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Abstract

Most chemotherapeutic drugs are introduced to eliminate tumors by targeting apoptotic cell death, but
chemoresistance frequently develops owing to the aberrant apoptotic machinery. Although the
emergence of immune checkpoint blockade (ICB) has revolutionized cancer therapeutics, poor
responses to ICB and an immunosuppressive tumor microenvironment are commonly observed in solid
tumors. Hence, restoring chemosensitivity and immunosurveillance is important for improving patient
outcomes. Recently, the induction of nonapoptotic programmed cell death (PCD), such as ferroptosis
and pyroptosis, has received much attention since these alternative forms of cell death potentially
increase chemosensitivity and augment antitumor immunity. Ubiquitination and deubiquitination are
well-recognized posttranslational modifications, and the balance between these processes is important
for maintaining cellular homeostasis. Dysregulation of deubiquitinating enzymes (DUBs) is reportedly
associated with tumor progression. Additionally, emerging studies have suggested the involvement of
DUBs in modulating cellular susceptibility to nonapoptotic PCD. Nevertheless, the crosstalk between
DUBs and nonapoptotic PCDs and their implications for cancer treatment have not been thoroughly
reviewed. In this review, we elucidate the roles of DUBs in regulating ferroptosis and pyroptosis via their
DUB activities or noncanonical functions. Moreover, we thoroughly discuss the challenges and urgent
problems associated with targeting DUBs to induce nonapoptotic PCDs as cancer therapeutics.

Keywords: Deubiquitinating enzymes (DUBs); posttranslational modification (PTM); ferroptosis; pyroptosis; chemosensitivity;
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Introduction

In recent decades, the biological characteristics
and molecular mechanism of apoptosis have been
well investigated; furthermore, cancer
chemotherapeutics (e.g., cisplatin, gemcitabine, and
5-fluorouracil (5-FU)) have been shown to trigger
apoptosis and eliminate tumors [1]. However, drug
resistance presents a major challenge for cancer

management, and apoptosis dysfunction is a critical
factor contributing to intrinsic or acquired
chemoresistance [2]. For example, following receiving
gemcitabine treatment, pancreatic cancer patients
with high expression of the antiapoptotic protein
Bcl-xL  exhibit poorer overall survival and
recurrence-free survival than their counterparts do.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

3994

[3]. Moreover, increased Bcl-xL levels were also
observed, particularly in recurrent epithelial ovarian
tumors following platinum-based chemotherapies [4].
Recently, the emergence of immune checkpoint
blockade (ICB) has led to positive results, especially
for patients with hematological malignancies.
Unfortunately, poor response to ICB and immune
evasion are observed in solid tumors because of the
immunosuppressive tumor microenvironment (TME)
[5]. Thus, restoring chemosensitivity and
immunosurveillance is of paramount importance for
improving patient outcomes. In recent years, the
induction of nonapoptotic programmed cell death
(PCD), such as ferroptosis and pyroptosis, has
received much attention since these processes are
capable of increasing chemosensitivity and enhancing
antitumor immunity [6-8]. Liu and colleagues
reported that the induction of autophagy-dependent
ferroptosis markedly eliminates multidrug-resistant
retinoblastoma cells [6]. In addition, gasdermin E
(GSDME)-mediated pyroptosis was reported to
potentiate chemosensitivity and facilitate T-cell
infiltration in non-small cell lung cancer (NSCLC) [8].
Overall, the initiation of nonapoptotic PCD seems to
be a promising strategy for cancer treatment.
Ubiquitination is a well-recognized
posttranslational modification (PTM), and its
biological process is catalyzed by an enzymatic
cascade involving ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2), and ubiquitin
ligase (E3) [9, 10]. Human deubiquitinating enzymes
(DUBs) are members of the protein superfamily and
reverse ubiquitination by deconjugating ubiquitins
from target proteins to increase their stability or
regulate cellular signaling [11, 12]. DUB subfamilies
are classified into two classes, namely, cysteine
proteases and metalloproteases, according to their
domain conservation and sequence similarity.
Ovarian tumor proteases (OTUs), ubiquitin carboxy-
terminal hydrolases (UCHs), ubiquitin-specific
proteases  (USPs), = Machado-Joseph ~ domain-
containing proteases (MJDs), monocyte chemotactic
protein-induced proteins (MCPIPs), motifs interacting
with Ub-containing novel DUBs (MINDYs), and
Zn-finger and UFSP domain proteins (ZUFSPs) are
among the seven subfamilies of cysteine proteases.
The only metalloproteases in the family are
JAMM/MPN domain-associated metallopeptidases
(JAMMSs) [13]. In general, the balance between
ubiquitination and deubiquitination is strictly
controlled to maintain cellular homeostasis, but the
aberrant expression of DUBs is tightly associated with
aggressive features of cancer [14-18]. A growing body
of research has revealed the involvement of DUBs in
determining the cellular susceptibility to ferroptosis

and pyroptosis [19-22]. Intriguingly, DUBs serve as
Jekyll and Hyde in the modulation of nonapoptotic
PCD in different cellular contexts [23, 24].
Nevertheless, the relationship between DUBs and
nonapoptotic PCD has not been comprehensively
reviewed.

In this review, we elucidate the roles of DUBs in
the modulation of ferroptosis and pyroptosis via
distinct molecular mechanisms and their implications
for cancer treatment. Furthermore, the limitations and
critical problems associated with targeting DUBs to
induce nonapoptotic PCD as a cancer therapeutic
strategy are also discussed.

Article 1. The role of DUBs in the
modulation of ferroptosis

Aberrant apoptotic machinery (e.g., loss of
caspases and upregulation of antiapoptotic proteins)
plays a critical role in intrinsic and acquired drug
resistance [25, 26], making the induction of
nonapoptotic PCD a potential strategy for overcoming
chemoresistance. Indeed, previous studies have
revealed that the induction of ferroptosis is associated
with increased chemosensitivity in multiple cancers,
such as esophageal squamous cell carcinoma, lung
adenocarcinoma, and head and neck cancer [27-29].
Moreover, as a proinflammatory type of PCD, the
initiation of ferroptosis promotes the infiltration of
IFNy*CD8* T cells into tumors and sensitizes cancer
cells to anti-PD-L1 agents [30]. These findings
highlight the potential of ferroptosis in cancer
therapeutics by improving chemosensitivity and
antitumor immunity.

Ferroptosis is an iron-dependent and
caspase-independent PCD  process that is
morphologically and biochemically distinct from
apoptosis. Its morphological features include
cytoplasmic swelling, loss of membrane integrity, and
especially reduced mitochondrial cristae [31].
Biochemically, ferroptosis is characterized by the
accumulation of intracellular iron, increased oxidative
stress, and lipid peroxidation [32]. Elevated levels of
iron facilitate the production of reactive oxygen
species (ROS) and increase lipoxygenase activity,
which promotes lipid peroxidation. However, several
antioxidant defense systems (e.g. the
SLC7A11-GSH-GPX4 system, Nrf2 signaling, and
FSP1-CoQ10 system) can counteract cellular oxidative
stress, thus blocking ferroptosis [31]. Altogether, the
initiation of ferroptotic cell death is intricately
orchestrated by the interplay of these molecular
mechanisms. In the following sections, we elucidate
the involvement of DUBs in ferroptosis modulation
through distinct mechanisms, including the
regulation of iron homeostasis, cysteine metabolism,
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calcium (Ca?*) homeostasis, lipid metabolism, and the
nuclear factor erythroid 2-related factor 2 (Nrf2)
signaling pathway.

Section 1.01. Iron homeostasis

Iron is an important trace element involved in
physiological functions, such as DNA synthesis, DNA
repair, oxygen transport, and cellular respiration [33].
Despite its crucial role in physiology, abnormal iron
accumulation might be cytotoxic because the labile
iron pool (LIP) can react with hydrogen peroxide
(H20,) to produce hydroxyl radicals (OH-) through
the Fenton reaction, which potently facilitates lipid
peroxidation [34, 35]. Hence, cellular iron homeostasis
is tightly controlled to prevent unwanted damage. In
general, iron homeostasis can be regulated mainly by
the (1) import, (2) export, and (3) storage of iron.
Transferrin receptor protein 1 (TFRC) interacts with
ferric iron-loaded transferrin to facilitate cellular iron
uptake, and its expression is strictly regulated by
iron-sensing proteins (e.g., iron responsive element
binding protein 2 (IREB2)). Under a low level of

intracellular iron, IREB2 can stabilize the mRNA
transcript of TFRC; in contrast, excess intracellular
iron results in the ubiquitin-mediated degradation of
IREB2 by FBXL5, a component of the E3 ligase [20, 36,
37]. OTU deubiquitinase 1 (OTUD1) has been
reported to increase the susceptibility of colorectal
cancer (CRC) to ferroptosis, enhancing antitumor
immunity through the deubiquitination of IREB2
(Figure 1). Moreover, OTUDIl-mediated tumor
regression was observed in BALB/c mice injected
with CT26 cells but not in NOD-SCID mice, indicating
immune-dependent tumor clearance [20].

Ferroportin (FPN) is the only iron exporter
identified in mammalian cells, and FPN knockdown
sensitizes neuroblastoma cells to erastin-mediated
ferroptosis [38]. Tang and colleagues reported that
USP35 can directly stabilize FPN via its
deubiquitinase activity (Figure 1); conversely, USP35
knockdown improves the sensitivity of lung cancer to
paclitaxel (PTX) and cisplatin [19]. Intriguingly, FPN
downregulation has been reported in human lung
adenocarcinoma and squamous cell carcinoma [39],
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Figure 1. Roles of DUBs in ferroptosis through the modulation of cellular iron homeostasis. Cellular iron homeostasis is regulated mainly by the import, export, and storage of
iron. IREB2 is an iron regulatory protein that can be deubiquitinated by OTUDI| to upregulate TFRC, which interacts with ferric iron-loaded transferrin to promote iron uptake
and ferroptosis. Conversely, USP35 functions as a ferroptosis suppressor through stabilizing the iron exporter ferroportin. Ferritin is an iron storage protein, and NCOA4 can
drive the autophagic degradation of ferritin to increase the labile iron pool. Notably, USP14 has been reported to block autophagic flux, but whether USP14 inhibits ferroptosis
by targeting ferritinophagy warrants further investigation. * IREB2: iron responsive element binding protein 2; NCOA4: nuclear receptor coactivator 4; OTUDI1: OTU
deubiquitinase 1; TFRC: transferrin receptor protein; USP14: ubiquitin-specific protease 14; USP35: ubiquitin-specific protease 35.
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and it is likely that tumor cells attempt to increase iron
retention and meet the demand for iron. Indeed,
cancer cells are addicted to iron to maintain their
aggressiveness [40, 41], but this makes them highly
susceptible to ferroptosis. It seems that cancer cells
strike a balance between iron homeostasis and the
prevention of ferroptosis.

Ferritin is an iron storage protein consisting of a
heavy chain and light chain, and nuclear receptor
coactivator 4 (NCOA4, a selective cargo receptor) can
drive the autophagic degradation of ferritin (termed
“ferritinophagy”) to promote LIP and subsequent
ferroptosis [42]. USP14 has been reported to inhibit
autophagic flux by promoting the K63-linked
deubiquitination of beclin-1 [43]. Notably, 6-gingerol
(@ bioactive component of ginger) effectively
suppressed lung tumor growth by downregulating
USP14, which was associated with increased

expression of autophagy-related and
ferroptosis-related proteins [44]. These findings
suggest that USP14 inhibition may trigger

autophagy-dependent ferroptosis, which warrants
further investigation [43, 44] (Figure 1). Taken
together, iron accumulation is considered an Achilles
heel of cancer cells, and targeting specific DUBs to
interfere with iron homeostasis seems promising for
improving chemotherapy efficacy.

Section 1.02. Cysteine metabolism

Owing to the increased demand for iron to
sustain malignancy [40, 41], cancer «cells are
predisposed to high oxidative stress. Thus, sufficient
antioxidants (e.g., GSH) are essential to balance redox
homeostasis; in particular, cysteine is the rate-limiting
precursor of GSH synthesis. However, de novo
synthesis of cysteine is insufficient to meet the cellular
demand; to this end, the import of cystine (an
oxidized form of cysteine) for further GSH synthesis
is indispensable [45]. Systemic Xc-, comprising two
subunits, namely, SLC7A11 (also known as xCT) and
SLC3A2, is a cystine-glutamate antiporter that
facilitates the uptake of cystine [46]. The inhibition of
SLC7A11 suppresses tumor progression by increasing
susceptibility to ferroptosis [47, 48]. Recently, a
growing body of research has suggested that DUBs
play a role in regulating ferroptosis by targeting
SLC7A11. The mechanisms by which DUBs modulate
SLC7A11 are mainly through (1) direct
deubiquitination, (2) indirect regulation, and (3) a
noncanonical manner (i.e., DUBs regulate SLC7A11
levels in a deubiquitinase-independent manner).

With respect to the direct deubiquitination of
SLC7A11 (Figure 2A), USP18 has been reported to
maintain SLC7A11 stability by counteracting

CRL3KCTD10 E3 ligase-mediated ubiquitylation [49]. As
mentioned above, susceptibility to ferroptosis
determines treatment sensitivity. OTU deubiquitinase
5 (OTUDS5) and USP52 have been shown to stabilize
SLC7A11 by removing its K48-linked
polyubiquitination; however, the depletion of OTUD5
and USP52 sensitizes TNBC and bladder cancer to
PTX and imidazole ketone erastin (IKE), respectively
[50, 51]. Compared with erastin, IKE is a potent
ferroptosis inducer because of its superior solubility
and metabolic stability in vivo [52, 53]. Cancer stem
cells (CSCs) drive tumor initiation, drug resistance,
metastasis, and the immunosuppressive TME [54]. To
maintain their self-renewal ability, CSCs become
more addicted to iron, but this increases susceptibility
to ferroptosis. To this end, CSCs exploit DUBA (also
known as OTUD5) to stabilize SLC7A11 via its
deubiquitinase activity, which not only prevents
ferroptosis but also promotes stem cell-like properties
through c-Myc signaling [55]. It seems promising that
DUBA inhibition can synergize with ferroptosis
inducers (e.g., sorafenib) to attenuate hepatocellular
carcinoma (HCC) stemness.

PTMs, such as phosphorylation, SUMOylation,
methylation, and ubiquitination, are responsible for
protein diversity by altering protein activity, stability,
subcellular localization, and interactions with binding
partners [56]. Interestingly, recent studies have
suggested that PTMs of DUBs (e.g., phosphorylation
and SUMOylation) can impact their stability, activity,
and even interaction with SLC7A11, which further
regulates cellular susceptibility to ferroptosis [57, 58].
For example, the phosphorylation of USP20 at Ser132
and Ser368 by ataxia telangiectasia and Rad3-related
(ATR) activation enhances its stability and then
confers  resistance to ferroptosis via the
deubiquitination of SLC7A1l. This finding implies
that acquired oxaliplatin (OXA) resistance in HCC
might result from the DNA damage-induced
ATR/USP20/SLC7A11 axis [57]. Indeed, the DNA
repair machinery is responsible for OXA resistance
[59]. SUMOylation refers to the conjugation of small
ubiquitin-like modifiers (SUMOs) to target proteins.
Notably, SUMO-specific peptidase 1 (SENP1) is a
well-documented  protease = that  specifically
deconjugates SUMO from SUMOylated targets, and
Gao et al. reported a novel network between the
SUMOylation of DUBs and ferroptosis regulation.
Mechanistically, SENP1-mediated deSUMOylation of
A20 potentially affects its interaction with SLC7A11,
ultimately inhibiting ferroptosis [58]. However, the
detailed mechanism by which SLC7A11l levels are
regulated by A20 requires further exploration.
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Figure 2. (A) Roles of DUBs in ferroptosis through direct deubiquitination of SLC7AI 1. SLC7A1 1 is an important subunit of systemic Xc- that is responsible for cystine import
and hence inhibits ferroptosis. USP18, USP20, USP52, OTUBI, and OTUDS are capable of increasing SLC7AI | stability via their DUB activities. Notably, chemotherapeutic
agent-induced ATR activation mediates USP20 phosphorylation at Ser132 and Ser368 to increase its stability, which explains why acquired oxaliplatin resistance might stem from
the DNA damage-induced ATR/USP20/SLC7A11 axis. (B) Roles of DUBs in ferroptosis through indirect regulation of SLC7Al 1. In addition to being directly deubiquitinated by
DUBs, SLC7AI | can be transcriptionally or posttranslationally regulated by the substrates of DUBs. LSH is both the substrate of USP5 and a DNA methylation repressor that
facilitates SLC7A11 expression. OTUD4-mediated deubiquitination of RBM47 enhances the mRNA stability of ATF3, ultimately suppressing ferroptosis. In addition, USP8 and
EIF3H deubiquitinate OGT for the O-GlcNAcylation of SLC7Al 1, increasing the cystine uptake activity of SLC7AI1 and attenuating ferroptosis through reducing ROS
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accumulation. (C) Roles of DUBs in modulating SLC7A11 via their noncanonical functions. An increasing number of studies have suggested the noncanonical functions of DUBs
in regulating SLC7AT1 1, including serving as E3 ligases, epigenetic modifications, and the inhibition of ubiquitin ligases. Surprisingly, ZRANB1, which belongs to the OUT family, acts
as an E3 ligase to destabilize SLC7A1 | and hence increases susceptibility to ferroptosis. With respect to epigenetic modifications, with the help of p53, the nuclear translocation
of USP7 removes H2Bub| and downregulates SLC7Al 1. Moreover, BAPI is a well-recognized DUB of histone H2A and is involved in SLC7AI1 | repression. Intriguingly, CD44
promotes the interaction between OTUBI and SLC7AlI, which stabilizes SLC7AIIl by inhibiting ubiquitin ligases independent of OTUBI DUB activity. *A20:
TNF-a-induced protein 3; ATF3: activating transcription factor 3; ATR: ataxia telangiectasia and Rad3-related protein; BAP1: BRCAl-associated protein 1; CD44: cluster of
differentiation 44; DUBA: deubiquitinating enzyme A; EIF3H: eukaryotic translation initiation factor 3, subunit H; LSH: lymphoid-specific helicase; OGT: O-linked
N-acetylglucosamine transferase; OTUBI: OTU deubiquitinase, ubiquitin aldehyde binding 1; OTUD4: OTU deubiquitinase 4, OTUD5: OTU deubiquitinase 5; RBM47: RNA
binding motif protein 47; SENP1: SUMO-specific peptidase I; USP5: ubiquitin-specific protease 5; USP8: ubiquitin-specific protease 8; USP20: ubiquitin-specific protease 20;

USP52: ubiquitin-specific protease 52; ZRANBI: zinc finger RANBP2-type containing 1.

With respect to the indirect regulation of
SLC7A11 by DUBs (Figure 2B), USP5 has been shown
to stabilize lymphoid-specific helicase (LSH, a DNA
methylation repressor), which transcriptionally
upregulates SLC7A11 to inhibit ferroptosis in HCC
[60]. Conversely, activating transcription factor 3
(ATF3) has been identified as a ferroptosis inducer
that mitigates chemoresistance because of its capacity
to repress SLC7A11 expression by binding with its
promoter [61, 62]. Li and colleagues reported that
OTU  deubiquitinase 4 (OTUD4) promotes
ATF3-dependent ferroptosis and suppresses ccRCC
metastasis; however, whether SLC7A11 is involved in
OTUD4-mediated  ferroptosis has not been
determined [63]. In addition to transcriptional
regulation, the PTM of SLC7Al1l1 has also been
suggested to determine cellular susceptibility to
ferroptosis. O-GlcNAcylation is a reversible PTM that
is catalyzed by O-GlcNAc transferase (OGT) to affect
the serine or threonine residues of target proteins [64].
Intriguingly, O-GlcNAcylation seemingly plays a
dual role in ferroptosis induction depending on its
target [65-67]. On the one hand, O-GlcNAcylation
prevents the degradation of yes-associated proteins,
which upregulate TFRC expression to increase
susceptibility to ferroptosis [67]. On the other hand,
USPS8 and EIF3H (belonging to the JAMM subfamily)
have been found to suppress ferroptosis via the
deubiquitination of OGT [68, 69]. Mechanistically, the
USP8-mediated  O-GlcNAcylation of SLC7A11
enhances its ability to take up cystine, thus inhibiting
ferroptosis. Conversely, genetic knockout or
pharmacological inhibition of USP8 not only triggers
ferroptosis but also inhibits the invasion and stemness
of HCC [67]. Furthermore, elevated OGT expression is
strongly associated with HCC progression [70].

Recent findings have revealed the novel
regulation of SLC7A1l by DUBs via an epigenetic
mechanism (Figure 20). Histone H2B
monoubiquitination (H2Bubl) is an important
epigenetic modification that is widely recognized as a
transcriptional activator [71]. Under ferroptotic stress,
p53 facilitates the nuclear translocation of USP7,
which reduces the level of H2Bubl in the SLC7A11
gene regulatory region and downregulates SLC7A11
expression [23]. Furthermore, BRCAI1-
associated protein 1 (BAP1), a member of the UCH

subfamily, is a well-known DUB of histone H2A, and
this deubiquitination results in the repression of
SLC7A11 [72].

In addition to epigenetic regulation, DUBs are
reported to govern SLC7A11 expression independent
of their deubiquitinase activities (Figure 2C). Liu and
associates reported that inactivation of the catalytic
activity of OTUB1 (C91A) does not decrease SLC7A11
levels, whereas disrupting the interaction between the
E2-conjugating enzyme and OTUB1 (D88A)
significantly reduces the stability of SLC7A11 [73].
These findings suggest that OTUB1 might stabilize
SLC7A11 by directly targeting ubiquitin ligases
instead of by its enzymatic activity, an effect that is in
line with previous studies revealing that OTUB1
blocks the ubiquitin-conjugating activity of E2 [74, 75].
In addition, the PTM of OTUB1 affects its binding
affinity with the E2 enzyme. For example, the
methylation of OTUB1 compromises its binding with
UBC13 (an E2-conjugating enzyme), eventually
abolishing the suppressive role of OTUBI in
ferroptosis. However, the authors did not clarify
which ferroptosis-related regulator is targeted by
OTUB1 [76]. Strikingly, ZARNB1 (a member of the
OTU subfamily) can function as an E3 ligase to
negatively regulate SLC7A11, and its overexpression
markedly enhances susceptibility to ferroptosis [77].
Notably, A20 is the only member of the OTU family
that possesses both DUB and E3 ligase activities [78],
and the author revealed that the specific region
(residues 463-584) within the OTU domain of
ZARNBI1 functions as an atypical E3 ligase [77].

Section 1.03. Calcium homeostasis

Emerging studies have demonstrated that
elevated levels of cytosolic Ca?* increase cellular
susceptibility to ferroptosis by facilitating the
membrane integration of 12/15-lipoxygenase into the
mitochondria and endoplasmic reticulum and that the
inhibition of Ca?* influx by cobalt chloride prevents
erastin-induced ferroptosis [79, 80]. These findings
suggest the involvement of calcium homeostasis in
ferroptosis regulation. A recent finding indicated that
the USP11-mediated deubiquitination of LSH reduces
H3K27me3 levels on the CYP24A1 promoter, which
blocks cytosolic Ca?* influx and ferroptosis initiation
in CRC [81]. However, glucose starvation
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downregulates the USP11/LSH/CYP24A1 signaling
axis to promote ferroptosis. Mitoxantrone, an
FDA-approved antineoplastic agent, is a potent
USP11 inhibitor that eliminates pancreatic ductal
adenocarcinoma cells. Hence, in combination with the
manipulation of glucose metabolism, USP11 might be
a promising druggable target for CRC treatment [82,
83].

Section 1.04. Lipid metabolism

As mentioned above, intracellular labile iron can
promote the generation of hydroxyl radicals via the
Fenton reaction, thereby inducing lipid peroxidation
[34, 35]. Compared with monounsaturated fatty acids
(MUFAs), polyunsaturated fatty acids (PUFAs) are
more susceptible to peroxidation. That is, increased
levels of less oxidizable MUFAs result in ferroptosis
resistance [84]. The regulation of ferroptotic cell death
through lipid metabolism has been fully elucidated

previously [85]. In brief, the balance between MUFAs
and PUFAs within phospholipids determines the
sensitivity of ferroptosis, which can be modulated by
lipid metabolic enzymes. Stearoyl-CoA desaturase
(SCD) catalyzes fatty acid desaturation to facilitate
MUFA accumulation, and SCD overexpression has
been reported to prevent ferroptosis [86-89]. Guan et
al. revealed that USP7 is capable of deubiquitinating
SCD; conversely, the inhibition of SCD by DHPO (an
allosteric site covalent inhibitor of USP7) not only
induces ferroptosis but also exhibits superior
antitumor efficacy without severe side effects
compared with cisplatin in a gastric cancer PDX
mouse model [24]. Furthermore, USP3 has been found
to suppress ferroptosis and enhance NSCLC
resistance to cisplatin via the deubiquitination of
acyl-CoA thioesterase 7 (ACOT7), a MUFA
synthesis-related enzyme [90] (Figure 3).
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Figure 3. Roles of DUBs in ferroptosis through the modulation of lipid metabolism. The balance between MUFAs and PUFAs within phospholipids determines the cellular
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ACSL4 to increase its stability, which facilitates the incorporation of PUFA-CoAs into the plasma membrane. On the other hand, USP7 and USP3 increase MUFA production by
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USP15: ubiquitin-specific protease 15.
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Long-chain acyl-CoA synthetase (ACSL) is an
enzyme responsible for remodeling phospholipid
composition through the conversion of free fatty acids
into fatty acyl-CoAs. In particular, ACSL4
preferentially activates PUFAs, which facilitates their
incorporation into the plasma membrane [91]. The
inhibition of ACSL4 has been reported to suppress
lipid peroxidation as well as ferroptosis [92, 93];
hence, increased enzymatic activity or cellular levels
of ACSL4 fuel the proferroptotic process. ACSL4
stability is clearly governed by the balance between
the E3 ligases TRIM21 and USP15. Mechanistically,
TRIM21 catalyzes, but USP15 removes, the K48-linked
polyubiquitination of ACSL4, resulting in ACSL4
degradation and stabilization, respectively [94]
(Figure 3). Tyrosine-protein kinase KIT mutations are
predominantly observed in 85% of gastrointestinal
stromal tumors (GISTs) [95]. Notably, c-KIT activation
induces the upregulation of TRIM21 expression but
the downregulation of USP15 expression, which
destabilizes ACSL4 and is associated with the
resistance of GIST to imatinib (a c-KIT inhibitor) [94].

Glutathione hydroperoxidase 4 (GPX4), a
negative regulator of ferroptosis, is capable of
converting lipid peroxides into lipid alcohols by
oxidizing GSH to glutathione disulfide (GSSG) [96].
An increasing number of studies have suggested the
involvement of DUBs in regulating GPX4-dependent
ferroptosis (Figure 3). For example, USP8 stabilizes
GPX4 via its enzymatic activity. The combination of
DUB-IN-2 (a USP8 inhibitor) and sulfasalazine (SAS, a
ferroptosis inducer) sensitizes cells to PD-1 inhibitors
and increases IFN-y* CD8* T-cell infiltration [97].
Another study revealed that the broad-spectrum DUB
inhibitor (DUBI) PR-619 induces GPX4
destabilization, which promotes tumor-infiltrating
CD8* T cells and potentiates immunotherapy [98].
These findings highlight the potential of ferroptosis to
augment antitumor immunity. OTUDS is reportedly
involved in ferroptosis-mediated renal and
myocardial ischemia/reperfusion injury [99, 100]. A
recent finding suggests that p53-mediated
transcriptional inhibition of OTUDS5 destabilizes
GPX4 and confers susceptibility to ferroptosis in
stomach adenocarcinoma [101]. USP2, which is
usually suppressed in cisplatin-resistant NSCLC, can
directly interact with p53 to promote its stability and
nuclear translocation, eventually facilitating
ferroptosis [102]. p53 functions as a bidirectional
regulator of ferroptosis depending on cellular stress.
On the one hand, p53 downregulates SLC7A11 and
indirectly represses GPX4 activity via reduced GSH
synthesis; on the other hand, it can increase GPX4
activity via p21-induced GSH production to maintain
cell survival [103]. Several E3 ligases have been

implicated in regulating GPX4 stability through
alterations in its ubiquitination status [104, 105]. For
example, the interaction between tripartite
motif-containing 41 (TRIM41) and GPX4 facilitates
GPX4 degradation [104]. Conversely, tripartite
motif-containing 26 (TRIM26) enhances GPX4
stability by catalyzing K63-linked ubiquitination
[105]. However, the interplay between DUBs and E3
ligases and their cooperative mechanisms in
orchestrating ubiquitin networks to regulate cell
death require further investigation.

The cystatin SN is positively correlated with
enhanced metastasis in GC, and it serves as a
ferroptosis suppressor through the recruitment of
OTUB1 to deubiquitinate GPX4 [106]. USP8 and
EIF3H have also been found to confer ferroptosis
resistance by deubiquitinating p-catenin, which is
associated with cancer stemness and invasion [107,
108]. In addition, Wang et al. demonstrated that
B-catenin directly targets the promoter of GPX4,
thereby  upregulating GPX4 expression and
subsequently inhibiting lipid ROS generation [109].
Therefore, ferroptosis may be negatively regulated by
the USP8/B-catenin/GPX4 axis, but this hypothesis
warrants further testing. Similarly, USP15-mediated
deubiquitination of selenium-binding protein 1
(SELENBP1) contributes to ferroptosis resistance, but
the underlying mechanism remains elusive [110].
USP15 may modulate ferroptosis via the upregulation
of GPX4 expression via SELENBP1 [111].

The ferroptosis suppressor protein 1
(FSP1)-coenzyme Q10 (CoQ10) system is also a
negative regulator of lipid peroxidation independent
of the GSH-GPX4 pathway. Mechanistically, FSP1
inhibits lipid hydroperoxides by converting CoQ10
(ubiquinone) into its reduced form CoQ10H:
(ubiquinol), which scavenges free radicals [112].
Blockade of FSP1 not only triggers ferroptotic cell
death but also enhances the efficacy of ICB [113]. A
recent study demonstrated that USP7 deubiquitinates
JunD, which transcriptionally upregulates FSP1 and
confers ferroptosis resistance in melanoma [114].
However, whether any DUB directly stabilizes FSP1
through its deubiquitination warrants further
investigation.

Section 1.05. Nrf2 signaling pathway

Nrf2 is an important transcription factor that
regulates cellular redox homeostasis, and its stability
is tightly controlled by the KEAP1-CUL3-RBX1 E3
ligase complex. Following nuclear translocation, Nrf2
binds with small Mafs to form a heterodimer and then
targets the antioxidant response element, which
increases the expression of downstream antioxidant
genes to counteract oxidative stress [115]. The key
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negative regulators of ferroptosis, including SLC7A11

and GPX4, are Nrf2 target genes [116, 117];
furthermore, Nrf2 has been found to inhibit
ferroptosis by promoting SLC7Al1l membrane

localization in an autophagy-dependent manner [117,
118]. These findings highlight the suppressive role of
Nrf2 signaling in ferroptosis. Recently, several DUBs,
including USP11, USP35, and OTUD3, have been
shown to reduce cellular susceptibility to ferroptosis
by deubiquitinating Nrf2 [14, 119, 120].

Overall, DUBs play dual roles in regulating
ferroptosis depending on their target proteins or
involved mechanisms, and an increasing number of
studies have reported the noncanonical functions of
DUBs in ferroptosis modulation. Thus, an in-depth
understanding of the crosstalk between DUBs and

ferroptosis will provide insight into cancer
therapeutics.
Article II. The role of DUBs in the
modulation of pyroptosis

Pyroptosis is a type of gasdermin

(GSDM)-driven ICD characterized by the release of
proinflammatory stimuli, such as interleukin-1p
(IL-1P), interleukin-18 (IL-18), and damage-associated
molecular patterns (DAMPs) [121]. In a protein family
consisting of six paralogous genes in humans, GSDMs
have two distinct domains, including a pore-forming
N-terminus and an autoinhibitory C-terminus. Once
cleaved by specific caspases, the N-terminus of
GSDMs is liberated and translocates to the plasma
membrane to induce pore formation [122].
Morphologically, pyroptosis is characterized by
GSDM pore formation, bubble-like protrusions, cell
flattening and ultimately plasma membrane rupture
[123]. With respect to molecular mechanisms,
pyroptosis can be classified into canonical and
noncanonical pathways. Canonical pyroptosis is
initiated by inflammasome activation, which involves
pattern recognition receptors (PRRs),
apoptosis-associated speck-like protein containing a
CARD (ASC), and caspase-1. Active caspase-1 not
only facilitates the cleavage of gasdermin D (GSDMD)
but also induces the maturation of IL-1p and IL-18
[124]. Noncanonical pyroptosis is triggered by the
LPS-mediated activation of caspase-4/-5, which
subsequently cleaves GSDMD [125]. Notably,
caspase-3, widely recognized as the executor of
apoptosis, is capable of inducing pyroptotic cell death.
In fact, several conventional chemotherapeutic agents
(e.g., cisplatin, lobaplatin, and 5-FU) have been
suggested to trigger GSDME-dependent pyroptosis,
which potently overcomes chemoresistance and
augments antitumor immunity [8, 126-129]. For
example, cisplatin-induced pyroptosis promotes the

secretion of IL-12 and further upregulates IFN-y
expression in T cells, thereby sensitizing small lung
cancer cells to PD-L1 blockade [126]. Like
GSDME-mediated pyroptosis, apoptosis shares
upstream signaling, and the level of GSDME
determines the switch between apoptosis and
pyroptosis [129]. GSDME serves as a favorable
prognostic factor [8], whereas its expression is
frequently  silenced  because of  promoter
hypermethylation [130, 131]. Interestingly, USP18 has

been reported to suppress pyroptosis through
epigenetic ~ regulation independent of @ its
deubiquitinase activity. Mechanistically, nuclear

USP18 abrogates the occupancy of the STAT2
transcription complex to its relative DNA motif,
which significantly downregulates canonical and
atypical  interferon-stimulated genes (ISGs)  and
NF-xB target genes. Among atypical ISGs, Polo-like
kinase 2 (PLK?2) functions as a potential mediator of
GSDME-dependent pyroptosis (Figure 4). Single-cell
RNA sequencing (scRNA-seq) analysis of acute
myeloid leukemia cells revealed that increased USP18
expression after chemotherapy promotes cell survival,
accounting for disease relapse [132].

In addition to epigenetic modifications, DUBs
are engaged in regulating GSDME-mediated
pyroptosis via their deubiquitinase activity (Figure 4).
OTUD4  enhances the radiosensitivity  of
nasopharyngeal cancer (NPC) since it can
deubiquitinate and stabilize GSDME to induce
pyroptosis. As expected, patients with low OTUD4
expression present a poorer response to radiotherapy
and shorter progression-free survival [22]. Moreover,
Ren and colleagues exploited the CRISPR-Cas9
system and LDH secretion to determine that USP48 is
a potential inducer of pyroptosis. USP48 increases the
stability but not the cleavage of GSDME by removing
its K48-linked ubiquitination [21]. Pyroptosis is
closely related to immunomodulation of the TME
[121], and increased infiltration and function of NK
cells and CD8* T cells have been found in
GSDME-expressing mouse models [133]. The loss of
USP48 reduces the proportions of NK cells and CD8*
T cells but increases tumor-associated macrophage
and regulatory T (Treg) infiltration. Notably,
scRNA-seq analysis revealed that exhausted T (Tex)
cells and Treg cells are T-cell subpopulations that are
negatively regulated by USP48 [21]. Hou and
colleagues reported that USP47 knockdown enhances
doxorubicin-mediated pyroptosis but does not affect
caspase-3 activation. These findings suggest that the
substrate of USP47 might be involved in preventing
GSDME cleavage; however, the detailed mechanism
warrants further exploration [134].
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N-terminal; HMGCR: 3-hydroxy-3-methylglutaryl-coenzyme A reductase; IRF9: interferon regulatory factor 9; ISGF3: interferon-stimulated gene factor 3; LPS:
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1; STAT2: signal transducer and activator of transcription 2; USP48: ubiquitin-specific protease 48.

Emerging studies have revealed the relationship  suppresses HCC progression and augments

between ferroptosis and pyroptosis [135, 136]. For
example, the byproduct of lipid peroxidation 4-HNE
hinders the interaction between the NLRP3
inflammasome and NIMA-related kinase 7 (NEK?7),
thereby inhibiting pyroptosis [136]. Intriguingly,
BRCA1/BRCA2-containing complex subunit 36
(BRCC36), a member of the JAMM family, has been
suggested to regulate the switch between ferroptosis
and pyroptosis. BRCC36-mediated deubiquitination
of 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR) induces pyroptosis but inhibits ferroptosis.
Notably, the subcellular localization of HMGCR
determines the mode of cell death. HMGCR is
predominantly localized in mitochondria; however,
HMGCR is located primarily in the endoplasmic
reticulum to induce pyroptosis via the upregulation of
NLRP3 and GSDMD expression (Figure 4) [137]. The
administration of thiolutin (THL, a BRCC36 inhibitor
synthesized from Streptomyces) [138] effectively

RSL3-induced ferroptosis [137]. These findings reveal
the dark side of pyroptosis and indicate that intensive
pyroptosis plays a tumor-suppressive role, whereas
chronic pyroptosis might instead facilitate tumor
progression [139].

Article III. Discussion

Over the past few  decades, most
chemotherapeutics have been introduced to eliminate
cancer cells by targeting the apoptosis signaling
pathway [1]. However, aberrant apoptotic machinery
is recognized as a significant hallmark of cancer that
drives therapy resistance [140]. Recently, the
induction of nonapoptotic PCD (e.g., ferroptosis,
necroptosis, and pyroptosis) has been proven to not
only effectively kill chemoresistant cells but also
improve the sensitivity of tumors to clinically
approved chemotherapeutic agents [6, 7, 141].
Capable of facilitating the release of proinflammatory
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stimuli, nonapoptotic PCD potentially relieves
immunosuppression and augments the efficacy of ICB
[142, 143]. Ubiquitination and deubiquitination are
important PTMs for the orchestration of cellular
homeostasis. Nevertheless, emerging evidence has
revealed the dysregulation of DUBs in tumor
progression [15-17] and their involvement in
regulating cellular sensitivity to ferroptosis and
pyroptosis [14, 20-22]. In fact, susceptibility to
nonapoptotic PCD, to some extent, determines the
effectiveness of chemotherapy and ICB and is
correlated with  tumorigenesis [28, 126].
Pharmacologically or genetically targeting specific
DUBs has been reported to inhibit tumor progression
(e.g., stemness and metastasis), augment antitumor

immunity, and synergize with clinically used drugs to
eliminate tumors [21, 68, 97, 134]. For example,
DUB-IN-2 treatment not only promotes the
infiltration of cytotoxic T cells but also sensitizes
multiple murine tumor models to anti-PD-1 therapy
through the induction of ferroptosis [97]. Moreover,
USP47 knockdown enhances the chemosensitivity of
CRC to doxorubicin by triggering pyroptosis [134].
Notably, owing to their regulatory roles in
nonapoptotic PCD, DUBs can function as prognostic
indicators and potent biomarkers of drug sensitivity
and the immune landscape within the TME [20-22, 57,
90]. Overall, in this review, we highlight DUBs as
potential regulators of ferroptosis and pyroptosis and
their implications for cancer treatment.

Table 1. Potential small molecules that target DUBs to induce ferroptosis and inhibit tumor progression

DUB DUB Inhibitor/ Cancer type  The substrate  Mechanism/ Effect/Implication Ref.
subfamily Compound of DUB
JAMMs BRCC36 Thiolutin HCC HMGCR 1. Inhibit BRCC36-mediated deubiquitination of HMGCR by 137
targeting the BRCC36’s enzymatic activity
2. Effectively disrupt the physical interaction between BRCC36
and HMGCR
3. Trigger ferroptosis instead of pyroptosis and inhibit tumor
growth in vivo
USPs USP5 Degrasyn HCC LSH 1. Inhibit USP5-mediated deubiquitination of LSH and 60
downregulate ferroptosis-related markers (e.g., SLC7A11 and
GPX4)
2. Inhibit tumor growth in nude mice subcutaneously injected
with LH3/Hep3B/HepG2
uspr7 DHPO (2a,6a- GC SCD 1. DHPO is an allosteric site covalent inhibitor of USP7 24
diacetoxy-4p- Inhibit USP7-mediated deubiquitination of SCD and induce
hydroxy11- ferroptosis through reducing MUFA production
pseudoguaien-12,8a- 3. Suppress metastasis in orthotopic mouse models bearing
olide) MGC803-Luc or MKN-1-Luc cells with no significant toxicity
4. Prolong overall survival in GC patient-derived xenograft
mouse models compared to cisplatin treatment
USP8 DUB-IN-2 CRC GPX4 1. Reduce the protein level of GPX4 by inhibiting its 97
deubiquitination
2. Combine IKE or SAS to inhibit tumor growth and increase
tumoral 4-HNE expression of CT26 subcutaneous tumors
3. The number of tumor-infiltrating IFNy* or TNF* CD8* T cells
markedly increases under triple therapy
(DUB-IN-2+SAS+PD-1 mAb) in BALB/c mice bearing
subcutaneous CT26 tumors
DUB-IN-3 HCC fB-catenin 1. Reduce B-catenin expression and induce ferroptosis 107
2. Inhibit the proliferation, invasion, and stem-like properties of
HCC cells
OGT 1. Inhibit USP8-mediated deubiquitination of OGT and further 68
reduce cystine uptake activity by decreasing GlcNAcylation of
SLC7A11
2. Reduce intracellular cystine levels but promote ROS
accumulation to trigger ferroptosis
3. Inhibit the proliferation, invasion, metastasis, and stemness of
HCC cells
USP11 Mitoxantrone (MTX)  CRC LSH Inhibit USP11-mediated deubiquitination of LSH and reduce its protein 81
stability
UsP14 6-Gingerol (naturally NSCLC N/A 1. Downregulate USP14 expression and inhibit the 44
occurring phenol in deubiquitination of beclin1 at the K63 site
ginger) 2. Increase iron levels but reduce GPX4 protein levels
USP20 GSK2643943A HCC SLC7A11 Increase the cellular sensitivity to OXA 57
Synergize with OXA to retard tumor growth in BALB/c nude
mice bearing Huh-7 cells
- Abroad-rangeand  PR-619 CRC N/A 1. Promote GPX4 degradation and induce ferroptosis 98
reversible DUB Combine anti PD-1 mAb to facilitate the release of DAMPs and
inhibitor increase the infiltration of IFN-y* and granzyme B+ CD8* T

cells.
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Although targeting specific DUBs seems
promising for blocking tumor progression and
improving drug effectiveness through increasing
susceptibility to ferroptosis and pyroptosis, several
urgent problems and challenges are worth discussion
and warrant further exploration. (i) In addition to
reporting on ferroptosis and pyroptosis, studies have
reported the involvement of DUBs in regulating
apoptosis and other nonapoptotic PCDs (e.g.,
necroptosis and paraptosis) [144-149]. For instance,
USPS inhibits extrinsic apoptosis by deubiquitinating
the long isoform of FLICE-inhibitory protein (FLIPL)
and promoting the activation of the human epidermal
growth factor receptor (HER) family [150, 151].
Additionally, USP8 serves as an independent
prognostic indicator for adverse outcomes in patients
with ovarian carcinoma [151]. USP7, another negative
regulator of apoptosis, deubiquitinates and stabilizes
the antiapoptotic protein ADP-ribosylation factor 4
(ARF4) to inhibit BAX [152]. OTUB1 has been found to
suppress necroptosis by deubiquitinating p-catenin.
The nuclear translocation of p-catenin downregulates
the expression of key executors of necroptosis,
including receptor-interacting serine-threonine kinase
3 (RIPK3) and mixed lineage kinase domain-like
pseudokinase (MLKL), which facilitate cisplatin
resistance [144]. USP10 was identified as a positive
regulator of  curcumin-mediated  paraptosis
characterized by mitochondrial dilation, but the
molecular targets of USP10 remain unclear [148].
Therefore, the roles of DUBs in modulating other
types of PCD and their implications for cancer
treatment should not be overlooked. Notably, the
influence of DUBs on cell fate, specifically different
types of cell death, is also worth discussing. One
salient example is receptor-interacting serine-
threonine kinase 1 (RIPK1), whose ubiquitination
status to some extent determines cell fate [153].
Deubiquitination of RIPK1 by the tumor suppressor
DUB cylindromatosis (CYLD) can facilitate apoptosis
or necroptosis, whereas A20 instead promotes RIPK1
degradation, thereby sustaining cell survival [154].
These findings suggest that the precise activity of
DUBs and diverse cellular contexts influence survival,
apoptosis, and necroptosis in response to TNF-a
signaling. Upon caspase-3 activation, the level of
GSDMEE is involved in the cell death switch between
apoptosis and pyroptosis. In other words, cells with
high levels of GSDME preferentially undergo
pyroptosis [155]. As mentioned above, USP48 and
OTUD4 deubiquitinate GSDME to ensure its stability
[21, 22]; hence, the cellular levels of USP48 and
OTUD4 determine the fate of cells in terms of
apoptosis or pyroptosis. Moreover, DUBs might
influence cell fate by modulating the threshold to

induce cell death. For example, the delicate balance
between proapoptotic and antiapoptotic proteins
regulates the initiation of apoptosis [156]. If the
substrate of a DUB (e.g., USP27x) is a proapoptotic
protein (e.g., Bim), the abundance of this DUB might
facilitate apoptosis and improve the treatment
response, and vice versa [149].

(ii) The interplay between DUBs and their
substrates is complicated. On the one hand, numerous
DUBs are capable of targeting identical proteins. For
example, SLC7A11 can be stabilized by DUBA and
OTUB1 to confer ferroptosis resistance [55, 73].
Additionally, p-catenin is deubiquitinated by USP8
and OTUBI1 to inhibit ferroptosis and necroptosis,
respectively [107, 144]. Notably, USP2a, USP20, and
USP47 have also been reported to deubiquitinate and
stabilize [B-catenin [157-159], and it is questionable
whether these DUBs can similarly regulate ferroptosis
or necroptosis in a P-catenin-dependent manner. On
the other hand, a DUB can target diverse proteins or
activate distinct signaling pathways on the basis of the
cellular context. One salient example is OTUDA4. Li et
al. demonstrated that OTUD4 promotes ferroptosis
via the RBM47/ATF3/SLC7A11 axis in ccRCC [63],
whereas OTUD4 triggers pyroptosis through
stabilizing GSDME in NPC [22]. Furthermore, USP7
plays dual roles in regulating ferroptosis, likely
through different targets and mechanisms. With the
help of p53, the nuclear translocation of USP7 induces
ferroptosis by epigenetically repressing SLC7A11
expression [23]; in contrast, USP7 blocks ferroptosis
by deubiquitinating SCD and thus inhibiting lipid
ROS [24]. With respect to the challenges of targeting
DUBs, most DUBs share similar catalytic pockets
[160], and emerging evidence has revealed the
noncanonical functions of DUBs without presenting
catalytic ~pockets [76, 161]. Owing to the
abovementioned reasons, it is difficult to find highly
selective DUB inhibitors, which explains why most
DUB inhibitors are multitargeted and are likely to
cause intolerable side effects [162]. Nevertheless,
recent advances in DUBi development have been
reported. Chan and colleagues created a covalent
library with chemical diversification to target multiple
and discrete areas around the catalytic sites of DUBs.
Combined with activity-based protein profiling
(ABPP), this approach  accelerated  DUBIi
development, leading to the identification of a
covalent inhibitor of the understudied DUB VIPCP1

with  nanomolar potency [163].  Moreover,
proteolysis-targeting  chimeras (PROTACs) are
heterobifunctional molecules consisting of two

distinct ligands that bridge the target protein and an
E3 ligase in close proximity, leading to degradation of
the target protein. Thus, some undruggable DUBs
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might be eliminated by PROTACs [164]. Notably, the
PROTAC U7D-1 was shown to selectively degrade
USP7, effectively inhibiting cancer cell growth [165].

(iii) Although the induction of ferroptosis and
pyroptosis significantly inhibits tumor progression,
the dark side of targeting these nonapoptotic modes
of PCD has been reported, possibly on the basis of the
context of the TME or types of released DAMPs. For
example, ferroptotic pancreatic ductal
adenocarcinoma (PDAC) cells release exosomal KRAS
oncoproteins, subsequently inducing macrophage M2
polarization [166]. High mobility group box 1
(HMGB1) derived from pyroptotic cells facilitates the
tumorigenesis of colitis-associated CRC [167].
Neutralization of protumorigenic DAMPs seems to be
a solution to this. For example, 8-hydroxyguanosine
(8-OHG) released from ferroptotic PDAC cells can
facilitate increased infiltration of M2 macrophages,
whereas the administration of anti-8-OHG antibodies
inhibits  ferroptosis-mediated = tumorigenesis in
Kras-driven mice [168]. Accurately targeting DUBs to
induce nonapoptotic PCD within tumor cells is also a
major concern since the simultaneous nonselective
induction of ferroptosis in cancer cells and immune
cells causes immunosuppression [96, 169, 170]. RSL3,
a GPX4 inhibitor, might trigger ferroptosis in
dendritic cells, which results in reduced expression of
proinflammatory cytokines and MHC I and limited
functions of CD8+* T cells [171]. The selective
elimination of cancer cells by the induction of
ferroptosis or pyroptosis could be achieved via the
use of antibody—drug conjugates or
nanoparticle-based delivery systems, which target
proteins that are preferentially expressed in cancer
cells [172, 173]. For example, a nanogel containing the
ferroptosis inducer IKE conjugated to an anti-PD-L1
antibody was shown to trigger ferroptosis in
PD-L1-expressing cancer cells, resulting in greater
specificity than systemic delivery of IKE [172].
Furthermore, N6F11 was identified as a selective
ferroptosis inducer that specifically degrades GPX4
via TRIM25-mediated ubiquitination in cancer cells
because of its preferential expression [96].

Notably, xenograft mouse models bearing
human tumors are often used to evaluate the
antitumor effects of nonapoptotic PCD. However, the
negative effects of ferroptosis or pyroptosis induction
by targeting DUBs might be overlooked due to the use
of immunodeficient mice. Hence, the utilization of
immunocompetent mouse models, including
syngeneic mouse models, genetically engineered
mouse models, and humanized mice with
patient-derived xenografts, enables a comprehensive
exploration of the nonapoptotic PCD-elicited effects
on the TME [168, 174, 175].

(iv) Emerging evidence has revealed the
unconventional roles of DUBs in regulating
nonapoptotic PCD, such as disrupting the interaction
between the E2-conjugating enzyme and SLC7A11
[73], functioning as an E3 ligase [77], and being
involved in epigenetic modifications [23, 132].
Moreover, PTMs (e.g., phosphorylation,
SUMOylation, and methylation) of DUBs potentially
influence their stability, activity, or physical
interaction with their binding partners [57, 58, 68, 76].
Taken together, an in-depth understanding of the
relationships between DUBs and the mechanisms
involved in the modulation of nonapoptotic PCD will
be conducive to advancing cancer treatment.
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