING SCFFBXL5 complex IRP2  Unclear [101, 102] 
RING FBXO10 ACSL4  Inhibit [105] 
RING FBW7 SCD1  Promote [107] 
RING MDM2-MDMX complex PPARα  Promote [110] 
RING Keap1-CUL3-RBX1 

complex 
NRF2 Unclear [113] 

RING TRIM21 p62 Promote [117] 
RING CRL2-KLHDC3 complex p14ARF Inhibit [119] 
RING MIB1 NRF2  Promote [25] 
RING FBXW7 VDAC3 Inhibit [122] 
RING SCFβ-TRCP complex YAP, TAZ Unclear [125, 126] 
RING SCFSKP2 complex YAP Unclear [130] 
RING CRL4DCAF8 complex LSH  Promote [134] 
HECT  NEDD4 VDAC2, VDAC3 Inhibit [26] 
HECT HUWE1 TFRC Inhibit [79] 
HECT NEDD4L Lactotransferrin Inhibit [80] 
HECT SIAH2 HMOX1, NRF2, 

GPX4 
Inhibit [85, 86] 

HECT HERC2 NCOA4  Unclear [92] 
RBR RNF217 Ferroportin  Unclear [96] 

 

Regulation of system xc--GSH-GPX4 axis  
System xc- is a heterodimeric complex composed 

of SLC7A11 and SLC3A2, which functions as a 
cystine/glutamate antiporter on the cell surface [62]. 
Cystine uptake mediated by system xc- promotes the 
biosynthesis of GSH [63]. Accordingly, the inhibition 
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of system xc- causes GSH depletion and GPX4 
inactivation, contributing to ferroptosis induction 
[13]. E3s have been reported to regulate protein 
stability and gene transcription of SLC7A11 via 
ubiquitination. TRIM26, a member of the RING-type 
E3s, mediates the ubiquitination and proteasomal 
degradation of SLC7A11, inducing ferroptosis in 
hepatic stellate cells [64]. Histone 2A ubiquitination is 
associated with the regulation of gene transcription, 
including SLC7A11 [65, 66]. Polycomb repressive 
complex 1 is an E3 ligase responsible for 
ubiquitinating histone 2A and downregulating 
SLC7A11 expression by increasing ubiquitination of 
histone 2A on the SLC7A11 promoter in human renal 
cancer cells [66]. However, the role of polycomb 
repressive complex 1-mediated transcriptional 
repression of SLC7A11 in ferroptosis and tumor 
development awaits further investigation. 

GSH, the cofactor of GPX4, helps GPX4 detoxify 
phospholipid hydroperoxides [67]. The depletion of 
GSH can inactive GPX4 and trigger ferroptosis [68]. 

ChaC glutathione-specific γ-glutamylcyclotransferase 
1 (Chac1) is responsible for degradation of GSH and 
regulates the sensitivity of cancer cells to ferroptosis 
[69, 70]. Recent studies have demonstrated that Chac1 
is inhibited by mitochondrial ubiquitin ligase 
(MITOL), a mitochondrial membrane-associated E3 
ligase, via the eIF2a-ATF4 pathway in cardiomyocytes 
[71]. Consistently, downregulation of MITOL 
increased Chac1 expression, resulting in decreased 
GSH and GPX4 levels. Therefore, MITOL knockdown 
promotes lipid peroxidation and ferroptosis by 
disrupting GSH homeostasis and GPX4 expression 
[71].  

GPX4 is a crucial enzyme that directly catalyzes 
the reduction of phospholipid hydroperoxides to 
protect membranes from ferroptotic damage [72]. 
Several E3 ligases interact with GPX4 and mediate its 
degradation. TRIM46 is upregulated by elevated 
glucose in a time-dependent manner, which interacts 
with GPX4 and facilitates its ubiquitination and 
subsequent degradation [73]. Therefore, the 

 

 
Figure 3. The relationship between ferroptosis regulators and E3s. The system xc--GSH-GPX4 pathway is important for protecting cells from ferroptosis and E3s 
participate in regulating this pathway. E3s can regulate lipid metabolism pathways including polyunsaturated fatty acid-containing phospholipids (PUFA-PL) and monounsaturated 
fatty acid-containing phospholipids (MUFA-PL). E3s also regulate key factors associated with the uptake, export, storage and utilization of iron during ferroptosis. Besides, E3s are 
involved in the modulation of other ferroptosis regulators including NRF2, Hippo pathway effectors (YAP and TAZ), VDAC, and LSH. 
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upregulation of TRIM46 contributes to high 
glucose-induced ferroptosis and growth inhibition of 
human retinal capillary endothelial cells. 
Furthermore, sevoflurane administration induces E3 
ligase mind bomb 2 (MIB2) expression, thus 
promoting ferroptosis in hippocampal neurons. 
Mechanistically, MIB2 binds to GPX4 and mediates 
ubiquitination of GPX4 [74]. Collectively, the 
activation of TRIM46 or MIB2 expression under 
different stimuli promotes GPX4 ubiquitination and 
ferroptosis in certain cellular contexts. However, the 
mechanism by which TRIM46 and MIB2 mediate the 
ubiquitination of GPX4 remains to be explored.  

Regulation of iron metabolism 
Iron plays a key role in ferroptosis. Cellular iron 

levels are tightly regulated by iron metabolism, 
including iron uptake, storage, utilization, and export 
[75]. Recently, the link between iron metabolism and 
E3s has been extensively investigated. 

Transferrin is a carrier protein loaded with ferric 
ions and can be imported into cells via transferrin 
receptor (TFRC)-mediated endocytosis [76]. This 
non-heme iron uptake is necessary for ferroptosis, 
because downregulation of TFRC suppresses 
ferroptosis induced by cystine starvation or 
(1S,3R)-RSL3 treatment [77, 78]. The E3 ligase β-TrCP 
promotes ubiquitination and degradation of TFRC via 
the adaptor protein TRIB2, decreases labile iron levels 
in liver cancer cells, and confers resistance to 
(1S,3R)-RSL3- or erastin-induced ferroptosis [24]. 
Overexpression of β-TrCP inhibits human liver cancer 
cell proliferation, possibly by reducing iron (which is 
essential for tumor cell growth). Similarly, in 
hepatocytes, the HECT-type E3 ligase HUWE1 has 
been reported to target TFRC for ubiquitination and 
proteasomal degradation, thereby regulating iron 
metabolism and inhibiting ferroptosis [79]. 
Lactotransferrin, also known as lactoferrin, is an 
iron-binding protein that belongs to the transferrin 
family. The HECT-type E3 ligase NEDD4L suppresses 
ferroptosis by promoting the degradation of 
lactotransferrin and decreasing intracellular iron 
accumulation in human pancreatic and ovarian cancer 
cells [80]. Therefore, knockdown of NEDD4L 
enhances anti-tumor activity triggered by 
(1S,3R)-RSL3 or erastin. 

Heme oxygenase-1 (HMOX1) catalyzes heme 
into ferrous iron in cells and promotes ferroptosis by 
increasing iron load [81]. Zinc protoporphyrin, a 
HMOX1 inhibitor, prevents erastin-induced 
ferroptosis, whereas hemin, an HMOX1 inducer, 
promotes erastin-induced ferroptosis. Consistently, 
HMOX1 knockout has been found to suppress 
ferroptosis, whereas HMOX1 overexpression 

accelerates ferroptosis in HT-1080 fibrosarcoma cells 
[82]. These findings were consistent in the heart, but 
not in renal proximal tubular cells or liver cancer cells 
[83-85]. Absentia homolog 2 (SIAH2), a member of the 
RING-type E3s, has been reported to regulate 
HMOX1 both at the transcriptional and post-transla-
tional levels [85, 86]. SIAH2 downregulates HMOX1 
expression by destabilizing nuclear factor erythroid 
2-related factor 2 (NRF2) that functions as a 
transcription factor of HMOX1 [86]. SIAH2 decreases 
HOXM1 protein levels by promoting proteasomal 
degradation of HMOX1 in specific organs such as the 
heart [85]. In addition, knockout of SIAH2 increases 
sensitivity to ferroptosis triggered by erastin or 
(1S,3R)-RSL3 treatment, which is possibly due to the 
higher proferroptotic HMOX1 level [85]. In addition 
to SAIH2, E3 ligase RNF139 interacts with HMOX1 
and mediates its ubiquitination and degradation, 
which contributes to the tumor-suppressive effect of 
RNF139 in renal carcinoma cells [87].  

Ferritin, the main iron storage protein, is 
composed of ferritin heavy chain 1 and ferritin light 
chain [88]. Ferritin can be degraded by autophagy 
receptor nuclear receptor coactivator 4 (NCOA4)- 
mediated ferritinophagy [89]. Recent studies suggest 
that ferritinophagy is involved in triggering labile 
iron overload and promoting ferroptosis [90, 91]. 
Intriguingly, NCOA4-mediated ferritinophagy can be 
regulated by E3s, and this regulation is dependent on 
iron. When cellular iron levels are high, the 
C-terminal domain of NCOA4 binds to iron. 
HECT-type E3 HERC2 interacts with iron-bound 
NCOA4 and accelerates the degradation of NCOA4 
via the ubiquitin-proteasome system [92]. In the 
absence of iron, HERC2 separates from iron-free 
NCOA4 to stabilize NCOA4 and promotes 
ferritinophagy [92]. Therefore, HERC2 plays an 
important role in the iron-dependent turnover of 
NCOA4, but further investigation is required to 
establish whether this regulation affects cellular 
sensitivity to ferroptosis, especially in cancer cells. 

Ferroportin (FPN) is the only iron exporter 
protein found in mammalian cells [93]. FPN inhibits 
erastin-induced ferroptosis via decreasing labile iron 
pools in cells [94, 95]. RNF217 acts as a novel member 
of the RBR-type E3s and regulates iron homeostasis 
through its E3 ubiquitin ligase activity by modulating 
FPN degradation in macrophages [96]. The direct role 
of RNF217-mediated ubiquitination and degradation 
of FPN in ferroptosis requires further investigation. 
Iron regulatory protein 2 (IRP2) is an RNA-binding 
protein that maintains iron homeostasis through 
post-transcriptional regulation of TFRC, ferritin, and 
FPN [97, 98]. Several studies have shown that IRP2 is 
a driver of ferroptosis [99, 100]. F-box and leucine-rich 
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repeat protein 5 (FBXL5), the substrate recognition 
component of the Skp1-Cul1-F-box (SCF) E3 ligase 
complex, recognizes IRP2 and contributes to the 
proteasomal degradation of IRP2 with sufficient 
oxygen and iron in eukaryotes [101, 102]. Similarly, 
FBXL5 deficiency leads to cellular iron overload via 
decreased FBXL5-mediated degradation of IRP2, 
which promotes ROS production in hematopoietic 
stem cells [103]. However, the potential role of FBXL5 
in ferroptosis and whether other E3s are involved in 
iron metabolism remain unclear.  

Regulation of lipid metabolism 
E3 ligases can mediate the degradation and 

transcriptional regulation of enzymes involved in 
lipid metabolism, which is correlated with cellular 
sensitivity to ferroptosis. ACSL4 is an enzyme that 
contributes to the biosynthesis of PUFA-PLs and 
promotes lipid peroxidation and ferroptosis induced 
by GPX4 inhibition [27, 104]. F-box-only protein 10 
(FBXO10), a component of the SCF E3 complex, is 
responsible for substrate recognition. FBXO10 
interacts with ACSL4 and promotes ACSL4 
ubiquitination and degradation, which may alleviate 
ferroptosis induced by traumatic brain injury [105]. In 
addition, stearoyl-CoA desaturase (SCD1) is a 
lipid-modifying enzyme that promotes monoun-
saturated fatty acid synthesis and protects cancer cells 
from ferroptosis [106]. F-box and WD repeat 
domain-containing 7 (FBW7) is a subunit of the SCF 
E3 complex that is responsible for substrate 
recognition. Significantly, FBW7 represses SCD1 
transcription by inhibiting the binding of NR4A1 and 
the SCD1 promoter and promotes lipid peroxidation 
and ferroptosis in pancreatic cancer cells [107]. 
Consistently, FBW7 potentiates the tumoricidal effect 
of gemcitabine by promoting ferroptosis in pancreatic 
cancer. Furthermore, murine double minute 2 
(MDM2) is an E3 ligase for ubiquitinating p53 [108]. 
Murine double minute X (MDMX) can form a 
heterodimer with MDM2, thereby enhancing the 
ligase activity of MDM2 [109]. Venkatesh et al. found 
that MDM2 and MDMX promote ferroptosis in a 
manner that is independent of p53 [110]. The MDM2–
MDMX complex regulates lipids by altering PPARα 
activity and PPARα-mediated lipid remodeling in 
several tumor cell lines, especially in patient-derived 
glioblastoma cell lines [110]. However, the key 
downstream genes of PPARα responsible for 
ferroptosis require further investigation.  

Regulation of NRF2 
NRF2 functions as a transcription factor and 

activates multiple antioxidant genes, which mediates 
cellular antioxidant responses and limits lipid 

peroxidation and ferroptosis [83, 111, 112]. The E3 
ligase complex composed of Kelch-like ECH- 
associated protein 1 (Keap1), Cullin3, and RING-box 
protein 1 mediates ubiquitination and rapid 
degradation of NRF2 under quiescent conditions 
[113]. However, under oxidative stress, cysteine 
residues of Keap1 are modified, leading to 
inactivation of the aforementioned ligase complex and 
subsequent NRF2 stabilization [114]. In addition, 
sequestosome 1, also known as p62, competes with 
NRF2 for Keap1 binding, resulting in Nrf2 release and 
stabilization [114, 115]. The E3 ligase TRIM21 binds to 
p62 via the PRYSPRY domain and ubiquitylates p62 at 
K7 via K63-linked ubiquitination [116]. The 
ubiquitination of p62 by TRIM21 counteracts 
p62-mediated NRF2 activation [116]. Consistently, 
downregulation of TRIM21 promotes antioxidant 
response and suppresses ferroptosis induced by 
doxorubicin [117]. These findings suggest that E3s 
play an important role in redox homeostasis as well as 
ferroptosis owing to their regulation of the 
p62-Keap1-NRF2 pathway. 

In addition, E3s can regulate the 
p14ARF-NRF2-SLC7A11 pathway to modulate 
ferroptosis. ARF, known as p14 alternate reading 
frame (p14ARF) in humans, inhibits NRF2 acetylation 
and NRF2-mediated transcriptional activation of 
SLC7A11[118]. KLHDC3 is an adaptor protein of 
Cullin-RING ligase (CRL) 2 that interacts with the 
C-terminal degron of p14ARF, triggering proteasomal 
degradation of p14ARF in multiple cancer cell lines 
[119]. Accordingly, the CRL2-KLHDC3 E3 complex 
mitigates the p14ARF-mediated inhibition of SLC7A11 
transcription and suppresses ferroptosis, thus 
contributing to the pro-tumorigenic role of KLHDC3 
[119]. Moreover, E3 mind bomb 1 promotes the 
ubiquitination and degradation of NRF2 via the 
proteasome pathway, which sensitizes lung cancer 
cells to ferroptosis [25]. Collectively, dysregulation of 
NRF2 can lead to transcriptional changes and 
disturbed redox equilibrium, thereby regulating 
ferroptosis. 

Regulation of VDAC2 and VDAC3 
The voltage-dependent anion channel (VDAC) is 

a channel that mediates metabolite and ion exchange 
across the outer mitochondrial membrane [120]. The 
classic FIN, erastin, binds to VDAC and regulates its 
opening for ferroptosis induction [121]. Current 
evidence has implicated that the degradation of 
VDAC2 and VDAC3 by E3s inhibits erastin-induced 
ferroptosis. FBXW7 acts as a substrate recognition 
component of the SCF E3 complex and mediates 
ubiquitination and degradation of VDAC3, conferring 
resistance to erastin-induced ferroptosis in acute 
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lymphoblastic leukemia cells [122]. In addition, E3 
NEDD4 interacts with the PPxY motifs of VDAC2 and 
VDAC3 via its WW domain, thereby mediating 
K48-linked ubiquitination and degradation of VDAC2 
and VDAC3 in melanoma cells [26]. Interestingly, 
erastin treatment stimulates NEDD4 expression, 
which in turn NEDD4 inhibits erastin-induced 
ferroptosis via the degradation of VDAC2 and 
VDAC3. Therefore, this negative feedback regulation 
may provide new insights into how cancer cells 
maintain homeostasis by E3s in response to FINs [26].  

Regulation of Hippo pathway 
The Hippo pathway regulates ferroptosis 

depending on cell density, a process in which E3s may 
also be involved. Under high density, Hippo signaling 
is activated and its downstream effectors, 
Yes-associated protein (YAP) and transcriptional 
coactivator with PDZ-binding motif (TAZ), are 
phosphorylated by LATS kinases, which promote 
YAP/TAZ cytoplasmic localization and prime them 
for further phosphorylation by casein kinase 1 [123, 
124]. The SCFβ-TrCP E3 complex recognizes phospho-
rylated YAP/TAZ, leading to their ubiquitination and 
proteasomal degradation [125, 126]. YAP and TAZ are 
transcriptional co-activators of TEAD, which upregu-
lates some ferroptosis-promoting genes, including 
ACSL4, TFRC, ANGPTL4, and EMP1 [127-129]. 
Therefore, degradation and cytoplasmic sequestration 
of YAP/TAZ represses the expression of these 
ferroptosis drivers, thus leading to inhibition of 
ferroptosis. Additionally, E3s can regulate YAP 
localization. The SCFSKP2 E3 complex mediates 
K63-linked polyubiquitination of YAP, which 
increases its nuclear localization and transcriptional 
activity [130]. Interestingly, SKP2 is one of 
transcriptional targets of YAP and sensitizes cancer 
cells to erastin-induced ferroptosis [131]. As a result, a 
positive feedback loop may exist between YAP and 
SKP2, possibly regulating the sensitivity of cancer 
cells to ferroptosis. SKP2 also targets the transcription 
of threonine tyrosine kinase and TFRC, both of which 
partly contribute to SKP2-mediated ferroptosis [131].  

Regulation of epigenetic mechanism 
Recent studies have shown that epigenetic 

regulation is also involved in ferroptosis. 
Lymphoid-specific helicase (LSH), also known as 
HELLS, is a chromatin-remodeling ATPases [132]. 
LSH has been reported to suppress ferroptosis via 
epigenetic and transcriptional regulation of 
ferroptosis-related genes [133]. E3s can control the 
protein stability of LSH to regulate epigenetic 
dynamics in ferroptosis. DCAF8 and WDR76 are 
potential substrate recognition receptors of CRL4, a 

member of the CRL family. CRL4DCAF8 targets the 
proteasomal degradation of LSH as an E3 complex, 
whereas WDR76 competitively inhibits this 
degradation process by hindering the assembly of the 
holo-CRL4DCAF8-LSH complex [134]. Hence, this 
opposing regulatory strategy of CRL4DCAF8 and 

WDR76 controls the sensitivity of cancer cells to 
ferroptosis.  

Ferroptosis regulated by DUBs 
DUBs are enzymes that functionally cut off 

ubiquitin chains from specific subsets of proteins. 
DUBs can be divided into seven superfamilies, 
including one metalloprotease superfamily, the 
Jad1/Pad/Mpn domain–containing metalloenzymes 
(JAMMs), and six cysteine-based superfamilies, the 
ubiquitin-specific proteases (USPs), ovarian tumor 
proteases (OTUs), Machado-Joseph disease domain 
proteases (MJDs), Ub C-terminal hydrolases (UCHs), 
motif interacting with Ub-containing novel DUB 
family (MINDYs), and the zinc-finger and UFSP 
domain protein (ZUFSP)[135]. The various structural 
elements of DUBs serve diverse biofunctions, 
including processing ubiquitin precursors and 
cleaving poly-ubiquitin chains to maintain free 
ubiquitin pools, stabilizing protein substrates from 
degradation via trimming ubiquitin chains, and 
editing ubiquitin chains to convert ubiquitin 
signals[136]. Similar to E3s, recent genetic studies 
have reported that DUBs regulate ferroptosis by 
modulating the substrate stability and signal 
transduction. Here, we summarize the mechanisms 
by which DUBs regulate ferroptosis and emphasize 
their roles in connecting ferroptosis to tumor 
suppression, thus further exploring the advantages of 
therapeutic targeting of DUBs in cancer treatment 
(Figure 4; Table 2). 

 

Table 2. Ferroptosis-related proteins regulated by deubiqui-
tinating enzymes 

Deubiquitinating 
enzyme type 

Deubiquitinating 
enzyme 

Target  Effect on 
ferroptosis 

Reference 

USP USP7 SLC7A11 Promote [139] 
USP USP7 p53, TFRC Promote [159] 
USP USP7 hnRNPA1 Inhibit [160] 
USP USP11 NRF2 Inhibit [150] 
USP USP11 Beclin1 Promote [161] 
USP USP14 Beclin1 Inhibit [148] 
USP USP14 IL-6, NRF2 Promote [162] 
USP USP14 NCOA4  Promote [147] 
USP USP22 SLC7A11 Inhibit [163] 
USP USP35 Ferroportin Inhibit [94] 
OTU OTUB1 SLC7A11 Inhibit [141] 
OTU OTUD1 IRP2, TFRC Promote [146] 
OTU A20 ACSL4, 

SLC7A11 
Promote [149] 

UCH BAP1 SLC7A11 Promote [66, 137, 
138] 

UCH BAP1 IP3R Promote [164] 
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Figure 4. The relationship between ferroptosis regulators and DUBs. Schematic overview of DUBs involved in the process of ferroptosis by regulating multiple signal 
pathways, including system xc--GSH-GPX4 pathway, lipid metabolism pathways and iron metabolism pathway. Moreover, PdPT, a pan-DUB inhibitor, could decrease GPX4 
expression through inhibiting various DUBs. 

 

Regulation of system xc--GSH-GPX4 axis  
It appears that DUBs could modulate SLC7A11 

expression in line with E3s and further influence 
tumor progression by inducing ferroptosis. 
BRCA1-associated protein 1 (BAP1), the first reported 
DUB that regulates SLC7A11, decreases the 
expression of SLC7A11 by deubiquitinating H2Aub 
and reducing its occupancy on SLC7A11 promoters 
[137]. BAP1 triggers ferroptosis in multiple cancer cell 
lines, including kidney clear cell carcinoma, kidney 
papillary cell carcinoma, uveal melanoma, 
pheochromocytoma and paraganglioma, and invasive 
breast carcinoma [137, 138]. Interestingly, BAP1 and 
E3 ligase PRC1 have opposite effects on H2Aub, but 
have the same effect on SLC7A11 expression, 
suggesting a coordinated function of ubiquitinase and 
deubiquitinase in ferroptosis regulation [138]. USP7 
nuclear translocation is promoted by p53, which leads 
to the deubiquitination of H2Bub1, thus decreasing 
SLC7A11 expression and activity in lung cancer 
during ferroptosis induction [139]. OTUB1, an OTU 

family member deubiquitinase, has been previously 
reported to interact with SLC7A11 and regulate its 
stability. Rather than depending on its 
deubiquitination ability, OTUB1 stabilizes SLC7A11 
by inhibiting the E2-conjugating enzymes recruited by 
E3 ligases [140]. Accumulating evidence has shown 
that depletion of OTUB1 sensitizes multiple tumor 
cells to ferrotopsis, including glioma [141], colon 
cancer [142], breast cancer [143], and pancreatic cancer 
[144], thereby modulating OTUB1 might be a 
promising strategy for cancer therapy. Palladium 
pyrithione complex (PdPT) is a pan-inhibitor of 
multiple DUBs, including USP7, USP10, USP14, 
USP15, USP25, and UCHL5, which contributes to 
ferroptosis and apoptosis in NSCLC cell lines. 
Mechanistically, PdPT increases GPX4 ubiquitination 
and promotes its degradation by inhibiting DUBs 
activity [145]. Overall, DUBs that regulate SLC7A11 
are complicated in tumor cells. DUBs can enhance 
SLC7A11 stability by inhibiting its degradation, 
whereas other DUBs can decrease SLC7A11 
expression through histone modification.  
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Regulation of iron metabolism 
Given the central role of iron in ferroptosis, it is 

unsurprising that DUBs are involved in the regulation 
of ferroptosis by modulating iron homeostasis. 
OTUD1 increases ferroptosis in colon cancer by 
stabilizing IRP2 and promoting iron uptake through 
TFRC [146]. In contrast, USP35 stabilizes FPN and 
increases FPN-dependent iron export, thus inhibiting 
erastin- or RSL3-triggered ferroptosis and tumor- 
suppressive effects in lung cancer [94]. USP14 was 
reported as a regulator of NCOA4, indicating the key 
role of USP14 in autophagy-dependent ferroptosis 
[147]. In addition, inhibition of USP14 by 6-Gingerol is 
accompanied with the changed expression of NCOA4 
and ferritin heavy chain 1 and accordingly increases 
ferroptosis [148]. 

Regulation of lipid metabolism 
A20, another OTU family DUB that has both 

ubiquitinating and deubiquitinating activities, 
interacts with ACSL4 in lung cancer cells [149]. A20 is 
upregulated by silencing of small ubiquitin-like 
modifier (SUMO)-specific protease 1(SENP1), which 
enhances erastin-induced ferroptosis. In addition, 
ACSL4 expression is also increased when A20 
expression level is increased. However, detailed 
mechanisms remain to be explored.  

Regulation of NRF2 
USP11, a USP family DUB, is responsible for the 

deubiquitination and stabilization of NRF2 in 
non-small cell lung cancer cells [150]. As a result, the 
depletion of USP11 leads to the induction of 
ferroptosis and, more importantly, suppresses tumor 
cell proliferation [103]. This finding suggests that the 
USP11-NRF2 axis may be a potential target for cancer 
treatment. Villeneuve et al. reported that USP15 
negatively regulates NRF2 by deubiquitinating and 
stabilizing Keap1 [151]. Thus, USP15 may be involved 
in the regulation of ferroptosis by increasing the 
stability of Keap1 and decreasing NRF2 expression. 
However, further evidence is needed to confirm this 
hypothesis.  

Implications for targeting ubiquitin 
enzymes and ferroptosis  

Ferroptosis-based therapy has shown promising 
results in experimental cancer models. An increasing 
number of studies have shown that inducing 
ferroptosis in cancer cells might become a new avenue 
for clinical treatment [11]. Unfortunately, owing to the 
lack of available drug candidates and the varying 
sensitivity of different tumor types to ferroptosis, 
patient populations with cancer have not been able to 
receive full benefits from ferroptosis-inducing agents 

[152]. E3s and DUBs play important roles in 
regulating cellular ferroptosis sensitivity. On the one 
hand, E3s and DUBs may be promising predictive 
biomarkers. On the other hand, the development of 
new small molecules targeting ubiquitination path-
ways may considerably accelerate the clinical 
therapeutic application of ferroptosis. Ubiquitin 
enzymes can be modulated by anti-tumor drugs, 
including inhibitors and agonists, proteolysis- 
targeting chimeras (PROTACs), and molecular glues 
[145, 153]. Significant development of E3 and DUB 
inhibitors has been witnessed over the past 20 years, 
with a number of small molecules targeting E3 or 
DUBs that have come into preclinical use and have 
been undertaken by industry groups for optimization 
[154]. PROTAC is composed of three parts: an E3 
ligand, a protein of interest (POI) ligand, and a linker 
[155]. This bifunctional molecule binds to E3 and POI 
via two ligands, thus promoting the ubiquitination 
and proteasomal degradation of POI. Molecular glues 
are small molecules that can induce a novel 
association between ubiquitin enzymes and 
substrates, thereby degrading the substrates [153, 156, 
157]. However, considering the complexity of 
ubiquitination regulation, a number of challenges 
need to be overcome to bring ubiquitin-based 
proferroptotic therapy into clinical settings. Among 
these, the specificity and potential adverse effects 
resulting from the enzymatically promiscuous nature 
of ubiquitin enzymes must be considered. In addition, 
ferroptosis occurs not only in tumor cells but also in 
other cells in the TME, such as TAMs and CD8+ T 
cells; ferroptosis of immune cells sometimes promotes 
tumor progression [158]. Therefore, a deeper 
understanding of E3s- or DUB-mediated ferroptosis 
regulation might help to identify the most suitable 
ubiquitin-based proferroptotic therapies. 

Concluding remarks 
Ferroptosis is a new type of cell death that is 

caused by iron-dependent lipid peroxidation. 
Although ferroptosis induction is expected to kill 
tumor cells, it also plays a dual role in cancer 
progression by targeting different cells in the TME or 
different action mechanisms. This phenomenon 
highlights the importance of uncovering the 
regulatory network of ferroptosis. Ubiquitination is a 
post-transcriptional modification process that 
regulates a series of cellular processes by 
ubiquitinating or deubiquitinating substrates. 
Abnormalities in enzymes of the ubiquitin system are 
associated with cancer development and treatment. 
These enzymes interact with ferroptosis-related 
proteins and mediate cellular sensitivity to 
ferroptosis. Recent studies have begun to provide an 
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outline of the collective impact of E3s and DUBs on 
ferroptosis. However, due to the complexity of 
ubiquitin enzyme regulation, concrete mechanisms 
are still enigmatic, including the type of 
polyubiquitination, ubiquitination site, or other 
mechanisms independent of their ligase activities. 
Moreover, our understanding of how E3s and DUBs 
regulate novel ferroptosis-regulating proteins, such as 
FSP1, DHODH, and GCH1, remains very limited. 
Clarifying these questions will drive the development 
of E3 or DUB inhibitor discovery programs targeting 
ferroptosis. In general, ubiquitin system enzymes, 
including E3s and DUBs, play key regulatory roles in 
ferroptosis; thus, expanding our knowledge of this 
regulation will lead to innovative strategies for cancer 
therapy. 
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