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Abstract: Lung cancer remains the leading cause of cancer-related death worldwide. Following extensive investiga-
tions into the mechanisms of lung cancer and targeted therapy, clinical treatment options are now more abundant
than ever. However, the overall rates of treatment success and long-term survival remain low among patients with
lung cancer, and the prognosis is even poorer for patients with metastatic disease. In this context, a more compre-
hensive review of the targeted regulatory mechanisms involved in the occurrence and progression of lung cancer
could expand the population of patients benefiting from existing clinical treatments and ultimately improve the
prognosis of this malignancy. Deubiquitinating enzymes (DUBs) are a specialized class of cellular proteases. These
enzymes cleave ubiquitin moieties from substrate proteins or ubiquitin chains, thereby modulating ubiquitination
dynamics. Through this catalytic process, DUBs maintain the dynamic balance of ubiquitination within cells. In
recent years, accumulating evidence has demonstrated that DUBs serve diverse regulatory functions in multiple
molecular events associated with tumorigenesis and malignant progression. Rather than acting through a single
mechanism, DUBs participate in tumor progression through multifaceted pathways. In this comprehensive review,
we systematically summarize the recent advances in our understanding of the biological functions of DUBs during
the pathogenesis and progression of lung cancer. We highlight the mechanistic roles of various DUBs in tumor initia-
tion, development, and metastasis. The topics covered include the regulation of cancer-associated signaling path-
ways by DUBs, their role in metabolic reprogramming, the DUB-induced modulation of tumor immune responses,
the control of cell cycle progression and proliferation by DUBs, as well as other fundamental cellular processes
modulated by these enzymes. In addition, we clarify the pathological mechanisms linking DUBs with lung cancer,
including upstream regulators and the corresponding downstream molecular signals. Furthermore, we assess the
therapeutic potential of these DUBs as candidate therapeutic targets and mediators of drug resistance. This syn-
thesis of the literature provides a strategic framework for identifying clinically relevant DUB targets in lung cancer.

Keywords: Lung cancer, deubiquitinating enzymes (DUBs), molecular mechanisms, targeted therapy, immuno-
therapy

Introduction that there are 2 million new cases of lung can-

cer each year and 1.76 million related deaths
Lung cancer is the most lethal human malig- [1-4]. According to tumor histology, lung cancer
nancy worldwide and has one of the highest can be broadly classified into two types: small
incidence rates of all cancers. It is estimated cell lung cancer (SCLC) and non-small cell lung
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Figure 1. The ubiquitination-deubiquitination cycle. Key components include: the ubiquitin-activating enzyme (E1),
the ubiquitin-conjugating enzyme (E2), the ubiquitin-protein ligase (E3), and ubiquitin (Ub). The cycle begins with the
activation of ubiquitin, wherein the E1 enzyme utilizes energy derived from ATP to activate the C-terminal carboxyl
group of ubiquitin, forming a covalent thioester bond at its active-site cysteine residue. Subsequently, ubiquitin is
transferred from E1 to E2 through trans-thioesterification, establishing a new thioester linkage. Ultimately, E3 either
facilitates or directly catalyzes the transfer of ubiquitin from E2 to substrate proteins.

cancer (NSCLC). Of these, NSCLC is the most
common subtype, accounting for 85% to 90%
of all lung cancer cases. There are multiple his-
tological subtypes of NSCLC, including lung
adenocarcinoma (LUAD), lung squamous cell
carcinoma, and large cell lung cancer [5, 6].
Although the clinical outcomes of early-stage
lung cancer can improve significantly following
surgical resection or radical radiotherapy, a
large proportion of patients eventually experi-
ence local or distant recurrence and fail to
achieve long-term disease control [3, 7]. There-
fore, breakthrough advances are urgently need-
ed in the field of lung cancer treatment. In par-
ticular, there is a need to develop innovative
treatment strategies, develop new targeted
drugs, and obtain a systematic understanding
of the molecular mechanisms underlying rapid
drug resistance in tumors.

Ubiquitination is a key post-translational modifi-
cation that involves the covalent attachment of
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ubiquitin (Ub) to target proteins through an
enzymatic cascade, while deubiquitination in-
volves the enzymatic removal of these Ub moi-
eties. Both ubiquitination and deubiquitina-
tion are critical cellular processes in eukary-
otes and dynamically regulate the stability and
functional activity of proteins. The ubiquitina-
tion process is executed by the coordinated
activity of three classes of enzymes working in
concert: E1 ubiquitin-activating enzymes, E2
ubiquitin-conjugating enzymes, and E3 ubiqui-
tin ligases [6, 8, 9]. Meanwhile, the cleavage of
Ub moieties from ubiquitinated substrates is
catalyzed by DUBs [10]. Notably, the ubiqui-
tination and deubiquitination together influen-
ce substrate degradation in eukaryotic cells,
with the ubiquitin-proteasome system mediat-
ing more than 80% of intracellular protein turn-
over (Figure 1) [11-13]. This Ub-mediated con-
trol of protein expression is essential for ma-
intaining a wide range of cellular processes,
including cell cycle progression, transcriptional
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Figure 2. Members of the DUB family. The DUB family comprises diverse members categorized into seven special-

ized subfamilies.

regulation, signal transduction, and program-
med cell death. By precisely orchestrating the
degradation of specific protein substrates, the
ubiquitin system enables cells to respond rap-
idly to both intrinsic and extrinsic stimuli [13,
14]. Therefore, the ubiquitin system has been
implicated in the pathogenesis of various dis-
eases, including cancer. Interestingly, emerg-
ing evidence from recent cancer studies has
unequivocally established the pivotal role of
deubiquitinating enzymes (DUBs) in human
cancer development [15, 16].

Through extensive research, nearly 100 DUBs
have been identified so far (Figure 2) [17].
These DUBs can be classified into seven sub-
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families: ubiquitin-specific proteases (USPs),
ovarian tumor domain-containing proteases
(OTUs), ubiquitin C-terminal hydrolases (UCHSs),
Machado-Joseph disease domain proteases
(MJDs), JAB1/MPN/MOV34 metalloproteases
(JAMMs), motif interacting with ubiquitin-con-
taining novel DUB family (MINDYs), and zinc fin-
ger with UFM1-specific peptidase domain pro-
teins (ZUFSPs) [18-20].

USPs and lung cancer

The USP family represents the largest group of
identified DUBs. It is characterized by a cata-
lytic domain with a length of 300 to 800 amino
acids [21-23]. Although the catalytic domains
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Table 1.The list of USPs involved in lung cancers

Upstream Biological

DUBs Regulatory Substrate(s) Detailed mechanisms Effects  Ref.
Events On LC

USP5 Not mentioned HDAC1 USP5-dependent HDAC1 facilitates cisplatin + [13]

resistance and aggressive progression in non-
small cell lung cancer through modulation of RILP

acetylation.

Not mentioned mTOR USP5 drives lung cancer progression via the + [27]
mTOR pathway and functional interplay with
PARP1.

EOAI P53 By inducing DNA damage, USP5 transcriptionally - [26]

activates p53, leading to elevated apoptosis,
autophagy, and cell cycle arrest.
ROS Becline 1 USP5 or Beclin 1 inhibition triggers senescence + [19]
and autophagy suppression, markedly impairing
KRAS-driven lung tumorigenesis.

Not mentioned PD-L1 USP5 facilitates lung tumor progression through + [29]
modulation of PD-L1 protein stability.
USP7 p38 MAPK TAM USP7 mediates tumor suppression through - [33]
PD-L1+PD1 downregulation of immunoregulatory factors PD-
L1, Tim-3 and TGF-B.
Not mentioned c-Abl USP7 induces NSCLC proliferation and survival + [35]
k48 by increasing cytoplasmic c-Abl accumulation
and promoting glycolysis in NSCLC cells.
Not mentioned SMAD3 USP7-mediated SMAD3 autoregulation inhibits - [37]
tumor progression
Not mentioned ERP USP7 stabilizes ER to reduce oxidative stress + [36]
and drive osimertinib resistance.
Not mentioned KRAS USP7 drives NSCLC progression through KRAS + [34]

deubiquitination at K147, eliminating K48-linked
polyubiquitin chains.
USP8 Not mentioned PTK7 USP8-mediated stabilization of PTK7 promotes + [41]

cellular proliferation, invasion, and macrophage
M2 polarization in NSCLC.

Not mentioned MET Targeted silencing of the deubiquitinase USP8 + [44]
overcomes HGF-induced gefitinib resistance in
EGFR-mutant lung adenocarcinoma.

Not mentioned MT1 USP8 promotes the proliferation of lung adeno- + [40]
carcinoma cells by deubiquitinating and stabiliz-
ing the MT1 receptor.

LncRNA PD-L1 The long non-codi ng RNA SNHG12 promotes + [42]
SNHG12+HuR immune evasion in NSCLC by upregulating PD-L1
and USP8 expression.
USP32 Not mentioned MET USP32 silencing overcomes gefitinib resistance + [44]

in EGFR mutation-positive lung adenocarcinoma
by promoting MET degradation.

USP9X  Not mentioned RIT1 Genetic knockout of USP9X prevents RIT1 deu- + [46]
biquitination, thereby promoting RIT1 protea-
somal degradation and abolishing oncogenic
phenotypes.

Not mentioned REV1 USP9X induces remodeling of the amino acid + [11]

metabolic microenvironment by stabilizing REV1
expression, thereby promoting radiation resis-
tance in lung cancer cells.
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Not mentioned KDMA4C USP9X-mediated deubiquitination of KDM4C + [48]
activates the TGF-B2/Smad signaling pathway,
thereby promoting radiation resistance.

Not mentioned PYCR3 USPOX serves as a novel regulator of the proline + [47]
biosynthesis pathway, influencing the growth and
progression of lung cancer.

USP10 Not mentioned KLE4 Elevated USP10 expression inhibits KLF4 deg- - [53]

radation, resulting in reduced lung cancer cell
growth and migration.

Not mentioned HDAC7 HDAC7, stabilized and activated by USP10, pro- + [51]
motes NSCLC progression through the B-catenin-
FGF18 signaling pathway.

Not mentioned EIF4G1 USP10 promotes NSCLC proliferation, migration, + [52]
and invasion by upregulating EIFAG1 protein
levels.

TRIM25 PTEN USP10 interacts with PTEN and inhibits NSCLC - [54]

cell proliferation and migration by preventing
K63-linked polyubiquitination of PTEN.

USP11 HK2,CD133 CD133 The interaction between HK2 and CD133 facili- + [57]
tates USP11 binding to CD133, which enhances
the expression of murine cell renewal regula-
tors, promotes SCLC stemness, and accelerates
tumor growth.

Not mentioned NRF2 USP11 stabilizes NRF2 to regulate cell prolifera- + [15]
tion and ferroptosis.
RanBPM p21 RanBPM recruits the deubiquitinase USP11 to - [61]

stabilize p21 through deubiquitination, thereby
modulating DDR in NSCLC.
USP12 Not mentioned RRM2 USP12 interacts with RRM2 and stabilizes it by + [27]
directly cleaving its polyubiquitin chains, thereby
positively regulating tumor growth.
Circ-ADRM1 MMP14 Circ-ADRM1 recruits USP12 to inhibit MMP14 + [66]
ubiquitination, thereby enhancing MMP14 pro-
tein stability and promoting LUAD cell prolifera-
tion, invasion, and migration.
AKT-mTOR PPM1B USP12 inhibits lung tumor growth and NF-kB- - [67]
dependent chemokine expression by deubiquiti-
nating and stabilizing PPM1B.
USP13 KRAS NFE2L2 USP13 promotes the transition from ferroptosis - [73]
to autophagy by activating the NFE2L2-SQSTM1-
KEAP1 axis and suppresses KRAS-mutant LUAD.
Not mentioned MYC USP13 overexpression increase MYC protein + [74]
levels in the early stages of club cell-derived
tumor development, which contribute to LUSC
progression.

RREB1 B-catenin USP13 removes K63-linked polyubiquitina- - [76]

2-Me- tion of B-catenin and promotes [-catenin/TCF4

thoxyestradiol interaction, thereby suppressing metastasis and
progression in RAS-mutant tumors.

Not mentioned FASN USP13 promotes SCLC stemness and lipogene- + [75]
sis by inhibiting proteasome-dependent degrada-
tion of FASN.

USP14  Not mentioned CERS1 CERS1 exerts inhibitory effects in NSCLC BM by - [81]

interacting with USP14 and downregulating the
PIBK/AKT/mTOR signaling pathway.
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Not mentioned

Not mentioned
IR

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

ABHD11-AS1-
SART3

Not mentioned

Not mentioned

Not mentioned

Not mentioned

LINCO1426

Not mentioned

Not mentioned

miR-30e-5p

AP2, c-Myc,

SP1, ATF3

Not mentioned

Not mentioned

Acf7

Not mentioned
NHEJ, HR

EGFR

ERStress, UPR,
INK

TRAFG-BECN1

SRSF1

MMP3, MMP9

CD44 RNA

ATG1, UCP1Pro-
tein

14-3-3( Protein

Shank1

POU4F1

SHH

MDM2

MYO1B, KDELR1

Not mentioned

Not mentioned

PD-L1, CSN5

COL17A1

DUBs in lung cancer

USP14 plays a critical role in NSCLC migration by
regulating Acf7 stability.

Not mentioned.

USP14 negatively regulates NHEJ and promotes
HR, thereby reducing the ability of NSCLC cells
to repair IR-induced DSBs and consequently
enhancing radiosensitivity.

USP14 silencing suppresses DDP resistance via
the EGFR/PI3K/AKT signaling pathway.

USP14 inhibition triggers autophagy in A549 cells
via ER stress-mediated activation of the UPR.

USP15 negatively regulates lung cancer progres-
sion by inducing autophagy through the TRAF6-
BECN1 signaling axis.

USP15 and USP4 promote lung cancer cell pro-
liferation by modulating the alternative splicing
of SRSF1.

USP15 knockdown suppresses the expression of
MMP3 and MMP9 in NSCLC cells, thereby inhibit-
ing NSCLC progression.

The ABHD11-AS1-SART3 interaction enhances
nuclear localization of USP15, regulates CD44
alternative splicing, and promotes lung tumori-
genesis.

USP18 modulates lipid metabolism by regulating
ATGL and UCP1 expression, thereby influencing
carcinogenesis.

USP18 deficiency destabilizes 14-3-3( protein
and suppresses lung cancer metastasis.

USP18 stabilizes Shank1 expression through
deubiquitination, consequently leading to pacli-
taxel resistance.

USP18 mediates migration, apoptosis, and fer-
roptosis in lung adenocarcinoma cells through
the POU4F1/PRKAA2 axis.

LINCO1426 promotes SHH protein deubiquitina-
tion by recruiting USP22, thereby activating the
Hedgehog signaling pathway and accelerating
LUAD progression.

USP22 promotes gefitinib resistance and sup-
presses ferroptosis in NSCLC by deubiquitinating
MDM2.

USP22 promotes invasive pseudopod formation
in LUAD cells by stabilizing MYO1B and KDELR1
to activate the SRC signaling pathway.

circFAT1(e2) knockdown reduces USP22 expres-
sion levels by sponging miR-30e-5p.

USP22 expression is promoted by AP2 and c-
Myc, while being transcriptionally repressed by
SP1 and ATF3.

USP22 interacts with CSN5 to deubiquitinate
PD-L1 and inhibit its proteasomal degradation,
thereby mediating immune evasion.

USP22 stabilizes and upregulates COL17A1 by
enhancing its deubiquitination, thereby promot-
ing cell growth, invasion, and migration while
inhibiting apoptosis and ferroptosis.

+

+

+

(84]

[145]
[82]

(8]

[83]

(87]

(88]

[89]

[90]

[92]

[94]

[95]

[97]

[103]

[100]

[102]

[106]

[99]

[162]

[104]
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USP35

USP51

CYLD
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SP1

Not mentioned

Not mentioned

Not mentioned

miR-143-3p

Not mentioned

AZ1

FUS

Not mentioned

Not mentioned

Not mentioned

Not mentioned

CDK4/6

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

miR - 587

Not mentioned

miR-135b

Not mentioned

SREBP2

FOXK1

c-MYC

Not mentioned

ANp63

c-MYC

VEGFA

BIRC3

RRBP1

erastin/RSL
FPN

PD-L1

ZEB1

TWIST1

y - H2AX

ZEB1

m6 A

Not mentioned

Not mentioned

NF-kB

NF-kB

DUBs in lung cancer

USP7 inhibitors may reduce SP1 levels by en-
hancing B-catenin degradation, thereby relieving
transcriptional repression of USP22 and upregu-
lating its expression.

USP28 regulates MVP-driven LSCC tumor growth
by enhancing SREBP2 stability.

USP28-mediated deubiquitination of FOXK1
activates the Hippo signaling pathway, thereby
regulating lung cancer cell proliferation and
radiosensitivity.

USP28 deletion and small-molecule inhibition
destabilize c-MYC and induce SCC regression.
LINCO1426 upregulates USP28 expression by
functioning as a ceRNA for miR-143-3p.
Targeting USP28 may disrupt ANp63 stability,
consequently affecting SCC cell proliferation.
Targeting USP28 promotes c-MYC degradation,
leading to cell cycle arrest and impaired DNA
repair.

FUS-stabilized USP35 promotes NSCLC growth,
invasion, and angiogenesis by deubiquitinating
VEGFA.

USP35 mediates cisplatin-induced apoptosis in
NSCLC by stabilizing BIRC3.

USP35 alleviates ER stress-induced apoptosis by
stabilizing RRBP1.

USP35 knockdown promotes ferroptosis in lung
cancer cells while inhibiting cell growth, colony
formation, and tumor progression.

USP51 promotes chemotherapy resistance
through deubiquitination of PD-L1.

USP51 is phosphorylated and activated by
CDK4/6, thereby stabilizing ZEB1 protein and
promoting lung adenocarcinoma metastasis.
USP51 maintains stemness and promotes
growth in NSCLC cells by deubiquitinating
TWIST1.

USP51 promotes DNA repair by regulating
y-H2AX.

USP51 inhibition attenuates DDP resistance
through ubiquitin-mediated degradation of ZEB1.
The downregulation of m6A reader YTHDC2
promotes malignant lung cell proliferation and
migration through the CYLD/NF-kB pathway.

In both PC-9 and PC-9/GR cell lines, altered
CYLD expression modulates gefitinib-induced cel-
lular proliferation, apoptosis, and TAE-associated
inflammatory responses.

miR-587 functions as an oncogene in NSCLC by
downregulating CYLD expression.

CYLD is expressed in dendritic cells and partici-
pates in immune regulation of lung adenocarci-
noma through the NF-kB pathway.

miR-135b directly targets the 3’-UTR of the deu-
biquitinase CYLD, thereby modulating ubiquitina-
tion and NF-kB signaling activation.

[105]

[107]

[113]

[117]

[112]

[114]

[116]

[121]

[122]

[123]

[118]

[126]

[127]

[125]

[128]

[129]

[135]

[131]

[134]

[136]

[133]
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OTHERs
USP4

USP1

USP2

USP19

USP25

USP41

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Gastrodin

Not mentioned

Not mentioned

DUBs in lung cancer

SRSF1 USP15 and USP4 promote lung cancer cell pro- + [88]
liferation by modulating the alternative splicing
of SRSF1.
Twistl USP4 stabilizes Twist1 protein to promote stem- + [139]
ness in lung cancer cells.
VEGF, MMP2, USP4 promotes proliferation and metastasis in + [140]
p53 Protein, EMT human lung adenocarcinoma.
NK Cell USP1 contributes to poor prognosis in SCLC by + [137]
suppressing NK cell-mediated anti-tumor im-
mune responses.
p53 Protein USP2 suppresses cisplatin resistance in NSCLC - [138]
cells by stabilizing p53 protein through inhibi-
tion of its ubiquitination, thereby promoting
ferroptosis.
Not mentioned  Gastrodin induces apoptosis in NSCLC cells by - [141]
disrupting the interaction between USP19 and
Survivin Thr34.
RNF31, The oncogenic KRAS4B mutant promotes NSCLC + [142]
KRAS G12mut progression through the interaction between
deubiquitinase USP25 and RNF31.
Not mentioned USP41 knockdown promotes apoptosis in lung + [143]
cancer cells.

+: promote; -: inhibit.

Lung Cancer cells

Ubiqutination

‘llllllllll\“
(S
a
AN
3

N

proliferation

migration abilities T

PARP1 1
‘\“‘\\\\\\mlllll>

De-Ubiqutination

{:

tional interaction with ARP1 (Created with BioGDP.com).

of different USPs differ in size and sequence,
their distinctive palm-thumb-finger structural
architecture remains highly conserved [18].
As members of the most extensively studied

3261

4
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Figure 3. USP5 drives lung cancer progression via mTOR signaling and func-

family of DUBs, more than 20
USPs (Table 1; Figure 4) play
significant mechanistic roles
in the pathogenesis of lung
cancer. Thus, they show poten-
tial as targets for the clinical
treatment of this disease.

Ubiquitin-specific protease 5

Ubiquitin-specific protease 5
(USP5), a cysteine-dependent
deubiquitinase belonging to
the USP family, is encoded by
a gene located on chromo-
some 12p13. This 93.3-kDa
protein contains five distinct
structural domains and parti-
cipates in various pathophysi-
ological processes across dif-
ferent cancer types [11, 24].
USP5 exhibits unique speci-
ficity in recognizing and cleav-
ing proximal Ub moieties from
unanchored Ub chains [13].
Notably, numerous studies (Figure 3) [25] con-
ducted in recent years have brought attention
to USP5 as a focus in the field of DUB research,
especially in the context of its role in lung can-
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(), USP22 (J), Others (K), USP51 (L), USP15 (M), USP18 (N), USP35 (0), USP28 (P), and CYLD (Q) - exhibit potential

as novel therapeutic targets for lung cancer treatment.

cer. Specifically, USP5 has been implicated in
cisplatin resistance, immune escape, apopto-
sis regulation, and autophagy regulation in this
malignancy.

Recent studies indicate that both EOAI (a novel
small-molecule inhibitor) and histone deacety-
lase 1 (HDAC1) functionally interact with cispla-
tin (DDP) to collectively regulate lung cancer
progression through distinct molecular path-
ways [13, 26]. In vivo studies have shown that
EOAI inhibits tumor growth and synergistically
boosts the anti-cancer activity of DDP. Con-
versely, HDAC1 promotes NSCLC progression
and confers NSCLC cells with chemoresistan-
ce to DDP. Mechanistically, EOAI inactivates
USP5 by inducing DNA damage and activating
the transcription factor p53, thereby triggering
G2/M cell cycle arrest, apoptosis, and auto-
phagy in lung cancer cells [26]. Lu et al. de-
monstrated that USP5 deubiquitinates HDAC1,
thereby increasing its protein levels and inhibit-
ing RILP acetylation. These molecular events
confer DDP resistance to NSCLC cells; pro-
mote cell proliferation, invasion, and cancer
stemness; and inhibit cellular apoptosis [13].
Furthermore, USP5 regulates the proliferative
and migratory capacities of lung cancer cells by
modulating the mammalian target of rapamy-
cin (MTOR) signaling pathway and functionally
interacting with poly (ADP-ribose) polymerase 1
(PARP1) [27, 28].

3264

Through its deubiquitinating activity, USP5 sta-
bilizes substrate proteins, thereby modulating
downstream signaling pathways. Specifically,
activated USP5 stabilizes Beclin 1, which pro-
motes autophagic flux, while concurrently de-
stabilizing the p53 protein - a mechanism that
facilitates KRAS-driven lung tumorigenesis
[19]. Notably, while USP7 exhibits broad-spec-
trum activity against diverse KRAS mutations
and can effectively overcome resistance to
small-molecule KRAS inhibitors, USP5 does
not directly interact with KRAS. PD-L1, as a piv-
otal immune checkpoint molecule, is subject
to stringent regulation by the ubiquitin-protea-
some system. Moreover, USP5 enhances the
stability of the PD-L1 protein via deubiquitina-
tion, thereby influencing the immunosuppres-
sive tumor microenvironment (TME) through
the regulation of the PD-1/PD-L1 axis [29].

Ubiquitin-specific protease 7

Ubiquitin-specific protease 7 (USP7), a cyste-
ine-dependent peptidase, is among the most
extensively characterized members of the USP
deubiquitinase family, which constitutes the
largest subclass of DUBs identified so far [23,
30]. USP7 has been found to play a role in can-
cer pathogenesis through its interactions with
various substrates. Notably, research has sh-
own that the overexpression of USP7 is clini-
cally associated with poor survival outcomes
across various malignancies [31]. On a mecha-
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nistic level, USP7 facilitates oncogenic progres-
sion through ten key mechanisms: (i) the sta-
bilization of oncogenic growth receptors and
non-receptor kinases, which promotes tumor
cell proliferation; (ii) the reduction of sensi-
tivity to growth signals; (iii) the modulation of
autophagy, which enables cancer cells to evade
apoptosis; (iv) the maintenance of limitless
replicative potential; (v) the promotion of sus-
tained angiogenic signaling; (vi) the facilitation
of invasive and metastatic processes; (vii) the
modulation of genomic instability in cancer
cells; (viii) the activation of pro-tumorigenic in-
flammation; (ix) the regulation of immune eva-
sion within the TME; and (x) contribution toward
the dysregulation of cellular energetics [10, 31,
32]. In a key previous study, Dai et al. demon-
strated that targeting USP7 can reverse the
immunosuppressive function of tumor-associ-
ated macrophages (TAMs). In this study, by
specifically silencing USP7 through the use
of siRNA and pharmacological inhibitors, the
researchers effectively reprogrammed TAMs,
transitioning them from a pro-tumor M2 phe-
notype to a tumor-suppressive M1 phenotype
[33]. Within the TME, this phenotypic switch
activates cytotoxic T lymphocyte (CTL)-media-
ted antitumor immunity, resulting in increased
infiltration of M1 macrophages and IFN-y-
positive CD8* T cells into tumors and ultimately
suppressing tumor growth [33]. Furthermore,
targeted USP7 inhibition was found to trigger
macrophage reprogramming by activating the
p38 MAPK signaling pathway and upregulating
tumoral PD-L1 expression. Interestingly, com-
bined treatment with targeted USP7 inhibitors
and an anti-PD-1 monoclonal antibody resulted
in a stronger synergistic anti-tumor effect [33].
In line with these findings, USP5 and USP51
have also been shown to prevent PD-L1 degra-
dation through similar mechanisms. However,
these enzymes differ subtly with regard to their
substrate specificity and responsiveness to up-
stream signals. For example, USP5 and USP51
exhibit different affinities for different types of
Ub chain linkages (such as K48- or K63-linked
chains) and may be activated under different
cellular stress conditions. Despite these differ-
ences, both enzymes ultimately increase PD-L1
expression.

In NSCLC, a variety of USP7 substrates have
been extensively studied. These include Raf-1,
CCDC®6, Ki67, and WDR79 [10]. More recently,
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studies by Huang et al., He et al., and Meng et
al. have further revealed the mechanisms by
which USP7 contributes to the pathogenesis of
NSCLC. In particular, the study by Huang et al.
demonstrated that USP7 plays a key role in
oncogenic RAS mutations, which act as core
driving factors of tumor development. Speci-
fically, this research group found that USP7
interacts with KRAS through its TRAF domain.
Thereafter, it removes the K48-linked polyubig-
uitin chain from the 147th lysine (K147) resi-
due of KRAS [34]. In addition to this targeted
deubiquitination, USP7 also exhibits some sub-
strate promiscuity by non-selectively stabiliz-
ing both active and inactive KRAS mutant pro-
teins, thereby facilitating NSCLC progression
[34]. It is worth noting that USP7 inhibitors can
effectively inhibit the proliferation of NSCLC
cells. This anti-proliferation effect is particu-
larly pronounced in AMG510-resistant KRAS-
mutant NSCLC cells [34]. These findings indi-
cate that USP7 may represent a potential the-
rapeutic target for overcoming acquired resis-
tance to KRAS inhibitors in NSCLC. These find-
ings also provide a strong clinical rationale for
the development of treatment regimens that
combine USP7 inhibitors with existing KRAS-
targeted therapies [34]. However, the study by
Huang et al. only provides preliminary evidence
supporting the synergistic anti-tumor effects of
USP7 inhibitors and AMG510. The optimized
treatment scheme, medication schedule, and
treatment duration are yet to be optimized.
Moreover, the potential for toxicity or drug-drug
interaction also remains to be analyzed.

Nevertheless, evidence from other studies has
been encouraging. For instance, He et al. elu-
cidated the roles of USP7 and c-Abl in NSCLC,
identifying USP7 as a deubiquitinase for c-Abl.
They found that USP7 enhances the interac-
tion between c-Abl and 14-3-3a/B while reduc-
ing the K48-linked polyubiquitination of c-Abl,
thereby increasing its stability [35]. Moreover,
the USP7/c-Abl axis was found to promote gly-
colysis and cell survival in NSCLC by directly
phosphorylating and stabilizing hexokinase 2
(HK2) [35]. The knockdown of either USP7 or
c-Abl was observed to inhibit glycolysis and
decrease lactate production in NSCLC cells,
suggesting that this signaling axis may repre-
sent a potential therapeutic target for the pre-
cision treatment of NSCLC [35]. Meanwhile,
the study by Meng et al. further corroborated
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the pivotal role of USP7 in NSCLC. Their study
demonstrated that USP7 serves as a novel
binding partner that deubiquitinates and sta-
bilizes ERB. This regulatory axis reduces reac-
tive oxygen species (ROS) accumulation and
enhances the interaction between mitochon-
drial ERB and PRDX3, thereby promoting cellu-
lar resistance to the EGFR tyrosine kinase
inhibitor (EGFR-TKI) osimertinib [36]. Notably,
Meng et al. uncovered a novel mechanism by
which the USP7-ERB-PRDX3 signaling axis
modulates ROS homeostasis and mediates
osimertinib resistance in NSCLC. These find-
ings suggest that targeting ER3 may represent
a promising strategy for overcoming acquired
osimertinib resistance in NSCLC [36].

Given the unclear biological function of USP7
in pb53-deficient tumors, Huang et al. used
CRISPR/Cas9-mediated gene editing techno-
logy to analyze the interaction network of USP7
in cancer cells [37]. Using this approach, they
found that, in p53-deficient NSCLC, USP7 inhib-
its tumor progression by regulating the positive
feedback loop of SMAD3. On a mechanistic
level, USP7 mediates the removal of monoubig-
uitin from SMAD3, enabling unmodified SMAD3
to form heterodimers with SMAD4. These het-
erodimers bind to multiple super-enhancer (SE)
elements located on the SMAD3 locus. Sub-
sequently, this interaction enhances the tran-
scriptional activity of SMAD3 and promotes its
positive feedback regulation. This process reg-
ulates cell cycle progression and ultimately
inhibits the malignant progression of p53-defi-
cient lung cancer cells [37]. These findings
highlight a previously unrecognized mechanism
by which USP7 drives the SMAD/TGF-f3 signal-
ing axis to inhibit the proliferation and growth
of p53-deficient lung cancer cells [37].

Overall, the evidence shows that USP7 plays
context- and environment-dependent dual reg-
ulatory roles and functions in lung cancer, act-
ing as both a tumor promoter and a tumor sup-
pressor. Specifically, its anti-cancer effect is
mainly mediated through the targeting of sub-
strates within the immune microenvironment,
including core proteins such as PD-L1, Tim3,
TGF-B, and SMAD3. In contrast, its tumor-pro-
moting effects depend largely on the regulation
of intracellular substrates, including c-Abl, ERJ,
and KRAS.
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Ubiquitin-specific protease 8 and ubiquitin-
specific peptidase 32

Ubiquitin-specific protease 8 (USP8, also
known as UBPY) and ubiquitin-specific pepti-
dase 32 (USP32), both members of the USP
subfamily, are frequently overexpressed in vari-
ous human cancers [6, 38]. These deubiqui-
tinases play crucial roles in regulating tissue
homeostasis, cancer progression, ferroptosis
susceptibility, and cell cycle progression, thus
acting as potential targets for cancer therapy
[6, 39].

By mediating deubiquitination, USP8 regulates
the stability of multiple critical substrates and
consequently influences tumor cell growth and
malignancy. On a mechanistic level, USP8
antagonizes the melatonin-induced endocyto-
sis and degradation of the MT1 receptor via
deubiquitination, thereby facilitating the grow-
th of lung cancer cells [40]. PTK7, a receptor
tyrosine kinase, is highly expressed in NSCLC.
USP8 enhances the stability of PTK7 via its
deubiquitination, subsequently causing the
activation of the PIK3CB/PI3K/AKT signaling
cascade, which drives cell proliferation, inva-
sion, and M2 macrophage polarization [41].
Collectively, the evidence thus demonstrates
that USP8 exerts prominent pro-tumorigenic
effects in lung cancer by modulating the de-
gradation of essential receptors and activating
downstream oncogenic signaling cascades.

Additionally, USP8 has been shown to contrib-
ute to immune evasion in lung cancer by al-
tering the tumor immune microenvironment.
Evidence demonstrates that USP8 enhances
the stability of target oncoproteins by inhibiting
Ub-dependent degradation. The long non-cod-
ing RNA SNHG12 facilitates immune escape
by interacting with HuR, thereby increasing
MRNA stability and upregulating the expression
of both PD-L1 and USP8 [42]. USP8-mediated
deubiquitination subsequently increases PD-
L1 protein levels, thereby promoting immune
evasion in NSCLC [42]. Compared with USP5,
USP7, and USP51, USP8 appears to exhibit a
distinct mode of PD-L1 regulation since it ne-
gatively modulates the expression of this pro-
tein. That is, USP8 selectively erases K63-
linked Ub modifications from PD-L1, thereby
rendering this protein accessible to E3 ubiqui-
tin ligases. These ligases add K48-linked pol-
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yubiquitin chains to PD-L1, accelerating its pro-
teasomal degradation [38].

USP32, a newly characterized member of the
USP subfamily, is an evolutionarily ancient and
highly conserved gene located on chromosome
17923 [43]. In recent years, accumulating evi-
dence has revealed that USP32 governs the
development and progression of multiple hu-
man tumors via its deubiquitinating function
[6]. Existing studies on USP32 in the context of
lung cancer have primarily focused on SCLC.
However, the molecular mechanisms underly-
ing USP32 function across diverse lung cancer
subtypes, as well as its upstream regulatory
factors and downstream substrates, remain
largely uncharacterized and require systema-
tic exploration. Therefore, USP32 represents a
promising target with substantial research po-
tential in the future. In line with this perspec-
tive, Jiao et al. demonstrated that the genetic
knockdown of USP8 and USP32 inhibits MET
receptor endocytosis and promotes MET recep-
tor degradation under conditions of HGF over-
expression. These effects ultimately reverse
HGF-driven gefitinib resistance in EGFR-mutant
LUAD cells with drug-sensitive backgrounds
[44).

Ubiquitin-specific protease 9X

As an important member of the USP family,
USPOX is involved in regulating a wide range of
cellular processes, including cell proliferation
and motility, programmed cell death (apopto-
sis), autophagy, immune regulation, and ne-
urodevelopment [45].

In cancer biology, the abundance of proteins
acts as a critical determinant of protein func-
tion and therefore warrants focused attention.
Riley et al. demonstrated that USP9X facilitat-
es the deubiquitination of both wild-type and
mutant RIT1, thereby increasing RIT1 abun-
dance and stability while suppressing RIT1-
induced oncogenic phenotypes [46]. Moreover,
USPO9X has been shown to regulate pyrroline-
5-carboxylate reductase 3 (PYCR3), a pivotal
enzyme involved in proline metabolism, result-
ing in the suppression of the pentose phos-
phate pathway and impairment of mitochon-
drial respiratory function, ultimately promoting
the growth and progression of lung cancer [47].

The regulatory role of USP9X in lung cancer
drug resistance has become an important topic

3267

of research in the field of cancer biology. A
CRISPR-based screening method was used to
demonstrate that USP9X is required for RIT1-
driven erlotinib and osimertinib resistance in
RITL M9OOI mutant PC9-Cas9 cells [46]. Addi-
tionally, USP9X was found to activate the TGF-
B2/Smad/ATM signaling pathway and promote
radioresistance by stabilizing KDM4C in lung
cancer cells [48]. Notably, Chen et al. demon-
strated that USP9X mediates the deubiquitina-
tion of REV1, facilitates the binding of the E3
ubiquitin ligase Rad18 to CTH, and induces
Gly/Ser/Thr metabolic remodeling [11]. These
coordinated effects ultimately lead to radiore-
sistance, rendering lung cancer cells insensi-
tive to the effects of radiotherapy [11].

Therefore, KDM4C and REV1 represent promis-
ing therapeutic targets in lung cancer. The
selective KDMA4C inhibitor SD70 may serve as a
valuable anticancer agent and radiosensitizer
to prolong the overall survival of patients with
lung cancer [48]. Likewise, the REV1 inhibitor
JH-RE-O6 may emerge as a novel radiosensi-
tizer for future clinical treatments [11].

Ubiquitin-specific protease 10

Ubiquitin-specific protease 10 (USP10) is one
of the most important DUBs in eukaryotic cells
and has been shown to regulate numerous sub-
strates. This enyzme deubiquitinates a variety
of tumor-associated proteins, including MSH2,
mTOR, Smad4, Raf-1, and NLRP7, thereby ex-
erting either tumor-promoting or tumor-suppre-
ssive effects depending on the cellular context
[49, 50]. Thus, USP10 is another USP family
member that exhibits marked functional dua-
lity in lung cancer.

Compared with USP7, the dual functions of
USP10 are more clearly reflected in its regula-
tion of both tumor-suppressive and oncogenic
substrates, with its overall biological effects
depending on the selective deubiquitination of
specific targets. From a tumor-promoting per-
spective, Guo et al. found that USP10 stabi-
lizes histone deacetylase 7 (HDAC7) via deu-
biquitination, thereby activating the B-catenin-
FGF18 signaling pathway and promoting NSCLC
proliferation, metastasis, and epithelial-mes-
enchymal transition (EMT) [51]. On a mechani-
stic level, the interaction between HDAC7 and
-catenin was found to reduce the acetylation
of HDAC7 at Lys49 and its phosphorylation at
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Serd5, thereby promoting the nuclear translo-
cation of HDAC7 and activating the expression
of FGF18 [51]. This mechanism not only dem-
onstrates the tumor-promoting effect of USP10
in NSCLC but also provides a theoretical and
experimental basis for the further development
of NSCLC treatment strategies [51]. In line with
these findings, Li et al. found that USP10 sta-
bilizes eukaryotic translation initiation factor 4
gamma 1 (EIFAG1) through deubiquitination
and indirectly regulates EIF4G1 mRNA expres-
sion through other substrates, thereby further
increasing EIF4G1 stability. Elevated EIFAG1
expression promotes the proliferation, migra-
tion, and invasion of NSCLC cells, whereas
USP10 knockout reverses this phenotype [52].
Notably, in vitro ubiquitination and functional
experiments further confirmed that the inhibi-
tion of USP10 significantly suppresses tumor
growth, suggesting that the USP10-EIFAG1
axis may represent a promising target for lung
cancer treatment [52]. However, these findings
require further validation in animal models and
clinical samples [52].

From a tumor-suppressive perspective, Wang
et al. found that USP10 regulates KLF4 sta-
bility in a Kras®?2°-driven LUAD model. Me-
chanistically, they found that USP10 removes
K63-linked polyubiquitin chains from KLF4 via
deubiquitination, thereby inhibiting the degra-
dation of this protein. In turn, KLF4 directly
activates the transcription of the metallopro-
teinase inhibitor TIMP3, which suppresses the
proliferation and metastasis of lung cancer
cells [53]. Clinical analyses show the positive
correlations among USP10, KLF4, and TIMP3
expression in lung cancer tissues, with the low
expression of these molecules being associat-
ed with poor prognoses [53]. These findings
suggest that the USP10-KLF4-TIMP3 axis rep-
resents a promising therapeutic target in lung
cancer [53]. Consistent with these findings,
He et al. discovered that USP10 prevents the
TRIM25-mediated K63-linked polyubiquitina-
tion of PTEN, thereby restoring the membrane
localization and phosphatase activity of PTEN
[54]. This process not only suppresses the ac-
tivation of AKT/mTOR signaling but also reduc-
es phosphatidylinositol (3,4,5)-trisphosphate
[PI(3,4,5)P3] production, ultimately inhibiting
the proliferation and migration of NSCLC cells
[54].
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Taken together, the functional duality of USP10
in lung cancer reveals that its final cancer-re-
lated effects depend on the selective deubig-
uitination of specific substrates. This dual role
highlights the complexity of the DUB regula-
tory network. Nevertheless, current research
on USP10 has primarily been limited to its
upstream regulators and downstream sub-
strates. Future studies are required to further
analyze the substrate-specific regulatory me-
chanisms of USP10 in lung cancer.

Ubiquitin-specific protease 11

Ubiquitin-specific protease 11 (USP11), a DUB
that is frequently overexpressed in various
human cancers, has been reported to regu-
late multiple oncogenic processes [55, 56]. In
SCLC, the expression of HK2 in cancer stem
cells was reported to be significantly higher
than that in differentiated tumor cells. The in-
teraction between elevated non-mitochondrial
HK2 and CD133 was found to promote the
binding of USP11 to CD133, thus inhibiting its
ubiquitination and enhancing the expression of
renewal regulators, SCLC cell stemness, and
tumor growth [57].

In addition, evidence has shown that USP11
plays a crucial role in regulating ferroptosis
[15, 58]. In NSCLC cells, ROS-mediated st-
ress causes USP11 activation. Subsequently,
USP11 regulates cell proliferation and ferrop-
tosis in NSCLC by stabilizing nuclear factor ery-
throid 2-related factor 2 (NRF2) [15].

USP11 lies at the core of the DNA damage
response (DDR) pathway, modulating it throu-
gh two distinct mechanisms. First, it stabilizes
BRCA2 via deubiquitination to enhance homol-
ogous recombination (HR) repair. Second, it col-
laborates with RanBP9 to maintain p21 protein
levels, which is critical for cell cycle arrest and
the clearance of DNA lesions [59-61]. Beyond
these functions, USP11 also participates in
DNA-protein crosslink (DPC) repair and check-
point signaling regulation [62]. Collectively, th-
rough these diverse functions, USP11 affects
the sensitivity of lung cancer cells to DNA-
damaging chemotherapeutic drugs, including
platinum-based drugs and PARP inhibitors [63].
In contrast, ATXN3 (also a DUB) has a limited
regulatory effect on DNA double-strand break
(DSB) repair and mainly promotes single-strand
DNA damage repair through PNKP [64, 65].
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Ubiquitin-specific protease 12

In recent years, research on USP12 in lung can-
cer has been limited, with only a few studies
reporting its dual effects on cell proliferation [6,
66-68]. However, investigations into the role of
USP12 in other cancers, such as renal cell car-
cinoma, breast cancer, prostate cancer, and
myeloma, have been more extensive. Never-
theless, elucidating the mechanistic relation-
ship between USP12 and lung cancer remains
of notable significance from a clinical stand-
point [16, 69]. In a key study, Chen et al. iden-
tified USP12 as a critical regulator of ribonu-
cleotide reductase M2 (RRM2), demonstrating
that USP12 directly interacts with RRM2 and
mediates its deubiquitination, thereby stabiliz-
ing RRM2 protein levels. In line with these find-
ings, elevated USP12 expression was also sig-
nificantly associated with poor prognoses in
patients with NSCLC under physiological condi-
tions [6].

Matrix metalloproteinase 14 (MMP14) has
been identified as a regulatory factor in multi-
ple cancers. Additionally, circular RNAs (cir-
cRNAs) have been found to play crucial roles
in the biology of LUAD cells. Interestingly, one
study suggested that Circ-ADRM1 recruits
USP12 to promote the deubiquitination of
MMP14 and subsequently induces macropha-
ge M2 polarization through exosomal transfer.
As such, the targeted inhibition of USP12 activ-
ity effectively prevents the deubiquitination of
MMP14, thereby influencing the progression of
LUAD [66]. Specifically, the downregulation of
USP12 contributes to the activation of conver-
gent downstream regulators, which create an
immunosuppressive TME. From a mechanistic
standpoint, USP12 deubiquitinates and stabi-
lizes PPM1B, leading to the suppression of
NF-kB-dependent signaling and chemokine
expression, thereby promoting tumor survival
[67]. Within the bidirectional regulatory net-
work that links the mTOR/AKT signaling axis
and the USP family, USP5 and USP12 act as
downstream effectors that are passively ac-
tivated by mTOR-driven signals. In contrast,
USP10 and USP14 function as upstream regu-
lators that actively initiate and amplify pathway
signaling, positively promoting pathway activa-
tion [67]. Interestingly, USP12 has been dem-
onstrated to modulate the response of tumors
to anti-PD-1 therapy [67]. While this mecha-
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nism has been validated through preliminary
studies, whether it engages in upstream/down-
stream crosstalk or functional redundancy with
DUBs that directly stabilize PD-L1 (such as
USP5, USP7, and USP51) remains poorly un-
derstood due to a lack of robust molecular
evidence and in vivo studies. Answering this
question should be a priority for future stu-
dies.

Ubiquitin-specific protease 13

The DUB USP13 is a member of the cysteine-
dependent protease superfamily [70] and re-
gulates the ubiquitination of multiple sub-
strates [71]. Studies have shown that USP13
is involved in cancer metabolism and me-
tastasis, DNA repair, autophagy, metabolism,
antiviral response, and drug tolerance [72].
NFE2L2S, a major transcriptional regulator, is
in turn regulated by the USP system [73]. In
LUAD, USP13 overexpression has been link-
ed to the increased expression of NFE2L2.
Meanwhile, research has shown that in KRAS-
mutant tumor tissues, USP13 promotes ferrop-
tosis and autophagy by activating the NFE2L2-
SQSTM1-KEAP1 axis. Moreover, USP13 app-
ears to possess dual and context-dependent
functions, acting on both oncoproteins and
tumor suppressors to modulate their stability,
which in turn modulates the activity of key
oncogenic signaling pathways [73].

USP13 plays a key role in cell lineage repro-
gramming and the regulation of lineage plastic-
ity in lung cancer. Research has shown that
USP13 can promote the interaction between
NKX2-1 and SOX2. This effect influences the
fate of alveolar type Il epithelial cells and pro-
motes their transformation into squamous cell
carcinoma cells [74]. In the context of KRAS
mutations and TP53 deletions, USP13-me-
diated deubiquitination leads to the upregula-
tion of MYC expression and SOX2 levels. This
process regulates the development and trans-
differentiation of lung squamous cell carcino-
ma [74]. In SCLC, USP13 prevents the ubiqui-
tin-dependent degradation of fatty acid syn-
thase (FASN) to enhance the stemness and
lipid synthesis capacity of cancer cells. Evi-
dence has demonstrated the potential of the
FASN inhibitor TVB-2640 as a combination
chemotherapeutic drug for SCLC [75]. Notably,
Guo et al. found that in NSCLC carrying KRAS
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mutations, USP13 specifically removes K63-
linked polyubiquitin chains from lysine 508
(K508) of the B-catenin protein to strengthen
the binding of B-catenin and TCF4. This intera-
ction further activates the expression of down-
stream target genes, ultimately promoting tu-
mor invasion and metastasis [76].

Ubiquitin-specific protease 14

Ubiquitin-specific protease 14 (USP14) plays
an important role in tumorigenesis and the
pathogenesis of various cancer types and has
become an important target of clinical resear-
ch. Clinical evidence consistently shows that
this enzyme is highly expressed in a variety of
malignant tumors, including colorectal cancer,
pancreatic cancer, lung cancer, and gastric
cancer [77-80]. Recent studies have revealed
that USP14 affects the progression of lung can-
cer by regulating multiple signaling pathways.
Notably, ceramide zygase 1 (CERS1) interacts
with USP14 and thus inhibits the brain meta-
static potential of NSCLC cells by downregulat-
ing the PIBK/AKT/mTOR signaling pathway. On
a molecular level, CERS1 and USP14 can form
an immune complex and co-localize within the
cytoplasm [81]. USP14 is a metamorphic pro-
teasome-associated regulatory factor that can
regulate the DDR pathway. This protein can
modulate the two major DNA DSB repair path-
ways: HR and non-homologous end joining
(NHEJ). USP14 can alter the radiosensitivity of
cancer cells, thus helping to improve treatment
effects in patients with NSCLC [82]. Previously,
Zhao et al. developed an aptamer-siRNA nano-
delivery system that could accurately deliver
siRNA targeting USP14 within DDP-resistant
lung cancer cells. This approach effectively alle-
viated chemotherapeutic resistance in these
cells, inhibiting tumor growth [8]. Meanwhile,
Moghadami et al. discovered a novel mecha-
nism in which the inhibition of USP14 leads
to the accumulation of ubiquitinated proteins,
triggering endoplasmic reticulum (ER) stress
and subsequently activating the unfolded pro-
tein response (UPR). This mechanism was fo-
und to specifically upregulate the PERK, IRE1q,
and JNK1 signaling pathways, ultimately pro-
moting autophagy without inducing apoptosis
in lung cancer cells [83]. Furthermore, USP14
was demonstrated to enhance the migratory
potential of NSCLC cells by deubiquitinating
and stabilizing actin crosslinking factor 7
(ACF7) [84].
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Ubiquitin-specific protease 15

Ubiquitin-specific protease 15 (USP15) has
been implicated in the regulation of a wide
range of cellular and tumor-related processes,
exhibiting dual functions as both an oncogene
and a tumor suppressor under different condi-
tions [85, 86]. Recent studies have indicated
that USP15 expression is markedly reduced
in patients with LUAD and is inversely associ-
ated with tumor migration and invasion. Evi-
dence shows that USP15 can interact with the
N-terminal domain of BECN1, facilitating its
deubiquitination and thereby inhibiting the in-
duction of autophagy. Conversely, TRAF6, an
E3 ubiquitin ligase, interacts with BECN1 to
enhance autophagy activation. Overall, USP15
suppresses the TRAF6-BECN1 signaling path-
way, thereby hindering the progression of lung
cancer [87]. Das et al. discovered that both
USP15 and USP4 modulate the expression of
the functional full-length SRSF1 protein, which
shows increased endogenous expression in
lung cancer cells and promotes their prolifera-
tion and migration [88]. Furthermore, USP15
has been found to be overexpressed in NSCLC
cells, with its knockdown leading to the down-
regulation of MMP3 and MMP9, resulting in
decreased cell growth and invasion [89]. The
long non-coding RNA ABHD11-AS1 demon-
strates increased expression across various
stages of lung carcinogenesis, from early to
advanced phases, and its expression levels
show a positive correlation with tumor malig-
nancy [90]. Notably, ABHD11-AS1 promotes the
binding of USP15 to pre-mRNA processing
factor 19 (PRPF19) by interacting with SART3.
Subsequently, the expression of CD44v6 is
upregulated, and the Wnt/B-catenin signaling
pathway is activated. This process promotes
the malignant transformation of healthy cells
and the development of lung tumors [90].

Ubiquitin-specific protease 18

Ubiquitin-specific protease 18 (USP18), for-
merly known as UBP43, is a multifunctional
protein. It was initially identified as a specific
decoupling enzyme for interferon-stimulated
gene 15 (ISG15) [91-93]. In lung cancer cell
lines, increased expression levels of USP18,
ATGL, and UCP1 were found to promote cell
proliferation and thus potentially contribute to
a poor patient prognosis. On a mechanistic
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level, USP18 has been shown to regulate fatty
acid metabolism by modulating the expression
of ATGL and UCP1, thereby accelerating the
malignant progression of tumors [92]. Knock-
ing down USP18 disrupts the steady-state bal-
ance of 14-3-3( protein, thereby inhibiting the
proliferation, migration, and invasion capacity
of lung cancer cells [94]. SHANK1 is highly
expressed in NSCLC tissues and cells resistant
to Paclitaxel (PTX). USP18 enhances paclitaxel
resistance in NSCLC cells by regulating the
deubiquitination of SHANK1 [95]. POU4F1 is a
member of the POU domain transcription fac-
tor family and exhibits unique oncogenic char-
acteristics in many types of cancer [96, 97]. In
LUAD, USP18 regulates the POU4F1-PRKAA2
signaling axis. It inhibits cell apoptosis and fer-
roptosis while promoting cell proliferation and
migration, thereby playing a key role in tumor
progression [97]. Consequently, USP18 could
serve as a promising therapeutic target for
lung cancer treatment.

Ubiquitin-specific protease 22

Ubiquitin-specific protease 22 (USP22), a his-
tone-modifying enzyme, has been increasingly
recognized for its upregulation and its role in
modulating the tumor immune microenviron-
ment in various cancers [98-100]. Han et al.
discovered a USP22-centered gene module
pathway network, demonstrating its contribu-
tion to LUAD progression via ubiquitination-
mediated immune suppression [101]. In addi-
tion, evidence has shown that USP22 facilitat-
es the progression of LUAD by enhancing the
secretion of myosin IB (MYO1B)-enriched ex-
tracellular vesicles (EVs) and upregulating the
expression of KDEL endoplasmic reticulum
protein retention receptor 1 (KDELR1) [102].
Similarly, LINC01426 recruits USP22 to medi-
ate the deubiquitination of the Sonic Hedgehog
(SHH) protein, thereby activating the Hedgehog
signaling pathway and promoting LUAD pro-
gression [103]. Interestingly, Chen et al. dem-
onstrated that COL17A1 can counteract the
inhibitory effects of USP22 silencing on LUAD
cell growth, invasion, and migration in vitro
while concurrently promoting apoptosis and
ferroptosis. Their findings confirm that USP22-
stabilized COL17A1 exhibits oncogenic proper-
ties in LUAD [104]. Beyond these studies, addi-
tional research has shown that the transcrip-
tion factors AP2, ATF3, c-Myc, NF-YA, and SP1

3271

are crucial for regulating USP22 mRNA expres-
sion in lung cancer cells. USP22 expression is
transcriptionally activated by AP2 and c-Myc
but suppressed by SP1 and ATF3, underscoring
its significant role in the pathogenesis of lung
cancer [99].

In the context of lung cancer, USP22 is co-over-
expressed with USP7. Together, these enzymes
contribute to immune suppression by stabiliz-
ing the immune checkpoint protein PD-L1 and
FOXP3 in regulatory T cells (Tregs). Additionally,
USP7 inhibitors trigger the degradation of SP1,
which alleviates the transcriptional repression
of USP22 and leads to its upregulation. The-
se inhibitors also decrease H2Bubl levels in
USP22-knockout cells, enhance p53 activation
in USP22-expressing cells, and exacerbate the
malignancy of cancer cells. Targeting USP7 fur-
ther inhibits cell growth and increases sensitiv-
ity to cisplatin in USP22-knockout lung cancer
cells [105]. USP22 has also been implicated in
chemoresistance across various human can-
cers. Specifically, this enzyme stabilizes murine
double minute 2 (MDM2) through deubiquitina-
tion, thereby enhancing resistance to gefitinib
and protecting NSCLC cells against ferroptosis
[100]. Moreover, circFAT1(e2) is overexpress-
ed in NSCLC cells, where it acts as an miRNA
sponge to sequester miR-30e-5p, thereby re-
lieving the repression of its downstream target
USP22 and ultimately promoting tumor cell
growth and metastasis [106].

Ubiquitin-specific protease 28

Ubiquitin-specific protease 28 (USP28) was
first identified in 2001 [107, 108]. Since then,
numerous studies have shown that USP28
plays important roles in physiological process-
es such as cell migration, apoptosis, and pro-
tein homeostasis [108-110].

Sterol regulatory element-binding transcription
factor 2 (SREBF2) is a basic helix-loop-helix
leucine zipper transcription factor [111]. This
transcription factor is crucial for the expression
of most enzymes involved in the mevalonate
pathway (MVP) [107]. USP28 can bind to ma-
ture SREBP2, deubiquitinating and stabilizing
it, and thereby regulating the expression of
MVP-related enzymes. In NSCLC cells, LINCO-
1426 and USP28 are upregulated. LINC01426
promotes cell proliferation, migration, invasion,
autophagy, and glycolysis by acting as a sponge
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for miR-143-3p and subsequently regulating
USP28 expression [112]. Previously, Meng et
al. reported that the upregulation of FOXK1
expression can significantly enhance the ra-
dioresistance of lung cancer cells and promote
tumor development. Their research found that
FOXK1 is deubiquitinated and stabilized by
USP28. The biological effects of this process
are mediated by the activation of the Hippo
signaling pathway [113]. Furthermore, USP28
plays a critical role in deubiquitinating and sta-
bilizing ANp63 by removing K48-linked ubiqui-
tin chains, which highlights its potential as a
therapeutic target for the treatment of lung
squamous cell carcinoma (LSCC) [114]. In
LUAD, the deletion of the USP28 gene can re-
capitulate TP53-deficient phenotypes and af-
fects tumor progression through this mecha-
nism [115].

Because USP28 and USP25 are structurally
similar, inhibitors of these enzymes tend to
have an inhibitory effect on both. At present,
most highly effective compounds exert dual
inhibitory effects [116, 117]. The dual-inhibi-
tion strategy against USP28/USP25 has sh-
own remarkable anti-tumor outcomes in pre-
clinical models, particularly in overcoming che-
moresistance and restoring metabolic sensi-
tivity. Current translational research focuses
on the development of compounds that induce
cell cycle arrest, trigger mitochondrial-depen-
dent apoptosis, and enhance the therapeutic
efficacy of cisplatin. Studies have shown that
the combination of simvastatin and USP28/
USP25 dual inhibitors can reduce the survival
rate of SCC cells and restore sensitivity to
statin-mediated MVP inhibition [107]. Further-
more, the USP28 inhibitor AZ1 can induce G1
cell cycle blockade, mitochondrial-dependent
apoptosis, and DNA damage in lung cancer
cells. In NSCLC, these effects are further en-
hanced following combined treatment with cis-
platin [116, 117]. Ruiz et al. were the first to
demonstrate that the inhibition of USP28
using compound FT206 led to the significant
regression of human LSCC xenograft tumors
[117]. However, even though USP28 mono-
therapy could induce tumor regression in cer-
tain models, combination therapy could per-
haps be more feasible in clinical settings.
Notably, evidence shows that USP28 inhibi-
tors can reverse ANp63-mediated chemore-
sistance and enhance the DDR pathway; there-
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fore, clinical trials should focus on employing
combination regimens to reduce toxicity and
enhance efficacy. At present, the next steps in
the clinical development of USP28 inhibitors
include pharmacokinetic optimization, the vali-
dation of in vivo selectivity, and long-term to-
xicity assessments. More in-depth in vivo stu-
dies are needed to confirm their safety and
effectiveness.

Ubiquitin-specific protease 35

Extensive evidence indicates that the deubig-
uitinase ubiquitin-specific protease 35 (USP35)
is significantly overexpressed in human lung
cancer tissues and cell lines [118], highlighting
its broad functional significance [119, 120].
After confirming the significant upregulation of
USP35 in NSCLC tissues, studies have found
that FUS interacts with USP35, thereby enhan-
cing mMRNA stability. Subsequently, USP35 sta-
bilizes VEGFA protein levels through its deu-
biquitinating activity, promoting tumor growth,
invasion, and angiogenesis [121]. Additionally,
USP35 plays an important role in the develop-
ment of chemoresistance in NSCLC cells. It
mediates the K48-linked polyubiquitination of
BIRC3 and thereby stabilizes this protein. This
process inhibits cisplatin-induced cell apopto-
sis, thus reducing cellular sensitivity to cispla-
tin [122]. Further research has shown that
USP35 knockdown can enhance the sensitivity
of lung cancer cells to DDP and PTX chemo-
therapy. Mechanistic analyses indicate that
USP35 directly interacts with the iron trans-
porter FPN to prevent iron overload and ferrop-
tosis in lung cancer cells. USP35 can also alle-
viate iron steady-state imbalances and the
ferroptosis induced by erastin/RSL3, thereby
promoting cancer cell proliferation and tumor
progression [118]. An important study by Wang
et al. identified RRBP1 as a novel substrate
of USP35. USP35-mediated upregulation of
RRBP1 was found to reduce oxaliplatin-induc-
ed cell apoptosis. Therefore, USP35 has now
emerged as a potential therapeutic target for
NSCLC [123]. Research has shown that USP35
does not directly bind to or stabilize mutant
KRAS. Instead, it primarily stabilizes key down-
stream effectors of RAS signaling, thereby indi-
rectly promoting the development of KRAS-
driven NSCLC. This is an example of a classic
“downstream pathway-mediated regulatory me-
chanism”.
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Ubiquitin-specific protease 51

A growing body of evidence indicates that ubig-
uitin-specific protease 51 (USP51) plays a cru-
cial role in cancer progression [124, 125].
Among patients with NSCLC, elevated levels of
USP51, PD-L1, and ITGB1 are closely associat-
ed with poor clinical prognosis. USP51 shares
high homology with USP5. Mechanistically,
USP51 activates the ITGB1/NF-kB signaling
pathway by deubiquitinating PD-L1, thus pro-
moting resistance to chemotherapy. The flavo-
noid compound dihydromyricetin (DHM) has
been identified as a potential inhibitor of
USP51, providing a new therapeutic strategy
for tumor treatment and risk prevention and
control [126]. TWIST1 is significantly overex-
pressed in NSCLC tissues and cell lines. USP51
stabilizes TWIST1 through deubiquitination and
enhances tumor stem cell characteristics, the-
reby promoting tumor proliferation [125]. In
patients with LUAD, elevated USP51 expres-
sion can predict poor clinical prognosis. Fur-
ther research has shown that USP51 is ph-
osphorylated by CDK4/6 at the Ser26 site,
which promotes epithelial-mesenchymal tran-
sition (EMT) and tumor metastasis by regulat-
ing ZEB1 [127]. Additionally, USP51 is also
involved in mediating drug resistance. It can
reduce the levels of y-H2AX and enhance the
phosphorylation of checkpoint kinase 1 (CHK1),
thereby regulating the DDR in cisplatin-sensi-
tive lung cancer cells [128]. Notably, the knock-
down of USP51 reduces cisplatin resistance in
lung cancer cells by disrupting its interaction
with ZEB1 [129].

CYLD

CYLD was first isolated more than 20 years
ago and has been linked to a rare familial dis-
ease, cylindromatosis. This enzyme has been
confirmed to act as a key tumor suppressor
[130-132]. In NSCLC tissues and cells, the
CYLD gene is also a downstream target of miR-
135b and miR-587. Its dysfunction is associat-
ed with poor prognosis in patients with lung
cancer [133, 134]. Studies have shown that
the interleukin-6 (IL-6)/STAT3 signaling path-
way can activate miR-135b. miR-135b directly
targets the 3’-untranslated region (3'-UTR) of
CYLD. This interaction inhibits CYLD expres-
sion, thereby activating NF-kB signaling and its
downstream effectors, which in turn affects
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processes such as cell proliferation, migration,
invasion, apoptosis, and angiogenesis [133].
Meanwhile, miR-587 promotes cell prolifera-
tion and migration by targeting CYLD, thereby
contributing to the malignant progression of
NSCLC [134].

A study conducted by Wang et al. showed that
YTHDC2 is downregulated in lung cancer tis-
sues and cells exposed to cigarette smoke.
YTHDC2 is associated with smoking and stabi-
lizes the CYLD protein through m6A modifica-
tion, thus inhibiting the progression of lung
cancer [135]. In PC-9 and PC-9/GR cells, CYLD
expression can enhance sensitivity to gefitinib.
This affects the proliferation and apoptosis
of lung cancer cells as well as the inflamma-
tory response of tumor-associated endotheli-
um (TAE) [131]. In LUAD, CYLD regulates the
activity of dendritic cells (DCs) and the NF-kB
signaling pathway. As a result, it can promote
the proliferation of CD4+ T cells and play a role
in tumor suppression [136].

Other USPs involved in lung cancer

Beyond the USPs mentioned above, several
other USPs linked to lung cancer have recently
been identified, including USP1, USP2, USP4,
USP19, USP25, and USP41. Notably, USP1 has
been identified as a key gene in SCLC. Its over-
expression has been shown to inhibit the
immune response mediated by natural Killer
(NK) cells and promote tumor proliferation
[137]. According to the latest research, the
expression of USP2 is significantly downregu-
lated in cisplatin-resistant NSCLC cells. On a
mechanistic level, USP2 promotes ferroptosis
in lung cancer cells and attenuates cisplatin
resistance by deubiquitinating pb53 at the
K305 site [138]. In contrast, USP4 enhances
the stemness, proliferation, and metastasis
of LUAD cells by regulating the expression of
tumor-related factors. Accordingly, it signifi-
cantly affects the overall survival and progno-
sis of patients with LUAD [139, 140]. USP4
interacts with the Twistl protein, deubiquitina-
ting and stabilizing it, and subsequently pro-
moting tumor stemness. These effects are
closely associated with adverse clinical out-
comes in patients with LUAD [139]. Previously,
Wei et al. systematically analyzed the multiple
functions of USP4 in LUAD. They discovered
that USP4 promotes lymphatic vessel genera-
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tion and lymph node metastasis by upregulat-
ing the expression of VEGF and MMP2. At the
same time, it also regulates the cell cycle and
apoptosis through the p53 signaling pathway
and enhances the migratory and invasive abili-
ties of LUAD cells by promoting EMT processes
[140].

Research has confirmed that Tianmaxin can
interfere with the interaction between USP19
and survivin. It can promote the ubiquitination
and degradation of survivin, thus exerting anti-
tumor effects [141]. USP25 inhibits RNF31-
mediated linear ubiquitination of KRAS mu-
tants. This process plays an important role in
the development of KRAS G12-mutant NSCLC,
providing key insights into tumor biology [142].
Within the regulatory network of KRAS-mutant
lung cancer, USP25 shows both shared and
unique characteristics when compared with
USP5 and USP7. USP25 displays a high de-
gree of mutation specificity and mainly targets
KRAS G12 mutants. Moreover, it selectively
interferes with the linear ubiquitination modifi-
cation mediated by RNF31, rather than the
classical lysine-linked ubiquitination, thus pro-
moting the development of NSCLC [142]. Addi-
tionally, USP41 is overexpressed in lung cancer
tissues and USP41 knockdown inhibits cell
proliferation and migration and induces cell
apoptosis of lung cancer [143].

JAB1/MPN/MOV34 metalloenzymes (JAMMSs)

The JAB1/MPN/Mov34 metalloenzyme (JAMM)
family represents a category of DUBs charac-
terized by DUB metalloprotease activity and
has emerged as a pivotal molecular nexus con-
necting the TME with immune-inflammatory
responses at various levels [144, 145]. To
date, only 12 members of the JAMM family
within the human genome have been identi-
fied. Of these, seven are classified under the
MPN+ subfamily, including STAM-binding pro-
tein (STAMBP, also known as AMSH), STAMBP-
like 1 (STAMBPL1, also known as AMSH-LP),
BRCC3 (also known as BRCC36), elF3h,
PSMD14 (also known as RPN11 or POH1),
COP9 signalosome subunit 5 (CSN5), and
MYSM1 [144, 146]. Notably, eight members of
the JAMM family - namely, PSMD14, STAMBP,
EIF3H, EIF3F, CSN6, CSN5, PSMD7, and
BRCC3 - have been implicated in lung cancer.
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PSMD14 functions as a non-ATPase regula-
tory subunit of the 26S proteasome and is a
structural component of the 19S regulatory
particle lid complex [145, 147]. Previous re-
search has demonstrated that PSMD14, a pro-
tein-coding gene, can act as a potential prog-
nostic biomarker across multiple types of can-
cer [148]. For instance, Lei et al. conducted
immunohistochemical analyses of 184 NSCLC
tissue samples and corresponding adjacent
non-cancerous tissues and found that the co-
overexpression of USP14 and PSMD14 was
associated with increased disease severity and
progression in patients with NSCLC [145].
Notably, both PSMD7 and PSMD14 have been
found to act as integral components of the 26S
proteasome but exhibit functional interdepen-
dence [149]. PSMD7 influences the prolifera-
tion and apoptosis of LUAD cells via the activa-
tion of the p53 signaling pathway [149].

Meanwhile, STAMBP is overexpressed in hu-
man NSCLC tumors and facilitates the recycl-
ing of epidermal growth factor receptor (EGFR)
to the cell membrane. It achieves this by deu-
biquitinating and stabilizing EGFR both in vitro
and in xenograft models [150].

The eukaryotic translation initiation factor 3
(EIF3) complex, one of the largest complexes
found in mammalian cells, contains EIF3F and
EIF3H, which are members of the JAMM-
domain protease family of DUBs. These pro-
teins play pivotal roles in gene regulation and
disease progression by modulating the expres-
sion and activity of cancer-related targets [151-
153]. For instance, research has shown that
EIF3H is markedly upregulated in esophageal
cancer, where its levels show a positive corre-
lation with Snail expression [152]. In contrast,
in lung invasive adenocarcinoma, the expres-
sion of miR-496 is negatively correlated with
that of elF3H, thus influencing tumor progres-
sion [154]. This negative regulatory mechanism
warrants further investigation in future studies.
In LSCC, EIF3F has been confirmed to upregu-
late the expression of several key proteins,
including ribosomal proteins [151]. Meanwhile,
in lung neuroendocrine tumors (lung-NETs),
PRPF8 has been proven to affect cell prolifera-
tion and colony formation. These findings high-
light the dysregulation of the transcriptional
splicing mechanism in the context of malignant
progression [155]. Furthermore, PRPF8 is also
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known to play a pivotal role in modulating cel-
lular responses to cisplatin [156].

CSNG6 is overexpressed in various malignant
tumors and is evolutionarily conserved across
different organisms (including humans, mice,
plants, and even viruses). In the tumor-pro-
moting inflammatory microenvironment, alveo-
lar type Il (AT-ll) cells secrete TNF-a. This
increases the expression of CSN6, which sub-
sequently enhances the expression of PD-L1
in monocytic macrophages (MoMs) [157]. This
process promotes the formation of an immu-
nosuppressive microenvironment that is con-
ducive to the progression of lung cancer [157].

Numerous studies have confirmed that CSN5 is
a multifunctional protein that has been highly
conserved during evolution and contributes to
cell cycle regulation in cancer cells. A key func-
tion of CSN5 is to mediate protein degradation
by regulating the ubiquitination process [158-
160]. In the context of lung cancer, most stud-
ies on CSN5 indicate that PD-L1 is an impor-
tant downstream effector of this protein. A
study by Liu et al. showed that in NSCLC, BBR
can inhibit the deubiquitinating activity of CSN5
at the Glu76 site. This can reduce the expres-
sion of PD-L1 and enhance anti-tumor T-cell
immunity [160]. Meanwhile, menin can pro-
mote the instability and degradation of PD-L1
by downregulating the expression of CSN5
[161]. USP22 interacts with CSN5 and stabiliz-
es it through deubiquitination. Subsequently,
both USP22 and CSN5 show enhanced inte-
raction with PD-L1, thus synergistically regulat-
ing PD-L1 expression. This coordinated mecha-
nism enables PD-L1 to promote immune es-
cape in lung cancer [162]. Moreover, docosa-
hexaenoic acid (DHA) can show enhanced
immunomodulatory function and demonstrate
anti-tumor activity by promoting CSN5-media-
ted ubiquitination of PD-L1 [163]. Interestingly,
Wang et al. confirmed the interaction between
MALT1 and CSN5. They showed that CSN5 sta-
bilizes MALT1 through the E3 linkase FBXO3,
subsequently activating the NF-kB pathway to
promote the malignant progression of NSCLC
[164]. However, these above-mentioned regu-
latory mechanisms all rely on the selective rec-
ognition of specific ubiquitin chain linkages by
CSN5, highlighting the substrate specificity of
JAMM family enzymes. Because CSN5 is a key
regulator of PD-L1 in lung cancer and also par-
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ticipates in the regulation of multiple signaling
pathways, the development of CSN5 inhibitors
faces the dual challenge of achieving selec-
tivity while minimizing off-target effects. The
systemic inhibition of CSN5 may cause a wide
range of off-target effects and potential toxi-
city, significantly limiting its clinical application.

In cancer cells with elevated Snail expression,
tumor-derived exosomes are enriched in miR-
21, which can inhibit the expression of PTEN
and BRCC3 in macrophages. This suppression
leads to the phosphorylation and K63-linked
polyubiquitination of NLRP3, resulting in the
disassembly and inactivation of the NLRP3
inflammasome. Ultimately, these molecular
events reduce chemotherapy-induced inflam-
mation and immunogenic cell death (ICD) [165].

Machado-Joseph disease proteases

Machado-Joseph disease (MJD) domain-con-
taining proteases represent the smallest fa-
mily of DUBs, consisting of only four members:
JOSD1, JOSD2, Ataxin-3, and Ataxin-3L. These
enzymes exhibit dual roles in cancer biology,
functioning as both tumor promoters and tu-
mor suppressors [166-168].

Accumulating evidence indicates that JOSD1 is
involved in various types of cancer, and its
upregulation is associated with unfavorable
clinical outcomes. Ma et al. were the first to
demonstrate that JOSD1 interacts with the
Snail protein, causing its deubiquitination and
subsequently promoting the EMT process in
LUAD, leading to enhanced metastasis, migra-
tion, and invasion [168]. In contrast, JOSD2
has also been shown to serve as a pivotal on-
cogenic factor that paradoxically suppresses
the progression of NSCLC, whereas LKB1 is
a well-established tumor suppressor. JOSD2
interacts with LKB1 and removes its K6-linked
polyubiquitin chains, resulting in the destabili-
zation of the LKB1-STRAD-M025 complex and
the inhibition of LKB1 kinase activity. Thus,
HY041004, a novel small-molecule inhibitor
targeting JOSD2, has emerged as a promising
therapeutic strategy for NSCLC patients with
inactivated LKB1 [169]. Additionally, JOSD2
promotes NSCLC progression by modulating
the DDR pathway. The inhibition of JOSD2 sig-
nificantly increases sensitivity to doxorubicin
and olaparib [170].
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Using a CRISPR-based screening platform,
Wang et al. identified ATXN3 as a positive tran-
scriptional regulator of PD-L1. On a mechanis-
tic level, ATXN3 was found to enhance immune
evasion in tumors by stabilizing HIF-2«, IRF1,
STAT3, and JunB, thus protecting them from
ubiquitin-mediated degradation in response to
IFNy stimulation [171].

Ubiquitin C-terminal hydrolases

In recent years, ubiquitin has been increas-
ingly recognized for its indispensable roles in
numerous regulatory pathways. The ubiquitin
C-terminal hydrolase (UCH) family, a critical
subgroup of DUBs, consists of four members:
UCHL1, UCHL3, UCHL5, and BRCAZl-associat-
ed protein-1 (BAP1) [172, 173].

UCHLZ1 is a unique DUB with a dual expression
pattern. It is physiologically expressed in nor-
mal tissues (such as the brain and nervous sys-
tem) but is also frequently overexpressed in a
variety of malignant tumors, including NSCLC
[173, 174]. Multiple studies have confirmed
that the overexpression of UCHL1 can serve as
a biomarker for predicting poor clinical progno-
sis in cancer [174-176]. This overexpression
has been linked to a smoking history, larger
tumor size, and a high degree of atypical prolif-
eration [174]. On a mechanistic level, UCHL1
confers resistance to pemetrexed (PEM) in
NSCLC cells by upregulating thymidylate syn-
thase (TS). This reduces DNA damage and pre-
vents the expression of PD-L1 and cell cycle
blockage [176]. This enables immune escape
in NSCLC tumors, making UCHL1 a key tar-
get for cancer immunotherapy [177]. Notably,
UCHL1 enhances PD-L1 expression by acti-
vating the AKT-p65 signaling pathway, which
leads to impaired T-cell function and oncogenic
effects [177]. Aberrant TGF-B signaling is asso-
ciated with cancer development because TGF-3
activates the SMAD pathway to regulate protein
expression [178, 179]. Under hypoxic condi-
tions, the overexpression of UCH-L1 amplifies
the TGF-B/Smad signaling pathway. This nega-
tively regulates Dauer formation in Caenorhab-
ditis elegans and promotes the occurrence of
lung tumors [179]. Previously, Yao et al. demon-
strated that UCHL1 may serve as both a diag-
nostic biomarker and a therapeutic target in
LUAD. In LUAD, this DUB promotes tumor mi-
gration, invasion, and metastasis by inhibiting
cell apoptosis [175].
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UCHL1 and UCHL3 share up to 53% sequence
homology, indicating that they have significant
structural similarity and comparable molecu-
lar weights [180, 181]. UCHL3 can affect the
radiosensitivity of NSCLC through a unique
molecular pathway. Experimental data show
that LINCOO665 acts as a sponge for microR-
NA (miR)-582-5p. It promotes UCHL3-depen-
dent deubiquitination and stabilizes the aryl
hydrocarbon receptor (AhR), maintaining its
activity. This process promotes the expression
of PD-L1, reduces radiosensitivity in tumor
cells, and facilitates immune escape [182]. In
addition, the knockdown of UCHL3 interferes
with the recruitment of RAD51 to DSBs, thus
reducing the efficiency of HR repair [183].

Ubiquitin C-terminal hydrolase L5 (UCHL5/
UCH37) is a paralog of BAP1 [180]. In LUAD
cells, the knockdown of UCHL5 inhibits cell pro-
liferation and decreases the mRNA and protein
levels of the critical cell cycle regulators cyclin
D1 and CDK4 [184]. Interestingly, BAP1 was ini-
tially identified as the primary histone deubiqui-
tinase for histone H2A ubiquitinated at lysine
119 (H2AK119ub) in Drosophila [185]. Since
then, numerous studies have demonstrated
that the BAP1/ASXL3/BRD4 epigenetic axis is
essential for maintaining transcriptional activi-
ty in SCLC cells [185, 186]. Importantly, iBAP-II
has been identified as a novel inhibitor of BAP1
that targets its catalytic activity, disrupts the
BAP1/ASXL3/BRD4 axis, and promotes the
degradation of the ASXL3 protein [185].

Ovarian tumor domain-containing proteases

The OTU DUB subfamily consists of 16 mem-
bers, which can be classified into four distinct
subclasses based on their catalytic protein
structures and domains: the Otubains subfa-
mily (OTUB1 and OTUBZ2), the OTUD subfa-
mily (OTUD1, OTUD2, OTUD3, OTUD4, OTUD5,
OTUDGA, OTUD6B, and ALG13), the A20-like
OTUs subfamily (A20, OTUD7A, OTUD7B, Trabid,
and VCPIP1), and the OTULIN subfamily [187,
188].

Within the OTUD subfamily, the proteins
OTUD1, OTUD3, OTUD4, OTUD5, and OTUDGB
have been experimentally shown to mediate
Ub-dependent pathways in lung cancer. Sub-
stantial evidence demonstrates that OTUD1
possesses tumor-suppressive properties ac-
ross various types of cancer, with its expres-
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sion significantly downregulated in lung cancer
cell lines when compared with normal cells
[189-191]. Furthermore, OTUD1 levels are po-
sitively correlated with KLF4 expression and
inhibit the progression of NSCLC by stabilizing
and deubiquitinating KLF4 [189]. The overex-
pression of OTUD1 inhibits the nuclear translo-
cation of YAP1, thereby diminishing its activity.
This exclusion of YAP1 from the nucleus leads
to the inactivation of the SOX9/SPP1 axis, sub-
sequently suppressing resistance to erlotinib
in NSCLC cells [190]. Additionally, FHL1 exhib-
its immune-related expression characteristics
in lung cancer, while OTUD1 stabilizes FHL1
through deubiquitination, thereby inhibiting tu-
mor proliferation and migration. Notably, one
study identified VE-822 as an OTUD1 agonist
that mitigates lung cancer progression [191].
Collectively, these findings suggest that OTUD1
is a tumor suppressor and can act as a promis-
ing therapeutic target in lung cancer.

OTUDS3 is a key deubiquitinase in the OTU fam-
ily and has multifaceted biological functions
[188, 192, 193]. Zhang et al. showed that
CHIP mediates the downregulation of OTUD3
by interacting with this protein, thereby promot-
ing its polyubiquitination and subsequent deg-
radation. This, in turn, reduces GRP78 levels in
lung cancer cells, thereby inhibiting cell inva-
sion and metastasis [192]. On a mechanistic
level, rolapitant directly targets the OTUD3-
GRP78 axis and induces ER stress-mediated
apoptosis in lung cancer cells through the
CHOP-DR5 pathway [193]. In LUAD, the expres-
sion of OTUDA4 is positively correlated with that
of NRF2. NRF2 enhances OTUD4 transcription
by binding to its promoter region. This, in turn,
promotes the deubiquitination of EGFR and
improves its protein stability [194].

OTUD5 has been identified as a crucial regula-
tor of tumor progression [195]. PDCD5 is a
highly conserved protein associated with apop-
tosis [196, 197]. Functional studies have
shown that knocking out OTUD5 can inhibit
the activity of p53 and PDCD5, thus enhancing
the proliferation, metastasis, and invasion of
NSCLC cells and increasing their resistance to
doxorubicin and cisplatin [197]. From a regula-
tory perspective, microRNA-652-3p was found
to directly target and inhibit OTUD5 expres-
sion, leading to an increase in the level of PTEN
ubiquitination, thus driving the proliferation,
invasion, and migration of NSCLC cells [198].

3277

Notably, Bai et al. found that CacyBP, as a ne-
gative regulatory factor of OTUD5, is highly
expressed in LUAD tissues [199]. The overex-
pression of CacyBP promotes the ubiquitina-
tion and degradation of OTUD5S, which in turn
promotes tumor development [199]. Moreover,
evidence indicates that OTUDGB is markedly
overexpressed in human LUAD, where it inter-
acts with RIPK1 to promote disease progres-
sion [195].

In the A20-like OTU subfamily, A20 (i.e., tumor
necrosis factor a-induced protein 3, TNFAIP3)
and OTUD7B both play a negative regulatory
role to inhibit the growth of lung cancer. A20
plays a key role in maintaining inflammatory
homeostasis. Studies have shown that the
downregulation or deletion of A20 in LUAD tu-
mors promotes immune escape by activating
the TBK1-STAT1-PD-L1 axis, thus driving dis-
ease progression. The inhibition of A20 throu-
gh the autocrine interferon signaling pathway
also leads to the abnormal proliferation of
LUAD [200]. These findings indicate that A20-
mediated PD-L1 regulation does indeed exist in
lung cancer. However, its primary mechanism
appears to be indirect, mediated by the inhibi-
tion of upstream signaling pathways, rather
than through the direct regulation of substrate
protein degradation. A20 also promotes fer-
roptosis in lung cancer cells through the spe-
cific protease 1 (SENP1)-mediated regulation of
its SUMOylation status. Additionally, A20 influ-
ences ferroptosis by directly regulating two cri-
tical ferroptosis-related proteins, acyl-CoA syn-
thetase long-chain family member 4 (ACSL4)
and solute carrier family 7 member 11 (SLC-
7A11) [201].

Intriguingly, OTUD7B has been identified as a
pivotal factor in inhibiting LCL161-induced inva-
sion and migration in lung cancer cells. On a
mechanistic level, OTUD7B interacts with and
deubiquitinates TRAF3, leading to the supp-
ression of NIK and the subsequent inhibition
of non-canonical NF-kB activation, which is
responsible for promoting cancer cell invasion
and migration [202]. Hyperthermia, a clinical
antitumor strategy, induces apoptosis in lung
cancer cells by increasing the temperature of
tumor tissues. Importantly, the upregulation of
OTUD7B enhances the antitumor efficacy of
hyperthermia treatment [203]. OTUD7B inter-
acts with and deubiquitinates endogenous mi-
tochondrial Smac protein resulting in mitoch-
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Table 2. The list of JAMMS, MJD, UCH, OTU involved in lung cancer

Upstream Biological
DUBs Regulatory Substrate(s) Detailed mechanisms Effects On  Ref.
Events LC
JAMMS
STAMBP Not mentioned EGFR STAMBP knockdown suppresses LUAD tumor + [150]

growth and metastasis by modulating EGFR-
mediated ERK activation.

CSN6 Not mentioned PD-L1 In vitro inhibition of CSN6 reduces PD-L1 expres- + [157]
sion in TNF-a-activated macrophages and sup-
presses lung tumorigenesis.

CSN5 BBR PD-L1 BBR suppresses PD-L1 expression and enhances + [160]
anti-tumor immunity in NSCLC by inhibiting
CSNb5’s deubiquitinase activity.

Not mentioned MALT1 CSN5 promotes NSCLC malignant progression by + [164]
stabilizing MALT1 through the E3 ligase FBXO3.
USP22 PD-L1, USP22 regulates PD-L1 protein levels via the + [162]
USP22 USP22-CSN5-PD-L1 axis to mediate immune
evasion.
DHA PD-L1 DHA induces PD-L1 ubiquitination and degrada-  + [163]

tion by inactivating CSN5, thereby enhancing
anti-tumor immunity.

Menin PD-L1 Menin promotes PD-L1 destabilization and degra- + [161]
dation by suppressing CSN5 expression.
EIF3H miR496 elF3h The expression of miR-496 is negatively corre- Not [154]
lated with elF3h. mentioned
PSMD7 Not mentioned p53 pathway PSMD7 downregulation suppresses lung cancer + [149]
progression by modulating the p53 pathway.
BRCC3 miR-21 NLRP3 miR-21 suppresses PTEN and BRCC3 to promote  + [165]

NLRP3 phosphorylation and K63-linked ubiquiti-
nation, thereby inhibiting NLRP3 inflammasome

assembly.
MJD
JOSD1  Not mentioned Snail JOSD1 promotes tumor cell proliferation and + [168]
metastasis by deubiquitinating and stabilizing
Snail protein.
JOSD2  Not mentioned LKB1 JOSD2 suppresses LKB1 kinase activity by deu-  + [169]
biquitinating LKB1 in NSCLC.
DDR JOSD2 promotes malignant progression of NSCLC + [170]
by regulating DNA damage repair pathways.
ATXN3 Not mentioned IRF1, STAT3, ATXN3 enhances tumor immune evasion. + [171]
HIF-2a, JunB
UCH
UCHL1 Not mentioned Ki-67 UCHL1 expression is positively correlated with + [175]
Ki-67 and promotes tumor proliferation.
Not mentioned Not men- UCHL1 overexpression is associated with smok- ~ + [174]
tioned ing, larger tumor size, and high-grade dysplasia,

which are typically linked to poor prognosis and
unfavorable survival outcomes.

Not mentioned TS UCHL1 promotes pemetrexed resistance in non-  + [176]
small cell lung cancer by upregulating thymi-
dylate synthase.

Not mentioned R-Smad UBH1/UCH-L1 enhances DAF7/TGF-B signal- + [179]
ing, suppresses dauer formation, and promotes
pulmonary tumorigenesis.
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Not mentioned PD-L1 UCHL1 promotes PD-L1 expression in NSCLC cells. + [177]
UCHL3 miR-582-5p AhR LINCOO665 stabilizes AhR protein through the + [182]
miR-582-5p/UCHL3 axis, thereby enhancing
immune evasion of NSCLC cells both in vitro and
in vivo.
Not mentioned RAD51 UCHL3 knockdown enhances radiosensitivity in ~ + [183]
NSCLC cells by increasing IR-induced DNA dam-
age and impairing HR repair.
UCHL5  Not mentioned Cyclins UCHL5 knockdown significantly inhibits cell prolif- + [184]
eration through modulation of cyclins.
BAP1 iBAP-II ASXL3, Pharmacological inhibition of BAP1’s catalytic ac- + [185]
ASCL1 tivity disrupts the BAP1/ASXL3/BRD4 epigenetic
axis by inducing degradation of the scaffolding
protein ASXL3, which bridges BRD4 and BAP1 at
active enhancers.
Not mentioned ASXL3 ASXL3 bridges BRD4 to the BAP1 complex and + [186]
controls enhancer activity in small cell lung
cancer.
OoTU
OTUD1 Not mentioned KLF4 OTUD1 suppresses NSCLC progression by deu- - [189]
biquitinating and stabilizing KLF4.
Not mentioned YAP1 OTUD1 confers erlotinib sensitivity in NSCLC by - [190]
inhibiting YAP1 nuclear translocation.
VE-822 FHL1 VE-822 upregulates the deubiquitinase OTUD1 to - [191]
stabilize FHL1, thereby suppressing lung adeno-
carcinoma progression.
OTUD3  CHIP GRP78 The ubiquitin ligase CHIP regulates OTUD3 + [192]
stability in lung cancer and suppresses tumor
metastasis.
Rolapitan GRP78 Rolapitant suppresses human lung cancer growth + [193]
by inhibiting the OTUD3-GRP78 axis, thereby
inducing ER stress and DR5-mediated extrinsic
apoptosis.
OTUD4 NRF2 EGF NRF2 regulates EGF stability in lung adenocarci- - [194]
noma through OTUD4.
OTUD5 miR-652-3p PTEN miR-652-3p promotes NSCLC cell proliferation, - [198]
invasion and migration by inhibiting OTUD5-medi-
ated deubiquitination and stabilization of PTEN.
CacyBP Not CacyBP promotes lung adenocarcinoma progres- - [199]
mentioned  sion by downregulating OTUD5.
Not mentioned PDCD5 OTUD5 is downregulated in NSCLC tissues and - [197]
suppresses malignant phenotypes of NSCLC cells
by regulating p53 and PDCD5.
OTUD6BB Not mentioned RIPK1 OTUDGB promotes lung adenocarcinoma progres- + [195]
sion by stabilizing RIPK1.
A20 Not mentioned TBK1 Downregulation of A20 promotes immune eva- - [200]
sion in lung adenocarcinoma.
SENP1 ACSL4, SENP1 inhibition suppresses lung cancer cell - [201]
SLC7A11 growth by activating A20-mediated ferroptosis.
OTUD7B Not mentioned TRAF3 OTUD7B inhibits Smac mimetic-induced lung - [202]
cancer cell invasion and migration by deubiquiti-
nating TRAF3.
miR-491-5p VEGFA miR-491-5p suppresses vasculogenic mimicry + [204]

in NSCLC by inhibiting OTUD7B and enhancing
VEGFA ubiquitination.
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Not mentioned Smac

OTUD7B potentiates heat therapy-induced sup- - [203]

pression of lung cancer progression by enhancing
Smac-mediated mitochondrial dysfunction.

OTUB1 Not mentioned CHK1

OTUB1 promotes lung cancer progression and + [207]

radioresistance by deubiquitinating and stabiliz-

ing CHK1.
Not mentioned OXPHOS

OTUB1 governs lung cancer cell fitness by regu- - [206]

lating proteostasis of OXPHOS proteins.

Crizotinib STAT3

Targeting the Otub1/p-STAT3 axis suppresses + [209]

non-small cell lung cancer progression.

Not mentioned Aiolos

OTUB1-mediated deubiquitination explores the - [208]

oncogenic potential of Aiolos in lung cancer.

+: promote;-: inhibit.

ondrial dysfunction, which inhibits lung cancer
cell proliferation and invasion [203]. Notably,
Chen et al. identified OTUD7B as a novel target
gene of miR-491-5p. By suppressing OTUD7B
and promoting the ubiquitination of vascular
endothelial growth factor A (VEGFA), miR-491-
5p was found to facilitate vasculogenic mimicry
(VM) [204].

Within the Otubain subfamily, which includes
OTUB1 and OTUB2, OTUB2 appears to media-
te PD-L1 degradation, thereby exerting tumor-
suppressive effects. However, the specific regu-
latory network of OTUB2 in lung cancer remains
largely unexplored at present [205]. Under nor-
moxic conditions, OTUB1 interacts with oxida-
tive phosphorylation (OXPHOS) proteins to reg-
ulate cellular respiration. Furthermore, OTUB1
modulates the interaction network of mito-
chondrial proteins, thereby influencing the ad-
aptive capacity of lung cancer cells [206]. Re-
search indicates that OTUB1 deubiquitinates
and stabilizes CHK1, thereby regulating DDR
pathways. This mechanism enhances the effi-
cacy of radiotherapy during lung cancer treat-
ment [207]. The overexpression of Aiolos
(IKZF3), a zinc finger transcription factor, signifi-
cantly enhances the migratory and invasive
capacities of lung cancer cells. OTUB1 can spe-
cifically bind Aiolos and reduces its ubiquitina-
tion, thereby regulating key oncogenic behav-
iorsin lung cancer cells [208]. In NSCLC, OTUB1
binds to phosphorylated STAT3 (pSTAT3-Y705)
and selectively removes K48-linked ubiquitin
chains. This enhances the transcriptional ac-
tivity of STAT3, preventing its proteasomal de-
gradation and promoting cancer cell survival.
Recent studies have shown that crizotinib spe-
cifically targets the OTUB1/pSTAT3-Y705 axis
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within the proteasome system, thereby inhibit-
ing the proliferation and colony-forming ability
of NSCLC cells without inducing apoptosis
[209].

Conclusion and perspectives

In recent years, research on DUBs and lung
cancer signaling networks has advanced con-
siderably, with remarkable progress being ma-
de, particularly in elucidating molecular regu-
latory mechanisms. This article systematically
summarizes the latest research on the roles of
DUBs in the occurrence and progression of
lung cancer. As summarized in Tables 1 and 2,
although most DUBs exhibit tumor-promoting
activities in lung cancer, some exert antitumor
effects in specific molecular contexts, high-
lighting the dual nature of their functions. For
instance, the functional diversity of the USP
family of DUBs in lung cancer is mainly deter-
mined by substrate preference and the overall
pattern of intracellular signaling. Therefore,
clarifying the mechanisms by which the same
DUB exerts opposite biological effects owing
to differences in substrate abundance, lung
cancer subtype, and the immune microenviron-
ment has become a key scientific question that
must be answered to advance precision medi-
cine for lung cancer. As we move toward the
future, techniques such as single-cell trans-
criptomics, spatial transcriptomics, and other
multi-omics technologies should be compre-
hensively leveraged to systematically analyze
these environment-dependent regulatory me-
chanisms. Accurately defining the critical con-
ditions that determine whether DUBs exert
tumor-promoting or tumor-suppressive effects
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will provide a rational basis for targeted thera-
peutic interventions.

In addition, this review systematically classi-
fies and analyzes the regulatory networks of
the five major DUB subfamilies (USP, JAMMs,
MJDs, UCH, and OTU) in the context of lung can-
cer. However, it should be noted that significant
gaps remain in our understanding of the DUB
family, particularly with respect to the MINDY
and ZUP1 subfamilies, whose mechanisms of
action are still at an early stage of investigation
and remain far from fully understood. Therefore,
further exploration of the therapeutic potential
of DUBs in lung cancer is of great scientific sig-
nificance for the development of novel treat-
ment strategies.

The current pipeline of DUB inhibitors exhibits
a clear polarization trend, and the vast ma-
jority of therapeutic strategies for lung cancer
remain at the preclinical stage. Drugs such
as the USP7 inhibitor P5091 and the USP14/
UCHL5 inhibitor b-AP15 have failed to advance
to clinical development because of insufficient
selectivity or poor drug-like properties. Indeed,
substantial mechanistic evidence has accumu-
lated for targets such as USP22 and USP25.
For example, USP22 has been shown to stabi-
lize EGFR and promote TKI resistance. However,
corresponding inhibitors have not yet been ade-
quately optimized [210-212]. Among the many
strategies targeting DUBs, the USP1 inhibitor
KSQ-4279 is currently the only representative
with practical clinical translational potential,
having advanced to phase I/Il clinical trials. Its
core mechanism is based on synthetic lethality,
thereby shifting the therapeutic window from
reliance on the absolute biochemical selecti-
vity of the compound to the inherent genetic
vulnerabilities of tumor cells. For example, in
tumors harboring BRCA mutations, KSQ-4279
provides a feasible strategy for USP1-targeted
therapy and serves as an important proof of
concept for DUB-targeted therapeutic approa-
ches [213].

The clinical data obtained from existing DUB-
targeting drugs indicate that the main cause of
clinical failure is dose-limiting toxicity rather
than insufficient target validation. This problem
is primarily attributable to the lack of selec-
tivity among DUB family members and between
DUBs and non-target cysteine proteases [214].
Almost all DUB inhibitors exhibit some degree
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of hematological toxicity, which is consistent
with the essential role of DUBs in the hemato-
poietic system [215]. It is worth noting that
there are significant methodological limitations
in the preclinical efficacy data obtained from
lung cancer models. Most in vivo efficacy stu-
dies rely on subcutaneous xenograft models
and lack parallel evaluation of the key physio-
logical functions of DUBs in normal lung tissue.
Existing evidence strongly supports the use of
DUB inhibitors as enhancers in combination
therapy rather than as monotherapy. For exam-
ple, from a mechanistic perspective, USP22
stabilizes EGFR to promote TKI resistance,
USP18 stabilizes PD-L1 to facilitate immune
escape, and USP14/UCHL5 regulates MHC |
antigen presentation. Together, these findings
provide a strong theoretical basis for combining
DUB inhibitors with TKIs or immunotherapy.

Overall, the field of lung cancer treatment fa-
ces five major converging challenges: selectivi-
ty, toxicity, biomarkers, disease models, and
medicinal chemistry. Among these, the inte-
raction between selectivity and toxicity consti-
tutes a fundamental obstacle. The highly con-
served catalytic domains and broad substrate
spectrum of DUBs make low-selectivity inhibi-
tors extremely susceptible to dose-limiting tox-
icity. At the same time, the lack of predictive
biomarkers, the limited ability of existing dis-
ease models to simulate clinical conditions,
and challenges in medicinal chemistry further
hinder the clinical translation of antitumor ther-
apies [213, 214, 216]. The key to overcoming
these challenges is to develop highly selective
interventions for specific genetic backgrounds
and redefine the clinical value of DUB inhibitors
within the framework of combination treatment
regimens [142].

Although some progress has been made, sev-
eral limitations remain. This review outlines
key issues that should be addressed in future
research. First, although numerous studies
have explored the upstream regulators and
downstream effectors of DUBs, their precise
molecular mechanisms have not been fully elu-
cidated. For example, the specific mechanism
by which USP1 regulates NK-cell responses
and how USP14 regulates the NHEJ and HR
pathways still require further investigation. Se-
cond, the limited sample sizes and insufficient
follow-up data of existing studies restrict the
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Figure 5. The mechanistic pathways associated with the JAMMS, MJD, UCH, OTU in the pathogenesis of lung cancer.
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reliability and generalizability of their conclu-
sions. Future studies should include larger co-
horts and longer follow-up periods to improve
the robustness of the research data. Third, the
specific E3 ubiquitin ligases responsible for
regulating ubiquitination at different sites and
mediating proteasomal degradation have not
been systematically identified. To date, only a
limited number of studies have comprehensive-
ly characterized these E3 ligases, highlighting
the need for more extensive investigation.

In conclusion, this comprehensive review iden-
tifies critical nodal points connecting various
DUBs to the pathogenesis of lung cancer
(Figures 4 and 5). As discussed above, we
also compare the similarities and differences
among these regulatory mechanisms in detail.
Specifically, we discuss how USP5, USP7,
USP8, USP22, USP51, CSN5, CSN6, UCHLZ,
and A20 collectively influence lung cancer pro-
gression through their interactions with PD-L1.
Additionally, both STAMBP and USP14 facilitate
lung cancer cell growth through distinct EGFR-
mediated pathways. Furthermore, USP5 and
USP12 influence lung cancer progression by
regulating the mTOR signaling pathway. Over-
all, this review not only provides novel concep-
tual frameworks for understanding the mecha-
nistic roles of DUBs in lung cancer but also
lays a theoretical foundation for accelerating
the identification of therapeutic targets and
the development of targeted drugs.
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