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1 | INTRODUCTIONS

Abstract

Ubiquitination and deubiquitylation are pivotal posttranslational modifications essen-
tial for regulating cellular protein homeostasis and are implicated in the development
of human diseases. Ubiquitin-specific protease 3 (USP3), a member of the ubiquitin-
specific protease family, serves as a key deubiquitylation enzyme, playing a critical
role in diverse cellular processes including the DNA damage response, cell cycle
regulation, carcinogenesis, tumor cell proliferation, migration, and invasion. Despite
notable research efforts, our current understanding of the intricate and context-
dependent regulatory networks governing USP3 remains incomplete. This review
aims to comprehensively synthesize existing published works on USP3, elucidating its
multifaceted roles, functions, and regulatory mechanisms, while offering insights for
future investigations. By delving into the complexities of USP3, this review strives to
provide a foundation for a more nuanced understanding of its specific roles in various
cellular processes. Furthermore, the exploration of USP3's regulatory networks may
uncover novel therapeutic strategies targeting this enzyme in diverse human diseases,
thereby holding promising clinical implications. Overall, an in-depth comprehension of
USP3's functions and regulatory pathways is crucial for advancing our knowledge and
developing targeted therapeutic approaches for human diseases.
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Over the past decades, the ubiquitin-proteasome system (UPS) has

emerged as a therapeutic target for various human cancers.?”’ The

Cellular protein homeostasis is intricately regulated, with proteasome- pivotal role of UPS in cancer has been extensively documented, %
mediated degradation and lysosomal-mediated proteolysis serving as and a growing body of research suggests that targeting the UPS
prominent pathways for eliminating abnormal or damaged proteins. holds promise as an approach to overcome resistance to anticancer
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drugs.*>*® Deubiquitinating enzymes (DUBSs), integral components of
the UPS, play a crucial role in cleaving ubiquitin chains from substrate
proteins, thereby counteracting ubiquitin-mediated proteasomal deg-
radation. The significance of DUBs, particularly in the context of can-
cer, has garnered substantial attention, positioning them as potential
targets and biomarkers in cancer research.*

Ubiquitin-specific protease 3 (USP3) has recently emerged as a key
player in diverse cellular processes, including DNA damage response
(DDR), cell cycle regulation, epithelial-mesenchymal transition (EMT),
tumorigenesis, tumor cell proliferation, migration, and invasion. Its in-
tricate role, particularly in DDR, underscores its potential as both a bio-
marker and a therapeutic target for chemotherapy and radiotherapy.

This review comprehensively explores the multifaceted role of
USP3 in various cellular processes, delving into the molecular mech-
anisms that underlie its functions and discussing its potential clinical
applications in human diseases. With a specific focus on its rele-
vance to human cancers, we highlight the need for further studies to
assess the efficacy and safety of targeting USP3 in cancer therapy.
We anticipate that ongoing research in this area will continue to un-

veil exciting prospects in the years to come.

2 | UBIQUITINATION AND
DEUBIQUITYNATION
2.1 | Ubiquitination system
Ubiquitination stands as a critical protein posttranslational modifica-
tion, exerting a determining influence on various cellular processes,
including DDR, signal transduction, cell cycle progression, apoptosis,
immune response, and tumorigenesis.z'ls’l(3 This process involves an
ATP-dependent cascade of enzymatic reactions, typically and se-
quentially regulated by three ubiquitin-specific enzymes: E1 ubiquitin-
activating enzyme, E2 ubiquitin-conjugating enzyme, and E3 ubiquitin
ligase. Currently, the human genome is anticipated to harbor two E1
activating enzymes, approximately 50 E2 conjugating enzymes, and
more than 600 E3 ligases.”” The ubiquitination system's diversity and
specificity predominantly hinge on the variety of E2 and E3 enzymes.*®
Polyubiquitin chain formation, contingent upon different lysine
residues of ubiquitin linkages, yields distinct physiological roles. For
instance, aside from K48-linked chains, K11-linked chains also ear-
mark proteins for proteasomal degradation.” K27- and K29-linked
chains have been implicated in autophagy and mitophagy, respec-

tiver,20'21

while K33-linked chains serve as crucial regulators in
DDR pathways. The versatility of ubiquitination, governed by spe-
cific linkages and enzymes, underscores its multifaceted contribu-

tions to cellular homeostasis and responses to diverse stimuli.

2.2 | Deubiquitination system

Ubiquitination modification is a reversible process, with DUBs play-
ing a crucial role in reversing this modification by cleaving ubiquitin
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molecules.???3 The orchestrated interplay between ubiquitinating
and deubiquitinating enzymes selectively governs cellular protein
homeostasis.'®?* Currently, the human genome encodes approxi-
mately 100 DUBs, with a substantial portion of them still not thor-
oughly elucidated in terms of their functions or characteristics.?%>2>
Deubiquitinating enzymes exhibit a diverse range of activities, in-
cluding recycling ubiquitin, reversing ubiquitin conjugations, cleav-
ing polyubiquitin chains, trimming ubiquitin modification forms, and
processing ubiquitin precursors or linear fusion products.2’1423'26

The ubiquitin-binding domain within the structure of DUBs is
pivotal, comprising three components: the ubiquitin-associated do-
main (UBA domain), ubiquitin-interacting motif (UIM), and zinc finger
domain (ZnF domain).?>2¢%” Deubiquitinating enzymes are charac-
terized by substrate specificity and specificity for different types of
ubiquitin chains. Previous studies have indicated that the ZnF do-
main plays a decisive role in determining the specificity of the target
protein for DUBs.2>2¢

Structurally and sequence-wise, DUBs are classified into six fam-
ilies, including ubiquitin-specific proteases (USPs), ovarian-tumor
proteases, JAMM/MPN domain-associated metallopeptidases,
monocyte chemotactic protein-induced protein, Machado-Joseph
disease protein domain proteases, and ubiquitin carboxy-terminal
hydrolases.??° The roles of DUBs in various diseases, such as can-
cer, COVID-19, brain diseases, and central nervous system auto-
immunity, have been elucidated in previous studies.?%232528-30
These findings underscore the significance of DUBs in diverse phys-
iological and pathological processes, highlighting their potential as

therapeutic targets in various disease contexts.

3 | UBIQUITIN-SPECIFIC PROTEASE 3

Ubiquitin-specific protease 3 stands as a pivotal member within the
USP family, distinguishing itself as the second known USP efficiently
cleaving a ubiquitin-proline bond. Initially discovered, characterized,
and named by Sloper-Mould et al. in 1999°! the USP3 gene is a sin-
gular entity located at chromosome 15q22.3. Its complete cDNA se-
quence spans 2.3kb, featuring an ORF extending from a start codon
at 100bp to a stop codon at 1666 bp. USP3 RNA comprises two tran-
scripts, a 2.45kb variant and a 5.8 kb variant, both expressed in human
tissues in approximately equal proportions.>! As per data from The
Human Protein Atlas, USP3 shows low tissue and cell type specificity.
The protein generated by the ORF weighs approximately 59 kDa and
encompasses two conserved structural domains, a USP catalytic do-
main and a ZnF ubiquitin-binding domain (UBP)%? (Figure 1). Nicassio
et al.®? reported that the USP3 protein, with its ZnF-UBP domain, is
localized in the chromatin fraction within the nucleus, mediating in-
teraction with uH2A. Other research indicates that the USP catalytic
domain is responsible for interacting with its substrates.3-3°

In human tissues, the primary function of USP3 revolves around
deubiquitylation, preventing the degradation of substrate proteins
and maintaining their functional integrity. Over the past decades,

several studies have delineated the role of USP3 in various diseases,
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FIGURE 1 Schematic overview of human ubiquitin-specific protease 3 (USP3) protein structure. H56A is the mutant of the zinc finger
ubiquitin-binding (ZnF-UBP) domain, and C168S is an enzymatic inactive mutant of the USP catalytic domain. Both domains are required for

USP3 interaction with ubiquitin substrates.
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FIGURE 2 Substrates and mechanism of ubiquitin-specific protease 3 (USP3) in DNA damage response. USP3 safeguards the genomic
stability and integrity by eliminating H2A/H2B ubiquitination. When the genome is subjected to DNA damage agents, USP3 disrupts the
repair of damaged DNA. This occurs either by deactivating the CHK1 checkpoint or impairing the recruitment of DNA damage repair factors
BRCA1 and 53BP1, ultimately inducing cell apoptosis. In situations where cells lack XRCC1 and experience impaired base excision repair,
there is an abnormal accumulation of USP3 due to low but persistent PARP1 activity. The excess USP3 then deubiquitylates uH2A/H2B at
nearby or damaged sites, leading to prolonged transcriptional repression. IR, ionizing radiation.

particularly its involvement in critical biological processes such as DDR,
cell cycle progression, and gene transcription regulation. Furthermore,
emerging evidence suggests that USP3 contributes to the pathogene-
sis of diverse diseases, including inflammation, neurodegeneration, and
cancers. These observations position USP3 as a promising diagnostic
and therapeutic target for a spectrum of pathological conditions.

3.1 | Function of USP3 in DNA damage

Figure 2 provides a summary of the substrates modulated by
USP3 in DDR. The involvement of USP3 in DDR was first reported
in 2007 by Nicassio et al.> According to their findings, USP3 is
essential for the complete deubiquitylation of uH2A/H2B and
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y-H2AX through its enzymatic catalytic activity. The downregula-
tion of USP3 significantly elevates uH2A and uH2B protein lev-
els, leading to functional consequences such as replication stress,
abnormal DNA replication and/or recombination, delayed S-phase
progression, accumulation of DNA breaks, and hyperactivation of
ATR/ATM-regulated checkpoint responses. The absence of USP3
results in checkpoint hyperactivation, consequently causing ab-
normalities in replication and recombination, ultimately leading to
genotoxicity.32

Additionally, a study has revealed that USP3 interacts with
checkpoint kinase 1 (CHK1), counteracting the effects of BTG3-
mediated K63-linked polyubiquitination of CHK1.%® This interac-
tion turns off CHK1 phosphorylation and activation by upstream
kinases, facilitating CHK1 release from chromatin to exert its kinase
activity on other substrates. Depletion of USP3 leads to prolonged
CHK1 checkpoint activation, promoting cell resistance to cell death
induced by hydroxyurea (HU), and enhancing genome stability.¢
These investigations shed light on the crucial role of USP3 in DNA
damage checkpoints, where USP3 serves as a regulator of check-
point activation.

Histones, particularly H2A and H2B, are rich in monoubiquitin
covalent modifications, playing a crucial role in governing gene ex-
pression and chromatin dynamics.®” Consequently, the deubiquityl-
ation of H2A and H2B has garnered significant attention. Sharma
et al. reported that USP3 counters RNF168/RNF8-dependent
ubiquitination of H2A and y-H2AX at the K13-15 site of H2A and
v-H2AX, as well as at the K118-119 sites of y-H2AX. This counterac-
tion impairs the accumulation of breast cancer susceptibility gene 1
(BRCA1)and 53BP1 at DNA damage sites, suggesting a negative reg-
ulatory role of USP3 in DDR in the presence of DNA damage agents.
This hypothesis is substantiated by the observed increase in y-H2AX
levels, FK2 foci, and uH2A foci following USP3 knockdown under
uv exposure.38 Conversely, Das et al. report that the upregulation
of USP3 stimulates the DDR, evident from a substantial increase
in y-H2AX following USP3 overexpression. Notably, the oncogene
Cdc25A, a substrate of USP3, accumulates, leading to DNA replica-
tion stress and damage.®’ Adamowicz et al.*® reported that deletion
of XRCC1 impaired base excision repair, leading to aberrant accumu-
lation of USP3 by low but persistent PAP1 activity. This excessive
protein deubiquitylates uH2A/H2B at nearby or damage sites, leads
to prolonged transcriptional repression. These contrasting results
underscore the context-dependent nature of USP3’s role in DDR.

While the aforementioned studies primarily elucidate the signif-
icant role of USP3 in vitro, Lancini et al.'s work sheds light on its
critical in vivo functions. Their findings reveal that the depletion of
USP3 results in an increase in spontaneous chromosomal breaks and
mitotic recombination in mouse embryonic fibroblasts (MEFs) com-
pared to WT MEFs. Moreover, the loss of USP3 leads to a preference
for hematopoietic stem cells (HSCs) to endure more DNA damage
and accumulate spontaneous DNA damage. This work suggests a
role for USP3 in preventing chronic genotoxic stress by controlling
chromatin ubiquitination. The absence of USP3 may be strongly
linked to tumorigenesis and a decline in adult tissue function.*!
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The DDR and repair network not only contribute to carcinogen-
esis but also play a pivotal role in cancer therapy and resistance.
Accumulated evidence suggests that an enhanced DDR system
serves as a common underlying mechanism for cancer therapy re-
sistance.*?*® Moreover, there is a growing notion that a small pop-
ulation of cancer stem cells (CSCs) primarily drives tumor initiation,
proliferation, metastasis, and even cancer resistance, leading to can-
cer relapse and a poor prognosis. Cancer stem cells possess an en-
hanced efficiency of DDR, resulting in resistance to chemotherapy
or radiotherapy.**

Tu et al.%® reported the positive impact of USP3 on glioblastoma
(GBM) radiation resistance by activating Claspin-dependent ATR-
Chk1 signaling (Figure 2C, left). Claspin plays a crucial role in the
activation of the ATR-CHK1 signal, and USP3 attenuates the deg-
radation of Claspin by deubiquitinating the K48-linked polyubig-
uitination. This process activates the ATR-CHK1 signal pathway,
contributing to the survival of GBM cells in response to ionizing
radiation (IR)-induced DNA damage. This survival is evidenced by
increased phosphorylation of Chk1 and ATR, and decreased y-H2AX
levels after IR. In essence, the presence of USP3 enhances the sur-
vival of DNA-damaged GBM cells by promoting DDR. This suggests
that USP3 could be a promising therapeutic target to overcome che-
motherapy or radiotherapy resistance. Furthermore, exploring the
role of USP3 in CSCs warrants further research, considering its po-

tential implications in the context of CSC biology.

3.2 | Dual functions of USP3 in cancer

In addition to its functions in DDR, numerous studies have focused
on the role of USP3 in cancer. These investigations reveal that USP3
targets a spectrum of tumor suppressors or promoters, thereby par-
ticipating in various aspects of tumor progression. By counteract-
ing the effects of these substrates, USP3 is implicated in processes
crucial to tumor advancement, including EMT, tumor proliferation,
invasion, metastasis, cell apoptosis, and cell cycle regulation. A com-
prehensive summary of these findings is presented in Figures 3-5
and Table 1.

3.2.1 | Tumor suppressor role of USP3

Lancini et al.*! generated transgenic USP3-KO mice and observed
that the depletion of USP3 did not impact normal embryogene-
sis or postnatal development. However, it results in a shortened
lifespan and a decline in HSC function. Notably, these mice show
increased spontaneous tumor occurrence and decreased tumor-
free survival compared to WT mice. The authors attribute these
phenotypes to chronic genotoxic stress and a decline in tissue
function. Another study indicates that USP3 is upregulated dur-
ing TPA-mediated differentiation of leukemia cells. Through the
regulation of H2AK119ub, USP3 promotes leukemia cell differen-
tiation, suggesting its potential therapeutic role in leukemia.*> The
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work of Wang et al. unveiled the crucial role of the USP3 3'-UTR
in distal metastasis and prognosis of colorectal cancer (CRC). They
reported that by sponging microRNA (miR)-224, the USP3 3-UTR
positively regulates the expression of SMADA4, inhibiting CRC cell
metastasis. Loss of USP3 promotes cell migration and invasion
in vitro, along with lung metastasis in vivo, highlighting the anti-
metastatic capacity of USP3 in CRC.*
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Known for its role in maintaining genome integrity, p53 is pri-
marily regulated by the E3 ligase MDM2.#” Ubiquitin-specific pro-
tease 3 functions as a DUB of p53, deubiquitinating K48-linked Ub
chains of p53 and thereby enhancing the stability of the p53 pro-
tein. Knockdown of USP3 significantly increases cell proliferation
and colony formation, and promotes normal fibroblast cell trans-
formation.*® These findings underscore the intricate role of USP3
in various cellular processes and its potential implications in cancer

biology.

3.2.2 | Tumor promoter role of USP3 in
gastrointestinal tumors

In recent years, the oncogenic functions of USP3 in cancer have
also been reported. Fang et al. detailed the positive role of USP3
in gastric cancer (GC).*’ Their findings indicate that USP3 overex-
pression accelerates GC cell proliferation by promoting G1-S transi-
tion and upregulating cyclins D and E. Additionally, USP3 promotes
GC cell migration and invasion by positively regulating the EMT
process. These results are validated in a mouse xenograft model.
Consistent results have been reported in other studies regard-
ing USP3's role in GC, demonstrating its ability to promote GC cell
proliferation, invasion, metastasis®**°>2 and EMT.34>° For exam-
ple, through interactions with and removal of the ubiquitin chain
of SUZ12, a critical component of the Polycomb PRC2-HMTase
complex, USP3 stabilizes SUZ12, which is implicated in maintaining
stemness.® Furthermore, USP3 relieves the K48-linked ubiquitina-
tion of COL9A3 and COL6AS, maintaining their stability. As mem-
bers of the collagen family, COL?A3 and COL6AS5 function as the
structural framework of the ECM.3* Additionally, USP3 mediates the
deubiquitylation of Snaill, stabilizing its protein levels.’? Overall,
USP3 primarily functions as a tumor promoter in GC, driving GC cell

proliferation, invasion, migration, and the EMT process.

FIGURE 4 Substrates and functions

s(::a.lllpli?;l?n ‘ of ubiquitin-specific protease 3 (USP3)
CRC in human cancers. USP3 serves as

a deubiquitinase (DUB) for various
substrates in human cancers, contributing
to tumor progression, the advancement
of epithelial-mesenchymal transition
(EMT), increased sensitivity to oxaliplatin
in colorectal cancer (CRC), as well

as enhanced cell proliferation and
transformation.
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FIGURE 5 Regulation of ubiquitin-specific protease 3 (USP3)
at the mRNA level involves various cellular processes. The long
noncoding RNA (IncRNA) SND1 intronic transcript 1 (SND1-1T1)

is present in exosomes secreted by gastric cancer (GC) cells.

This IncRNA exhibits the capability to recruit DDX54, thereby
stabilizing the mRNA level of USP3. This stabilization is implicated
in Snaill deubiquitination and contributes to tumor progression.
Additionally, LINCO1605 recruits IGF2BP2 to stabilize USP3 mRNA
levels, resulting in the activation of the nuclear factor-xB (NF-xB)
pathway. The exposure to PM2.5 inhibits USP3 mRNA expression,
reduces sirtuin 3 (SIRT3) expression, and triggers pulmonary
inflammation.

Ubiquitin-specific protease 3 has also been implicated in esoph-
ageal squamous cell carcinoma (ESCC). Through the deubiquitina-
tion of the K143 residue of Aurora A, a serine/threonine kinase
associated with centrosomes and mitosis, USP3 promotes invasion
and metastasis in ESCC cells.>® In gallbladder cancer, Liang et al.
reported that USP3 deubiquitinates and stabilizes PKLR, a critical
regulator of glycolysis. Consequently, this stabilization promotes cell
proliferation, glycolysis, and tumor growth in vivo.’* Notably, this
marks the first instance of USP3 being implicated in tumor metabo-
lism, although further investigation is warranted to fully understand
the role of USP3 in this context.

3.2.3 | Tumor promoter role of USP3 in
neural tumors

Fan et al. reported that USP3 promotes the EMT program in glioblas-
toma (GBM) by stabilizing Snail protein expression through its DUB ac-
tivity, thereby facilitating GBM tumor growth, migration, and invasion.
Depletion of USP3 significantly represses mouse xenograft tumor
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growth.> Another study revealed a similar role for USP3 in promoting
EMT and progression in GBM, but in the context of long noncoding
RNA (IncRNA). The authors identified IncRNA HOXA-AS3, upregu-
lated in GBM and associated with poor survival rates, cell prolifera-
tion, and invasion. They further discovered that IncRNA HOXA-AS3
executes its oncogenic function mainly through upregulation of USP3
expression by competitively sponging with miR-455-5p.>¢ Ubiquitin-
specific protease 3 has also been reported to promote GBM radiation
resistance through the deubiquitylation of Claspin.33

Neuroblastoma, a common malignant pediatric tumor, is also in-
fluenced by USP3. Nagy et al. reported that USP3 promotes neuro-
blastoma cell viability, proliferation, and xenograft tumor growth by
cleaving K48- and Ké63-linked ubiquitin chains of MYCN (Figure 2C,
right). Tumor-bearing mice with downregulation of USP3 showed lon-
ger median survival.”’ The repressor element-1 silencing transcription
factor (REST), a master transcriptional repressor, plays a significant role
in neuroblastoma tumors, influencing neural stem cell self-renewal,
differentiation, and neurogenesis.’®~¢! Karapurkar et al. reported that
USP3 deubiquitinates and stabilizes REST. Depletion of USP3 impedes
neuroblastoma cell clone formation, self-renewal capability, and tumor

growth.58 These studies unveil the significant role of USP3 in neural
tumors, from occurrence to radiation resistance, identifying the po-

tential therapeutic target of USP3 in neural tumors.

3.2.4 | Tumor promoter role of USP3 in breast
cancer and cervical cancer

Krippel-like factor 5 (KLF5) is a critical transcription factor highly
expressed in basal subtype breast cancers, with previous studies
establishing its role as an oncogene that promotes breast cancer
cell proliferation, migration, invasion, and stemness.®>"%> Wu et al.
report that USP3 acts as an oncogene in breast cancer in a KLF5-
dependent manner. Specifically, USP3 decreases the polyubiquitina-
tion levels of the KLF5 protein, maintaining its stability and thereby
increasing the proliferation of triple-negative breast cancer (TNBC)
cells in vitro, as well as xenograft tumor growth.%®

Cdc25A, a key regulator of cell cycle G,/S and G,/M progression
by dephosphorylating activated CDKs, is identified as a substrate of
USP3. By reducing the ubiquitination levels of Cdc25A, increased
Cdc25A protein facilitates cell cycle progression. The knockout of
USP3 decreases Hela cell clone formation, cell viability, invasion,
and migration, as well as decreasing tumor growth in vivo.% These
findings underscore the multifaceted role of USP3 in cancer, influ-
encing key regulatory pathways involved in cell cycle progression

and transcription factor stability.
3.2.5 | Tumor promoter role of USP3 in lung
cancer and nasopharyngeal carcinoma

The oncogenic role of USP3 has also been reported in non-small-
cell lung cancer (NSCLC). RNA binding motif 4 (RBM4), responsible
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TABLE 1 Major mechanisms and functions of ubiquitin-specific protease 3 (USP3) acting in diversity tumorigenesis and progression.

USP3 maintain HSC homeostasis. Its depleted inducing DDR defective, chromosomal unintegrity,

spontaneous DNA damage and mutations, which caused various tumorigenesis**

USP3 3’-UTR positively regulates SMAD4 expression at transcription level in a miR-224-dependent

manner, which formed a symmetrical ceRNA network in CRC cells. USP3 knockdown promoting
CRC tumor progression and invasion in vitro, and lung metastasis in vivo*®

USP3 increases TPA-induced leukemia cell differentiation by regulating H2AK119ub*

USP3 accelerates GC proliferation, invasion, and migration in vitro and in vivo by positively regulating

cyclins D and E, MMP2, and EMT,* deubiquitinating SUZ12°° and COL9A3/COL6A5%
hsa_circ_0017639 positively regulates USP3 through sponged miR-224-5p to execute promoting GC

Through absorbed miR-1245b-5p, exosome-mediated INcRNA SND1-1T1 promoted USP3 transcription,
the later deubiquitinated SNAIL1 to increase GES-1 cell malignant transformation?

Cancer Role Mechanisms and functions
HSC Tumor suppressor
CRC Tumor suppressor
Leukemia Tumor suppressor
GC Oncogene
cell proliferation and migration function®*
GBM Oncogene

USP3 can increase GBM growth, invasion, and migration possibly by promoting EMT by stable the

Snail expression through deubiquitinating activity, the latter is a core transcription factor that

triggers the EMT program55

USP3 transcription can promote by Smo through Gli2, thereby increasing Claspin deubiquitinating,
activating the Claspin-dependent ATR-CHK1 signal, leading to radiation resistance by promoting
radiation-induced DDR and significantly lessening cell apoptosis®>

LncRNA HOXA-AS3 sponged miR-455-5p to upregulate USP3 expression to promote GBM

progression and EMT>®

USP3 deubiquitinates KLF5 to accelerate the breast cancer cell proliferation, growth, and

USP3 negative regulates RBM4 to stimulate NSCLC cell proliferation®”
Through deubiquitinating oncogene Cdc25A, USP3 facilitates Cdc25A-mediated cell cycle transition,

reducing cell apoptosis. USP3 KO impedes Hela cell colony formation, significantly reduces cell

viability, invasion, and migration, and suppresses xenograft tumor growt

h39

MYCN and ALYREF formed a transcriptional coactivator complex that can promote USP3

transcription; the later, in turn, as a deubiquitinating enzyme of oncogene MYCN to increase the
stability of MYCN protein at levels driving neuroblastoma tumorigenesis and proliferation®’

USP3 positive regulates neuroblastoma cell self-renewal, proliferation, tumorigenesis, tumor

differentiation, and growth by counteracting transcriptional repressor REST ubiquitination®®

Breast cancer Oncogene
tumorigenesis®®
NSCLC Oncogene
Hela cells Oncogene
Neuroblastoma Oncogene
Neuroblastoma Oncogene
ESCC Oncogene
GBC Oncogene
tumor growth in vivo>*
NPC Oncogene

Through deubiquitylation of Aurora-A, USP3 promotes ESCC proliferation and metastasis>>

USP3 stabilizes tumor driver gene PKLR, thus promotes GBC cells expansion in vitro and xenograft

USP3 indirective activates nuclear factor-xB signaling by negative regulating IKKp protein proteasome

degradation, thus promotes NPC tumor growth®®

Abbreviations: ceRNA, competing endogenous RNA; CRC, colorectal cancer; DDR, DNA damage response; EMT, epithelial-mesenchymal transition;
ESCC, esophageal squamous cell carcinoma; GBC, gallbladder cancer; GBM, glioblastoma; GC, gastric cancer; HSC, hematopoietic stem cell; KLF5,
Krippel-like factor 5; miR, microRNA; NPC, nasopharyngeal carcinoma; NSCLC, non-small-cell lung cancer; RBM4, RNA binding motif 4.

for gene splicing, is negatively regulated by USP3 at both the pro-
tein and mRNA levels. Elevated USP3 levels contribute to increased
NSCLC cell proliferation.®’

In nasopharyngeal carcinoma (NPC), Zhao et al. reported that
USP3 is positively regulated by LINCO1605 at the transcriptional
level. In turn, USP3 mediates IKKf protein deubiquitylation and en-
hances protein stability, promoting NPC development by activating
the nuclear factor-kB (NF-xB) pathway. This activation is evidenced
by strengthened cell viability and proliferation, reduced cell apop-
tosis, and increased tumor volume in vivo. Silencing USP3 signifi-
cantly reduces IKKp protein levels.®® These findings shed light on
the diverse mechanisms through which USP3 contributes to the on-

cogenic processes in different cancer types.

3.2.6 | Role of USP3in cancer therapy resistance
Cancer therapy resistance has become a focal point of research due
to its urgency in clinical settings. While Cdc25A deficiency has been
reported to confer resistance to ATR inhibitors in mammalian cells,®’
interestingly, USP3 KO Hela cells show ATR inhibitor resistance at
high doses, indicating a unique role for USP3 in this context. The re-
construction of WT USP3, but not the catalytically inactive USP3CS,
resensitizes cells to ATR inhibitors.%’

In a related context, Zheng et al. investigated the role of
USP3 in oxaliplatin resistance in CRC.”® They observed that the
ectopic expression of INcCRNA AC092894.1 is associated with in-
creased oxaliplatin sensitivity. Further experiments indicated that
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AC092894.1 can recruit USP3 to promote the deubiquitylation of
androgen receptor (AR). The elevated levels of AR then facilitated
the transcription of RASGRP3, ultimately enhancing the sensi-
tivity of HCT116 resistance cells to oxaliplatin both in vitro and
in vivo.”® These two studies shed light on additional mechanisms
by which USP3 contributes to cancer therapy resistance beyond
the previously mentioned DNA damage mechanism.%® This sug-
gests that understanding the function of USP3 in overcoming an-
ticancer therapy resistance warrants further attention in future

research.

3.3 | Multifaceted roles of USP3 beyond cancer
Beyond its role in cancer, the other biological functions of USP3 have
captured researchers' attention. Rhie et al.'s work showed the USP3
as a necessary regulator for maintaining the pluripotency of human
embryonic stem cells (Figure 6). Through its DUB activity, USP3 sta-
bilizes the key transcription factor Octamer-binding factor 4 protein
(Oct4).”* Additionally, Lancini et al. reported that USP3 is required
for preserving HSC repopulation potential and self-renewal.*! These
studies underscore the indispensable function of USP3 in stem cell
maintenance and self-renewal, offering valuable insights into the po-
tential role of USP3 in CSC.

Innate immunity and inflammasome homeostasis constitute
a robust defense against various diseases, and the involvement of
USP3 is depicted in Figure 6. The reported findings suggest a dual
role for USP3 in virus infection. While it promotes infection through
the inhibition of the type | interferon signaling pathway,®>”? Zhao
et al. presented contrasting evidence, indicating that USP3 inhib-
its HIV replication by enhancing the host defensive factor AG3.”®
Additionally, Zhuang et al. proposed that USP3 enhances ASC sta-
bility by eliminating the K-48 linked ubiquitin chain. Notably, USP3
overexpression is linked to increased activation of NLRP3, AIM2,
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and NLRC4, leading to elevated interleukin (IL)-1B secretion in three
mouse models.”*

The research undertaken by Zhou et al. highlights USP3's role
in preventing tumor necrosis factor receptor-associated factor 6
(TRAF6)-induced NF-kB activation, thereby safeguarding chon-
drocytes from IL-1-induced apoptosis and senescence through
TRAF6 deubiquitination (Figure 6).”>7¢ Jia et al.'s’”’ findings sug-
gest that USP3 overexpression alleviates elevated IL-6 levels
induced by miR-146b-5p mimics in primary chondrocyte cells.
Furthermore, Li et al. reported that decreased USP3 mRNA levels
induced by particulate matter 2.5 (PM2.5) exacerbate inflamma-
tory injury in pulmonary epithelial cells through increased sirtuin
3 (SIRT3) ubiquitination’® (Figure 5). These studies collectively un-
derscore the significant role of USP3 in both virus infection and
inflammation.

In summary, while the primary focus has been on revealing USP3's
role in human cancers, notable research underscores its involve-
ment in conferring resistance to anticancer therapies. Consequently,
USP3 emerges as a potential therapeutic target for anticancer in-
terventions. Investigations into its participation in other biological
processes hint at a potential regulatory link between USP3 and the
tumor immune microenvironment, indicating a promising avenue for

future research.

3.4 | Regulation of USP3

Understanding the upstream regulators of USP3 is crucial for devis-
ing targeted interventions. Tu et al. identified Smoothened (Smo),
a component of the Hedgehog pathway, as an upstream regulator
of USP3 in GBM radiation resistance (Figure 3, left). Smoothened
positively regulates USP3 gene transcription by facilitating Gli2
binding to the USP3 promoter region, specifically at positions -1355
to -1344. This enhancement leads to increased deubiquitylation of
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FIGURE 6 Substrates and functions of ubiquitin-specific protease 3 (USP3) extend to various cellular process of human disease. By
deubiquitinating different substrates, USP3 plays crucial roles in innate immunity, inflammasome activation, and multipotential stem cells.
hESC, human embryonic stem cell; IFN, interferon; IL-1p, interleukin-1p; NF-kB, nuclear factor-xB; SIRT3, sirtuin 3; TRAF6, tumor necrosis

factor receptor-associated factor 6.
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Claspin protein and activation of the ATR/CHK1 signaling pathway,
contributing to GBM radiation resistance.®® Another study revealed
that ALYREF, a nuclear chaperone protein, forms a transcription acti-
vator complex with MYCN, promoting USP3 transcription (Figure 3,
right). Elevated USP3 levels further increase MYCN protein levels,
contributing to neuroblastoma tumorigenesis.’” Additionally, Wu
et al. reported that transforming growth factor-p induces USP3 ex-
pression in gastric cancer cells in a dose- and time-dependent man-
ner, although the specific mechanism remains undisclosed, leading
to the promotion of EMT.>®

Moreover, USP3 has been identified as a downstream tar-
get of various noncoding RNAs. Chen et al. reported that IncRNA
HOXA-AS3 upregulates USP3 expression by sequestering miR-
445-5p, which negatively regulates USP3 by binding to its 3’-UTR,
ultimately promoting the EMT process in GBM cells.”® Similarly, Li
et al. show that hsa_circ_0017639 positively regulates USP3 expres-
sion by acting as a sponge against miR-224-5p, an upstream negative
regulator of USP3.%! During influenza A virus infection, miR-26a di-
rectly targets and negatively regulates USP3.”2 Zhang et al. revealed
that miR-146-5p overexpression reduces the mRNA and protein lev-
els of USP3 in a human pulmonary artery endothelial cell line under
hypoxic conditions.”’ In osteoarthritis, Jia et al. found that miR-
146b-5p directly targets the 3'-UTR of USP3, leading to decreased
protein levels.”” Jin et al.>? found that the mRNA level of USP3 is
significantly upregulated by IncRNA SND1-IT1 overexpression and
decreased by miR-1245b-5p overexpression. They further discov-
ered that USP3 mRNA stability is promoted by SND1-IT1 through
recruitment of RNA binding protein DDX54.°2 In NPC, USP3 mRNA
stability is stabilized by RNA binding protein IGF2BP2, which is re-
cruited by LINC01605, activating the NF-xB signaling pathway and
promoting NPC development.®® Li et al.”® report that PM2.5 can in-
hibit USP3 expression in mRNA and protein levels, resulting in pul-
monary inflammation.

In summary, IncRNAs and circular RNAs predominantly act
as positive regulators of USP3 expression, whereas miRNAs typi-
cally serve as negative regulators. Notably, the Smo-Gli-USP3 axis
in GBM radiation resistance suggests that targeting Smo or USP3

might be a viable strategy to overcome resistance in this context.

4 | ANIMAL MODELS OF USP3

The use of animal models with USP3 deficiency is crucial for com-
prehending the molecular mechanisms of USP3 in various diseases.

Lancini et al.**

generated a Usp3 gene knockout mouse model to in-
vestigate the impact of dynamic ubiquitination removal on genome
maintenance in vivo. Deubiquitylation by USP3 is deemed critical for
preserving genome integrity and stability. The depletion of the Usp3
gene in mice resulted in several phenomena, including: (1) a signifi-
cantly shortened lifespan compared to WT littermates, and (2) a pre-
disposition to spontaneous tumorigenesis due to a general decline
in tissue function and the progressive accumulation of mutations

caused by spontaneous DNA damage. These findings underscore

the critical role of USP3 in chromatin ubiquitination, genomic stress
response, and tissue function.

In addition to the transgenic mouse model deficient in the Usp3
gene, other animal models have been used to study the role of USP3
in various diseases. For instance, Wang et al.*® generated a metasta-
sis mouse model by intravenously injecting USP3 knockdown LoVo
cells. The results indicated that USP3 knockdown led to more lung
metastases than the control group, highlighting the metastatic sup-
pressive capacity of USP3 in CRC.

Similarly, a xenograft mouse model was established by subcu-
taneously injecting cells with USP3 knockdown in GC research.
Tumors in the USP3 knockdown group showed slow growth, de-
creased mitotic activity, and lower expression of Ki-67 compared
with the control group.*? In contrast, injection of cells either overex-

4950 or knocking down®* USP3 into the tail vein resulted in

pressing
USP3 promoting lung metastasis.

Furthermore, an intracranial xenograft tumor model of GBM
was constructed by injecting luciferase-encoding cells depleted of
USP3.% Mice bearing USP3-depleted tumors showed lower tumor
formation and invasive activity, contributing to better survival rates.
Additionally, Wu et al. constructed a USP3 knockdown xenograft
tumor model of breast cancer, demonstrating that a decrease in
USP3 significantly inhibited tumor growth compared with the control
group.®® Das et al. generated a xenograft model of cervical cancer
by subcutaneously transplanting HeLa cells with USP3 KO or mock
control. The results showed that tumor growth is significantly sup-
pressed by USP3 KO compared to the mock control group.39 Liang
et al. established gallbladder cancer (GBC) cell xenograft tumors by
subcutaneously injecting GBC-SD cells overexpressing USP3. The
results indicated that tumor volume and size significantly increased
with USP3 overexpression, while they decreased with USP3 knock-
down.>* Karapurkar et al. created a neuroblastoma xenograft tumor
by subcutaneously injecting USP3 KO cells and USP3 KO cells re-
overexpressing USP3 or REST. The results indicated that compared
to the mock control, USP3 KO significantly decreased tumor volume
and weight, while this effect could be reversed by USP3 or REST

re—expression.58

5 | CLINICAL APPLICATION OF USP3

Several studies have suggested that USP3 holds promise as a prog-
nostic indicator for various tumors, as summarized in Table 2. The
downregulation of USP3 expression has been associated with poor
prognosis in several cancers, including CRC, GC, breast cancer, lung
cancer,* and urothelial cancer.** In CRC tissues, USP3 expression is
lower compared to matched normal tissues. Reduced USP3 levels in-
dicate distal metastasis, advanced tumor stage, and shorter overall
survival (OS) and disease-free survival (DFS) rates for CRC patients.46

However, like two sides of a coin, USP3 has also been identi-
fied as a poor prognostic biomarker for GC in several studies. 34490
These studies report higher expression of USP3 in GC tissues com-

pared to adjacent normal gastric tissues. Patients with higher USP3
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TABLE 2 Prediction of ubiquitin-
specific protease 3 (USP3) in clinical
prognosis of different cancers.

Cancer

Colorectal cancer

Urothelial cancer

Gastric cancer

Gastric cancer

Glioblastoma

Breast cancer

Lung cancer (NSCLC)

Breast cancer

Acute myeloid
leukemia

Pancreatic
adenocarcinoma

Glioblastoma
multiforme

Neuroblastoma

= 2103
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USP3 level Clinical prognosis Reference

Low mRNA levels Distant metastasis. Shortened 46
OS and DFS. Advanced
tumor stages

Low levels Low survival rate 45

High levels Worse clinicopathologic 49
characteristics. Inferior OS
and DFS

High levels Gastric cancer cell 50
differentiation. Advanced
AJCC stage and lymph node
metastasis. Poor survival

High levels Worse OS and DFS. Worse 55
prognosis

High mRNA levels  Shorten relapse-free survival 66
and distant metastasis-free
survival

High levels Worse prognosis. Advanced 67
pathological stages

High levels Poorer survival 39

High levels Better survival 39

High mRNA levels Poorer prognosis 57,58

Abbreviations: AJCC, American Joint Committee on Cancer; DFS, disease-free survival; NSCLC,
non-small-cell lung cancer; OS, overall survival.

expression levels show worse clinicopathologic characteristics, DFS,
and 08.344%30 |n GBM, USP3 is overexpressed in tumor tissues and
cell lines. Aberrant expression of USP3 predicts worse DFS and OS,
indicating its potential as a prognostic biomarker for GBM patients.>®
Ubiquitin-specific protease 3 was also reported as a prognostic bio-
marker in neuroblastoma, where higher USP3 mRNA levels indicate
poor OS and vice versa.”® Wu et al.®® reported that USP3 is highly
expressed in clinical TNBC samples by immunohistochemical stain-
ing, and high expression of USP3 is positively correlated with shorter
distance metastasis-free survival and DFS based on The Cancer
Genome Atlas database analysis. Das et al. found that USP3 levels
correlated with worse survival in breast cancer and proposed USP3
as a potential cancer biomarker for predicting prognosis.” Another
study reported that USP3 could serve as a prognostic bio-indicator
of NSCLC. They observed significantly higher expression of USP3 in
NSCLC tissues than paracarcinoma tissues, which is associated with
worse prognosis and pathological stages of NSCLC patients.67

In addition to its prognostic value, the critical role of USP3 in var-
ious cancers and DDR suggests its potential as a therapeutic target
in cancer treatment. Ubiquitin-specific protease 3 plays a critical role
in promoting cancer growth, invasion, and metastasis, making it an
attractive target for developing novel anticancer therapies. Further
research is needed to better understand the underlying molecular
mechanisms of USP3 in cancer development and progression, provid-
ing a solid foundation for developing targeted therapies against USP3.

Moreover, due to its crucial role in DDR, USP3 inhibitors have
gained attention as promising sensitizers for enhancing the efficacy
of radiation and chemotherapy drugs used in cancer treatment.
Ubiquitin-specific protease 3 inhibitors might also synergize with
PARP inhibitors, a class of drugs that specifically target cancer cells
with defective DNA repair mechanisms, such as those carrying BRCA
mutations. This suggests that USP3 inhibitors could be a valuable
addition to current cancer treatment strategies, offering new oppor-
tunities for improving patient outcomes. However, no USP3 inhibitor

has been reported to date.

6 | PERSPECTIVES

As a member of the USP DUB family, the biological functions of
USP3 have not been fully elucidated. Through its ubiquitin molecular
cleavage function, USP3 regulates various substrates involved in tu-

morigenesis, development, and DDR to maintain genomic integrity.

6.1 | Controversial functions of USP3

However, the detailed underlying mechanisms of USP3 remain am-

biguous. For instance, the research conducted by Lancini et al.*

found that Usp3 gene knockout mice showed a higher incidence of



ZHANG ET AL.

EBRWATS 2 Cancer SCience

spontaneous cancer compared to WT mice (32.3% vs. 3.8%). They
also observed adult tissue function decline, spontaneous chromo-
somal breaks, and susceptibility to DNA damage in USP3 KO mice.
Although the works of Nicassio et al.,>? Sharma et al.,*® and Yu-Che
et al.*® uncovered some mechanisms underlying how USP3 affects
the DNA damage response, further investigation is needed to fully
understand the functions and mechanisms of USP3 in maintaining
genomic integrity. It is crucial to differentiate the role of USP3 in
physiological conditions, where it contributes to genomic integrity
and stability, from its role in the presence of DNA damage agents,
where it affects DDR.

6.2 | Role of USP3in oncobiology

The roles of USP3 in oncobiology seem to depend on the function
of its substrates, which include both tumor suppressors and onco-
genes. The specific characteristics of substrates binding to USP3
remain unknown. Lancini et al.'s study** underscores the significant
role of USP3 in DDR and tumorigenesis, suggesting the potential of
targeting USP3 in cancer therapy. Notably, USP3 has been impli-
cated in radiotherapy resistance in GBM? and increased sensitivity
to oxaliplatin in CRC cells,”® yet no USP3 inhibitor has been reported.

6.3 | Ubiquitin-specific protease 3 as a therapeutic
target in cancers

Despite the critical role of DUBs in maintaining cellular protein sta-
bility, only those DUBs deubiquitinating oncoproteins are consid-
ered as potential targets for small molecule inhibitors. Collaborating
proteolysis-targeting chimeras (PROTACs) with DUBs could be a
promising solution, replacing E3 ligase recruiting ligand with DUB
recruiting ligand. This approach forms a trimeric complex, stabilizing
and elevating the targeting tumor suppressor protein levels selec-
tively and specifically, thereby enhancing tumor suppressor function.

Moreover, we propose the druggability of USP3 as a therapy target.
While most reported substrates of USP3 are oncoproteins, the ambig-
uous function of USP3 in both cancers and DNA damage prompts us
to consider what strategy would be appropriate to target USP3. We
suggest a competitive peptide against USP3 binding with a specific
substrate as a potential strategy. This small competitive peptide could
occupy the binding site of substrates, preventing USP3 degradation
or deubiquitination of the target substrates. This approach could sig-
nificantly decrease the toxicities associated with classical pure DUB

inhibitors, overcoming off-target effects and drug resistance.

6.4 | Transgenic USP3 animal models

Considering the complex functions of USP3 reported, creating so-
phisticated USP3 genetically engineered animal models, such as
USP3 KO mice or organ-specific conditional knockouts, would be

a better approach to establishing the role of USP3 in cancers and
DDR. These models can contribute to unraveling the complex biol-
ogy of USP3 in human diseases and shed light on its full potential in

cancer diagnosis, treatment, and management.
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