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UPP Ubiquitin-dependent proteasome
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USPs/UBPs  Ubiquitin-specific proteases/ubiquitin-
specific processing proteases

YY1 Ying Yang 1

1 Introduction

Ubiquitin (Ub) is a 76-aminoacid polypeptide that can cova-
lently conjugate with protein substrates through the subse-
quent actions of three enzymes: ubiquitin-activating (E1),
ubiquitin-conjugating (E2), and ubiquitin ligase (E3) en-
zymes. Ubiquitination process of a specific substrate protein
requires selective E1, E2, and E3 [1-3]. However, only a
subset of substrates that are ubiquitinated (such as Lys-48-
linked polyubiquitination) are subsequently targeted to the
26S proteasome and degraded into small peptides. The
ubiquitin-dependent proteasome degradation pathway (UPP)
plays a crucial role in post-translational modification and deg-
radation of proteins. In addition to the lysosomal degradation
pathway, UPP is one of the main protein degradation path-
ways. Importantly, the discovery of Ub-mediated proteolysis
was awarded the 2004 Nobel Prize in Chemistry [4-S8].
In-depth research has revealed that protein ubiquitination is
a highly reversible process. In some cases, deubiquitinating
enzymes (DUBs), which are capable of removing Ub from
protein substrates, protect proteins from degradation and re-
lease free Ub for recycling. However, in other cases, DUBs
also enhance substrate degradation [9—11]. Protein
ubiquitination and deubiquitination participate in a number
of biological processes, including cell growth and differentia-
tion, transcriptional regulation, and oncogenesis. Specifically,
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the dynamic relationship of these processes is important for
the development of tumors [12—-14].

Approximately 100 human DUBs have been identified,
and these enzymes have been categorized into five subfam-
ilies: ubiquitin-specific proteases/ubiquitin-specific process-
ing proteases (USPs/UBPs), ubiquitin C-terminal hydrolases
(UCHs), ovarian tumor proteases (OTUs), Josephin or
Machado-Joseph disease protein domain proteases (MJIDs),
and Jabl/MPN domain-associated metalloisopeptidase
(JAMM) domain proteins. Among these families, UBPs and
UCHs have attracted a great deal of interest because of their
various functions in cell behaviors [15-18]. To date, four
UCH enzymes have been identified: UCH-L1/PGP9.5 (pro-
tein gene product 9.5), UCH-L3, UCHLS5/UCH37, and
BRCA1-associated protein-1 (BAP1) [19-23].

More attention has recently been paid to the relationship
between UCH enzymes and malignancies. The effects of the
four UCH members are quite complex, as these proteins play
different roles in the progression of different tumors. For
UCH-L1, researchers worldwide have failed to reach a con-
sensus opinion on whether this enzyme is a promoter or sup-
pressor in specific tumors. Herein, we reviewed the roles of
UCH enzymes during the progression of tumors and illumi-
nated the potential use of UCH enzymes as new interesting
targets to develop anticancer drugs.

2 Biochemical characteristics of UCH enzymes

All UCH enzymes have a conserved catalytic domain (UCH-
domain) comprising approximately 230 amino acids [24].
Studies on the crystal structures of UCH-L1, UCH-L3, and
the UCH domain of UCH-L5 showed that all three UCHs
contain an active-site crossover loop that is critical for the
substrate specificity of the enzymes [20, 25-33] (Fig. 1).

With only 223 amino acids, UCHL1 contains only one
UCH domain and severs single amino acids or small peptides
from the C-terminus of ubiquitin precursors. In dimeric form,
UCH-L1 ligase activity produces Lys63-linked Ub chains to
its substrates, which escape from the ubiquitin-dependent pro-
teasome degradation pathway when polyubiquitinated via ly-
sine 63 of Ub, leading to substrate stabilization. Reports have
shown that the levels of «-synuclein are decreased, potentially
reflecting one variant of UCHL1 (S18Y mutant) with reduced
ubiquitin ligase activity, resulting in a reduced risk of
Parkinson’s disease (PD). Another effect of UCHLI is its
capacity to bind to mono-ubiquitin (mono-Ub), leading to
inhibition of mono-Ub degradation, which has been con-
firmed by experiments in neurons cells and gracile axonal
dystrophy (gad) mice [34-36].

Although UCHL3 and UCHLI1 have high homology,
UCHL3 has differential biochemical features. UCHL3 dis-
plays hydrolyzing activity during the processing of both
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Fig. 1 Schematic representation of the UCH family. All UCH members
have a conserved UCH-domain comprising approximately 230 amino
acids. The C-terminal tail of UCH37 contains a KEKE motif, which
plays the role of auto-inhibition via interacting with its UCH domain.
The long C-terminal extension of BAP1 contains numerous binding

ubiquitin precursors and the poly-Ub chain from substrates
[37, 38]. Moreover, UCHL3 cleaves Nedd8, an ubiquitin-
like protein, from substrates, which is a unique feature of this
enzyme. Unlike UCHL1, UCHL3 functions as a dimer-
ubiquitin (di-Ub) stabilizer, which was confirmed by experi-
ments in neurons cells and gad mice [39, 40].

UCH37 comprises an N-terminal UCH domain (residues
1-226) and C-terminal extension (residues 227-329) contain-
ing a KEKE motif (a group of amino acid residues with spe-
cific sequence). The C-terminal extension acts on the con-
served catalytic region (UCH domain), which plays a role in
autonomic inhibition [32]. hRpnl3 is a subunit of the 26S
proteasome. The N-terminal domain of hRpn13 binds to the
polyubiquitin chain and hRpn2, while its C-terminal domain
also contains a KEKE motif. The C-terminal tail of UCH37
binds to the C-terminal domain of hRpnl3 through KEKE
motifs, relieving UCH37 auto-inhibition. UCH37 is recruited
to the proteasome through interactions with the KEKE motif,
and this enzyme disassembles polyubiquitins from the distal
subunit of the chain, through which ubiquitinated substrates
avoid degradation [41-44].

BAP1, comprising 729 amino acids, is primarily localized
in the nucleus [45]. In addition to the N-terminal UCH do-
main, which appears in all UCH enzymes, BAP1 has a long C-
terminal extension containing numerous binding sites as inter-
action partners, including a host cell factor 1 (HCF1) binding
domain (HBM), BRCAI, transcription factor Ying Yang 1
(YY), forkhead transcription factors FoxK1/K2 binding do-
main, among others [46, 47]. The C-terminal tail of BAP1 also
has nuclear localization signals (NLS), which are vital for its

sites for interaction proteins. UCH ubiquitin carboxyl hydrolase domain,
KEKE KEKE motif, BARD! BARDI binding domain, HBM host cell
factor 1 (HCF1) binding domain, FoxK1/2 forkhead transcription factors
FoxK1/K2 binding domain BRCAI, BRCA1 binding domain, YY/ Ying
Yang 1 binding domain, NLS nuclear localization signal

localization in the nucleus. BAP1 was named for its interac-
tions with the RING finger domain of BRCA1, but it does not
influence deubiquitination of BRCA1. Indeed, BAP1 can re-
strain the E3 ligase activity of the BRCA1-BARDI heterodi-
meric complex by interacting with the RING domain of
BARDI1 (BRCA1-associated RING domain 1) [48, 49].

3 UCH members and cancers
3.1 UCHL1

UCHLI is one of the most well studied UCH members.
Previous studies focused on the role of UCHLI in neurode-
generative disorders, particularly in Parkinson’s disease (PD)
and Alzheimer’s disease (AD) [34, 36, 50, 51]. Decreased
hydrolase activity could result in the accretion of some critical
proteins, such as neurofibrillary and o«-synuclein fibrils, which
are associated with AD and PD, respectively [52-55]. Studies
on the association between UCHL1 and neurodegeneration
are ongoing, and several proteins interacting with UCHLI
have been identified in AD and other motor dysfunction dis-
eases, including amyloid-f3 peptides (Af3), synuclein, and am-
yloid beta (A4) precursor protein [56—59]. Subsequently, re-
searchers have shown that some UCH-L1 variants are more
susceptible to PD, as these variants cause «-synuclein accu-
mulation in cells in vitro, which reflects the well-recognized
hydrolase activity of UCH-L1. Researchers also showed that
UCH-L1 possesses ligase activity. The dysfunction of
UCHLI ligase activity is also involved in neurodegeneration.
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Studies have illustrated that the S18Y mutant, a UCHLI1 var-
iant with decreased ubiquitin ligase activity, shows a positive
effect associated with a lower PD risk through a reduction of
a-synuclein levels [36, 60]. However, more recent studies
have indicated a much lower possibility of the association
between the S18Y mutant and PD risk in Asian population.
Previously, researchers thought that UCH-L1’s ligase activity
was resulted from certain dimeric form, but structure analysis
showed no evidence of UCH-LI1 existing as dimers.
Furthermore, it is still unclear how UCH-LI acts as a ligase
from the structure perspective [61, 62].

The relationship between aberrant DNA methylation and
malignant tumors has become a hot research topic over the last
20 years. Promoter CpG hypermethylation of UCHLI is in-
volved in several malignancies, including esophageal [63],
gastric [64, 65], renal [66, 67], prostate [68, 69], head and
neck squamous cell carcinoma [70], hepatocellular [71], ovar-
ian [72, 73], nasopharyngeal [74], colorectal [75-77], and
non-small cell lung cancers [78, 79]. In these malignant tu-
mors, UCHL1 is decreased or silenced by promoter CpG
hypermethylation, supporting the crucial effect of UCHLI in
tumor suppression. UCHL1 exerts tumor suppressor activi-
ties, primarily through activation of the p14ARF-p53 signal-
ing pathway in breast cancer cells and nasopharyngeal carci-
noma cells, thus restraining cell proliferation and inducing
cancer cell apoptosis. Previous studies have demonstrated that
UCHLI can increase p53 and p14ARF through its hydrolase
activity and downregulate MDM2 through its E3 ligase activ-
ity. UCHLI subsequently upregulates the expression of p21 in
hepatocellular carcinoma cells and p27 in lung cancer cell
lines, which are inhibitors of cyclin-dependent kinases
(CKD) [71, 74, 77, 80]. In addition, other potential roles for
UCHLI have been reported in hepatocellular carcinoma cells.
Over-expression of UCHLI can interdict cell evolution into
mitosis from the G2 phase and hence suppress proliferation. In
the caspase-dependent pathway, UCHLI1 re-expression acti-
vates caspase-9 and subsequently initiates a caspase cascade
and PARP cleavage, leading to DNA repair losses, cell disas-
sembly, and apoptosis [71].

UCHLI1 also shows high expression in other malignancies,
such as breast cancer [§1-83], cutaneous squamous cell can-
cer [84, 85], parathyroid carcinoma [86—88], melanoma [89,
90], and osteosarcoma [91, 92]. In contrast with previous
studies, high UCHL1 mRNA levels were also detected in
esophageal [93], gastric [94-96], non-small cell lung [97],
and colorectal cancers [98—100] and were associated with ag-
gressive phenotype and poor prognosis. For the same tumor,
some studies have shown high UCHL1 expression, while oth-
er studies have shown low expression. The direct mechanism
to this phenomenon remains unclear. The divergence may
reflect different types of UCHL1 (wild or mutant), racial dif-
ferences, the different pathway UCHLI participate or other as
yet unknown reasons. In such cases, UCHLI influences
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several other pathways. Some studies have shown that
UCHLI1 activates Akt-mediated signaling depending on its
hydrolase activity and subsequently promotes cell prolifera-
tion, migration, and invasion [89, 92, 97, 101]. Goto Y et al.
showed that over-expression of UCHL1 made tumors more
prone to distant metastasis, in association with poor prognosis
in breast and lung cancer patients. The potential mechanism
was subsequently examined, showing that UCHL1 can
deubiquitinate HIF-1«, the regulatory subunit of hypoxia-
inducible factor 1 (HIF-1), resulting in upregulation of HIF-
1 signaling, consequently promoting metastasis [102]. A pos-
itive feedback exists between UCHL1 and (3-catenin. UCHL1
can stabilize and upregulate (3-catenin/TCF/Lef transcription-
al activity, and (3-catenin/TCF/Lef can reciprocally upregulate
UCHLI. The expression of several genes, such as c-myc, cy-
clin D, c-jun, survivin, and other oncogenes, is induced by 3-
catenin/TCF/Lef-dependent transcription, indicating that (3-
catenin/TCF/Lef signaling can upregulate oncogenic cellular
pathways [100, 103]. By contrast, UCHLI interacts with Jun
activation domain-binding protein-1 (JAB1), and this interac-
tion could enhance the cytoplasmic transportation of P27.
Subsequently, P27 is degraded in the cytoplasm, promoting
cell proliferation [104]. In some cases, UCHL1 participates in
signaling pathways that promote tumorigenesis. In other
cases, UCHLI1 plays a role in signaling pathways that inhibit
tumorigenesis. Although each study had sufficient experimen-
tal data to support its conclusion, why did these studies have
completely different results? Are these findings completely
opposite as a result of different tumor types, or do these find-
ings reflect different stages of tumor? It is likely that these
differences may have no association with tumors and that
UCHLI is simply regulated by other more important factors
that have not yet been identified. These deep mechanisms
remain elusive, and the current understanding of the role of
UCHLI in cancer and signaling networks is superficial,
prompting additional studies.

Some studies have shown that UCH-L1 can stabilize
IkB-a, an inhibitor of nuclear factor-kB (NF-kB), through
deubiquitination, resulting in NF-«kB inactivation. Although
there is no report showing the role of UCHLI1 in tumors in
the NF-kB pathway to date, the above-mentioned studies in-
dicate that UCHLI is a negative regulator of inflammatory
responses, which provides new insights into the effects of
UCHLI1 on tumors via the NF-kB pathway [105-109]. A
recent study showed that UCHLI increased cellular reactive
oxygen species (ROS) levels, indicating that UCHLI is in-
volved in oxidative stress. Studies have shown that UCH-L1
promoted melanoma cell invasion through upregulation of
hydrogen peroxide generated via the deubiquitination of
NADPH oxidase 4 (NOX4) [90].

Hence, the role of UCHLI1 in tumors is complicated, and it
remains controversial whether UCHL 1 is a tumor promoter or
suppressor (Fig. 2). It is important to clarify whether UCHLI
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Fig. 2 The role of UCHLI1 in tumors is unclear. In the left column,
UCHLI plays a role as a suppressor, activating the P53 pathway via
increasing P53 and decreasing MDM2. UCHLI can initiate the caspase
cascade and cause cell cycle arrest. Through the above functions, UCHL1
can inhibit cell proliferation and induce the apoptosis of cancer cells. In
the right column, UCHL1 shows its tumor-promoting function. UCHL1
can upregulate 3-catenin/TCF/Lef transcriptional activity and a positive
feedback exists between UCHLI1 and (3-catenin. UCHLI1 can activate
Akt-mediated signaling and HIF-1 signaling, resulting in promotion of
tumor invasion and metastasis. UCHLI can enhance the cytoplasmic

has high expression or low expression in certain malignancies
by expanding the clinical studies to determine the relationship
between UCHLI expression and tumorigenesis and progno-
sis. Whether UCHL1 can be used as a marker for early diag-
nosis of malignancy or as an evaluation indicator for progno-
sis has value in clinical practice. The signaling pathway in
which UCHLI participates and its transcriptional regulation
remains unknown. Independent studies involving multiple
signaling pathways have been conducted. If we put these path-
ways together and integrate them into a network through bio-
informatics, it might be feasible to determine the role of
UCHLI in this vast network.

3.2 UCHL3

Several in-depth studies for UCHL3 have been conducted on
mammalian oocyte maturation. Aberrant cortical granule
(CG) migration and meiotic spindle defects were observed
in oocytes matured using the UCHL3 inhibitor [110-113].
However, there are few studies concerning the role of
UCHLS3 in tumors, and only a limited number of UCHL3
targets have been identified. Miyoshi Yet al. initially reported
that UCHL3 was up-regulated in breast cancer [114].
Recently, Luo K et al. [115] elucidated that UCHL3 may be
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transportation of P27 by interacting with JAB1, and subsequently P27
is degraded in the cytoplasm, leading to promoting cell proliferation. In
the middle column, UCHLI1 can inactivate the NF-kB pathway and
increase cellular reactive oxygen species (ROS) levels. These effects on
the tumor through the NF-kB pathway or oxidative stress remain unclear.
G2 cell cycle G2, M mitosis, NF-xB nuclear factor-kB, NOX4 NADPH
oxidase 4, ROS reactive oxygen species, HIF hypoxia-inducible factor 1,
JABI Jun activation domain-binding protein-1, L ligase activity, D
deubiquitinating activity

a novel regulator of DNA repair, which may be the potential
mechanism of UCHL3 in oncogenesis. This study showed
that RADS51 was deubiquitinated by UCHL3 and subsequent-
ly recruited to DNA double-strand breaks (DSBs) through
interactions with BRCA2, a process that is critical for proper
homologous recombination (HR), which is a major DSB re-
pair pathway. Nevertheless, other studies have reported that
UCHL3 was down-regulated in metastatic prostate cancer cell
lines and showed that the knockdown of UCHL3 could pro-
mote epithelial-to-mesenchymal transition (EMT), resulting
in cell invasion and metastasis [116]. Hence, the precise bio-
logical function of UCH-L3 in malignancies remains un-
known. Does UCHL3 participate in different pathways in dif-
ferent tumors, and do these different roles reflect why UCHL3
has different expressions in different tumors? We first need to
expand the sample size to determine whether UCHLS3 is high-
ly expressed or poorly expressed in malignancy and subse-
quently discuss the relationship between UCHL3 expression
and tumorigenesis and prognosis. There are few studies
concerning UCHL3 in signaling pathways, thus research in
this area will likely start from scratch.

UCHLS3 is unique in the UCH family for its deneddylation
activity [39]. As cullins are the only identified target proteins
for neddylation and since these proteins participate in cell-
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cycle control [ 117], UCHL3 may potentially act as a cell-cycle
regulator. How does UCHL3 regulate the cell cycle? What
cell-cycle factors are substrates for UCHL3? Are these cell-
cycle factors regulated by UCHL3 through ubiquitination or
deneddylation? None of the above questions have been an-
swered. Thus, the role of UCHL3 in cell-cycle regulation is
worth studying.

3.3 UCH37

Cohen and colleagues first discovered UCH37 in 1997 as a
19S-associated isopeptidase with a molecular mass of 37 kDa.
These authors showed that UCH37 can selectively disassem-
ble Lys48-linked poly-ubiquitin from the distal subunit of the
chain in cells [118]. Subsequent studies have focused on how
UCH37 deubiquitinates these substrates. UCH37 shows
isopeptidase activity in the 19S proteasome regulatory com-
plex, which is unique to the UCH family. hRpn13, component
ofthe 198 particle, was bound to UCH37 via KEKE motifs in
the C-terminal regions of hRpnl3 and UCH37. UCH37 is
recruited by the interaction of hRpn13 and UCH37 and acti-
vated to show deubiquitination activity [41, 42, 44, 119, 120].
Moreover, some studies have shown UCH37 combined with
the human Ino80 chromatin-remodeling complex (hINOS80) in
the nucleus. These proteins bind via the C-terminal tail of
UCH37 and the N-terminal domain of the hINO80 subunit
(nuclear factor related to kB (NFRKB)). Although UCH37
maintains an inactive state in hINOS80, this enzyme can be
activated via the transient association of 19S regulatory
particle- or proteasome-bound hRpnl3 with hINO80 [43,
121-123]. In view of hINOS80 as an ATP-dependent chroma-
tin-remodeling complex that changes nucleosome positioning
on DNA during both transcription and DNA repairmen [124],
researchers have examined the function of UCH37 as a tumor
regulator.

Rolén U et al. first reported upregulated expression of
UCH37 in tumor tissues compared to adjacent normal tissues
for cervical carcinoma [125]. In previous studies, we exam-
ined the carcinogenic character of UCH37. We first observed
higher UCH37 expression among hepatocellular carcinoma
(HCC) tissues compared with adjacent para-cancerous tissues
and showed that UCH37 could be a predictor of HCC recur-
rence in HCC patients after radical resection [126].
Subsequently, we also observed higher UCH37 expression
among esophageal squamous cell carcinoma (ESCC) [127]
and epithelial ovarian cancer (EOC) patients [128] and ob-
served the association between high UCH37 expression and
poor clinical outcome. The multivariate analysis results re-
vealed the predicting character of UCH37 for overall survival
(OS) and disease-free survival (DFS) and potentially also for
tumor recurrence. Recently, other studies have reported that
UCH37 is involved in lung cancer [129] and pancreatic
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carcinoma [130], which further confirmed its potential roles
in oncogenesis.

Recently, several studies have focused on the potential
mechanism of UCH37 in malignancy. Thus far, the role of
UCH37 in tumor via upregulation of transforming growth
factor-3 (TGF-3) signaling is relatively clear [130—-132].
UCH37 can bind to Smad7 by competing with Smad
ubiquitination regulatory factor 2 (Smurf2), a ubiquitin ligase,
which prevents the formation of the Smurf2-Smad7 complex.
As a result, the binding of Smurf2 and type I TGF-f3 receptor
is inhibited and the type I TGF-f3 receptor is rescued from
proteasomal degradation, leading to the upregulation of
TGF-f3 signaling. Further studies on the relationship between
UCH37 and TGF-f3 signaling showed that UCH37 knock-
down selectively reduces the levels of certain TGF-f3-
dependent target genes, such as MMP-2 and PAI-1, which
are crucial proteins in promoting tumor migration and
invasion.

Other studies have reported other potential roles for
UCH37. We performed functional proteomic analyses and
screened proteins interacting with UCH37 in HCC and iden-
tified several meaningful downstream proteins, including
glucose-regulated protein 78 (GRP78), a protein essential for
cellular viability [133]. Subsequently, these studies showed
that UCH37 could deubiquitinate PRP19 (essential RNA
splicing factor) and promote migration and invasion of HCC
cell [126]. Chen Z et al. illustrated that UCH37 silencing could
trigger cell apoptosis in A549 cells (non-small-cell lung can-
cer cells) through activation of Bax/Bcl-2, caspase-9, and
caspase-3 [129]. Christina S et al. showed that UCH37
deubiquitinates E2 promoter binding factor 1 (E2F1) and ac-
tivates E2F1 transcriptional activity, resulting in proliferative
and pro-apoptotic E2F1 target genes activation. Furthermore,
E2F1 and UCH37 generate a positive feedback mechanism
[134]. Recently, Han W et al. reported that UCH37 interacts
with Tcf7 (one of Tcf/Lef family) to activate Wnt/3-catenin
signaling and functions as a positive regulator of the Wnt/[3-
catenin pathway, similar to UCHLI1 to some extent [135].
However, the above-mentioned pathways have only been spo-
radically reported, and further studies are needed for
confirmation.

The downstream proteins of UCH37 have been extensively
studied, but little focus has been paid to upstream regulation of
UCH37. DNA methylation and microRNAs are important in
regulating gene expression. Until recently, only three potential
methylation sites in the UCH37 promoter have been predicted
in cells. It is highly feasible that a total of three conserved sites
and three poorly conserved sites serve as the target regions of
miRNAs [136].

Increasing evidence for the important role of UCH37 in
malignancies is surfacing. However, we only have limited
knowledge of the effects of this enzyme on signaling.
Additional studies to identify UCH37 substrates discuss how



Cancer Metastasis Rev (2017) 36:669—682

675

UCH37 deubiquitinates substrates, explore up-stream UCH37
regulation, and so on are in progress, and we look forward to
observing how the studies unveil the deeper mechanism un-
derlying the effects of UCH37 on oncogenesis.

3.4 BAP1

In 2010, the BAP1 gene was first reported as being somatical-
ly mutated in uveal melanoma with poor prognosis. It was
reported that 26 of 31 metastasizing tumors had BAP1 muta-
tions, including 13 out-of-frame deletions and 2 nonsense mu-
tations, which led to premature protein termination, 6 mis-
sense mutations, 4 in-frame deletions, and 1 mutation, which
was predicted to produce an abnormally extended BAP1 poly-
peptide [137]. Thus far, BAP1 has been implicated in several
malignancies, including mesothelioma [138-143], uveal mel-
anoma [144—-147], cutaneous melanoma [148], cholangiocar-
cinoma [149-152], non-small-cell lung cancer [153, 154],
clear cell renal carcinoma [155, 156], breast carcinoma [157,
158], and colorectal cancer [159]. BAP1 has been recognized
as a tumor suppressor. Recently, Luchini C et al. [160] per-
formed meta-analysis and discussed the relationship between
BAPI1 and malignancy. This study delivered two important
conclusions. First, BAP1 acts as a tumor suppressor gene
whose loss or mutation is associated with poor prognosis, such
as increased all-cause mortality, cancer-specific mortality, and
recurrence of cancer. This connection was identified in all
types of analyzed tumors, except mesothelioma, for which
controversial opinions about the effects of BAP1 have been
reported. Some studies have reported that BAP1-mutated me-
sothelioma is associated with a longer survival time. From
1991 to 2014, Farzin et al. collected tissues from 229 thoracic
mesothelioma patients and performed immunohistochemistry.
This study showed that BAPI loss corresponded to an im-
proved median survival of 16.11 months (95% CI 12.16—
20.06) versus 6.34 months (95% CI 5.34-7.34), p < 0.01
[161]. Baumann et al. compared survival among malignant
mesothelioma patients with germline BAP1 mutations
(N = 23) with that of all malignant mesothelioma patients
(N = 10,556) recorded in the US Surveillance,
Epidemiology, and End Results (SEER) data from 1973 to
2010. These authors showed that malignant mesothelioma
patients with germline BAP1 mutations had an overall 7-
times higher long-term survival, independent of sex and age
[162]. This meta-analysis indicated the protective characteris-
tic of BAP1 mutations in mesothelioma for all-cause mortality
with a pooled RR of 0.92 (95% CI: 0.87-0.97) and HR ad-
justed for potential confounders of 0.52 (95% CI: 0.36-0.75).
However, only the above two studies were included in this
meta-analysis to analyze the relationship between BAP1 and
malignant mesothelioma; therefore, the results may be biased.
However, another study using a mouse model showed that
BAPI1 knockout mice are susceptible to the tumorigenic

effects of asbestos compared to wild-type littermates (73 vs.
32%, respectively) [163]. Hence, additional studies are needed
to ascertain the prognostic role of BAP1 in mesothelioma.
Nevertheless, it is clear that a histopathological diagnosis
using BAP1 immunohistochemistry will distinguish between
malignant and benign mesothelial proliferations. Notably, ma-
lignant mesothelioma should be distinguished from reactive
mesothelial proliferations using a highly specific method, de-
tecting BAP1 impairment through immunohistochemistry and
detecting p16 impairment through fluorescent in situ hybridi-
zation [164, 165]. Second, BAP1 mutations have been asso-
ciated with high-grade renal and colorectal carcinoma.
Furthermore, germline BAP1 mutations have been identified
in familial neoplastic disease. Members of the BAP1-mutant
families are more likely to develop malignancies, and some of
the members possessed two or more tumors [48]. A recent
study identified germline BAP1 mutations in sporadic mela-
noma. In this work, a total of 30 B.P. variants were identified,
of which 27 variants were rare and 3 variants were common or
polymorphisms [166].

Since BAP1 binds to the wild-type BRCA1 RING finger
domain, it was believed that BAP1 acts as a suppressor gene
by interacting with and deubiquitinating BRCA1. However,
subsequent studies showed that BRCA1 was not the substrate
of BAP1 for its deubiquitination activity. In recent years, ad-
ditional studies have attempted to explain the molecular mech-
anism of BAP1 in tumors from other points of view. Studies
have shown that BRCA1 forms a heterodimer through the
combination of its RING domain with BRCA1-associated
RING domain 1 (BARDI). This BRCA1-BARDI1 complex
exhibits E3 ubiquitin ligase activity, which regulates the DNA
damage response (DDR) [167]. BAP1 modulates E3 ligase
activity [168] via binding and deubiquitylating BARDI.
Studies have shown that the loss of BAP1 impairs DDR and
causes HeLa cells to become hypersensitive to ionizing radi-
ation. In the nucleus, BAP1 interacts with host cell factor 1
(HCF1) [47], a cell cycle regulator, through its HCF1 binding
motif (HBM), which is in the middle part of BAP1. Several
transcription factors also contain HBM, such as Ying Yang 1
(YY1) [48], forkhead transcription factors FoxK1/K2 [46], O-
linked N-acetylglucosaminetransferase (OGT) [169], and the
E2F family [170]. BAP1 forms a ternary complex with HCF1
and transcription factors, which recruits HCF1 to specific pro-
moters to regulate transcription and control cell proliferation
[170]. In addition, some experiments have shown that BAP1
can directly interact with the E2F family and OGT, indicating
that BAP1 may regulate cellular processes by deubiquitinating
the E2F family and OGT [48, 170] (Fig. 3).

The polycomb group proteins are critical transcriptional
regulators. These proteins contain polycomb-repressive com-
plexes (PRCs) that ubiquitinate histones, leading to gene si-
lencing. BAP1 interacts with additional sex combs (ASXL1/
2) to form the polycomb group repressive deubiquitinase
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Fig. 3 The function of BAPI in regulating transcription. a BRCA1—
BARDI complex has E3 ubiquitin ligase activity that regulates the
DNA damage response. BAP1 binds and deubiquitylates BARDI. b
BAPI1 forms a ternary complex with HCF1 and transcription factors,
which recruits HCF1 to specific promoters to regulate transcription and

complex (PR-DUB). Transcriptional balances are maintained
through histone ubiquitination by PRCs and deubiquitination
by PR-DUB. Loss of BAP1 increased the ubiquitination level
of histone 2A, promoted the deregulation of cell cycle pro-
gression and thus impeded cellular senescence [170, 171].

Therefore, BAP1 plays a role as suppressor in tumors,
which is different from other UCH members. This is not only
interesting but also worth further studies to illuminate the
mechanisms resulting in this difference.

4 UCH members and treatment

Research on the application of UCH family members in tumor
treatment is still preliminary. Thus far, studies focused on the
relationship between the UCH family and tumor sensitivity to
therapeutic modalities. There is no report concerning the UCH
family as therapeutic targets or drugs. Similar to controversial
opinions regarding the effect of UCHLI1 in tumors (promoter
or suppressor), contrasting conclusions exist concerning its
role for the treatment of tumors. Jin Y et al. [83] showed that
breast cancer patients with higher UCH-L1 expression after
chemotherapy presented shorter overall survival (OS) and
disease-free survival (DFS) than those with downregulated
or unchanged UCH-L1 expression. However, in renal clear
cell carcinoma (RCC), decitabine may suppress the prolifera-
tion of RCC cells by inhibiting UCHLI1, interferon inducible
protein 27 (IF127), and cell division cycle-associated 2
(CDCA?2), suggesting that UCHL1 expression may increase
RCC cell sensitivity to decitabine [172]. Moreover,
Brinkmann K et al. reported that UCHLI strengthens cancer
chemosensitivity in melanoma and colorectal cancer by
stabilizing NOXA [173]. Given these disagreements, it is
necessary to make clear whether UCHLI1 is the target of
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control cell proliferation. ¢ Histones are ubiquitinated by PRCs and
deubiquitinated by PR-DUB, which plays crucial role in transcriptional
balance. BARDI BRCAI1 associated RING domain 1, HCF1I host cell
factor 1, PRCs polycomb-repressive complexes, PR-DUB polycomb
group repressive deubiquitinase complex, ASXL /2 additional sex combs

cancer treatment. As mentioned above, promotion of CpG
hypermethylation of UCHLI is associated with several
malignancies. Regulation of the DNA methylation of
UCHL1 may be a promising treatment for cancers in the
future.

BAP1 was reported to lead cancer cells to respond differ-
ently to radiotherapy and chemotherapy. Recent studies have
shown that BAP1 loss enhances cancer cell sensitivity to ra-
diotherapy, likely reflecting the impaired ability to repair
double-stranded DNA breaks induced by these cellular
stressors [174]. As to chemotherapy, BAP1 differently affects
tumor cell sensitivity to different drugs. In uveal melanoma,
BAP1 can make cells more vulnerable to histone deacetylase
(HDAC) inhibitors, which can induce morphologic differen-
tiation and cell-cycle arrest. Currently, several HDAC inhibi-
tors are under phase II trial in metastatic renal cell carcinoma
(RCC) patients, such as LBH589 (panobinostat), FK228
(depsipeptide), vorinostat, MS-275, belinostat, and entinostat
(in combination with IL-2) [156]. These inhibitors may be-
come potential therapeutic drugs in the future. However, an-
other study indicated that BAP1 loss sensitized RCC cells to
the PARP inhibitor olaparib [174]. Researchers are evaluating
the combination of olaparib and AZD5363 (an AKT inhibitor)
in a phase I study with advanced solid tumors patients, includ-
ing cases of RCC refractory to standard therapy [156].

Regarding the impact of UCHL3 in cancer treatment,
KunL et al. [115] showed that breast cancer patients with
UCHL3 over-expression had poor survival and were more
resistant to radiation and chemotherapy, while decreased
UCHL3 sensitized cells to PARPi and radiotherapy, which
may reflect the BRCA2-RADS1 pathway. These findings
reveal the potential to make UCHL3 a new therapeutic
target, overcoming resistance to standard therapy. In com-
bination with existing therapies, UCHL3 targeting


https://www.ncbi.nlm.nih.gov/pubmed/?term=Brinkmann%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23499448

Cancer Metastasis Rev (2017) 36:669—682

677

therapeutic interventions may hopefully improve treat-
ment efficacy.

Thus far, the role of UCH37 in the treatment of tumors has
not been reported, reflecting limited knowledge concerning
the molecular mechanism of this enzyme in oncogenesis.
First, the role of UCH37 in malignancy, which is a pre-
condition for subsequent studies of the effects of UCH37 on
cancer treatment, should be clarified. Furthermore, studies on
the relationship between the expression of UCH37 and the
therapeutic effect, and the sensitivity of UCH37 to chemother-
apy drugs in vitro are needed.

As described above, studies on the effects of UCH family
members in tumor treatment are needed. Future studies to
totally understand the roles of UCH family members as po-
tential therapeutic targets or drugs are ongoing.

5 Prospective

In summary, each member of the UCH family has its own
characteristics in tumors. Despite numerous research studies
on the association of UCH proteins and tumors, many ques-
tions remain unanswered. What causes the different effects of
UCH family members in tumors? Why is UCHL1/UCHL3/
UCH37 considered to be a tumor promoter while BAP1 is
considered to be a tumor suppressor? Since UCH family
members share some common pathways, is there a synergistic
action between them during the development of tumors? Is
there any relation between each of the pathways? What are
the precise roles of these enzymes in the development of tu-
mors? What are the precise substrates and up-stream regula-
tors of the UCH family? Can UCH family members become
potential therapeutic targets or drugs? The answers to the
above questions may not only provide new insights into the
oncogenesis but also open the new space for humankind in
tumor treatments.
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