wd 2| SPANDIDOS
) PUBLICATIONS

ONCOLOGY LETTERS 28: 609, 2024

Roles of deubiquitinases in urologic cancers (Review)
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carcinoma, prostate cancer and bladder cancer, which are
usually associated with the activation of oncogenic factors
and inhibition of cancer suppressors. The primary mechanism
for protein breakdown in cells is the ubiquitin-proteasome
system, whilst deubiquitinases contribute to the reversal of
this process. However, both are important for protein homeo-
stasis. Deubiquitination may also be involved in the control
of the cell cycle, proliferation and apoptosis, and dysregulated
deubiquitination is associated with the malignant transfor-
mation, invasion and metastasis of urologic malignancies.
Therefore, a comprehensive summary of the mechanisms
underlying deubiquitination in urological cancers may provide
novel strategies and insights for diagnosis and treatment.
The present review aimed to methodically clarify the role of
deubiquitinating enzymes in urinary system cancers as well as
their prospective application prospects for clinical treatment.
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1. Introduction

Urological cancers encompass malignancies that arise in the
organs associated with the urinary system, predominantly
comprising renal cell carcinoma (RCC), prostate cancer (PCa)
and bladder cancer (BCa). According to global cancer statistics
for 2020, there were ~2.4 million novel instances of urinary
system neoplasms, constituting 12.5% of all malignancies
worldwide (1). The risk factors associated with PCa primarily
include familial predisposition, racial background, advanced
age, obesity and several environmental and genetic influences.
Adenocarcinomas can be categorized into androgen-sensitive
and androgen-insensitive subtypes. Treatment modalities for
PCa include active surveillance, chemotherapy, radiotherapy,
hormone therapy, surgical intervention and cryotherapy (2).
Sex, obesity, hypertension, smoking and chronic kidney
disease are risk factors for RCC. Whilst it is possible to treat
RCC surgically, local recurrence occurs in 2-5% of patients and
in 20-30% of patients with distant metastases. Postoperative
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adjuvant therapy includes hormone therapy, radiotherapy,
immunotherapy, vaccines and targeted drugs. These therapies,
however, have not yielded any evidence of improved patient
survival (3). Risk factors for BCa include smoking, parasitic
infections, chronic inflammation, sex, age, occupational
exposure and genetic factors. Depending on whether a tumor
has invaded the bladder muscular layer, it can be classified
as non-muscle-invasive BCa or muscle-invasive BCa. The
treatment of BCa includes surgical resection, immunotherapy,
chemotherapy, radiotherapy and antibody-drug conjugates (4).
An increasing amount of data indicate that investigating novel
therapeutic approaches for advanced urologic malignancies
requires a thorough understanding of the molecular pathways
underlying urologic neoplasia (5,6).

An important post-translational modification is ubiquiti-
nation. The complex signaling network created by intricate
interactions between the ubiquitin-proteasome system (UPS)
and its substrates are necessary for regulating a number of
bodily physiological processes, including signal transmission,
cellular metabolism, immunological stress responses and
cell cycle progression (7). In eukaryotes, the UPS is respon-
sible for >80% of protein turnover. The main components
of the ubiquitination process are deubiquitylating enzymes
(DUBSs), ubiquitin (Ub), ubiquitin-activating enzyme El,
ubiquitin-conjugating enzyme E2, ubiquitin ligase enzyme
E3 and 26S proteasome (8). First, to create an E1-Ub
complex, unbound Ub molecules are activated by El in an
ATP-dependent manner and connected by thioester link-
ages. Next, the activated Ub is transferred to the E2 active
site cysteine residue. Finally, the interaction between the
E2-Ub complex and E3 facilitates the transfer of activated
Ub to the lysine residue of the substrate protein (9). A total
of seven lysine residues (K6, K11, K27, K29, K33, K48 and
K63) are notable features of ubiquitin. These residues are
ubiquitinated to produce different polyubiquitin chains (10).
Target substrates are typically delivered to the proteasome for
destruction by polymerized ubiquitinated chains of K11, K29
and K48. Despite this, K63, K6, K27, K33 and other polym-
erized ubiquitinated chains, are involved in many critical
cellular processes, including transcriptional control, DNA
repair and signal transduction, whilst protecting their target
substrates from damage (Fig. 1) (11).

2. DUBs in signaling pathways associated with urological
tumors

Abnormal regulation of DUBs has been extensively studied
and reported to be closely associated with the occurrence
and progression of human tumors, including malignant
tumors of the urinary system (12). It has been reported that a
large number of DUBs can act as both oncogenic factors and
tumor suppressors (12). Therefore, an exhaustive overview of
these DUBs may lead to innovative approaches for the treat-
ment of urinary system tumors. The present review provides
an extensive synopsis of the most recent developments in
DUBs within urological malignancies, encompassing their
classification, structure and function. Furthermore, it high-
lights the crucial regulatory mechanisms through which
DUBs modulate signaling pathways relevant to urological
tumors (Table I).

PI3K/AKT pathway. A key element of the PI3K/AKT pathway
is transmission of signals within cells, and its aberrant acti-
vation can lead to rapid growth, reproduction and abnormal
regulation of angiogenesis in cancer cells (13). PI3K is an
isodimer composed of the regulatory subgroup p85 and
catalytic subgroup pl110, so it can be categorized into PI3KI,
PI3KII and PI3KIII types based on their structure. PI3K is not
primarily in a specific organelle, but acts as an intracellular
phosphatidylinositol kinase on the plasma membrane of the
cell (14). Transmembrane tyrosine kinase growth factor recep-
tors can activate PI3K, such as EGFR and insulin-like growth
factor receptor 1. Phosphorylation of phosphatidylinositol
4,5-diphosphate (PIP2) activated by PI3K is then converted
to phosphatidylinositol 3,4,5-triphosphate (PIP3) (15).
Subsequently, 3-phosphoinositide-dependent kinase 1 (PDK1)
and AKT are recruited to the plasma membrane, where PDK1
phosphorylates threonine at position 308 of AKT, resulting in
AKT activation (16). Once activated, AKT phosphorylates its
downstream targets, including mTOR. Therefore, it is a major
factor in the development and metastasis of cancer (17,18).

Of note, phosphatase and tensin homologue deleted on
chromosome 10 (PTEN) could inhibit the activation of the
PI3K-PKB signaling pathway by dephosphorylating PIP3
and converting it to PIP2. When PTEN is mutated or absent,
PIP3 accumulates in cells and uncontrollably activates its
downstream signaling (19,20). Both deregulated ubiquitina-
tion and deubiquitination can lead to detrimental impacts on
PTEN levels and subcellular partitioning, promoting tumori-
genesis (21). Furthermore, a diverse range of DUBs, including
ubiquitin-specific protease (USP)7 and USP13, have been
reported to mediate the deubiquitination of PTEN, thereby
disrupting the function of PTEN to promote the PI3K/AKT
signaling pathway (21), and the dysregulation of PTEN deubiq-
uitination could lead to the tumorigenesis of PCa (Fig. 2).

USP7. USP7, also known as herpes virus-associated
protease, is a DUB enzyme belonging to the USPs family. It is
a cysteine peptidase that comprises five distinct domains (22).
USP7 is mostly found in the nucleus and is essential for
controlling the stability of several proteins involved in
several cellular activities, including immunological response,
infection by viruses, DNA damage reaction, transcriptional
regulation and epigenetic control of gene overexpression (23).
Mechanistically, USP7 may interact with K13 and K289
to deubiquitinate PTEN in vivo and in vitro, reducing its
single-stranded structure and leading to nuclear rejection and
PTEN inactivation, thereby promoting cancer occurrence
and metastasis. Song et al (24) reported that USP7-mediated
deubiquitination of PTEN could lead to a reduction in its
inhibitory effect on PCa cell proliferation.

USPI13. Formerly known as isopeptidase T, USP13 is a
member of the USPs family of enzymes and is categorized
as a deubiquitinating enzyme. Its roles include controlling the
course of the cell period, repairing damage to DNA systems,
myoblast development, endoplasmic reticulum quality control
mechanisms and autophagy. Many malignant tumors, including
ovarian cancer (OC), cervical carcinoma (CC) and hepatocel-
lular carcinoma (HCC), have elevated USP13 expression.
Enhanced USP13 activity promotes tumor cell proliferation by
upregulating a range of carcinogenic factors such as myeloid
cell leukemia-1 and c-MYC. However, in certain malignancies
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Figure 1. Ubiquitination processes. Ubiquitination is a crucial protein modification process that involves ubiquitin, E1, E2, E3 ligases, DUBs and the 26S
proteasome. Firstly, free ubiquitin molecules are activated by ATP-dependent E1 and linked to form an E1-Ub complex. Upon reaching the cysteine residue of
the active site of E2, the activated Ub then interacts with E3 to transfer onto the lysine residues of substrate proteins. Notably, ubiquitin contains seven lysine
residues that can undergo distinct polyubiquitination chains; K11, K29 and K48 chains deliver target substrates for degradation whilst other chains protect
targets from degradation and participate in biological processes like signal transduction. The reverse process of ubiquitination is called deubiquitination.
Under the catalysis of DUBs, the ubiquitin molecules on the substrates are removed, thus inhibiting the proteasome-mediated degradation. Deubiquitinases
are a broad class of proteases with ~100 members that are divided into seven different subfamilies according to structural features. The subfamilies in
question comprise the following: USPs, UCHs, OTUs, proteases that are involved in the Machado-Joseph disease domain, metalloenzymes that contain
JAMMSs domain, a novel DUB family that interacts with Ub (MINDYs), and zinc-finger and UFSP domain protein. Apart from JAMMs, which functions as
a metalloprotease subfamily, the remaining six deubiquitinating enzyme families belong to cysteine peptidases. Furthermore, the USP family is composed
of >50 members with conserved domains and catalytic sites including the fingers, palm and thumb. A total of four UCH deubiquitinating enzymes, including
UCHLI, UCHL3, UCHL5/UCH37 and BRCA1-associated protein 1 exhibit a conserved catalytic domain and high similarity sequence. In humans, the OTU
deubiquitinases subfamily consists of sixteen members, and almost every OTU possesses a ubiquitin interaction domain, such as a ubiquitin interacting motif
domain, ubiquitin associated domain, or zinc finger domain, in addition to its OTU catalytic domain. Ub, ubiquitin; DUBs, deubiquitylating enzymes; USP,
ubiquitin-specific protease; UCH, ubiquitin C-terminal hydrolase; OTU, ovarian tumor proteases; JAMM, Jad1/Pad/Mpn; MINDY, motif interacting with

ubiquitin-containing novel DUB family.

such as breast cancer (BC) and colorectal cancer (CRC),
the overexpression of USP13 exhibits a tumor-suppressive
effect through the upregulation of PTEN (25,26). Recently,
Cui et al (27) reported that USP13 was involved in PCa by
upregulating the PI3K/AKT pathway. Although USP13 can
promote PI3K-AKT-induced invasion and metastasis of
PCa (27), the underlying mechanism requires further explora-
tion.

USP39. The DUBs family of enzymes includes USP39,
which has a central zinc finger ubiquitin-binding domain and
a ubiquitin C-terminal hydrolase domain (28). It is involved
in the regulation of several biological processes such as
cell proliferation, cell cycle progression, apoptosis and
pre-messenger RNA splicing (29). Upregulation of USP39 has
also been implicated in the pathogenesis of HCC, medullary
thyroid carcinoma, oral squamous cell carcinoma (OSCC) and
CRC (30-33). Xu et al (34) first determined that the knockdown
of USP39 significantly impedes the phosphorylation of AKT
at Ser473, therefore blocking the activity of the AKT signaling
pathway in RCC. However, more investigation is needed to
clarify the precise processes behind the function of USP39 in
regulating AKT signaling.

Ubiquitin C-terminal hydrolase L5 (UCHLS5). UCHLYS,
also known as ubiquitin carboxy-terminal hydrolase 37,
is an important factor regulating deubiquitination and has
been reported to be abnormally high expressed in numerous
cancers, including CSCC, esophageal squamous cell carci-
noma (ESCC), epithelial OC, non-small cell lung cancer
(NSCLC) and pancreatic carcinoma (PC) (35-39). Recently,

Cao et al (40) reported that overexpression of UCHLS5 could
activate the AKT/mTOR pathway and further activate the
downstream target c-MYC, thus promoting the proliferation
and migration of BCa. It remains unknown, therefore, how
UCHLS controls the AKT signaling pathway.

NF-kB pathway. The protein complex known as nuclear factor
kB (NF-kB) is an essential nuclear transcription factor in
cells and is associated with cancer, inflammatory and autoim-
mune diseases, viral infections and abnormal development
of the immune system (41). It represents an important family
of structurally similar transcription factors (Rel proteins),
consisting of five members: NF-kB1 (p50), NF-xB2 (p52),
RelA (p65), RelB and c-Rel (42). The signal transduction
pathway of NF-kB activation primarily comprises two distinct
modes: Canonical and non-canonical (43). The NF-«xB protein
typically forms homologous or heterodimers with p65 and
p50 or is rendered inactive in the cytoplasm by binding to the
suppressor [kB, thus causing a trimeric complex to form. Upon
binding of the upstream signaling factor tumor necrosis factor
(TNF) to the cell membrane surface receptor, conformational
changes occur within the receptor, transmitting the signal to
IKK kinase (IxB kinase), causing the IKK complex made up
of IKK-a, IKK-f and IKK-y to become activated. This IKK
complex then phosphorylates the IkB protein, causing it to
separate from the trimeric complex. Subsequently, nuclear
localization sequences (NLS) are exposed on the NF-kB
dimer, allowing for rapid translocation from the cytoplasm
into the nucleus for the activation of target genes (44).
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Table I. Urologic cancer-associated deubiquitylating enzymes.

A, PI3K/AKT signaling pathway

Urologic ~ Substrates in Deubiquitination- Potential role in
First author/s, year Types DUBs  cancers urologic cancers induced change urologic cancers (Refs.)
Song et al, 2008 USPs USP7 PCa PTEN Suppression of PTEN  Oncogenic factors 24)
Cui et al, 2022 USP13 PCa Not reported Activates PI3K/AKT  Oncogenic factors 27
pathway
Xu et al,2018 USP39 RCC AKT Activates PI3K/AKT  Oncogenic factors (34)
pathway
Cao et al, 2022 UCHs UCHLS BCa AKT Activates PI3K/AKT  Oncogenic factors (40)
pathway
B, NF-«xB pathway
Urologic  Substrates in Deubiquitination- Potential role in
First author/s, year Types DUBs  cancers urologic cancers induced change urologic cancers (Refs.)
Sim et al,2018; USPs CYLD RCC/BCa IKKp/IkB Suppression of NF-kB  Tumor suppressor  (54,55)
Yuan et al, 2023 pathway
Man et al, 2019 and USP13 BCa Not reported Suppression of NF-kB  Tumor suppressor  (56,57)
Man et al, 2021 pathway
Baohai et al, 2019 USP17 PCa Not reported Suppression of NF-kB  Tumor suppressor (61)
pathway
C, RAS/RAF/MEK/ERK pathway
Urologic ~ Substrates in Deubiquitination- Potential role in
First author/s, year Types DUBs  cancers urologic cancers induced change urologic cancers (Refs.)
Zhang et al, 2019 USPs USP9X PCa ERK Suppression of MAPK  Tumor suppressor (68)
pathway
Hu et al, 2020 USP19 RCC ERK Suppression of MAPK  Tumor suppressor (69)
pathway
Xuetal,2018 USP39 RCC ERK Activates MAPK Oncogenic factors (34)
pathway
D, p53 pathway
Urologic ~ Substrates in Deubiquitination- Potential role in
First author/s, year Types DUBs  cancers urologic cancers induced change urologic cancers (Refs.)
Stevenson et al,2007 USPs USP2a BCa/PCa MDM2 Stabilize MDM2 Oncogenic factors 94)
Sun et al, 2010 USP7 PCa MDM2 Stabilize MDM2 Oncogenic factors o7
Devrim et al, 2020; USP28 BCa pS3 Activates p53 Oncogenic factors (102,103)
Fong et al, 2016 pathway
E, TGF-3 pathway
Urologic Substrates in Deubiquitination- Potential role in
First author/s, year Types DUBs  cancers urologic cancers induced change urologic cancers (Refs.)
Wosnitzer et al, 2014; USPs USP26 PCa AR Suppression of TGF-# Tumor suppressor (114,115)

Dirac et al, 2010

pathway
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Table I. Continued.
F, MYC pathway

Urologic Substrates in Deubiquitination- Potential role in
First author/s, year ~ Types DUBs cancers  urologic cancers induced change urologic cancers (Refs.)
Ge et al, 2021 USPs USP16 PCa c-MYC Stabilize c-MYC  Oncogenic factors (131)
Lietal, 2024 USP43 BCa c-MYC Stabilize c-MYC  Oncogenic factors (138)
G, Wnt/B-catenin pathway

Urologic Substrates in Deubiquitination- Potential role in
First author/s, year  Types DUBs cancers  urologic cancers induced change urologic cancers (Refs.)
Liu et al, 2023 UCHs UCHL3 BCa CTNNB1 Stabilize CTNNB1  Oncogenic factors (150)
Cheng et al, 2019 USPs  USP25 PCa TNKS Stabilize TNKS Oncogenic factors (156)
Zhao et al, 2020 USP34 RCC Not reported Activates Wnt Oncogenic factors (161)

pathway

H, Hippo pathway

Urologic Substrates in Deubiquitination- Potential role in
First author/s, year ~ Types DUBs cancers  urologic cancers induced change urologic cancers (Refs.)
Gu et al, 2024 USPs CYLD PCa YAP Suppression of YAP  Tumor suppressor 167)
Luo et al, 2021 MINDY MINDY1 BCa YAP Stabilize YAP Oncogenic factors (172)
I, Other DUBs

Urologic Substrates in Deubiquitination- Potential role in
First author/s, year  Types DUBs cancers  urologic cancers induced change urologic cancers (Refs.)
Ye et al, 2022 USPs USP10 PCa H2A Stabilize H2A Oncogenic factors (177)
Chen et al,2017 USP21 BCa EZH2 Stabilize EZH2 Oncogenic factors (182)
Lvetal, 2011; USP22  PCa/BCa MYC Not reported Oncogenic factors (188-190)

Guo et al, 2022;
Nag et al, 2020

USP, ubiquitin-specific protease; DUBs, deubiquitylating enzymes; CYLD, lysine 63 deubiquitinase; UCHLS, ubiquitin C-terminal hydrolase
L5; UCHL3, ubiquitin C-terminal hydrolase L3; MINDY 1, motif interacting with ubiquitin-containing novel DUB family-1; PCa, prostate
cancer; RCC, renal cell carcinoma; BCa, bladder cancer; PTEN, phosphatase and tensin homologue; ERK, extracellular signal-regulated
kinase; MDM2, mouse double minute 2 homolog; AR, androgen receptor; TNKS, tankyase; YAP, yes-associated protein 1; EZH2, enhancer of
zeste homolog 2; NF-kB, nuclear factor kB; MAPK, mitogen-activated protein kinases; TGF-f3, transforming growth factor-f3.

TNF receptor-associated factor (TRAF)2, a bifunctional
protein that acts as an adaptor and ubiquitin E3 ligase, is one
of the major mediators of the TNF receptor. It possesses a
carboxy-terminal TRAF domain that can be further divided
into two subdomains known as TRAF-N and TRAF-C
domains (45). TRAF2 protein induces the activation of IkB
kinase (IKKa and IKKi/e), leading to the phosphorylation
of IkBa. Additionally, it promotes nuclear translocation and
phosphorylation of p65/RelA to promote the downstream
signaling cascade of the NF-kB pathway (46).

An unusual member of the IkB inhibitor family is B-cell
lymphoma 3 (BCL-3) (47). The full-length BCL-3 protein,

with a molecular weight of ~47 kDa, contains the proline-rich
N-terminal domain, seven central tandem repeat cdc10 domains
(the ankyrin repeat domain) and a serine and proline-rich
transcription activation domain at the C-terminal (48,49).
Transcriptional regulation in the nucleus is mediated by BCL-3
through its interaction with homodimers of p50 (NF-«xB1) or
p52 (NF-xB2; Fig. 2) (50).

Lysine 63 deubiquitinase (CYLD). As a negative regulator
of the NF-«kB pathway, the CYLD protein belongs to the USPs
and consists of three glycine-rich cytoskeletal associated
protein domains, two proline-rich motifs, a phosphorylation
region and the USP catalytic domain (51). Emerging evidence
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Figure 2. Role of DUBs in the PI3K/AKT, NF-kB and MYC pathways in urologic cancers. PI3K/AKT pathway: Transmembrane tyrosine kinase growth factor
receptors such as EGFR and IGF-1R can activate PI3K. This leads to phosphorylation of PIP2 into PIP3. PDK1 and AKT proteins are then recruited to the
plasma membrane, where PDK1 phosphorylates threonine at position 308 of AKT, activating AKT. Once activated, AKT phosphorylates downstream targets,
such as mTOR, which serve a crucial role in cancer occurrence and development. Mechanistically, USP7 interacts with K13 and K289 to deubiquitinate PTEN.
This reduces its single-stranded form, leading to nuclear rejection and PTEN inactivation, which promotes cancer occurrence and metastasis. Although
USP13 could promote PI3K-AKT-induced invasion and metastasis of PCa, further exploration is needed to understand the underlying mechanisms. USP39
knockdown has been reported to markedly inhibit the phosphorylation of AKT at Serine 473, thus preventing the activation of the AKT signaling pathway in
RCC. Overexpression of UCHLS activates the AKT/mTOR signaling pathway, which further activates the downstream target c-M YC, promoting the prolifera-
tion and migration of BCa. NF-kB pathway: The cell membrane receptor undergoes conformational changes when TNF binds to it and transmits a signal to
IKK kinase. This leads to the phosphorylation of the IkB protein and its dissociation from the trimeric complex. Subsequently, nuclear localization sequences
are exposed on the NF-kB dimer, allowing rapid translocation into the nucleus and activation of target genes. The CYLD protein functions by inhibiting the
ubiquitination of IkB and retaining the NF-kB heterodimer p65/p50 in the cytoplasm, thereby suppressing the proliferation, migration and invasion of BCa
cells. Further research is necessary to ascertain how USP13 regulates the NF-kB signaling pathway and how USP17 regulates these genes or the site it uses
to regulate this pathway. MYC pathway: Multiple upstream signaling pathways, including the PI3K/AKT/mTOR pathway, phosphorylate MYC to enhance
its DNA-binding ability. Phosphorylated MYC forms a dimer with Max and initiates downstream DNA transcription for cellular growth and proliferation.
USP16 knockdown markedly inhibits PCa cell growth. USP43 deubiquitinase activity mostly deubiquitinates c-MYC at K148 and K289, stabilizing it and
promoting BCa metastasis. Overexpression of USP43 protein in BCa hinders FBXW?7 accessibility and raises the possibility of contact with c-MYC, which
prevents c-MYC breakdown. USP, ubiquitin-specific protease; NF-kB, nuclear factor kB; EGFR, epidermal growth factor receptor; IGF-1R, insulin-like
growth factor-1 receptor; PIP2, phosphatidylinositol 4,5-diphosphate; PIP3, phosphatidylinositol 3,4,5-triphosphate; CYLD, lysine 63 deubiquitinase; PDK1,
phosphoinositide-dependent kinase 1; PTEN, phosphatase and tensin homologue; FBXW7, F-box and WD repeat domain containing 7.

suggests that CYLD is associated with the pathogenesis of
several diseases, including cancer, infection, pulmonary
fibrosis, neurodegeneration and cardiovascular dysfunc-
tion (52). The fundamental process involves CYLD mediating
TRAF2 or BCL-3 deubiquitination, which disrupts NF-xB
signaling (53). Sim et al (54) reported that CYLD can inhibit
IKKB, stabilize I-xBa and retain the NF-xB heterodimer in
the cytoplasm, leading to the blocking of p65/p50 nuclear
translocation, hence preventing RCC cells from proliferating.
Notably, Yuan et al (55) reported that the CYLD protein func-
tions by inhibiting the ubiquitination of IxB and retaining
the NF-«B heterodimer p65/p50 in the cytoplasm, thereby
suppressing the proliferation, migration and invasion of BCa
cells.

USPI13.USP13 may function as a putative oncogenic protein
in PCa by activating the PI3K/AKT signaling pathway (27).
Notably, Man et al (56,57) reported that USP13 deubiq-
uitinates and stabilizes PTEN protein, and PTEN protein

suppresses NF-«kB activation by inhibiting the PI3K/AKT
pathway, thereby preventing the nuclear translocation and
DNA-binding ability of NF-kB subunits. In conclusion, low
USP13 expression can promote the occurrence and progres-
sion of BCa. Nevertheless, the chemical control technique
of USP13 over the NF-«kB signaling pathway remains poorly
understood, and further research is needed.

USPI7. USP17, known as DUB3, comprises a catalytic
USP domain, along with two hyaluronic acid (and RNA)
binding motifs (58), which is controlled by interleukin (IL)-4
and IL-6 cytokines. The formation of T helper cell 17 cells,
inflammation, cell motility and carcinogenesis are all associ-
ated with the abnormal expression of USP17 (59). Research
has demonstrated an association between the expression and
function of USP17 and several cancer types, including OSCC,
NSCLC, BC, CRC, CSCC and osteosarcoma (OS) (58). USP13
and USP17, as deubiquitinating enzymes, are not localized in a
specific organelle, but widely distributed in the cytoplasm and
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Figure 3. Role of DUBs in the RAS/RAF/MEK/ERK, p53 and TGF-f§ pathways in urologic cancers. RAS/RAF/MEK/ERK pathway: RAS proteins with
GTPase activity are activated by upstream RTKS, and activated RAS activates RAF. Activated RAF further activates MEK, which in turn activates ERK, the
sole downstream substrate. Finally, the activated ERK enters the nucleus and initiates a series of physiological and biochemical reactions. USP9X knockdown
upregulates the ERK signaling pathway, thereby further promoting cancer cell invasion. These findings validate the effectiveness of USP9X as a tumor
suppressor; however, the substrates of USP9X require further investigation. The overexpression of USP19 notably decreases ERK levels, whereas USP19
knockdown increases ERK phosphorylation, thereby promoting RCC cell proliferation. However, the underlying mechanisms remain unclear. Downregulation
of USP39 markedly inhibits the phosphorylation of ERK at the Thr202/Tyr204 site, thereby preventing activation of the MAPK pathway. p53 pathway:
When cells suffer DNA damage, p53 is activated, further preventing cell proliferation and initiating apoptosis. By deubiquitinating MDM2, USP2a critically
controls the p53 pathway, thereby elevating the intracellular levels of MDM?2 and subsequently downregulating p53. Similarly, USP7 enhances the stability
and activation of p53 through the deubiquitination of MDM2. Mechanistically, USP28 deubiquitinates and stabilizes p53 in BCa cells. However, due to the
limited association studies on p53 and USP28, the underlying mechanisms remain to be further explored. TGF-f3 pathway: Upon conjugation with a TGF-f
activator, activated TGF-f3 binds to TGF-BRII and TGF-BRI to phosphorylate transcription factors by forming a tetrameric complex. Smads 3 and 2, Smad
complex DNA-binding cofactors, regulate gene expression by recruiting transcription factors. USP, ubiquitin-specific protease; RAF, rapidly accelerated
fibrosarcoma; MEK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinases; Grb2, growth
factor receptor-bound protein 2; GEF, guanosine exchange factor; GTP, guanosine triphosphate; GDP, guanosine diphosphate; MDM2, mouse double minute
2 homolog; TGF-p, transforming growth factor-; SMAD, SMA and MAD-related protein; AR, androgen receptor.

nucleus. Under different conditions, the localization of USP13 MAPK signaling pathways is the RAS/RAF/MEK/ERK
and USP17 in the cell may change (60). Baohai et al (61) pathway (63). Binding of growth-promoting elements to
reported that the inhibition of USP17 hinders NF-«xB signaling  their receptors triggers activation of receptor tyrosine kinase
through the facilitation of reactive oxygen species generation  (RTK). This, in turn, leads to the recruitment of the growth
to inhibit the progression of PCa. However, more research is  factor receptor bound protein 2 and subsequently activates
needed to elucidate how USP17 controls these genes or how it guanine nucleotide exchange factors. The signal is then trans-
regulates the NF-«kB signaling pathway. mitted to the RAS, which directly interacts with the RAF to

form a transient membrane-anchored signal (64). Activated
RAS/rapidly accelerated fibrosarcoma (RAF)/mitogen- RAF triggers the MEK by making a serine site in its catalytic
activated protein kinase (MAPK) kinase (MEK)//extracellular ~ loop phosphorylated and ERK is subsequently activated by
signal-regulated kinase (ERK) pathway. The MAPK signaling ~MEK. This then phosphorylates several substrates connected
pathway, a crucial component of the eukaryotic signal trans-  to the cytoplasm and the membrane of the cell (65). Cancer
duction network, functions as a major signaling cascade  mutations with the highest prevalence are driver mutations in
that regulates the processes of apoptosis (programmed cell ~ RAS, primarily KRAS, which occurs in ~30% of all types of
death), cell division, proliferation, and the cellular reaction of  cancer and affects ~10% of all patients with cancer (66,67).
irritability in both healthy and pathological settings. MAPK  Targeting this route has been reported in multiple studies to
is a family of serine-threonine kinases that has undergone  have a major impact on the growth and progression of urinary
evolutionary conservation. It is composed of four separate  system cancers by involving multiple DUBs (34,68,69) (Fig. 3).
subfamilies: ERK, p38, JNK and BMK1 (sometimes referred USP9X. On chromosome Xpll.4, USP9X is a highly
to as ERKS), which correspond to four conventional MAPK  conserved DUB that is a member of the USP group (70).
pathways (62). The most notable signaling cycle among all  The expression level of USP9X is widely associated with cell
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cycle regulation, signaling pathway conduction, ribosomal
stalling and tumorigenesis. Prior research has demonstrated
the marked impact USP9X serves in many malignancies,
including laryngeal carcinoma, BC, glioblastoma and lung
cancer (71-73). Zhang et al (68) reported that USP9X may act
as a tumor suppressor in PCa. Compared with healthy tissues,
USP9X expression was downregulated in PCa tissues, and
ERK was notably increased. Furthermore, USP9X depletion
upregulated ERK signaling, resulting in an increase in matrix
metallopeptidase 9 protein levels and dynamin-related protein
1 phosphorylation, thereby further promoting cancer cell inva-
sion. These results indicate that USP9X is an efficient tumor
suppressor; nevertheless, more investigation is needed to iden-
tify USP9X substrates.

USPI9. USP19 is a DUB that is essential for lipogenesis,
cellular metabolism and immunological responses (74,75).
Furthermore, prior research has indicated that USP19 is impli-
cated in a number of malignancies, such as stomach cancer
(GC), CRC and HCC (74,76,77). Hu et al (69) analyzed The
Cancer Genome Atlas and Gene Expression Omnibus data-
bases and reported that USP19 expression was downregulated
in RCC and that USP19 knockdown led to tumor progression
and poor prognosis. Notably, the study reported that USP19
knockdown enhanced ERK phosphorylation, and USP19
overexpression markedly reduced ERK levels, which in turn
promoted clear cell RCC proliferation both in vitro and in vivo.
These findings suggest that USP19 expression is linked to
ERK pathway activity and may have tumor-suppressive prop-
erties. Nevertheless, more research is required to elucidate the
underlying mechanisms.

USP39. USP39 is a member of the USP family of DUBs,
with a central zinc finger ubiquitin-binding domain and a ubiq-
uitin C-terminal hydrolase domain (78). USP39 is involved in
multiple cellular processes, including spliceosome formation,
spindle stabilization and the cell cycle (79). Many studies
have reported that USP39 is overexpressed in HCC, BC, colon
cancer (CC) and RCC (78,80,81). Xu et al (34) reported that
USP39 promotes the MAPK signaling and exerts an oncogenic
effect in RCC. Small interfering RNA was used to reduce
USP39 expression in RCC cells, and the study reported that
this markedly reduced the ability of the cells to proliferate and
spread. Mechanistically, the deletion of USP39 led to a notable
reduction in the expression levels of apoptotic proteins and
G2/M phase-associated proteins. Furthermore, phosphoryla-
tion of ERK at the Thr202/Tyr204 region was dramatically
suppressed by downregulating USP39, which prevented the
MAPK pathway from being activated. The aforementioned
findings suggest that USP39 is a potential target for RCC
therapy.

p53 pathway. The TP53 gene, commonly referred to as
p53, encodes the tumor protein, which is a known tumor
suppressor in humans and has been identified as the most
strongly associated with human tumorigenesis to date.
It is also associated with ~50% of all human tumors (82).
Human p53 is a 4x393 amino acid homotetramer consisting
of an intrinsically disordered N-terminal trans-activation
domain (TAD), proproline (Pro)-rich region, structured
DNA-binding domain, tetrameration domain linked by
an elastic linker, and intrinsically disordered C-terminal

regulatory domain (83). Cell cycle arrest, DNA repair,
metabolic changes, antioxidant and anti-angiogenic effects,
autophagy, senescence and apoptosis are just a few of the
reactions that p53 orchestrates. It can activate multiple
transcriptional targets in response to cellular stress or DNA
damage (84).

Mouse double minute 2 homolog (MDM?2) is an E3 ligase
composed of a p53-binding domain at the N-terminus, a central
region containing a NLS, a nuclear export signal and a RING
finger domain at the C-terminus (85). MDM2 negatively regu-
lates p53 by binding to its transcriptional activation domain
to prevent the interaction of transcription elements, mediating
p53 covalent binding to ubiquitin proteins to be degraded by
proteolytic enzymes, and expulsion from the nucleus (86,87).
A comprehensive overview of several DUBs that control p53
signaling may offer novel insights into the occurrence and
progression of tumors of the urinary system (Fig. 3).

USP2a. The enzyme known as USP2a deubiquitinates
cysteine proteases. USP2a regulates the function of multiple
important cell growth regulators and signal transduction
factors. USP2a serves a role in carcinogenesis, stimula-
tion of NF-xB and interferon modulation (88,89). USP2a
is upregulated in several cancers, including BC, HCC and
OC (90-92). Kim et al (93) assessed the function of USP2a
in BCa cells and reported that USP2a stabilizes and deubiq-
uitinates MDM2, which is a specific target of USP2a. The
study also reported that silencing USP2a notably decreased
MDM?2 protein levels and cell proliferation capacity,
implying that USP2a is an MDM2-associated positive
regulator. In addition, it was also reported that during the
development of PCa, USP2a was overexpressed, leading to
the inhibition of p53 by stabilizing MDM?2. Therefore, the
inhibition of USP2a activity may provide a novel strategy for
cancer treatment (94).

USP7. USP7 may activate the PI3K/AKT signaling
pathway. USP7 participates in the regulation of multiple
cellular pathways and its expression is often dysregulated
in human malignancies (22). Studies have reported that
USP7 expression is upregulated in PCa and strongly associ-
ated with tumor progression (95,96). Mechanistically, USP7
stabilizes MDM2 through its specific deubiquitinase activity,
which increases the intracellular level of MDM2 and down-
regulates p53, leading to the promotion of tumor development.
Consequently, the creation of USP7 inhibitors is a successful
patient therapy strategy (97).

USP28. A member of the USPs family, USP28 possesses
both a USP domain and a C-terminal extension domain, is
located on chromosome 11g23 (98). In addition, studies have
reported an associated between USP28 and certain malignan-
cies, such as PC, CRC and GC (99-101). USP28 was reported
to be overexpressed in BCa and associated with tumor
invasion and growth. Immunohistochemistry and reverse
transcription-quantitative PCR revealed that USP28 and p53
were overexpressed in BCa cells, and there was a marked
association between them (102). Mechanistically, USP28
deubiquitinates and stabilizes p53 in BCa cells. However,owing
to the limited association studies on p53 and USP28, more
research is needed to determine the foundational processes.
Taken together, USP28 is expected to be a prognostic marker
for BCa (102,103).
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Transforming growth factor-f (TGF-f5) pathway. The TGF-p3
superfamily is the largest group of secreted growth factors,
comprising several structurally and functionally related
subfamilies, including TGF-f3s, bone morphogenetic proteins,
growth differentiation factors, mullerian inhibitor substance,
activins and inhibins (104). It regulates several biological
processes, including cell proliferation, differentiation,
cell-cell interaction, immune regulation, extracellular matrix
synthesis and inflammatory responses (105). All TGF-$ and
TGF-p-related family members bind to Type II receptors and
recruit Type I receptors, which phosphorylate and activate
Type I receptors (106). Type I receptors in turn phosphorylate
and activate the downstream SMA and MAD-related protein
(Smad)2 and Smad3. The C-terminally phosphorylated
Smad2 and Smad3 recruit Smad4 to assemble into complexes
and go into the nucleus to control TGF-f target gene tran-
scription (107). In the nucleus, SMAD complexes activate
specific genes through collaborative interactions with other
DNA-binding and coactivator (or co-inhibitor) proteins (108).

TGF-p serves a dual role in tumorigenesis. During the
early stages of tumor formation, TGF-f exerts its inhibitory
effects primarily by inducing cell cycle arrest and activating
the apoptotic pathways in cancer cells. However, as the
tumor progresses, the suppressive effect of TGF-f3 on tumor
cell proliferation diminishes or even disappears, leading
to increased TGF-f secretion. Consequently, at this stage,
TGF-f can act as a growth-promoting factor for tumor cells
(Fig. 3) (109).

USP26.0On the X chromosome, USP26 is expressed only in
the testes of mice and humans and is believed to be a retrogene
derived from autosomal USP39 (110). According to certain
research, many cancers, including anaplastic thyroid carci-
noma, CSCC and ESCC, express USP26 aberrantly (111-113).
Analysis of USP26 expression in humanity extragonadal and
testicular tissues revealed the varied roles of USP26 in cell
differentiation and carcinogenesis (114). Mechanistically,
Dirac and Bernards (115) reported that when USP26 was
overexpressed, AR polyubiquitination was strongly inhibited,
resulting in enhanced AR signaling. Notably, Cai et al (116)
reported that androgen receptors (ARs) could block the TGF-3
signaling pathway by directly acting on the substrate Smad3
via the TGF-f type I receptor. In conclusion, overexpression of
USP26 can prevent PCa cells from proliferating and spreading.

MYC pathway. MYC is a prominent transcriptional regulator
encompassing L-MYC, N-MYC and ¢c-MYC, that are located
on chromosomes 8, 2 and 1, respectively. The aberrant expres-
sion or activity of any members within this family has been
demonstrated to play a role in tumor development. N-MYC and
L-MYC exhibit tissue-specific expression patterns, primarily
in the lung and nervous system (117). The N-terminal TAD,
the MYC box domains (MBO-1V), the carboxy-terminus
basic-helix-loop-helix-leucine zipper (b HLHZ), a PEST
domain (rich in proline, glutamic acid, serine and threonine),
and a NLS are the primary domains of MYC (118-122).
The c-MYC oncogene signaling pathway regulates several
biological processes including apoptotic cell death, prolifera-
tion, survival and differentiation (123). A number of upstream
signaling routes, including the traditional PI3K/AKT/mTOR
pathway can phosphorylate MYC protein, thereby enhancing
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its DNA-binding ability (124). Subsequently, phosphorylated
MYC forms a dimer with its natural ligand Max and initiates
downstream DNA transcription to facilitate cellular growth
and proliferation (125). Evidently, DUBs are engaged in the
formation and development of urinary system neoplasms
targeting the MYC signaling pathway, such as USP16 and
USP43 (Fig. 2).

USPI6. USP16 protein is a histone H2A-specific deubig-
uitination enzyme, and human chromosome 21 is home to its
coding gene (126). USP16 is involved in the regulation of gene
expression, cell-cycle progression and several other cellular
functions (127). USP16 is abundantly expressed in many types
of tumors originating from diverse tissues, such as gallbladder
cancer, lung tumorigenesis, atherosclerosis and coronary
artery diseases (128-130). Ge et al (131) reported that USPI6
knockdown markedly inhibited PCa cell growth in vitro and
in vivo. Mechanistically, the deubiquitination of USP16 stabi-
lizes c-MYC to promote the initiation and progression of PCa.
However, the specific mechanisms involved are not yet fully
understood.

USP43. USP43 is a USP family member. The cDNA
sequence of USP43 is 3,369 base pairs long and has an open
reading frame that codes for a protein with 1,123 amino
acids (132). Prior research reported that overexpression of
USP43 could facilitate the growth of a number of malignan-
cies, including CRC, BC, lung squamous cell carcinoma, PC
and OS (133-137). USP43 deubiquitinates c-MYC at K148
and K289, primarily through deubiquitinase activity, which
promotes BCa metastasis. The disruption of F-box and WD
repeat domain containing 7 (FBXW?7) accessibility and
increased probability of interaction with c-MYC are caused by
the overexpression of USP43 protein in BCa, thereby impeding
c-MYC degradation (138). These findings imply that USP43
contributes to the growth of tumors in BCa and may serve as a
marker for the eventual course of the disease.

Wnt/B-catenin pathway. Wnt was initially derived from mouse
breast cancer integrase-1 and Drosophila wingless. Considering
the substantial functional protein similarities between these
two genes, researchers opted to merge them, resulting in the
designation of the Wnt gene (139). Wnt signaling is highly
evolutionary conserved and serves a key role in organogenesis,
tissue homeostasis, tissue regeneration and tumor forma-
tion (140). When Wnt ligands are not present, the destruction
complex (DC) consisting of Axin/adenomatous polyposis coli
(APC)/glycogen synthase kinase-3f3 (GSK3f)/casein kinase
la (CK1a), then subsequently ubiquitinated by B-transducin
repeat-containing protein (B-TrCP), which maintains the
concentration of 3-catenin in cells at a low level (141). When
secreted Wnt ligands, such as Wnt3a and Wntl, bind to Frizzled
receptors and low-density lipoprotein receptor-related protein
(LRP) co-receptors, LRP receptors are phosphorylated by
CKla and GSK3p, and disheveled protein is recruited to the
plasma membrane and activated, leading to inactivation of the
destruction complex DC. This stops B-catenin from consti-
tutively degrading and from building up in the nucleus (142).
In the nucleus, B-catenin activates Wnt-responsive gene tran-
scription by dislocating the transducing-like enhancer protein
(Groucho) complex and recruiting histone-modified coactiva-
tors, such as the CREB-binding protein/p300, brahma-related
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Figure 4. Role of DUBs in the Wnt/B-catenin and Hippo pathways in urologic cancers. Wnt/B-catenin pathway: The Wnt ligand is a glycoprotein that forms a
complex by binding to the Frizzled receptor and LRP5/6. ZNRF3 and RNF43 ubiquitinate Frizzled receptors, whereas Respondin inhibits their activity and
enhances the sensitivity of cells to Wnt. Upon Wnt activation, GSK-3f dissociates from the APC/axin/GSK-33 complex. In the absence of Wnt, 3-catenin acts
as a cell adhesion protein and transcriptional co-regulatory molecule that is degraded by -TrCP/c after phosphorylation by CK1 and the APC/Axin/GSK-3f
complex. In the presence of Wnt, LRP5/6 forms a complex with Frizzled to activate DVL, leading to the displacement of GSK-3p from APC/Axin. Stable
B-catenin translocates into the nucleus, binds to LEF/TCF transcription factors and activates target gene transcription. USP34 promotes activation of the
Wnt/B-catenin pathway, but the specific mechanism has not yet been reported. Hippo pathway: Under normal circumstances, protein kinases such as MST1/2
and LATSI1/2 exert inhibitory effects on the activity of YAP and TAZ in cells through phosphorylation, leading to their downregulation or absence. The
upregulation of the Hippo signaling pathway promotes the activation of LATS kinase, which regulates gene expression by suppressing the activities of the
transcriptional coactivators YAP and TAZ. When Hippo signaling is attenuated or molecules upstream of the pathway are mutated, the enhanced expression of
YAP and TAZ facilitates uncontrolled cell proliferation. The CYLD protein can inhibit the ubiquitination of YAP and activate the expression of downstream
ferroptosis-related factors ACSL4 and TFRC, thereby inhibiting the progression of PCa by promoting ferroptosis. MINDY1 binds to the YAP protein and
increases its stability by eliminating the K48-linked ubiquitin chain. USP, ubiquitin-specific protease; GPCR, g-protein-coupled receptor; LRP, lipoprotein
receptor-related protein; DVL, disheveled; APC, adenomatous polyposis coli; GSK3p, glycogen synthase kinase-33; CK1, casein kinase 1; LRP5/6, B-TrCP,
B-transducin repeat-containing protein; LDL receptor-related proteins 5 and 6; ZNRF3, zinc and ring finger 3; RNF43, ring finger protein 43; TCF, T-cell
factor; LEF, lymphoid enhancer-binding factor; MST1/2, mammalian Ste20-like kinases 1 and 2; SAV1, Salvador homolog-1; LATS1/2, large tumor suppres-
sors 1 and 2; YAP, yes-associated protein 1; TAZ, transcriptional co-activator with PDZ-binding motif; TEAD, TEA domain; CYLD, lysine 63 deubiquitinase;
ACSLA4, acyl-CoA synthetase long-chain family 4; TFRC, transferrin 1 receptor.

gene 1, B-cell lymphoma 9 and pygopus to form active
complexes with lymphoid enhancer-binding factor and T-cell
factor proteins, stimulating the transcriptional activity of Wnt
target genes and eliciting cellular reactions (143). The present
section focusses on elucidating the role of DUBs in regulating
the Wnt/B-catenin pathway and exploring how dysregulation
of this intricate network can contribute to the pathogenesis of
tumors of the urinary system (Fig. 4).

Ubiquitin c-terminal hydrolase-13 (UCHL3). UCHL3, a
cysteine protease, belongs to the UCH family and is a cysteine
protease. The UCHLS3 gene is located at 13q22.2 and consists
of two main structures: A six-stranded antiparallel -sheet
and eight a-helices (144,145). Overexpression of UCHL3 has
been reported in several cancers, including HCC, CSCC, CRC
and BCa (146-148). CTNNBI is an important downstream
transcriptional coactivator of the Wnt signaling pathway. In
most malignant tumors, accumulation of CTNNBI promotes
Wnt/pB-catenin signaling, thereby promoting tumor progres-
sion (149). Liu er al (150) reported that overexpression of

UCHL3 was closely associated with proliferation, invasion and
migration in BCa, and coimmunoprecipitation demonstrated
that UCHL3 deubiquitinated and stabilized CTNNBI, which
triggered the activation of the Wnt signaling pathway. These
findings imply that UCHLS3 contributes to the development of
BCa in a pro-carcinogenic manner.

USP25. Full-length human USP25 contains 1,055 amino
acids and is part of the USPs family. Structurally, USP25
has a classical structure similar to most USPs, including
three substructural domains: Finger, palm and thumb (151).
USP25 is involved in several cellular processes, including
immune responses, inflammatory responses and metabolic
regulation (152,153). In addition, there have been reports
linking USP25 to malignant tumors, Alzheimer's disease and
cardiomegaly (154,155). Tankyase (TNKS) is an important
regulator of Wnt signaling. The TNKS anchor protein repeat
sequences collaborate with the C-terminal peptide of USP25
to enhance the stability of TNKS and reduce the stability
of AXINI, thus promoting the Wnt/B-catenin pathway.
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Furthermore, Cheng et al (156) reported that selective
inhibition of TNKS-USP25 intermolecular interactions was
effective in inhibiting prostate tumor development, suggesting
that the therapeutic exploitation of this inhibitor may provide
opportunities for patients with Wnt pathway-dependent PCa.

USP34. In chromosome 2pl5, there is a gene for USP34,
a deubiquitinase belonging to the most extensive family of
deubiquitinating enzymes (157). A number of diseases, such as
cancer, gliomas and bone disease, are linked to USP dysregula-
tion (158,159). USP34 serves a critical role in the Wnt signaling
pathway, and it has been reported that the function of USP34
affects Axin degradation and 3-catenin-mediated transcrip-
tion (160). NanoRNAs, or small nucleolar RNAs, serve a role
in the production of proteins and are associated with a number
of illnesses, including cancer. Recently, a study reported that
SNORA70B and its hose gene USP34 might directly regulate
Wnt pathway to promote tumorigenesis in RCC. However,
relevant proteins remain to be investigated (161).

Hippo pathway. The Hippo pathway was initially discovered
in Drosophila melanogaster and serves as a pivotal regulator
of tissue growth (162). A crucial function for dysregulation of
Hippo signaling is served in the occurrence and development
of malignancies, including carcinogenesis, cellular invasion,
metastasis, maintenance of cancer cells and resistance to
chemotherapy (163). The Hippo kinase cascade regulates
tissue and organ size during development by phosphorylating
the transcriptional coactivator yes-associated protein 1 (YAP).
Activation of the Hippo pathway inhibits growth, whereas
its inhibition promotes organ growth. Mechanistically, the
mammalian Ste20-like kinase MST1/2 (Hippo kinase), with
the help of adaptor Salvador homolog 1, phosphorylates the
large tumor suppressor 1/2 kinases, which in turn phosphory-
lates the downstream YAP or the WW domain-containing
transcription regulator 1 (164). Phosphorylated YAP attaches
itself to the cytoplasm, where it is degraded and ubiquitinated,
blocking the ability of YAP to stop apoptosis and promote
cell proliferation (165). Nevertheless, YAP is able to reach
the nucleus and bind to transcription factors when the Hippo
pathway is suppressed, for example, TEA domain tran-
scription factors, to promote the expression of target genes
(Fig. 4) (166).

CYLD. CYLD may promote the NF-xB pathway by
activating NF-xB/p65 and acting as a potential tumor
suppressor in BCa (55). Notably, Gu et al (167) reported that
the CYLD protein upregulates the levels of downstream
ferroptosis-related proteins acyl-CoA synthetase long chain
family member 4 and transferrin receptor whilst inhibiting
the ubiquitination of YAP, inhibiting PCa progression by
promoting ferroptosis. These findings may contribute to a
more profound understanding of the molecular mechanisms
underlying PCa, thereby facilitating enhanced therapeutic
strategies for ferroptosis.

Motif interacting with ubiquitin-containing novel DUB
family-1 (MINDYI). MINDY1, also known as FAM63A,
belongs to a crucial member of DUBs. It contains a ub binding
domain (UBD) that can bind K48-linked polyUb chains and
an unknown functional domain (DUF544) (168). Previous
studies have reported that MINDY1 is abnormally highly
expressed in BC and HCC (169,170). The novel key regulator
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MINDY1 serves a crucial role in maintaining stem cell
self-renewal by enhancing the stability of core self-renewal
proteins (171). According to Luo et al (172), MINDY1 may
encourage the growth of BCa cells both in vivo and in vitro. It
has been reported that MINDY1 binds to YAP and increases
its stability by eliminating the K48-linked ubiquitin ring from
YAP, indicating that it may be a potential target for the inter-
vention of BCa.

Other DUBs

USPI0. The AR signaling pathway serves an important role in
all phases of prostate carcinogenesis (173). USP10 is a multi-
functional deubiquitinating enzyme located on chromosome
16q24.1, which serves an important role in several signaling
pathways, including the p53, mTOR and AR signaling
pathway (174-176). In the regulation of gene transcription,
H2A is a core histone. It was reported that USP10 mediates the
activation of the AR signaling pathway by deubiquitinating and
stabilizing H2A. It is also able to deubiquitinate H2A.Z (H2A
mutant), which is able to bind to enhancers and promoters that
bind to PSA and kallikrein-like 2 genes, and thus is involved
in the regulation of the AR pathway (177).

USP21. USP21 is located on chromosome 1q23.3 and is a
member of the USP family (178). The structure of USP21 is
comparatively simple, comprising a catalytic structural area
at the C-terminal and a disordered N-terminal section (179).
USP21 is essential for DNA damage repair and viral immunity,
and tumor progression, by deubiquitinating different proteins,
making USP21 a potential target for tumor therapy (180,181).
Chen et al (182) reported that USP21 is upregulated in BCa and
is associated with tumor invasion and metastasis. Research has
also indicated that patients who exhibit high levels of USP21
are less likely to survive. Mechanistically, USP21 regulates
certain proteins that affect cell proliferation via deubiquitina-
tion, for instance, enhancer of zeste homolog 2 (EZH2), thus
promoting tumor development (182).

USP22. USP22 is widely expressed in mammals and
is found on the long limb of chromosome 17 in the human
genome. It comprises 13 exons and has a cDNA with 1,578 base
pairs. USP22 inhibits protein breakdown by deubiquitinating
substrate proteins, which is how it regulates gene transcrip-
tion, injury to DNA repair and immune escape (183,184). It
was reported that USP22 expression is markedly elevated in
malignant tumors, such as HCC, NSCLC and CC, indicating
that it may be a significant pro-carcinogenic factor (185-187).
In BCa, high expression of USP22 was detected, which was
inhibited by transfection of 15/21 asymmetric interfering
RNA, which specifically targets USP22, leading to EJ cell
cycle arrest and inhibition of cell proliferation (188). Similarly,
USP22 is a crucial biological target and AR regulator in PCa.
USP22 not only controls PCa advances as AR accumulation
and signaling but also stabilizes MYC expression in cancer
cells but also accelerates its growth. In conclusion, USP22 may
offer a new viewpoint on the care of patients with urological
tumors (189,190).

3. Targeting therapy for urologic cancers

Urologic cancers are one of the common cancers with a marked
increase of incidence in recent years. Traditional treatment
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Table II. Summary of inhibitors targeting the deubiquitylating enzymes in urologic cancers.

First
author/s,
year Target Drug Molecular formula ~ Molecular structure Mechanism of action (Refs.)
Lee et al, USP7 P5091 C,,H,CLLNO;S, SX\CJ/SW%(C‘ Inhibit cell proliferation, (193)
2020 N clone formation and
° @ migration of PCa

Wang et al, USP9X WPI1130 C,oH,sBrN;O o 0 Inhibit the growth of PCa (196)
2014 YT

o AN
Sim et al, CYLD YMI155 C,0HsBrN,O, e Inhibit the growth of (54)
2018 @Q?[N\F RCC/PCa

ry

O—

Chow et al, UCHLS b-AP15 C,,H;N;04 . Decrease the viability and 201)
2022 O:gTE‘O induce apoptosis of BCa

o

USP, ubiquitin-specific protease; DUB, deubiquitylating enzymes; CYLD, lysine 63 deubiquitinase; UCHLS5, ubiquitin C-terminal hydrolase
L5; RCC, renal cell carcinoma; PCa, prostate cancer; BCa, bladder cancer.

options mainly include surgical resection, chemotherapy,
radiotherapy, immunotherapy and hormonal therapy. Early
surgical resection is an effective therapeutic maneuver, but
the majority of patients still die of recurrence and metastasis;
therefore, it is important to discover new therapeutic strate-
gies (191). DUBs can regulate the levels of proteins that are
not responsive or directly inhibited by conventional targeted
therapies, including targets that are not patentable. Examples of
these potential targets include transcription factors, drug-resis-
tant enzymes and proteins involved in protein interactions that
lack distinctive features and pose challenges for intervention
with small molecules (192). Given the important role of DUBs
in cancer development, the present review summarizes the
inhibitors targeting DUBs.

DUB inhibitors. USP7 is currently one of the most extensively
studied DUBs, and several inhibitors have been developed based
on its pivotal role in the p53 pathway (22). P5091, an inhibitor
of USP7, can prevent PCa cells from migrating, invading
and creating spheres, especially in combination with EZH2
inhibitors. The decrease in PCa cells count induced by P5091
treatment is attributed, at least partially, to apoptosis mediated
by caspases (193). P22077 has been reported to induce apoptosis
in HCC and PC, which is expected to be a promising target for
the treatment of PCa (194,195). DUB inhibitors P22077 and
P50429 covalently modify USP7, leading to cysteine catalysis
and inducing conformational changes in enzymes associated
with active site rearrangement, thereby resulting in the inhi-
bition of enzyme activity (196). In recent years, researchers
have also developed a new generation of allosteric inhibitors,
such as XL188 and FT671, which can co-crystallize with the
catalytic core of USP7 (197,198). ETS-related gene (ERG) is a
proto-oncogene and a member of the E-twentysix transcription
factor family, which is overexpressed in 40% of patients with
PCa. WP1130 is an inhibitor of USP9X and has been reported
to degrade ERG, resulting in the blockage of PCa-related
gene expression and inhibition of tumor progression (196).

Prior research has demonstrated the effectiveness of YM155,
an inhibitor of survivin in small molecules, in reducing the
viability of RCC cells generated from patients and immortal-
ized cells. By activating the deubiquitinizing enzyme CYLD,
it results in IKKf inhibition, IxkBa stabilization, as well as
the cytosolic persistence of NF-kB heterodimers. As a result,
transcription of the NF-kB target gene survivin is reduced (54).
Xu et al (199) reported that YM155 inhibited survivin in vitro
and in vivo human hormone-refractory PCa cells and demon-
strated potent antitumor activity. Moderate single-agent
activity was also reported in a phase I study in a large number
of previously treated patients. Furthermore, a phase II study of
YMI55 in combination with docetaxel for castration-resistant
PCa reported that YM155 showed good activity (study ID
no. NCT00514267) (200). b-AP15, an inhibitor of UCHLS, can
enhance the accumulation of polyubiquitinated proteins and
subsequent endoplasmic reticulum stress, thereby decreasing
BCa cell viability and inducing apoptosis. In addition,
Chow et al (201) reported that a combination of b-AP15 and
cisplatin showed better therapeutic efficacy than monotherapy
(Table II).

In summary, the AR and p53 pathways are considered as
the primary signaling pathways in PCa, with USP7 emerging
as a promising therapeutic target due to its extensive drug
development. Currently, there is a lack of reported informa-
tion regarding the key signaling pathways involved in DUBs
in RCC and BCa. Nevertheless, CYLD and UCHLS are likely
to be pivotal DUBs in RCC and BCa respectively, given their
ongoing development of relevant inhibitors. Facilitating the
advancement of DUB inhibitors and commencing clinical
trials necessitates multifaceted endeavors and collaboration. By
enhancing fundamental research, devising efficient screening
and validation technologies, fostering interdisciplinary coop-
eration, promoting clinical trials and reinforcing international
cooperation and exchanges, it is anticipated that the develop-
ment process of DUBs inhibitors will be expedited along with
their early implementation in clinical therapy.
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Other inhibitors. AR, a member of the steroid hormone
receptor family, is expressed in PCa and BCa (202). When
androgens bind to AR, the AR is released and translocated
into the nucleus, thus promoting gene transcription and accel-
erating tumor progression. Therefore, inhibitors targeting the
AR signaling pathway are important therapeutic approaches
for such patients (203). Bicalutamide is an androgen receptor
blocker that blocks testosterone production, thereby decreasing
hormone levels and inhibiting the growth and proliferation of
PCa cells (204). Apalutamide is a second-generation nonste-
roidal AR inhibitor currently used for the treatment of PCa.
Mechanistically, it can successfully stop androgens from
binding to the receptor and from transferring AR into the
nucleus of tumor cells, and serve a role in inhibiting the growth
of tumor cells (205). Enzalutamide is an AR antagonist that
exhibits substantial improvement in metastatic hormone-sensi-
tive PCa, much like apalutamide does (206). Abiraterone is
an androgen synthesis inhibitor that blocks CYP17-mediated
androgen production, thereby inhibiting the growth of PCa
cells (207).

The primary mechanism of action for immune check-
point inhibitors (ICIs) is the blockade of inhibitory signaling
pathways within the immune system, thereby reinvigorating
the recognition and cytotoxicity capabilities of immune cells,
such as T cells, towards tumor cells. In urinary system cancer,
key targets for this drug class encompass programmed death
protein 1 (PD-1) and its ligand (PD-L1), as well as cytotoxic
T lymphocyte-associated antigen 4. The US Food and Drug
Administration has thus far granted approval for three PD-L1
inhibitors (atezolizumab, avelumab and durvalumab) in the
treatment of urothelial cancer (208). PD-1 drugs have been
approved for the treatment of patients with advanced BCa
and RCC, notably improving patient survival and quality
of life (209). A recent study by Kuang et al (210) reported
that Thr288, Arg292 and Asp293 of USP2 bind to PD-L1
through the resolution of K48 link polyubiquitination at the
PD-L1 lysine 270 site. USP2 depletion led to endoplasmic
reticulum-related degradation of PD-L1, which weakened
PD-L1/PD-1 interactions and sensitivities T cells to cancer
cells.

Tyrosine kinase inhibitors (TKIs) block the signal trans-
duction pathway of tumor cells by binding to the kinase
domain of their target RTK, thereby inhibiting the prolifera-
tion, invasion and metastasis of tumor cells. The combination
of TKIs and ICIs is considered a primary treatment option for
patients with advanced RCC (211). The latest research find-
ings indicate that cabozantinib has an impact on the tumor
microenvironment and reinstates T cells activity, thereby
suggesting that its combination therapy with ICIs could
potentially synergistically target the growth of both primary
and metastatic PCa (212). McCann et al (213) reported that
the deletion of USP17 in EGFR WT NSCLC cells, when
combined with EGFR TKI treatment, resulted in apoptosis
induction. This suggests that targeting USP17 could enhance
therapeutic efficacy and broaden the patient population
responsive to these drugs. However, there are no reports of
DUBs and TKIs in urinary system tumors, to the best of our
knowledge.

Rapamycin is a first-generation mTOR inhibitor that
selectively inhibit the activity of mTOR by binding to
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FK506-binding protein-12 and forming ternary complexes
with mTOR (214). Everolimus and temsirolimus are used
for advanced and metastatic kidney cancer (215,216) and
the efficacy of everolimus in the treatment of kidney
cancer has been demonstrated by the RECORD-1
study (217). The application of mTOR inhibitors in urinary
system tumors is primarily focused on the treatment of
RCC, and has demonstrated marked efficacy. Notably,
Rolddn-Romero et al (218) reported that the involvement
of USP9X in the regulation of p62-mediated autophagy
through ubiquitination potentially led to chromophobe
renal cell carcinoma cells sensitization to temsirolimus
due to the ablation of USP9X. This also suggests the
administration of mTOR inhibitors presents a potential
therapeutic avenue for tumors harboring USP9X muta-
tions. Simultaneously, its research and utilization in other
urologic cancers are progressively expanding.

4. Conclusions and perspectives

Men are more likely to acquire cancers of the urinary system,
such as RCC, PCa and BCa, than women. Conventional
surgery, chemotherapy and radiotherapy can only enhance
the quality of life of patients but cannot significantly improve
their survival time. The occurrence of these tumors is associ-
ated with several factors, among which gene mutations and
abnormal gene expression serve a crucial role. Deubiquitinating
enzymes regulate protein ubiquitination levels and participate
in cell cycle regulation, signal transduction pathways and gene
transcription processes, thereby influencing tumor initiation
and progression. Previous studies have indicated that certain
deubiquitinating enzymes exhibit aberrant expression patterns
in urological tumors. Such dysregulation may lead to uncon-
trolled cell proliferation and impaired apoptosis mechanisms
that promote tumor formation and advancement. Furthermore,
deubiquitinating enzymes may interact with other genes or
signaling pathways related to tumorigenesis. The present
review focused on the regulation of deubiquitinating enzymes
in several signaling pathways, including the PI3K/AKT,NF-«B,
RAS/RAF/MEK/ERK, p53, TGF-$, MYC, Wnt/f3-catenin and
Hippo pathways.

USP7, USP9X and UCHLS were explored as possible
therapeutic focal points in the context of specific treat-
ment for urologic tumors. Nonetheless, the development of
DUB inhibitors is in the preliminary phase, with numerous
unresolved queries. As an illustration, the specific
substrates and subsequent effectors of certain DUBs in
several pathways remain unidentified, encompassing
the RAS/RAF/MEK/ERK pathway, the Wnt/f-catenin
pathway and others. Despite these advances, much remains
unknown regarding the mechanism of deubiquitination in
urologic tumors. In summary, the mechanism of deubiqui-
tinating enzymes in urologic tumors remains to be further
studied; however, they have shown promise as potential
targets for cancer treatment and prognosis evaluation. In
order to provide new ideas and approaches for the clinical
treatment of urinary system malignancies, future research
should concentrate on elucidating the specifics of the
mechanism of action and creating tailored therapy tech-
niques.
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