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Simple Summary: This review summarizes the current DUBs findings that correlate with the most
common cancers in the world (liver, breast, prostate, colorectal, pancreatic, and lung cancers). The
DUBs were further classified by their biological functions in terms of proliferation, metastasis, and
apoptosis. The work provides an updated of the current findings, and could be used as a quick guide
for researchers to identify target DUBs in cancers.

Abstract: Deubiquitinases (DUBs) deconjugate ubiquitin (UBQ) from ubiquitylated substrates to
regulate its activity and stability. They are involved in several cellular functions. In addition to the
general biological regulation of normal cells, studies have demonstrated their critical roles in various
cancers. In this review, we evaluated and grouped the biological roles of DUBs, including proliferation,
metastasis, and apoptosis, in the most common cancers in the world (liver, breast, prostate, colorectal,
pancreatic, and lung cancers). The current findings in these cancers are summarized, and the relevant
mechanisms and relationship between DUBs and cancers are discussed. In addition to highlighting
the importance of DUBs in cancer biology, this study also provides updated information on the roles
of DUBs in different types of cancers.

Keywords: proliferation; metastasis; apoptosis

1. Introduction
1.1. Ubiquitination

Ubiquitination is a reversible post-translational modification process that involves
small protein, ubiquitin (UBQ) [1]. The process can be divided into three stages. UBQ is
first activated by E1 ubiquitin-activating enzyme in an ATP-dependent manner. Then, the
activated UBQ is transferred to the E2 ubiquitin-conjugating enzyme. Subsequently, the
process completes with the E3 ubiquitin-protein ligase, specifically bound to a substrate
protein, that recruits the ubiquitin-E2 complex. Such interactions lead to the transfer and
conjugation of UBQ to the lysine residue in the target substrate via isopeptide bonds [1,2].
The UBQ chain is formed by the addition of UBQ to the lysine residue of the previous
UBQ on the UBQ-conjugated substrate. This polyubiquitylated complex is subjected to
proteasomal degradation, lysosomal degradation, or autophagocytosis. It is also known to
be involved in other cellular functions such as modifying kinase activities and activating
transcriptional factors [3,4].
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1.2. Deubigquitination

Deubiquitinases (DUBs) deconjugate UBQ from ubiquitylated substrates to regulate
its activity and stability [5]. Approximately 100 DUBs have been identified in humans and
can further be divided into two groups according to their catalytic activities: (a) cysteine
protease DUBs and (b) metalloprotease DUBs [6,7]. Cysteine protease DUBs consist of
seven subclasses based on their distinct enzymatic domains: ubiquitin-specific proteases
(USPs), ovarian tumor proteases (OTUs), ubiquitin carboxyl-terminal hydrolases (UCHs),
Machado-Joseph disease proteases (MJDs), motif interacting with ubiquitin-containing
novel DUB family (MINDY), zinc-finger and USFP domain protein (ZUFSP), and monocyte-
chemotactic protein-induced protein (MCPIP) family [8-10]. DUBs undergo deubiquitina-
tion via nucleophilic attack by their catalytic cysteine on the isopeptide bond [11]. Finally,
the zinc-dependent JAB1/MPN/MOV34 metalloprotease (JAMMs) family belongs to the
metalloprotease DUBs family, in which the two zinc ions at the catalytic site of the DUB
could activate a water molecule, and thus form a hydroxide ion to attack the isopeptide
bond [12]. The major roles of DUBs can be categorized into three categories. First, they
help generate and recycle free UBQ. DUBs process inactive ubiquitin precursors that are
either fused with ribosomal proteins or translated as ubiquitin polymers into active and
free ubiquitin monomers. In addition, before subjecting the ubiquitylated protein to degra-
dation, DUBs play an important role in deconjugating UBQ from the substrate to prevent
degradation of UBQ and maintain UBQ homeostasis. Second, DUBs can modify ubiqui-
tination by switching between degradative and non-degradative signals by editing the
ubiquitin chains. Third, DUBs play an important role in rescuing proteins and maintaining
their stability. They antagonize the actions of E3 ligase by cleaving the isopeptide linkage,
thus deconjugating UBQ from the ubiquitylated protein. Deubiquitination can also act
as a proof-reading mechanism to rescue inappropriately ubiquitylated proteins during
degradation. Moreover, DUBs regulate the stability of proteins, such as E3 ligase, which is
targeted for self-ubiquitination [5,13,14].

1.3. Biological Functions of DUBs and Their Expressions in Selected Organs

DUBs exert crucial functions in various cellular processes such as cell cycle regulation,
DNA damage response, cell proliferation, and apoptosis. Ectopic expression of DUBs leads
to pro- or anti-tumorigenic effects during cancer progression. Furthermore, DUBs can act as
cancer biomarkers or therapeutic targets to aid in clinical prognosis and treatments [14-16].
Due to its importance in various biological functions, the number of DUB works that has
been deposited in the PubMed accessed on 20 July 2022 (https://pubmed.ncbi.nlm.nih.
gov/) has been doubled in these ten years (505 publications in 2012 to 1039 publications in
2021 by searching the word “Deubiquitinases”). Although numerous reviews have focused
on the relationship between DUBs and cancer, there is limited organized information on
the roles of DUBs grouped by type of cancer. It would be informative to summarize the
roles of DUBs in different types of cancers that are prevalent worldwide.

Proliferation, metastasis, and apoptosis are the three major hallmarks of cancers [17,18].
Deregulated cell cycle could lead to changes in cell proliferation. The cell cycle can be
divided into the G1 (cell growth), S (DNA synthesis), G2, and M (cell division) phases.
It is tightly regulated by various checkpoints controlled by cyclins and cyclin-dependent
kinases (CDKs) [19]. E3 ligases are known to participate in almost every phase; thus, their
regulation through DUBs is expected [20,21]. For example, USP17 controls the G1 phase;
USP10, USP14, USP17, and BAP1 play roles in the G1/S transition; and USP7 is involved in
the mitotic phase [16]. In addition, cancer cells have the ability to evade apoptosis [22], and
DUBs can target different pro- and anti-apoptotic proteins in both extrinsic and intrinsic
pathways [23,24]. DUBs are known for their regulatory roles in different cell signaling
pathways, such as androgen receptor (AR), estrogen receptor (ER), Wnt/ 3-catenin, and p53
signaling, which are related to proliferation and apoptosis [25,26]. The tumor suppressor
p53 is a transcription factor that prevents genomic mutations and plays a protective role
in tumor onset and progression. It can be regulated by ubiquitination, indicating the
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importance of DUBs in controlling the ubiquitin cycle [27]. Different DUBs target both
MDM2 and p53. The p53 pathway is highly related to MDM2, and its stability can be
regulated by DUBs, such as USP2 and USP7 [28,29]. In addition, DUBs directly target p53
or p53-associated proteins, leading to cell proliferation. For example, USP10 and USP29
can directly deubiquitinate p53 [30,31], while USP5 regulates p53 levels and alters cell
growth that is associated with p21 induction [32]. Another feature of cancer is metastasis,
which is the ability of cancer cells to spread to different tissues or organs. Numerous DUBs
regulate epithelial-mesenchymal transition (EMT) transcription factors [16,23]. Metastasis
is a series of biological processes that includes numerous invasion-metastasis cascades.
EMT refers to a change in different adhesion molecules in cells, thus adopting migratory
and invasive behavior [33]. It is a critical invasive process in cancer metastasis [34]. DUBs,
such as OTUB1 and USP37, target SNAIL [35,36], while USP9X targets SMAD4 [37]. In
addition, other DUBs, such as PSMD14, could target other molecules, such as growth
factor receptor-bound protein 2 (GRB2) [38]. The current review, instead of describing the
detailed mechanisms of each DUBs, looks at the issue from another angle. We present a
general summary of the roles of selected DUBs in the cell cycle, proliferation, apoptosis,
and metastasis in specific types of cancer.

First, we displaced a figure that extracted the information from a review paper that
summarized the highly expressed DUBs in organs in the left panel [7], while the right panel
summarizes the deregulated DUBs in cancers that we described in this review (Figure 1).
Through this comparison, it should be noted that the high expression level of DUBs in
normal tissue was not necessarily linked to the related cancers. We discuss cancer-related
DUBs in the following sections.
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Figure 1. Deubiquitinases (DUBs) in different organs. The figure is divided into two panels, the normal
condition (left), and the cancer (right). The normal condition is based on the [7], and the inclusion
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criteria are limited to the DUBs that are significantly overexpressed, relative to their mean expression
in other tissues. Five systems/organs are selected, which are the lung, liver and biliary system,
pancreas, digestive system, and reproductive system. While the cancer (lung, breast, liver, pancreatic,
colorectal, prostate) related DUBs are summarized from the literatures in this review. Green indicates
the DUBs that are highly expressed in the cancers tissue; while blue indicates the supressed expression.
It should be noted that such expression levels are various in studies, the over or supressed DUBs
expression are presented as a general trend from the works in the literature examined in this review.
Comparing the two conditions, it is limited to spot the common DUBs (underlined) in both conditions.
Such observation implies that the highly expressed DUB in particular tissue is not necessary to be the
major DUB that contributes to cancer progression.

2. Liver Cancer

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related mortality
worldwide [39]. HCC is related to underlying chronic liver disease and other factors such
as excessive alcohol intake, hepatitis virus infection, obesity, and nonalcoholic fatty liver
disease (NAFLD) [40]. The modulation of immune and inflammatory responses is closely
linked to cancer [41].

2.1. Inflammation

Inflammation is recognized as one of the hallmarks of cancer owing to its promoting
role in neoplastic transformation [18,42—44]. Chronic inflammation caused by hepatitis
virus infection or hepatocyte injury is a major cause of liver cancer [45]. DUBs that regulate
inflammatory responses have been suggested to play a role in cancer development.

CYLD is a well-known DUBs that is involved in cancer formation and is downreg-
ulated in both tumor tissues and HCC cell lines compared to primary non-cancerous
hepatocytes [46,47]. Using a mouse model with deletion of liver-specific CYLD exon7/8
(CYLD'FxAIbCre), Urbanik et al. demonstrated increased biliary injury, liver fibrosis, and
susceptibility to diethylnitrosamine phenobarbital (DEN/PB)-induced liver tumor devel-
opment. The anti-inflammatory role of CYLD is further supported by an increase in T
cell and macrophage infiltration and elevated mRNA expression of inflammation-related
genes in the liver via nuclear factor kB (NF-«kB) signaling [48]. Previous studies indicated
that CYLD could act as a negative regulator of NF-«kB signaling by deubiquitinating NF-
kB essential modulator (NEMO), the subunit of IkB kinase (IKK), and tumor necrosis
factor receptor-associated factor (TRAF) 2 and 6 [49,50]. Furthermore, CYLD deubiquity-
lated mitogen-activated protein kinase kinase kinase 7 (TAK1), which negatively regulates
TAK1-JNK-p38 signaling. It also mitigated inflammation and fibrosis in non-alcoholic
steatohepatitis (NASH)-induced mice and monkeys [51]. Another DUB, OTULIN, also sup-
presses inflammation. This is the only DUB that specifically removes the linear UBQ chain.
Ablation of OTULIN in mice induces liver inflammation and fibrosis, leading to neoplastic
lesions and liver cancer [52]. Similarly, mice with hepatocyte-specific OTULIN deletion
(OtulinAhep) showed severe liver complications such as NF-«kB-independent inflammation,
growth of dysplastic nodules, NASH- and cirrhosis-like diseases, and HCC [53].

2.2. Cell Proliferation

Numerous DUBs are known to be involved in cell proliferation. The expression of
PSMD14, USP14, and USP21 was upregulated in HCC patients and correlated with a shorter
overall survival rate [38,54]. PSMD14 was reported to promote cell proliferation in vitro and
larger xenograft tumor formation in vivo [38]. USP21 deubiquitinated and stabilized MEK?2,
thus activating the ERK pathway for cell proliferation, colony formation, and cell cycle
progression, and promoted tumor growth [54]. USP14 activates phosphatidylinositol-3
kinase (PI3K) via the Wnt/ 3-catenin-mediated pathway [55,56].

In contrast, several DUBs were downregulated in HCC, suggesting their anti-proliferative
roles. UCHL1 has been reported to be downregulated in HCC cell lines compared with nor-
mal tissues. Suppression of colony formation and cell proliferation with increased G2/M
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cell cycle arrest was observed in cells transfected with UCHL1-expressing constructs [57].
Moreover, CYLD™/~ mice show increased sensitivity to diethylnitrosamine-induced hepato-
carcinogenesis via increased c-Jun N-terminal kinase 1 (JNK1)-mediated cell proliferation.
CYLD knockout increases ubiquitination of TRAF2, leading to sustained JNK signaling,
which subsequently upregulates cyclin D1 and c-Myc expression [46]. USP7 deubiquitinate
p53 and modulate the p53-Mdm?2 pathway [58-60]. It can be recruited by the scaffold
protein Abraxas brother 1 (ABRO1), leading to p53 deubiquitination and stabilization, thus
suppressing in vitro clone formation in HCC HepG2 [61]. Furthermore, miRINA regulation
of DUB has been suggested. It has been shown that miR205 could suppress USP7, resulting
in increased cell proliferation via downregulation of p53 and its downstream targets, such
as p21, p27, and growth arrest and DNA damage-inducible protein (GADD45) [29].

2.3. Migration, Invasion & Metastasis

Various DUBs are known for their metastatic roles in HCCs. For example, UCHL5
is highly expressed in liver cancer tissues. Cell line studies have revealed that it could
promote cell migration and invasion by deubiquitinating pre-mRNA processing factor 19
(PRP19) [62]. Moreover, USP4 was reported to promote migration, invasion, and EMT
by deubiquitinating phosphoinositide 3-kinases (PI3K) and activate transforming growth
factor beta (TGF-3) pathways by deubiquitinating TGF- receptor 1 (TGFR1) [55,63]. An-
other DUB, USP9X, deubiquitinated and stabilized survivin protein, and contributed to
cell proliferation and invasion in HCC cells via the long noncoding RNA LNC473 [64].
Moreover, suppression of USP9X by miR-26b leads to SMAD4 downregulation and attenu-
ation of cell migration and EMT [37]. Furthermore, DUB PSMD14 enhances cell migration
and invasion in vitro via deubiquitinating GRB2, which is related to tumor metastasis [65].
PSMD14 expression also positively correlated with vascular invasion in HCC patients [38].
Moreover, injection of PSMD14-expressing HCC cells resulted in increased lung metastases
in the nude mouse xenograft model. PSMD14 has a positive role in migration and invasion
by deubiquitinating TGF-f3 receptors and caveolin 1 (CAV1), resulting in the activation of
TGE-f signaling [66]. In contrast, TRABID (ZRANB1) expression is downregulated in HCC
tumor tissues. Reintroduction can reduce HCC progression and metastasis. Furthermore,
overexpression of TRABID reduced EMT markers in HCC cells through Akt-mediated
TRABID phosphorylation, which further deubiquitinated Twist and promoted its degrada-
tion [67].

2.4. Apoptosis

CYLD siRNA in a HCC cell line suppressed apoptosis via the NFkB-mediated tumor
necrosis factor « signaling pathway by lowering caspase-3 activity [68]. Similarly, UCHL1
influences caspase-dependent pathways and promotes apoptosis. The tumor suppressor
p53 can be further deubiquitinated and stabilized by UCHL1 and USP9X [57,69]. USP9X
also promoted apoptosis in HCC by deubiquitinating apoptotic signaling-regulating kinase
(ASK1) and enhancing oxidative stress-induced JNK activation and cell death [70]. GSK-3f3
suppressed reactive oxygen species (ROS)-induced apoptosis by suppressing ASK1 protein
expression. Upon treatment with a GSK-3f3 inhibitor, ASK1 levels were not recovered
if the USP9X gene was silenced, implying the critical role of USP9X in stabilizing ASK1
in HCC [71]. In contrast, USP14 promoted tumor progression and suppressed apoptosis
in HCC via the downregulation of caspase-3 and upregulation of BCL-2 protein [56]. A
summary is presented in Figure 2.
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Figure 2. Roles of deubiquitinases (DUBs) in liver cancer. Modulations of the immune and inflamma-
tory responses are closely related to the liver cancer. CYLD and OTULIN act as the anti-inflammatory
factors that are linked to the NF«B pathway. Other DUBs such as PSMD14, and USP21 could stabilize
the MEK2 and thus regulate the cell proliferation. On the other hand, DUBs such as CYLD, UCHL1,
USP9X, and USP14 could regulate the caspase activities. Moreover, PSMD14, USP4, and UCHL5 could
target on TGFR, PI3K, and PRP19 respectively and influence the metastasis. Detailed mechanisms
were described in the main text.

3. Breast Cancer

Breast cancer is the leading malignant tumor in women worldwide [72]. Patients with
breast cancer experience undesirable metastasis, relapse rates, and drug resistance [73].
The World Health Organization (WHO) data mentioned that it had 2.26 million new cases
in 2020, which ranked it as the most common cancer.

3.1. ERa Signaling

Breast cancers are highly related to the estrogen receptor ERot (ER"), which accounts
for approximately 70% of cases [74]. Binding of estradiol (E2) to ER«x activates downstream
pathways and causes tumorigenesis [75]. Several DUBs, such as USP1, USP7, and USP22,
have been shown to play regulatory roles in ER« signaling. They deubiquitinate ERx and
activate its relative signaling pathway to promote ERx* breast cancer development [76-78].
USP11 positively regulates ERx transcriptional activity in breast cancer cells in an E2-
dependent manner [79]. On the other hand, high expression of UCHL1 was found to be
inversely correlated with survival rate, in which UCHL1 deubiquitinated the epidermal
growth factor receptor, thus suppressing ERx gene transcription, leading to resistance to
anti-estrogen therapy in treating breast cancer [80].
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3.2. Cell Proliferation

DUBs have been reported to promote cell proliferation and cell cycle progression
in breast cancer cells. BAP1 is well-known for its role in breast cancer development. It
deubiquitinates Kriippel-like factor 5 (KLF5), which is highly expressed in ERx-negative
basal subtype breast cancers [81-83]. In KLF5-positive breast cancer cells, BAP1 reduced
P27 expression and promoted cell proliferation in vitro. It also promoted in vivo xenograft
tumor growth by stabilizing KLF5 [84]. Despite being anti-proliferative in ER* breast
cancer by inhibiting ER« signaling [85], the AR promotes cell proliferation in ER-breast
cancers [86-88]. USP14 is deubiquitinated and impedes AR degradation. Inhibition of
USP14 resulted in suppressed AR-responsive (AR+) breast cancer cell proliferation by
GO0/G1 cell cycle arrest [89]. Similarly, other DUBs, such as PSMD14 and USP21, alter
cell cycle regulation. PSMD14 knockdown resulted in GO/G1 arrest, reduced expression
of cyclin D1, and attenuated cell proliferation [90], whereas USP21 deubiquitinated and
stabilized the transcription factor forkhead box M1 (FOXM1), which is crucial for G2/M
transition [91]. The depletion of USP21 in breast cancer cell lines resulted in cell cycle
delay and mitigated cell proliferation [92]. It was further reported to regulate the cell
cycle via deubiquitinated FOXM1, which is suggested to be one of the master regulators in
cancers [93]. Moreover, the deubiquitination of cell cycle-associated cyclin D1 by USP11
has been suggested to be associated with poor survival in ERx* breast cancer patients [79].

3.3. Migration, Invasion & Metastasis

UCHLI1 is highly expressed in aggressive breast cancer. It induced cell migration
in an in vitro model and extravasation in in vivo zebrafish and mouse xenograft models.
UCHL1 promoted TGFp-SMAD signaling by deubiquitinating the TGFf type I receptor and
SMAD?2, resulting in enhanced metastasis [94]. Another DUB, USP20, promoted transwell
migration and invasion through the deubiquitination of SNAIL family transcriptional
repressor 2 (SNAI2). Intravenous injection of USP20 siRNA breast cancer cells into mice
resulted in reduced lung colonization and nodules, and this effect could be rescued by
SNAI2 overexpression [95] Moreover, PSMD14 was upregulated in breast cancer tissues
and found to be associated with clinical tumor stage and poorer overall survival. It plays a
role in pro-tumorigenesis in cancers, and its relative knockdown experiment in breast cancer
cell lines further confirmed its role in cell migration and the EMT process [96-99]. In contrast,
some DUBs have been labeled as anti-metastatic in breast cancers. For example, CYLD
expression was downregulated in breast cancer. Its overexpression reduced cell viability
and migration via NF-«B and receptor activator of nuclear factor kappa-B ligand (RANKL)
signaling [100]. Similarly, USP13 and OTUD3 were downregulated in breast cancer tissues
and were correlated with metastasis and poor survival. They both deubiquitinated a
multifunctional tumor suppressor, phosphatase and tensin homolog (PTEN). Depletion
of these DUBs can result in decreased PTEN expression and promote AKT signaling and
tumorigenesis [101,102].

3.4. Apoptosis

USP14 plays an anti-apoptotic role in breast cancer via AR deubiquitination. In AR*
breast cancer cells, USP14 inhibition can induce poly (ADP-ribose) polymerase 1 (PARP)
cleavage and suppress BCL2 protein expression [89]. Increased cleaved PARP levels have
also been identified in the PSMD14 knockdown model, which leads to apoptosis [90]. A
summary is shown in the right panel of Figure 3.
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Figure 3. Roles of deubiquitinases (DUBs) in breast and prostatic cancer. The right panel describes
the DUBs that related to the breast cancer. Breast cancer is linked to the ER signaling pathway, and the
DUBs, such as UCHL1, USP1, USP7, USP11, and USP22 could regulate the ER signaling pathway and
thus affect the cell cycle. Besides, DUBs such as BAP1, and USP14 act on KFL5 and AR respectively
and play roles in proliferation. DUBs such as USP21 participate in cell death of the cancer cells. The
left panel shows the prostatic cancer related DUBs. Prostatic cancer is linked to the AR signaling
pathway. DUBs such as USP7, USP10, USP12, USP14, USP22, and USP26 stabilize the AR related
proteins and affect various cellular events. In addition, DUBs such as USP7, USP14, USP16, USP19,
USP22, and UCHLI1 target on c-Myc and p53 that are related to the cell proliferation and cell death.
Lastly, and DUBs such as OTUB1, and UCHLI1 regulate the EMT and thus affect the metastasis.
Detailed mechanisms can be referred to the main text.

4. Prostate Cancer

Prostatic cancer is the second most common type of cancer among men, accounting
for 14.1% of all cancers in men, and it is the second leading cause of cancer-related death in
American men [103]. It develops via uncontrolled proliferation of semen-secreting prostate
cells and is strongly linked to AR.



Cancers 2022, 14, 3547

9 of 24

4.1. Androgen Receptor (AR)

The AR is a nuclear receptor that is activated by binding to various androgenic hor-
mones, such as testosterone. Changes in AR expression or mutations are associated with
prostate cancer [104]. DUBs such as USP7, USP12, USP14, USP22, and USP26 can interact
with AR and thus increase its transcriptional activity via deubiquitination [105-109]. In
addition, USP10 acts as an AR coactivator that can stimulate AR activity and androgen
response of target promoters [110]. Co-factors related to DUBs have also been found to be re-
lated to cancer progression. For example, silencing of USP12 cofactors, Uspl-associated fac-
tor 1 (UAF1), or WD repeat domain 20 (WDR20), could influence the UAF1/WDR20/USP12
complex, thus inhibiting USP12 activity and AR-mediated transcription, leading to attenu-
ated colony formation and promoting apoptosis [105].

4.2. Cell Proliferation

USP16 promote prostate cancer growth in vitro and in vivo by deubiquitinating the
oncogene c-Myc. USP16 depletion in prostate cancer cells reduces cell proliferation,
xenograft mass, and colony formation [111]. Other USP members, such as USP7, USP14,
and USP22, have been found to promote cell proliferation, GO/G1 to S phase transition, and
colony formation via AR in human prostate cancer cells [106,108,109]. In addition, depletion
of USP19 reduces cell proliferation and causes cell arrest at the Go/ G1 phase and p27XiP!
stabilization [112]. Furthermore, accumulation of p27Kipl was found in weakly metastatic
prostate cell lines in association with DUB UCHL1. UCHL1 suppresses cell proliferation
through p53 stabilization and reduces Akt phosphorylation in prostate cancer [113].

4.3. Migration, Invasion & Metastasis

OTUBI overexpress in prostate cancer tissues. In vitro studies have demonstrated
that OTUBI promotes prostate cancer invasion via RhoA activation. Prostate cancer cells
transfected with OTUB1 shRNA exhibited delayed tumor growth, reduced tumor size, and
metastasis in a mouse xenograft model [114]. In addition, UCHL1 is another key regulator
of tumor metastasis [115], which is highly expressed in metastatic prostate cancer cell lines,
but is not detected in weakly metastatic and benign prostate cancer cell lines. UCHL1
induces EMT, and thus enhances the migration and invasion processes in metastatic prostate
cell lines [116]. On the other hand, there are other DUBs, such as USP9X and UCHLS3, that
reduce their expression in prostate cancers. In vitro prostate cancer cell line studies showed
that the depletion of USP9X resulted in increased cell migration and invasion, which was
achieved by the upregulated expression of ERK-mediated MMP9 and phosphorylated
dynamin-related protein 1 (DRP1) [117]. Similarly, knockdown of UCHL3 promoted EMT
in normal prostate cell lines and led to increased cell migration and invasion, whereas
UCHL3 overexpression in prostate cancer cell lines reversed such processes [118].

4.4. Apoptosis

USP2a is highly expressed in prostate tumors and exerts anti-apoptotic effects. It
deubiquitinates MDM2 and promotes p53 degradation [28]. USP2a also targets fatty acid
synthase (FAS), which is overexpressed in prostate cancer and is associated with tumor
progression and metastasis [119,120]. USP2a knockdown in prostate cancer cells resulted
in upregulation of p53 and p21 and downregulation of FAS and MDM2 [121]. In contrast,
USP7 act as a tumor suppressor by deubiquitinating and stabilizing p53, which induce
apoptosis and inhibit cell growth. Deubiquitinases also contribute to resistance to genotoxic
insults in prostate cancer. A study showed that USP22 could promote cellular survival
upon irradiation by modulating ubiquitylation of the nucleotide excision repair protein
xeroderma pigmentosum, complementation group C (XPC), which is responsible for DNA
repair [122]. A summary is shown in the left panel of Figure 3.
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5. Colorectal Cancer

Colorectal cancer (CRC) ranks second in terms of cancer-related mortality in developed
countries. Based on the WHO data, it accounted for more than 0.9 M deaths in 2020 that
marked it as the second most lethal cancers.

5.1. Wnt Signaling

Upregulation of the Wnt signaling pathway is a significant feature of CRC [123,124].
DUBs that regulate Wnt signaling can influence colon cancer progression. USP39 con-
tributes to CRC growth and metastasis through the Wnt/ 3-catenin pathway. Studies have
shown that USP39 knockout inhibits the migration and invasion of colon cancer cells. In
addition, the expression of key proteins in the Wnt/ 3-catenin pathway is reduced, further
affecting the growth and metastasis of CRC [125]. The USP7 inhibitor P5090 reduces the
activity of Wnt signaling by enhancing ubiquitination and degradation of 3-catenin, indi-
cating its role in cancer progression [126]. USP6NL also regulates (3-catenin accumulation.
USP6NL knockdown results in GO/G1 cell cycle arrest and suppresses cell proliferation in
CRC [127]. Another DUB, USP44, modulates Axin-1 protein by regulating 3-catenin, c-Myc,
and cyclin D1 in the Wnt/ 3-catenin pathway [128,129]. Furthermore, USP42 stabilizes zinc
and ring finger 3 (ZNRF3)/ring finger protein 43 (RNF43) on the cell surface, which plays
a role in paracrine Wnt signaling in colon cancer cells [130]. Lastly, USP22 was found to
mediate CRC cytochemical resistance through the Wnt/ 3-catenin pathway [131].

5.2. Cell Proliferation

Overexpression of USP29 stimulates the proliferation of colorectal cancer cell lines
by regulating the activity of the cancer marker nuclear protein Ki67 [30]. OTUD6A is
upregulated in human colorectal cancer patients. It promotes regulation of mitochon-
drial morphology and tumor occurrence by stabilization of dynamin-related protein 1
(DRP1). OTUDG6A deficiency could reduce mitochondrial fragmentation, thus inhibiting
the proliferation of tumor cells and impairing the growth of heterogeneous transplant
tumors [132]. USP43 is another DUB that is highly expressed in colorectal cancer tissue. It
affects cell proliferation, colony formation, migration, invasion, and expression of EMT-
related biomarkers via deubiquitination and stabilization of the zinc finger E-box-binding
homeobox 1 (ZEB1) protein, which plays an important role in CRC function [133]. USP5
is involved in the growth of CRC cells via deubiquitinating its substrate Tu translation
elongation factor (EF-Tu) [134].

Special AT-rich sequence-binding protein-1 (SATB1) abnormalities are associated
with colon cancer [135]. The interaction between USP47 and special AT-rich sequence-
binding protein-1 (SATB1) mediates the deubiquitination and stability of USP47. When
USP47 was defective, the transcriptional activity of the SATB1 target gene was impaired,
and the proliferation of colon cancer cells was inhibited in the mouse model [136]. In
addition, USP22 promotes G1-S transformation by deubiquitinating and stabilizing the
rate-limiting cyclin CCND1. Its overexpression promotes invasive growth of colon cancer
cells [137]. Furthermore, USP1 plays a vital role in CRC cell survival, and its knockdown
induces growth arrest at the G2/M phase of the cell cycle [138]. In addition, USP19
antagonizes ring finger protein 1 (RPF1)-mediated malic enzyme 1 (ME1) degradation
through deubiquitination, which in turn promotes lipid metabolism associated with ERK2
activity and CRC development in human patients [139]. Lastly, the knockout of USP7 could
inhibit the proliferation of CRC cells via the MDM2-p53 complex [126,140].

5.3. Migration, Invasion & Metastasis

More than 25% of colorectal cancer patients develop metastasis after diagnosis, which
is the leading cause of death in CRC patients [141]. High OTUBI expression in primary
CRC tissue is associated with lymph node conditions and distant metastasis. OTUB1
promote the migration and invasion of CRC cells in vitro by altering EMT markers. It
has been shown to induce liver metastasis of CRC cells in a mouse model [142]. In ad-
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dition, PI3K/AKT/mTOR signaling activity is associated with invasion and poor tissue
differentiation in CRC cells. Another DUB, UCHLS3, regulates SRY-Box Transcription Fac-
tor 12 (SOX12) and participates in invasive migration by activating these pathways [143].
Moreover, NLR family pyrin domain containing 7 (NLRP7), a member of the nucleotide-
binding oligomerization domain (NOD) -like receptor family, promotes proliferation and
metastasis of tumor cells. DUB USP10 interact with it and catalyzes its deubiquitination
in CRC cells [144]. In addition, it also interacts with the carcinogen Musashi-2 (MSI2) and
regulates its expression [31]. Furthermore, USP11 acts as an oncogene and is overexpressed
in CRC tissues. It also plays a role in the growth and metastasis of cancer cells. USP11
promotes CRC progression by stabilizing the protein phosphatase 1 catalytic subunit alpha
(PPP1CA) via deubiquitination. USP 11 protected PPP1CA from proteasome-mediated
degradation by activating the ERK/MAPK signaling pathway [145]. Furthermore, USP21
controls Fos-related antigen 1 (Fra-1) dependency on migration and intrusion activity by
deubiquitinizing Fra-1 in colon cancer cells [146]. Moreover, depletion of another DUB,
PSMD14, significantly decreased tumorigenesis of CRC cells in a xenograft model, and its
expression was correlated with malignant progression and survival of CRC patients [147].
Lastly, the depletion of OTUD1 exacerbated colon cancer progression. It promotes transfer-
rin receptor protein 1 (TFRC)-mediated iron transport by deubiquitinating and stabilizing
iron-responsive element binding protein 2 (IREB2), resulting in increased reactive oxygen
species (ROS) production and apoptosis [148].

5.4. Apoptosis

Several DUBs have been found to regulate apoptotic proteins, such as B-cell lymphoma
2 (BCL2), BCL2 associated X protein (BAX), and myeloid-cell leukemia 1 (MCL1), in
CRC. USP22 exerts tumor suppressor functions in CRC. The absence of USP22 resulted
in increased activity of the apoptosis inhibitor mTOR and tumorigenic properties. This
effect can be reversed by mTOR inhibitors [149]. In addition, USP1 knockdown reduced
the expression of the anti-apoptotic proteins BCL2 and MCL1 [138]. Another DUB, USP44,
promotes the apoptosis of CRC cells via Axinl deubiquitination and the Wnt signaling
pathway [128]. USP47 was found to bind to the transcription elongation factor A3 (TCEA3),
which is regulated by BAX [150].

6. Pancreatic Cancer

Pancreatic cancer is one of the most aggressive solid tumors, and more than 85% of
pancreatic tumor cases are classified as pancreatic ductal adenocarcinoma (PDAC) [151,152].
Due to its insidious onset and rapid progression, most patients are diagnosed at an ad-
vanced stage, making it one of the most lethal types of cancer with less than a 10% five-year
survival rate [151,153].

6.1. Akt Signaling

USP49 has been identified as a novel modulator of the AKT pathway, which plays
a key role in tumorigenesis and chemotherapy response in pancreatic cancer. USP49
deubiquitination stabilize the AKT-related scaffold protein FK506, binding protein of
51 kDa (FKBP51), which in turn enhances the ability of the PH domain and leucine-rich
repeat protein phosphatase (PHLPP) to dephosphorylate AKT. In addition, it inhibits the
proliferation of pancreatic cancer cells. Clinically, decreased USP49 expression in patients
with pancreatic cancer is associated with decreased FKBP51 expression and increased
phosphorylation of AKT [154]. Recently, a conserved F-box protein, Fbxo45, was shown
to interact with USP49 in pancreatic cancer cells, resulting in increased cell viability and
motility capacity [155].
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6.2. Cell Proliferation

USP9X is downregulated in pancreatic PDAC cell lines and in over 50% of PDAC
tumors. It serves as a tumor suppressor gene, and its expression is inversely correlated
with metastasis and poor post-surgical survival [156]. USP9X knockdown in mouse PDAC
cells suppressed anoikis, partially by disabling the Usp9x/Itch pathway. USP9X also coop-
erates with the proto-oncogene Kras©!2P to promote pancreatic tumorigenesis in vivo by
rapidly developing advanced pancreatic intraepithelial neoplasia and microinvasive neo-
plasms [157]. In contrast, Liu et al. reported that USP9X is highly expressed in pancreatic
cancers compared to adjacent non-cancerous tissues. Knockdown of USP9X in pancreatic
cells reduced cell growth, migration, and invasion, downregulated EMT markers, and
increased apoptosis in vitro and in vivo [158-160]. Another DUB, USP21, was upregu-
lated in PDAC cells and was found to promote tumor growth in vivo. It deubiquitinated
transcription factor 7 (TCSF7) and subsequently promoted cancer cell stemness through
upregulation of the Wnt/ 3-catenin pathway [161]. USP5 deubiquitinates the tumor sup-
pressor Wilms tumor 1 (WT1) and promotes cell proliferation [162]. Other DUBs have
been found to regulate the cell cycle in pancreatic cancer. USP28 promotes cancer cell
growth by promoting cell cycle progression and inhibiting apoptosis via FOXM1-mediated
Wnt/ 3-catenin signaling [163], whereas USP16 regulates chromosomal condensation and
G2/M progression by deubiquitinating histone H2A and polo-like kinase 1 [164,165]. In
addition, USP22 was shown to induce cell cycle protein-dependent kinase inhibitor 1A
(CDKN1A) in pancreatic cancer, and MDM2 inhibitors enhanced the anti-pancreatic cancer
effect of USP22 overexpression [166].

6.3. Migration, Invasion & Metastasis

Several DUBs are highly expressed in pancreatic cancer. USP18 upregulates in pan-
creatic cancer tissues compared to adjacent non-tumor tissues. It deubiquitinate Notch
1, increasing Notch1l-dependent c-Myc expression and promoting cancer progression by
reducing cell cycle arrest and apoptosis [167]. In addition, elevated USP5 expression in
PDAC cells is associated with tumor metastasis. It deubiquitinate WT1, which is also
overexpressed in PDAC cells, enhance tumor formation in a mouse xenograft model, and
induce cell migration in vitro [162]. Protein disulfide isomerase family A member 6 (PDIA6)
interacts with DUB COPS5 and contributes to pancreatic cancer progression. Its overexpres-
sion promotes deubiquitination of 3-catenin and programmed death-ligand 1 (PD-L1) and
subsequently upregulates their expression in cancer cells [168]. Finally, UCHL3 deubiquiti-
nate and stabilize the proliferation-associated transcription factor FOXM1 and promote the
invasiveness of pancreatic cancer cells [169].

6.4. Apoptosis

USP17 and OTUDL1 are involved in regulating nuclear factor erythroid 2-related
factor 2 (NRF2) and yes-associated protein 1 (YAP) protein levels that inhibit apoptosis.
The expression of NRF2 and YAP in pancreatic cancer cells was downregulated when
USP17 or OTUD1 was mutated, suggesting that both could regulate apoptosis in cancer
cells [170]. Inhibition of USP7 attenuates cell growth and induces cell death in PDAC. Such
inhibitors enhance the antitumor effects of PARP inhibitors in a fructose-bisphosphatase 1
(FBP1)-dependent manner [171].

7. Lung Cancer

Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer
cases. It is commonly diagnosed at a late stage and results in a low 5-year overall survival
rate [172]. Based on the WHO 2020 data, it is the most lethal cancer in the world, and has
caused approximately 1.8 M deaths. It is the second most common cancer that has 2.21 M
new cases per year.
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7.1. Proliferation

OTUD3 is highly expressed in human lung cancer tissues, and its increased expression
is linked to a poor survival rate. It deubiquitinates and stabilize the 78-kDa glucose-
regulated protein (GRP78) and promotes cell proliferation [173]. USP17 is another DUB
overexpressed in NSCLC tissues. It regulates cell cycle progression by deubiquitinating and
stabilizing cyclin A, which is associated with NSCLC cell proliferation. Its depletion could
cause the transition of the cell cycle from the G0/G1 to S phase [174]. Furthermore, USP17
also promotes lung cancer growth by increasing inflammation in cancer and stem cells via
the macrophages/lung cancer cells/USP17 axis [175]. In addition, the poor survival rate
of NSCLC is linked to the high expression of US26 [176]. USP28 overexpression induces
cancer cell proliferation [177]. In addition, some DUBs regulate oncogenes in lung cancer.
For example, USP18 localizes to and stabilizes the oncogene KRAS. KRAS is susceptible
to degradation when mislocalized in the plasma membrane. By stabilizing KRAS, USP18
sustains KRAS signaling and promotes tumorigenesis by upregulating the growth regulator
cyclin D1 [178]. In addition, USP21 promote NSCLC cell proliferation by deubiquitinating
the oncogene YY1 [179]. USP9X was found to promote tumor formation and growth in a
mouse xenograft model. It deubiquitinates prostaglandin-endoperoxide synthase (PTGES)
in NSCLC. PTGES is highly expressed in NSCLC and acts as a key enzyme in prostaglandin
E2 (PGE2) synthesis. Finally, USP10 influences the AKT signaling pathway and activates
phosphatase and tensin homolog (PTEN) by blocking its K63-linked polyubiquitination,
which in turn suppresses the growth of NSCLC [180,181].

7.2. Migration, Invasion & Metastasis

USP24 promotes cancer malignancy by inducing IL-6 by stabilizing p300 and beta-
transducing repeats-containing proteins (3-TrCP) to boost histone-3 acetylation and NF-
B while lowering DNA (cytosine-5)-methyltransferase 1 (DNMT1) in M2 macrophages
and lung cancer cells [182]. Furthermore, it promotes cancer malignancy by stabiliz-
ing bromodomain-containing proteins (BRDs) [183]. USP10 deficiency can also enhance
carcinogenesis. It deubiquitinates the versatile transcription factor KLF4 in aggressive
malignancies. [184]. Moreover, OTUB2 stabilizes U2 small nuclear RNA auxiliary factor
2 (U2AF2) and induces carcinogenesis via the AKT/mTOR signaling pathway [185]. In
contrast, USP4 expression was suppressed by the EMT marker SNAIL 1 in the later stages
of lung cancer that affected migration [186]. Furthermore, USP4 stabilizes Twistl and
results in enhanced tumorsphere formation and lung cancer stemness [187]. USP9X affects
EMT and stimulates migration in lung cancer cell lines. USP37 is a SNAIL-specific deubig-
uitinase that promotes cell migration and stabilizes c-Myc in lung cancer [35,188]. Another
DUB, OTUDS3, regulates the carboxyl terminus of Hsc70-interacting protein (CHIP), which
influences lung cancer metastasis by suppressing the OTUD3-GRP78 signal axis [177].
Lastly, USP21 promotes NSCLC migration and invasiveness by deubiquitinating YY1 [179].

7.3. Apoptosis

DNA repair is linked to apoptosis. Several DUBs, such as USP1 and USP35, are known
to play roles in DNA repair [189]. USP35 stabilizes ribosome binding protein 1 (RRBP1)
and reduces endoplasmic reticulum stress-induced apoptosis in NSCL [190]. It targets
ferroportin and is related to ferroptosis [191]. Moreover, cell apoptosis is triggered by a
reduction in USP28 [192]. USP7 controls the anti-tumor immune response by reprogram-
ming tumor-associated macrophages [193]. USP10 deubiquitinates histone deacetylase 6
(HDACS6), which is highly expressed in NSCLC samples [194]. The low survival rate is
linked to the c-Myc-USP10-p14ARF axis [195]. A summary is presented in Figure 4.
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Figure 4. Roles of deubiquitinases (DUBs) in lung cancer. Various DUBs are found to be involved in
lung cancer. DUBs control proliferation via various targets. For example, USP4, and USP9X target on
PTGEs, while OTUD3, USP9X, USP10, USP18, and USP21 binds with GRP78, p53, PTEN, KRAS, and
YY1 respectively. Besides, USP24 regulates inflammation and cell migration via stabilizing p300 and
BRDs. Furthermore, USP17 induces inflammation and regulates cell cycle that links to DNA damage
mechanism. Moreover, DUBs such as OTUB2, USP10, and USP37 regulate metastasis via U2AF2,
KLF4, and SNAIL respectively. Lastly, USP35 stabilizes RRBP1 and controls the apoptosis. Detailed
mechanisms can be referred back to the main text.

8. Conclusions
This review summarizes the current DUBs findings that correlate with different types

of cancer. We believe that the current review can provide a quick guide for researchers to
identify target DUBs in cancer. To conclude, we summarized the general roles of DUBs in
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terms of cell cycle (Figure 5A); apoptosis (Figure 5B); and metastasis (Figure 5C) and the
selected targets of DUBs in this review for readers to have a quick reference (Table 1). As
DUBs are involved in various biological processes, it is difficult to describe their detailed
pathways in one article. Readers can refer to other reports for more specific and detailed
mechanisms of particular cancers. DUBs are known to participate in cancer development;
however, there are still many unknown mechanisms underlying their discovery. DUBs
act on different targets, which allow them to influence various related signaling pathways
and thus biological functions. In other words, it is difficult to specify the exact roles of
DUBs in cancers. They can act as an initiator (its own mutation), promotor (act on target
via deubiquitination) or enzymes (affect the activities). Nevertheless, by unfolding the
underlying mechanisms and signaling pathways, it is generally accepted that targeting
DUBs could be a potential therapy for treating cancer. The advancements in current
omics and research tools could accelerate basic and clinical research, and we foresee that
DUB-related small molecules might become a promising therapy for cancer treatment.
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Figure 5. A brief summary of the roles of DUBs in this review. (A) DUBs affect cell cycle. Various
cell cycle checkpoints are presented, and DUBs could regulate such events. PSMD1, USP11, and
USP22 participate in G1 phase; while BAP1, USP10, USP14, USP17, and USP20 are involved in G1/S
phase. USP7 is related to G2/M phase regulation. (B) DUBs regulate the apoptosis. Ubiquitination is
occurred in both p53 and MDM2, and various DUBs could act on them. USP2a and USP7 are found
to regulate both molecules. (C) EMT transcription factors such as SNAIL and TWIST are regulated by
OTUBI1, TRABID, USP4, and USP37. Detailed mechanisms can be referred back to the main text.
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Table 1. Targets of selected DUBs and their roles in cancers. P indicates the proliferation, M is
metastasis, and A represents apoptosis.

Name Targets Functions
BAP1 KFL5 P
COPS5 [3-catenin M
CYLD NEMO; TAK1; p53 PM;A
OTUB1 SNAIL; p53 M
OTUB2 U2AF2 M
OTUD1 IREB2; p53 M,A
OTUD3 GRP78; PTEN P;M
OTUD6A DRP1 P
PSMD14 GRB2; TGFR; CAV1; CCND1 PM;A
TRABID Twist M
UCHL1 EGFR; SMAD2; TGFR; p53 P,M;A
UCHL3 FOXM1 M
UCHL5 PRP19 M
USP1 ERx PA
USP10 KLF4; HDAC6; MSI2; NLPR7; PTEN; p53 PM;A
USP11 Ero; CCND1; PPP1CA P;M
USP12 AR P
USP13 PTEN M
UsSPr14 AR P;A
USP16 c-Myc; H2A P
USP17 cyclin A; cMyc; p21 p
USP18 KRAS P;M
USP19 p27; RPF1 P
USP20 SNAI2 M
USP21 MEK2; FOXM1; Fra-1; TCSF7; YY1 P;M
Usp22 AR; CCND1; ERe; c-Myc PA
USP24 p300; BRDs M
UsP26 AR P
USP28 FOXM1; p53; p21 PA
USP29 p53 P
USP2a MDM2; p53 A
USP35 RRBP1 A
USP37 SNAIL; c-Myc M
USP4 PI3K; Twistl; p53; 3-catenin M
USP43 ZEB1 P
USPr44 Axinl A
UsPr47 SATB1; TCEA3 P;A
USP49 FKBP51 P
USP5 EF-Tu; WT1; p53 P;M
uspP7 AR; ERo;; MDM2; p53; 3-catenin PA
USPIX ASK1; PTGES; p53; -catenin; survivin P;M;A
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