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Abstract: Deubiquitinating enzymes (DUBs) are a large group of proteases that reverse ubiquitination process and 
maintain protein homeostasis. The DUBs have been classified into seven subfamilies according to their primary 
sequence and structural similarity. As a small subfamily of DUBs, the ubiquitin C-terminal hydrolases (UCHs) sub-
family only contains four members including UCHL1, UCHL3, UCHL5, and BRCA1-associated protein-1 (BAP1). De-
spite sharing the deubiquitinase activity with a similar catalysis mechanism, the UCHs exhibit distinctive biological 
functions which are mainly determined by their specific subcellular localization and partner substrates. Besides, 
growing evidence indicates that the UCH enzymes are involved in human malignancies. In this review, the structural 
information and biological functions of the UCHs are briefly described. Meanwhile, the roles of these enzymes in 
tumorigenesis and the discovered inhibitors against them are also summarized to give an insight into the cancer 
therapy with the potential alternative strategy. 
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Introduction

Post-translational modifications of proteins 
play a key role in regulating their cellular func-
tions with high efficiency [1, 2]. Ubiquitination, 
an essential protein post-translational modifi-
cation, occurs through the sequential actions 
of ubiquitin-activating enzymes (E1s), ubiquitin-
conjugating enzymes (E2s), and ubiquitin ligase 
enzymes (E3s) [3-5]. It involves the formation 
of an isopeptide bond between the C-terminal 
glycine of ubiquitin and a lysine residue in the 
substrate. Deubiquitinating enzymes (DUBs) 
counteract the effects of ubiquitination by re- 
moving ubiquitin from target proteins and dis-
assembling ubiquitin polymers [6, 7]. Since  
protein ubiquitination and deubiquitination are 
involved in various biological processes, exten-
sive studies have been conducted to under-
stand their roles in cell cycle progression, DNA 
damage repair, cancer-related cellular signal-
ing, tumorigenesis, etc. [6-10].

Human genome encodes approximately 100 
unique DUBs, which can be generally divided 
into seven distinct subfamilies. Among these 
subfamilies, six of them belong to cysteine pro-
teases, including ubiquitin-specific proteases 
(USPs), ubiquitin C-terminal hydrolases (UCHs), 
ovarian tumor-like proteases (OTUs), Macha- 
do-Joseph disease protein domain proteases 
(MJDs), MIU containing novel DUB family 
(MINDY) proteases, and zinc-binding metallo-
protease (ZUFSP/ZUP1), while the remaining 
Jab1/Mov34/Mpr1 (JAMM) protease family 
members are metalloproteinases [7, 11-14]. So 
far, four UCH family deubiquitinating enzymes 
have been identified in humans, and they are 
UCHL1, UCHL3, UCHL5, and BAP1 (BRCA1-as- 
sociated protein-1). In yeast, there is only one 
UCH family member, YUH1 [15-17]. Except for 
BAP1, all of the remaining three UCHs have a 
molecular weight of 20-30 kDa. Meanwhile, the 
identified four UCHs share a highly conserved 
three-dimensional structure for their catalytic 
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domains. The main function of UCHs is to rec-
ognize and hydrolyze the isopeptide bond at the 
C-terminal glycine of ubiquitin [15-17].

UCHL1, a unique deubiquitinating enzyme due 
to its dual ligase and hydrolase activity, is pre-
dominantly expressed in the brain. Dysfunction 
of its hydrolase activity would cause cellular 
accumulation of α-synuclein, and thus might 
contribute to the pathological process of ne- 
urodegenerative diseases such as Parkinson’s 
disease (PD) and dementia with Lewy bodies 
[18]. Moreover, a growing body of evidence indi-
cates that UCHL1 has a debatable role in can-
cer, both in terms of its expression level and 
the signaling pathways it participates in. 
Therefore, it is crucial to fully elucidate the 
tumorigenesis-related pathways with UCHL1 
involved through performing clinical and trans-
lational investigations. As the closest homo- 
log of UCHL1 (53% sequence identity among 
human UCH members), UCHL3 is featured with 
its ability to hydrolyze the isopeptide bond 
involving the C-terminal glycine of either ubi- 
quitin or ubiquitin-like molecule Nedd8 (neuro-
nal precursor cell-expressed developmentally 
downregulated protein 8) [19]. When discuss-
ing the role of UCHL3 in tumorigenesis, one of 
the potential mechanisms could be attributed 
to its regulation of DNA repair [20]. In addition, 
UCHL3 also regulates cell cycle progression 
and epithelial-to-mesenchymal transition, in- 
dicative of its role as a tumor promoter [21, 22]. 
UCHL5 is one of the deubiquitinases associat-
ed with the 19S regulatory subunit of the 26S 
proteasome. It interacts with 19S component 
RPN13 and trims the distal Ub moiety of Ub 
chains, which consequently rescues target pro-
teins from proteolysis [23]. Besides, UCHL5 
could interact with human INO80 chromatin-
remodeling complex (hINO80) in nucleus and 
modulate nucleosome remodeling [23]. UCHL5 
has been found to participate in regulating 
TGF-β signaling, the Hedgehog (Hh) signaling 
pathway, and the Wnt/β-catenin signaling path-
way, indicating its role as a tumor promoter in 
cancer development [24-26]. BAP1, which is 
initially characterized as a tumor suppressor 
and predominantly distributes in nucleus, is 
known as the catalytic subunit of the poly- 
comb repressive deubiquitinase (PR-DUB) com-
plex. BAP1 has been demonstrated to remove 
mono-ubiquitin from histone 2A lysine 119 
(H2AK119Ub) [27]. Besides, BAP1 participates 

in the formation of different multi-protein com-
plexes by interacting with partners such as  
host cell factor 1 (HCF-1) and Ying Yang 1 (YY1). 
The multi-protein complexes with BAP1 as one 
of the key components are involved in cell cycle 
regulation, transcription, and cell death [28]. 
However, recent studies have revealed that 
BAP1 may have gain-of-function and carcino-
genic features [29-31]. Therefore, uncovering 
its cellular functions associated with tumori-
genesis in different types of human cancers is 
still in urgent need.

As aforementioned, UCH family members are 
involved in the key processes associated with 
the occurrence and development of malignant 
carcinomas, which include cell proliferation 
and epithelial-to-mesenchymal transition, etc. 
Therefore, interfering with UCHs’ activities uti-
lizing small molecules might provide new strat-
egies for cancer therapy. In this review, we  
summarize the structural information and bio-
logical functions of UCH family members and 
also their roles in cancer-related signaling path-
ways. Additionally, the developed inhibitors tar-
geting UCH family members are also included 
for a better understanding of their potential 
working mechanisms in the treatment of hu- 
man cancer.

Structure and function of UCH family mem-
bers

UCHL1 

UCHL1 contains a conserved UCH catalytic 
domain with short N-terminal and C-terminal 
extensions. The structure of monomeric UCHL1 
is composed of two ‘lobes’ of α-helices tightly 
packed against the hydrophobic core of six 
β-strands (Figure 1). The secondary structure 
elements of UCHL1 form an α-β-α sandwich 
fold that is the canonical structure for the cata-
lytic domain of UCH family members. The cata-
lytic cysteine (C90) of UCHL1 resides at the 
cleft formed between the N-terminal α-helix 
lobe and the hydrophobic core of β-strands 
[32]. In the apo state, the spatial alignment of 
UCHL1’s catalytic triad (C90, H161 & D176) is 
out of order, which thus represents the unpro-
ductive state of the enzyme [32] (Figure 2). 
Upon the binding of ubiquitin substrate, the 
catalytic triad rearranges to form an aligned 
conformation, which leads to the activation of 
UCHL1’s enzymatic activity [33]. Moreover, as 
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Figure 1. Schematic demonstration of the structural domains and ribbon representation of the solved crystal struc-
tures for the UCH family members. All UCH family members including UCHL1, UCHL3, UCHL5 and BAP1 share a 
conserved UCH catalytic domain featured with a canonical αβα fold. Besides the UCH domain, UCHL5 contains an 
additional C-terminal ULD structural domain composed of four α-helices in its structure. BAP1 is composed of three 
domains including the UCH catalytic domain, the C-terminal domain, and a long non-organized regions (NORS) 
inserted in the middle of the enzyme. The NORS insertion unique to vertebrates contains multiple binding motifs 
which are responsible for BAP1’s interacting with chromosome-associated proteins, and the C-terminal domain of 
BAP1 contains a nuclear localization signal (NLS) at its tail. ULD, UCHL5-like domain; NBD, nucleosome binding 
domain; NLS, nuclear localization signal.

revealed by the solved crystal structure of 
UCHL1, Ub polymers with larger space require-
ments could not be accommodated by the 
enzyme, which is in line with UCHL1’s primary 
recognition of monomeric ubiquitin and small 

adducts of ubiquitin [32]. The crossover loop 
positioned over the active site is a distinctive 
structure feature for all of the UCH family mem-
bers, which prevents larger substrates from 
accessing the active site of UCHs. Among the 
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Figure 2. Sequence alignment of UCH catalytic domain for UCH family members. The conserved residues through the UCH family are highlighted in red. The cata-
lytic triad (C90, H161 & D176 for UCHL1) is marked with green star. The secondary structural elements observed in the crystal structure of UCHL1 are shown and 
labeled. The sequence alignment result was generated by using MEGA and ESPript 3.0.
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UCH family members, UCHL1 has the shortest 
crossover loop spanning E149-N159 [17, 32]. 

UCHL1 could upregulate ubiquitin pool by hy- 
drolyzing ubiquitinated peptides and stabiliz- 
ing free ubiquitin [34]. In addition, although 
contradictory data has been reported, it looks 
like that the UCHL1 homodimer may exhibit 
ATP-independent ubiquitin ligase activity, which 
generates K63-linked ubiquitin chains on sub-
strate protein and further prevents substrate 
from degradation [34]. As it has been known, a 
decent amount of UCHL1, which accounts for 
1-2% of the total brain proteins, is expressed in 
neurons [35]. And α-synuclein is a neuronal 
protein and a key component of the pathogenic 
insoluble proteinaceous deposits known as 
Lewy bodies, which are commonly found in PD 
patients [36]. Studies have shown that dimeric 
UCHL1 could block α-synuclein’s proteasomal 
degradation and promote its accumulation by 
upregulating the K63-linked polyubiquitination 
of the protein. As an expected consequence, 
upregulated α-synuclein aggregates to form 
pathogenic protofibrils. Meanwhile, the UCHL1 
S18Y variant exhibits reduced ubiquitin ligase 
activity which leads to the downregulation of 
α-synuclein and a possibly decreased risk of 
PD [18, 37]. Besides potentially playing a role  
in the pathogenesis of typical Parkinson’s dis-
ease and dementia with Lewy bodies, UCHL1 
has also been implicated as either an oncopro-
tein or a tumor suppressor. Not surprisingly, 
UCHL1 exhibits a high expression level in cer-
tain malignancies including small cell lung can-
cer, bone cancer, and renal cell carcinoma, 
while it demonstrates a deep deletion in head 
and neck cancer, and esophagogastric cancer. 
Up to date, the mechanisms underlying these 
observations remain obscure. 

UCHL3

Same as that for UCHL1, UCHL3 forms a typical 
bilobal structure, which is featured with a cen-
tral six-stranded antiparallel β-sheet and 
α-helices packing on both sides of the sheet 
(Figure 1). One of the two lobes is composed of 
the central β-sheet and two long α-helices, and 
the other structural lobe contains a helix bun-
dle with one of them housing the active site 
nucleophile of C95 [38]. UCHL3 also possess-
es a disordered crossover loop spanning 
E154-D167 which positions over the active site 

cleft and finely tunes the substrate specificity 
of the enzyme [17]. When catalyzing the deu-
biquitination reaction, the flexible crossover 
loop stabilizes and exposes the active site of 
UCHL3 for accommodating ubiquitinated sub-
strates [39]. As a typical deubiquitinating en- 
zyme, UCHL3 is involved in the hydrolysis of 
ester, thioester, amide, peptide, and isopeptide 
bond, which is formed between the C-terminal 
glycine of ubiquitin and the modified molecul- 
es. Additionally, UCHL3 could interact with the 
ubiquitin-like protein Nedd8, which shares a 
57% sequence similarity with ubiquitin, and 
removes Nedd8 from the modified proteins  
[19, 40]. Thus, UCHL3 functions as a hydrolase 
for both ubiquitin and Nedd8. Meanwhile, due 
to the restriction of the crossover loop, UCHL3 
is capable of handling ubiquitin adducts with  
substrates consisting of approximately 20  
residues or less [41]. Interestingly, UCHL3 can 
interact with diubiquitin, but instead of hydro-
lyzing diubiquitin to monoubiquitin, the interac-
tion between them inhibits the enzymatic ac- 
tivity of UCHL3 on other substrates [42]. The 
recently published crystal structure of UCHL3 
complexed with K27-linked diubiquitin reveals 
that the active site residue C95 of the enzyme 
forms a thioester bond with K27-linked diubiq-
uitin, which causes the activity inhibition of 
UCHL3 through a kinetic trapping mechanism 
[43].

UCHL5

UCHL5 primarily consists of two structural 
domains: the N-terminal UCH catalytic domain 
and the C-terminal ULD structural domain com-
posed of four α-helices (Figure 1) [44]. The 
catalytic domain of UCHL5 adopts a classical 
αβα fold, with a central six-stranded β-sheet 
surrounded by α-helices [44]. UCHL5, along 
with the later-described BAP1, possesses re- 
latively larger crossover loops compared to 
UCHL1 and UCHL3, indicating their ability to 
handle larger substrates [45]. In line with the 
aforementioned structural feature of UCHL5, it 
has been reported that UCHL5 could cleave 
diubiquitin [45]. As it has been demonstrated, 
UCHL5 functions as a component of the 26S 
proteasome and the INO80 chromatin remo- 
deling complex. Upon the interaction of UCHL5 
with either the partner in 26S proteasome or 
the partner in INO80 chromatin remodeling 
complex, the enzymatic activity of the protein 
would be enhanced and inhibited, respectively 



UCHs in tumorigenesis and their inhibitors

2671	 Am J Cancer Res 2024;14(6):2666-2694

[23, 46]. In the apo state, UCHL5 exhibits a 
relatively low catalytic activity against ubiquitin 
adducts, which is mainly caused by the modula-
tion of its C-terminal ULD domain. When the 
RPN13 DEUBAD domain binds to the ULD 
domain of UCHL5, the enzyme switches to a 
conformation competent for ubiquitin binding, 
thus upregulating its catalytic activity and  
affinity for ubiquitin substrates [23, 46]. On the 
other hand, when the INO80G DEUBAD domain 
interacts with UCHL5, the enzymatic activity of 
the enzyme is inhibited due to the blockage of 
the ubiquitin binding site [23, 46]. As an 
exchangeable component of the 26S protea-
some, UCHL5 can trim the distal polyubiquitin 
chains attached to protein substrates [47]. A 
recent study has demonstrated that protea-
some-associated UCHL5 could selectively re- 
move K48-branched ubiquitin chains from a 
mixture of ubiquitin conjugates [48]. For the 
specific role of UCHL5 in the INO80 chromatin 
remodeling complex, no detailed information 
has been uncovered yet. However, it has been 
demonstrated that UCHL5 and INO80G are  
key factors for the DNA double-strand break 
response [49].

BAP1

BAP1 contains 729 amino acid residues, which 
consist of three domains including the evolu-
tionarily conserved UCH catalytic domain, the 
C-terminal nucleosome binding domain (NBD), 
and a long non-organized region (NORS) insert-
ed in the middle of the enzyme (Figure 1). The 
NORS insertion predicted to be unstructured is 
unique to vertebrates. Meanwhile, it contains 
multiple binding motifs which are responsible 
for BAP1’s interaction with chromosome-asso-
ciated proteins. Additionally, the C-terminal do- 
main of BAP1 contains a nuclear localization 
signal (NLS) at its tail (Figure 1) [50, 51]. It has 
been reported that the NLS region of BAP1 can 
be ubiquitinated upon the catalysis of the E2/
E3 heterotrimeric enzyme UBE2O. While the 
attached ubiquitin could be removed through 
self-deubiquitination [52].

Unlike the other UCH family members, the com-
plexity of BAP1’s role in cellular determines its 
dual function either as a tumor suppressor or a 
tumor promoter. The typical working model of 
BAP1 is dependent on its interaction with part-
ner proteins. H2A is ubiquitinated by the PRC1 

complex and deubiquitinated by the PR-DUB 
complexes, which mainly comprise BAP1, ASX-
like proteins ASXL1/2/3, HCF-1, OGT, YY1, and 
so on [27, 28, 50, 53-57]. Maintaining the bal-
ance between the PRC1 complex and the 
PR-DUB complex is crucial, as an upregulated 
level of PRC1 or mutations in BAP1 can lead  
to the accumulation of H2AK119Ub [58]. For 
the PR-DUB complexes, the initially determined 
molecular weight data suggested a binding 
stoichiometry of 2:1 for BAP1 to ASXL, while 
subsequently solved crystal structure of Caly- 
pso (Drosophila ortholog of human BAP1) com-
plexed with ASXDEU revealed the formation of 
a complex with the corresponding binding stoi-
chiometry at 2:2 [27, 59]. In 2023, Weiran Ge  
et al. solved the specific nucleosome-binding 
mode of PR-DUB, which displaces the H2A 
C-terminal tail from the nucleosome surface 
and allows the access of H2AK119Ub to the 
enzymatic active site of BAP1 [60]. The cryo-
electron microscopy structure of human PR- 
DUB, consisting of BAP1 and ASXL1, complex- 
ed with the chromatosome provides a strong 
basis for subsequent studies.

Potential roles of UCH family members in 
tumorigenesis

UCHL1 in tumorigenesis

According to the published literature, it looks 
like that UCHL1 could function as both tumor 
promoter and tumor suppressor. Meanwhile, 
the Human Protein Atlas data indicates that  
a significantly enhanced expression level of 
UCHL1 is observed in glioma, and the enzyme 
also serves as an unfavorable prognostic  
marker for both endometrial cancer (unfavor-
able) and urothelial cancer (https://www. 
proteinatlas.org/ENSG00000154277-UCHL1/
pathology).

As an oncogene, it is evidenced that UCHL1’s 
mRNA level is linked to the recurrence in 
patients with invasive breast cancer [61]. In 
breast cancer cells, UCHL1 stabilizes EGFR 
through its deubiquitination activity, resulting 
in hyperactivated MAPK signal transduction 
(Figure 3), which consequently inhibits ERα 
expression by transcriptional repression [62]. 
The inhibition of UCHL1 might upregulate ERα 
by promoting the degradation of EGFR, thereby 
sensitizing ERα-positive breast cancer cells to 
selective ER modulator such as tamoxifen [62]. 
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Figure 3. Schematic illustration of the roles for UCHL1 in tumorigenesis. As an oncogene, UCHL1 stabilizes EGFR, 
TGFβR1, HIF-α, and β-catenin through its DUB activity. Meanwhile, it balances the mTOR complexes by disrupting 
mTORC1 and promoting mTORC2 assembly. UCHL1 could also act as a tumor suppressor by regulating the p14ARF-
MDM2-p53 tumor suppression pathway and promoting cell apoptosis through the caspase-dependent pathway. 
TGFβR, transforming growth factor-β receptor; EGFR, epidermal growth factor receptor; Smad, drosophila moth-
ers against decapentaplegic protein; mTORC1, mechanistic target of rapamycin complex 1; mTORC2, mechanistic 
target of rapamycin complex 2; 4EBP1, eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1; eIF4F, 
eukaryotic translation initiation factor 4; HIF-α, hypoxia-inducible factor α; TCF/Lef, T-cell factor/lymphoid enhancer-
binding factor.

In triple-negative breast cancer (TNBC), UC- 
HL1 also participates in TGF-β signaling path-
ways by deubiquitinating TGFR1 and SMAD2/3, 
thereby accelerating target genes’ transcription 
(Figure 3) [63]. Moreover, UCHL1 could stabi-
lize hypoxia-inducible factor 1 (HIF-1) and en- 
hance cancer metastasis (Figure 3) [64]. The 
UCHL1-HIF-1 axis reprograms carbohydrate 
metabolism and the pentose phosphate path-
way to generate GSH, improving cancer cells’ 
antioxidant and radioresistance capabilities 
[65]. The β-catenin/TCF/Lef signaling pathway 
up-regulates several oncogenic cellular path-
ways through modulating genes such as c- 
Myc, Cyclin D, c-Jun, and others [66]. Studies 
have revealed that UCHL1 can prevent 
β-catenin degradation through its deubiquiti-
nating activity, thus potentially promoting 
colorectal cancer progression (Figure 3) [67, 
68]. UCHL1 also plays a specific role in the 
mTOR signaling pathway in B-cell lymphoma 
[69]. It balances the mTOR complexes by dis-

rupting mTORC1 and promoting mTORC2 
assembly. UCHL1 interferes with the ubiquiti-
nation of the mTORC1 subunit raptor and 
impairs mTORC1 integrity (Figure 3). This action 
would result in the generation of free mTOR by 
enhancing the raptor dissociation, which then 
forms mTORC2 by interacting with the rictor. 
mTORC2 activates the survival and prolifera- 
tive kinase Akt and promotes tumorigenesis 
[70]. However, the downregulation of mTORC1 
activity may impair protein biosynthesis due  
to the decreased phosphorylation of its sub-
strate 4EBP1 [71, 72]. Recent research has 
found that UCHL1 promotes the assembly of 
eIF4F, which is the translation initiation com-
plex and the target of 4EBP1, then stimulates 
protein synthesis through directly upregulating 
translation initiation in B-cell malignancy 
(Figure 3) [73]. Meanwhile, UCHL1 is also 
involved in the Akt signaling pathway. Poor 
prognosis of NSCLC is associated with UCHL1’s 
overexpression [74]. Abnormal activation of the 
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Akt signaling pathway induced by UCHL1 could 
enhance the invasion of NSCLC cells [75]. 
Besides, overexpression of UCHL1 could upreg-
ulate thymidylate synthase, thus reducing 
pemetrexed-induced DNA degradation and  
cell cycle disruption in NSCLC cells [76]. As 
illustrated, UCHL1 could also lead to the prolif-
eration and metastasis of osteosarcoma and 
gastric cancer through regulating Akt and 
MAPK/ERK signaling pathways [77, 78]. Apart 
from its role in classical signaling pathways, 
UCHL1 promotes the development of high-
grade serous ovarian cancer by maintaining 
protein homeostasis through the PSMA7-APEH-
proteasome axis [79]. Additionally, UCHL1 
could restore the H2O2-generating activity of 
NOX4 and facilitate the invasion of cancer cells 
[80, 81].

Besides serving as an oncogene, evidence  
also indicates that UCHL1 could act as a tumor 
suppressor primarily by modulating cell cycle 
and cell apoptosis. UCHL1 could downregulate 
the degradation of p53 (a well-known tumor 
suppressor) and induce G0/G1 cell cycle arrest 
and apoptosis [82]. As it has been reported, 
p14ARF promotes the degradation of MDM2, 
known as a ubiquitin E3 ligase for p53, and 
thereby enhances the stability of p53 [83,  
84]. Ubiquitination analysis has revealed that 
UCHL1 could deubiquitinate p14ARF and p53, 
and finally result in p53 accumulation (Figure 
3) [85]. Meanwhile, researchers have also dis-
covered that UCHL1 may be involved in the  
p53 signaling pathway in LNCap cells by reduc-
ing Akt phosphorylation and upregulating the 
level of cell cycle inhibitor p27 kip1 [86]. 
Besides functioning through the p53 signaling 
pathway, UCHL1 is demonstrated to induce 
phosphorylation of protein phosphatase cdc- 
25C at S216, leading to G2/M phase arrest  
and cell proliferation suppression of human 
colorectal carcinoma cells HCT116 [87]. 
UCHL1’s role in apoptosis has also been veri-
fied in hepatocellular carcinoma (HCC) cells. 
UCHL1 increases the cellular levels of cleaved 
caspase-9, cleaved caspase-3, and caspase-7, 
and enhances the cleavage of PARP, indicating 
that UCHL1 upregulates apoptosis through the 
intrinsic caspase-dependent mechanism [87]. 
Interestingly, UCHL1’s ligase activity seems 
also to play a role in tumor suppression. 
Cortactin, a member of the actin-binding pro-
tein family, is involved in tumor proliferation, 
migration, and invasion. In nasopharyngeal car-
cinoma, UCHL1 functions as a tumor suppres-

sor by increasing K48-linked ubiquitination and 
degradation of Cortactin, which is achieved 
through its ligase activity [88].

Analyzing the genetic alterations of UCHL1 
across different cancer types by utilizing the 
Cancer Cell Line Encyclopedia (Broad, 2019) 
dataset can provide additional insights into 
UCHL1’s potential oncogenic or tumor-sup- 
pressive functions in various types of cancer 
(Figure 4A). For lung cancer, bone cancer, and 
renal cell carcinoma, high mRNA levels of 
UCHL1 suggest its potential role in promoting 
cancer progression. The amplification of gene 
encoding UCHL1 in non-small cell lung cancer 
and melanoma could also lead to UCHL1 over-
expression, thus potentially contributing to 
oncogenic signal transductions that promote 
tumor growth and metastasis. Consistent with 
the aforementioned data, Kaplan-Meier surviv-
al analysis further reveals that lung cancer pa- 
tients with high expression level of UCHL1 
exhibit worse overall survival (OS) outcomes 
compared with those lung cancer patients with 
low expression level of UCHL1 (Figure 4B). 
Except for the upregulation of UCHL1 in speci- 
fic types of cancer, loss of function alterations 
such as homozygous deletions have also been 
detected in certain malignancies such as head 
and neck cancer, and esophagogastric cancer. 
This observation might indicate a loss of tumor 
suppressor function of UCHL1, which would 
consequently promote tumorigenesis. The clini-
cally relevant data confirms that UCHL1 plays a 
complicated role in controlling cell growth and 
cell death. Targeted analysis utilizing pan-can-
cer proteogenomics data and systematic target 
validation in certain types of cancer might be 
necessary to fully reveal UCHL1’s potential as 
the therapeutic target for a specific cancer.

UCHL3 in tumorigenesis

UCHL3 has been identified as an oncoprotein in 
various types of cancer. Elucidating the targets 
of UCHL3 will provide valuable insights into the 
working mechanisms of the enzyme in modu-
lating the pathogenesis process of cancer.

One of the well-known functions of UCHL3 is its 
involvement in the regulation of DNA repair. As 
revealed, the recruitment of RAD51 to double-
strand breaks through its binding to BRCA2 
would facilitate homologous recombination. 
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Figure 4. Genetic alterations of UCHL1 in specific types of cancer. A. Data from Cancer Cell Line Encyclopedia (Broad, 2019), including mutations, structural variant, 
copy number alterations (CNA) and mRNA expression z-scores relative to diploid samples [RNA Seq RPKM; threshold 2.0], was analyzed using cBioportal software 
and visualized using the standard Oncoprint output. The Onco Query Language (OQL) used in the analysis was ‘UCHL1: MUT AMP GAIN EXP ≥ 2 HOMDEL HETLOSS 
EXP ≤ -2’. B. Lung cancer patients with high UCHL1 expression level suffered from shorter overall survival time as compared to those with low UCHL1 expression 
level.
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Figure 5. Schematic illustration of the roles for UCHL3 in tumorigenesis. UCHL3 stabilizes TRAF2, RAD51, and AhR 
through its DUB activity. Also, it upregulates the phosphorylation levels of Akt and mTOR. mTOR, mammalian target 
of rapamycin; AhR, aryl hydrocarbon receptor; TRAF, tumor necrosis factor receptor-associated factors; RAD51, 
RADiation sensitive 51.

And UCHL3 could deubiquitinate RAD51, which 
consequently favors the interaction between 
RAD51 and BRCA2 (Figure 5). UCHL3 targets 
three lysine sites (56, 57, and 63) near E59 of 
RAD51, which is critical for the interaction 
between RAD51 and BRCA2 [20]. Besides play-
ing a role in the regulation of DNA repair, UCHL3 
also affects tumorigenesis through its actions 
in multiple cellular pathways. UCHL3 promotes 
NF-κB signal transduction in ovarian cancer by 
stabilizing TNF receptor-associated factor 2 
(TRAF2), which would lead to the acceleration 
of cell proliferation and migration (Figure 5) 
[89]. Consistently, UCHL3 is overexpressed in 
ovarian cancer and associated with a poor 
prognosis. In UCHL3-deficient ES-2 cells, the 
expressions of NF-κB target genes such as 
TNF-α, NFKB1, IL-6, and B94 are downregulat-
ed, which indicates that UCHL3 could influence 
ovarian cancer cells by regulating the NF-κB-
mediated inflammatory response [89]. More- 
over, UCHL3 is involved in the PI3K/Akt/mTOR 
signaling pathway, in which it upregulates the 
phosphorylation levels of Akt and mTOR and 
the expression level of SOX12 (Figure 5) [90, 
91]. In colorectal cancer, UCHL3 is found to  
promote the pathological process by modulat-
ing Akt-dependent SOX12 upregulation and 

facilitating EMT through upregulating Snail, 
Slug, and ZEB1 [90]. Researchers have also 
discovered that UCHL3 downregulates the level 
of p21 and upregulates the level of Cyclin D1 in 
non-small cell lung cancer [22]. Meanwhile, 
UCHL3 is up-regulated in both pancreatic can-
cer tissues and cell lines, contributing to the 
enhanced proliferation and aerobic glycolysis 
of pancreatic cancer cells. As demonstrated, 
UCHL3 could deubiquitinate and stabilize cell 
cycle modulator FOXM1 [92], which is involved 
in both the cell cycle modulation and the cellu-
lar metabolism. UCHL3 could interfere with the 
FOXM1-LDHA signaling pathway and influence 
aerobic glycolysis through enhancing the sta- 
bility of FOXM1. Silence of LDHA (shLDHA) is 
capable of compromising the aforementioned 
effects of UCHL3 [93]. Besides the convention-
al working mechanisms, recent investigations 
have also established a correlation between 
UCHL3 and cancer stemness. UCHL3 has been 
found to play a role in enhancing the stability  
of the aryl hydrocarbon receptor (AhR), which  
is a transcription factor that controls the ex- 
pression of stemness-related genes such as 
ABCG2, KLF4, and c-Myc (Figure 5) [94]. Mean- 
while, AhR contributes to the overexpression of 
PD-L1, which promotes immune escape during 
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the radiotherapy of cancer [95]. In line with the 
reported findings, LINC00665 could upregulate 
the level of UCHL3 and promote the immune 
escape of non-small cell lung cancer (NSCLC) 
by acting as a sponge of miR-582-5p and thus 
enhancing the stability of AhR protein. And  
miR-582-5p is a validated microRNA targeting 
UCHL3 [96]. In fact, the UCHL3/AhR/PD-L1 
axis may serve as a potential therapeutic tar- 
get since its downregulation could enhance the 
effectiveness of radiotherapy in patients with 
NSCLC [97].

Due to its role in tumorigenesis, studies ex- 
ploring whether UCHL3 could serve as a target 
for cancer therapy are currently underway. 
Specially, an improved understanding of the 
signaling pathways involving UCHL3 is driving 
the development of UCHL3-targeted inhibitors 
which might serve as new therapeutic selec-
tions for cancer intervention.

UCHL5 in tumorigenesis

Overexpression of UCHL5 has been reported to 
be associated with a lower survival rate and an 
increased risk of cancer recurrence in cancer 
patients [98], and the enzyme modulates the 
pathogenesis process of cancer through multi-

ple cellular pathways. UCHL5 plays a role in  
the TGF-β pathway. It interacts with Smad7  
and downregulates the level of the Smurf1/2-
Smad7 complex, thus rescuing TGFβRI from 
proteasomal degradation and enhancing TGF-β 
signaling activity (Figure 6) [24, 25]. Further- 
more, UCHL5 can deubiquitinate and stabilize 
Smad2/Smad3, thereby promoting TGF-β sig-
naling and contributing to the pathogenesis  
of cancers associated with TP53-mutations 
(Figure 6). Inhibiting UCHL5 activity with bAP15 
could suppress the survival of TP53-mutation 
containing ovarian cancer cells by regulating 
TGF-β signaling, which consequently inducing 
apoptosis. Furthermore, bAP15 exhibits a sig-
nificant anti-tumor effect in nude mice with 
subcutaneous SKOV3 xenografts [99]. UCHL5 
also acts as a positive regulator of the Hedge- 
hog (Hh) signaling pathway by regulating the 
stability of Smoothened protein (Figure 6) [26]. 
UCHL5 forms a trimetric complex with Smo  
and RPN13, leading to a decrease in Smo ubiq-
uitination and promoting its cell surface accu-
mulation [26]. For the Wnt/β-catenin signaling 
pathway, it seems like UCHL5 plays a contro-
versial role in it. In 2019, Zijian Li et al. report- 
ed that UCHL5 deubiquitinates β-catenin, 
resulting in its accumulation and the upregula-
tion of downstream genes such as c-Myc and 

Figure 6. Schematic illustration of the roles for UCHL5 in tumorigenesis. UCHL5 modulates the pathogenesis pro-
cess of cancer mainly through stabilizing the key players of tumorigenesis-associated signaling pathways. TGFβR, 
transforming growth factor-β receptor; Smad, drosophila mothers against decapentaplegic protein; Smurf1/2, 
Smad ubiquitination regulatory factor 1/2; Smo, Smoothened; ELK3, ETS Transcription Factor ELK3; Axin1, axis 
inhibition protein 1.
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Cyclin D1 (Figure 6) [100]. Deletion of UCHL5 
could downregulate the levels of c-Myc and 
Cyclin D1 mRNAs and inhibit the migration of 
HeLa cells [100]. In a recent study using endo-
metrial cancer cells, it has been reported that 
UCHL5 contributes to cancer progression by 
enhancing the Wnt signaling pathway [101]. 
However, in 2022, Wonhee Han et al. discov-
ered that UCHL5 could interact with the Axin1 
DIX domain and stabilize the Axin1 protein, 
which acts as a negative regulator of the Wnt 
signaling pathway (Figure 6) [102]. Studies uti-
lizing MCF7, SW480, and A549 cell lines also 
demonstrate a negative impact of UCHL5 on 
the Wnt signaling pathway [102]. These obser-
vations suggest that UCHL5’s modulation of 
the Wnt signaling pathway varies and might be 
dependent on the biological context. For the 
Akt/mTOR pathway, UCHL5 mainly exhibits an 
activating effect. UCHL5 enhances the migra-
tion and proliferation of bladder cancer via  
activating the Akt/mTOR pathway [103]. The 
downstream targets of this pathway, such as 
c-Myc, SLC25A19, and ICAM5, show reduced 
mRNA levels and protein expressions in 
response to UCHL5 silencing [103]. Studies 
also demonstrate that UCHL5 could deubi- 
quitinate and stabilize ELK3, a protein related 
to Notch1 signaling (Figure 6). Targeting the 
UCHL5/ELK3/Notch1 axis may provide a pos-
sible therapeutic option for the treatment of 
pancreatic adenocarcinoma (PAAD) [104]. 
Besides the aforementioned modulation eff- 
ects, UCHL5 regulates cell cycle and cell lifes-
pan (apoptosis) through affecting specific path-
ways in the meantime. In lung adenocarcinoma 
(LUAD) cells, the expression level of UCHL5 is 
positively correlated with the mRNA and pro- 
tein levels of Cyclin D1, CDK4, Cdc25C, p21, 
p27, and RB [105]. With the treatment of  
a dual UCHL5/USP14 inhibitor b-AP15, the 
expression level of COPS5, a regulator associ-
ated with p53 degradation, was downregulat-
ed, and the cellular levels of cell cycle-related 
proteins p27 and Cyclin E1 were upregulated 
[106]. In human pulmonary epithelial cell  
A549, UCHL5 silencing was capable of inducing 
apoptosis by activating Bax/Bcl-2, caspase-9, 
and caspase-3 [107]. Apart from the involve-
ment of UCHL5 in the canonical signal trans-
duction pathways, a study indicates that the 
CDK4/6-UCHL5-BRD4 axis may serve as a 
potential therapeutic target for the BETi-
resistant MLL-r leukemia with a hallmark of 
BRD4 overexpression [108]. Moreover, UCHL5 
is revealed to participate in the pathogenesis  

of hepatocellular carcinoma by deubiquitinat-
ing PRP19, an essential RNA splicing factor, 
and interacts with glucose-regulated protein 78 
(GRP78) [109].

Consistent with the aforementioned findings, 
the data presented in the Cancer Cell Line 
Encyclopedia (Broad, 2019) shows alterations 
in UCHL5 across different cancer types, which 
supports its potential role in oncogenesis. 
UCHL5 mutations are observed in cancers 
such as large cell lung carcinoma and endome-
trial carcinoma. High mRNA level and DNA 
amplification for UCHL5 are noted in several 
cancer types, which include Ewing sarcoma, 
plasma cell myeloma (also known as multiple 
myeloma), acute myeloid leukemia, and inva-
sive breast carcinoma (Figure 7A). The overex-
pression of UCHL5 could lead to the stabiliza-
tion of oncogenic proteins and degradation of 
tumor suppressor proteins, therefore promot-
ing the survival and proliferation of cancer 
cells. As known, VLX1570, a dual inhibitor of 
USP14 and UCHL5, had entered into clinical tri-
als for patients with multiple myeloma. We thus 
performed Kaplan-Meier survival analysis to 
evaluate the correlation between UCHL5 and 
patients with myeloma. The obtained data indi-
cates that patients with high UCHL5 expression 
level tend to have worse overall survival (OS) 
outcomes (Figure 7B). 

BAP1 in tumorigenesis 

BAP1 plays a key role in the modulation of chro-
matin’s epigenetic modifications, and it could 
modify the levels of H2AK119Ub and H3K27- 
me3 through the formation of PR-DUB machin-
ery (Figure 8). As it has been known, the 
PR-DUB complexes containing BAP1 and its 
partner proteins are capable of removing ubiq-
uitin from histone H2A at its K119 residue, 
which is monoubiquitinated upon the catalysis 
of PRC1, thus consequently regulating DNA 
transcription processes and determining cell 
fate (Figure 8) [110, 111]. Due to the counter-
acting functions of PRC1 and PR-DUB, the 
dynamic balance between them is required for 
the proper regulation of gene expression. 
Moreover, H2AK119Ub has been demonstrat-
ed to facilitate the recruitment of PRC2 com-
plex (PRC2 complex methylates histone H3 at 
K27-H3K27me1, H3K27me2, and H3K27me3 
[112]), and also the PR-DUB machinery is pr- 
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Figure 7. Genetic alterations in UCHL5 in specific types of cancer. A. Data from Cancer Cell Line Encyclopedia (Broad, 2019), including mutations, structural variant, 
copy number alterations (CNA) and mRNA expression z-scores relative to diploid samples [RNA Seq RPKM; threshold 2.0], was analyzed using cBioportal software 
and visualized using the standard Oncoprint output. The Onco Query Language (OQL) used in the analysis was ‘UCHL5: MUT AMP GAIN EXP ≥ 2 HOMDEL HETLOSS 
EXP ≤ -2’. B. Myeloma patients with high UCHL5 expression level suffered from shorter overall survival time as compared to those with low UCHL5 expression level.
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Figure 8. Schematic illustration of the roles for BAP1 in tumorigenesis. BAP1 plays a key role in the chromatin’s epi-
genetic modulation by modifying the levels of H2AK119Ub and H3K27me3 through the formation of multi-protein 
complexes composed of ASXLs, BAP1, HCF-1, YY1, FOXK1/2, OGT, MBD5/6 without or with COMPASS. Moreover, 
BAP1-containing complexes play an important role in cell cycle regulation through removing ubiquitin from non-
histone substrates including its core component of HCF-1 and facilitating the recruitment of transcription factors 
of KLF5, YY1 and FOXK2. Besides cell cycle regulation, BAP1 modulates DNA repair through its interactions with 
BRCA1/BARD1 and INO80. Finally, BAP1 BAP1 could induce cytochrome C-dependent apoptosis by deubiquitinat-
ing the inositol-1,4,5-triphosphate receptor (IP3R3) and promote ferroptosis by downregulating the expression of 
SLC7A11. Me, H3K27me3; ASXLs, additional sex comb-like proteins; YY1, Ying Yang 1; HCF-1 Host cell factor 1; 
OGT, O-linked- N-acetylglucosamine transferase; FOXK1/2, factor forkhead box proteins K1/2; COMPASS, complex 
of proteins associated with Set1; E2F1, E2F transcription factor 1; KLF5, Kruppel-like factor 5; BRAD1, BRCA1 
breast cancer type 1 susceptibility protein; SLC7A11, Solute Carrier Family 7 Member 11; IP3R, Inositol 1,4,5-tri-
phosphate receptor.

oved to play a role in the recruitment of MLL3 
COMPASS complex containing the H3K27 de- 
methylase UTX to gene enhancers (Figure 9) 
[113]. Consistent with the aforementioned find-
ings, the depletion of BAP1 would result in an 
increase of H3K27me3 levels [114]. It is worth 
noting that the UTX subunit of MLL3 COMPASS 
removes H3K27me3 at the enhancers of tumor 
suppressors such as FRZB, GRHL2, and DACT2 
[113].

Apart from targeting histone substrate H2AK- 
119Ub, BAP1 is involved in biological process-
es including cell cycle regulation, DNA repair 

modulation, and cell death by directly targeting 
non-histone substrates and indirectly transcrip-
tion regulation of specific proteins, etc. (Figure 
8). As known, BAP1 could form DUB complex- 
es together with ASXL1/2/3, HCF-1, OGT, YY1, 
FOXK1/2, and so on, which play an important 
role in cell cycle regulation through removing 
ubiquitin from non-histone substrates includ- 
ing its core component of HCF-1 and facilitating 
the recruitment of transcription factors of 
KLF5, YY1, and FOXK2. It has been revealed 
that BAP1 interacts with the β-propeller domain 
of HCF-1 in nuclear and can remove K48-linked 
ubiquitin chains from HCF-1 [54]. HCF-1 modu-
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Figure 9. Chemical structures and determined potencies of small molecule inhibitors against the UCH family mem-
bers.

lates cell cycle by promoting the transition from 
G1 to S phase, which also involves E2F family 
transcription factors. In fact, HCF-1 interacts 
with E2F family transcription factors by recruit-
ing the MLL family methyltransferases target-
ing H3K4 site of histone [115]. Meanwhile, 
BAP1 is found to bind to E2F1 targeted gene 
promoters mediated by the HCF-1:E2F1 com-
plex and removes ubiquitin from H2A (Figure 8) 

[116]. Different from its interaction with E2F1, 
BAP1 directly recognizes transcription factor 
KLF5 and functions as a DUB enzyme for the 
protein. As reported, The KLF5/BAP1/HCF-1 
protein complex promotes cell cycle progres-
sion by inhibiting p27 gene expression, which  
is the target gene of the transcription factor 
(Figure 8) [117]. Besides HCF-1, E2F1, and 
KLF5, the identified components of BAP1 DUB 
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machinery YY1 and FOXK2 are also transcrip-
tion factors targeting specific genes. Studies 
show that YY1 recruits BAP1 and HCF-1 to the 
promoter of the cox7c gene, which encodes a 
mitochondrial protein. BAP1 works as a coacti-
vator for the expression of cox7c encoding pro-
tein [28]. And FOXK2 recruits BAP1 to its tar- 
get genes through the forkhead-associated 
domain and then recruits HCF-1 through BAP1. 
Interestingly, BAP1 represses the transcription 
of FOXK2 target genes through its deubiquitina-
tion of H2A [55]. Furthermore, FOXK2 exhibits  
a correlation with cell cycle regulation as it 
undergoes phosphorylation catalyzed by cyclin-
dependent kinases [118].

Besides cell cycle regulation, BAP1 modulates 
DNA repair through its interactions with BRC- 
A1/BARD1 and INO80 (Figure 8). BAP1 is iden-
tified to interact with the RING finger domain of 
BRCA1 [55]. The binding of BAP1 would disrupt 
the formation of the RING heterodimer BRCA1-
BARD1 and subsequently inhibit the E3 ligase 
activity of the complex. BAP1 silencing with 
shRNA would result in increased sensitivity of 
cells to ionizing radiation, which underscores 
the crucial role of the BAP1 and BRCA1-BARD1 
interaction in DNA damage response [51]. Be- 
sides, experimental data suggests that BAP1 is 
phosphorylated by kinase ATM upon the occur-
rence of DNA damage, thus promoting its 
recruitment to the DNA double-strand breaks 
(DSB) site for H2A deubiquitination and allow-
ing the efficient assembly of the homologous 
recombination factors BRCA1 and RAD51 
(Figure 8) [119]. For INO80, which has a spe-
cific role in replication fork progression during 
normal DNA synthesis, recent studies indicat- 
ed that BAP1 could deubiquitinate INO80 and 
recruit it to the replication fork through the 
interaction between BAP1 and H2AUb (Figure 
8) [120-122].

BAP1 is also reported to modulate cell death 
through its functions in both cytoplasm and 
nucleus (Figure 8). When functioning in cyto-
plasm, BAP1 could induce cytochrome c-de- 
pendent apoptosis by deubiquitinating the ino-
sitol-1,4,5-triphosphate receptor (IP3R3), whi- 
ch promotes the release of Ca2+ into the cyto-
plasm and mitochondria, and interacts with the 
14-3-3 protein to enhance the release of BAX 
protein (Figure 8) [123, 124]. When functioning 
in nucleus, BAP1 could induce ferroptosis pri-

marily by inhibiting the expression of SLC7A11, 
a glutamate/cystine reverse transporter pro-
tein [125]. BAP1 normally functions to repress 
the expression of SLC7A11 at least partly by 
deubiquitinating H2AUb, which consequently 
leads to the blockage of glutathione synthesis 
and the upregulation of lipid peroxidation, the- 
reby inducing ferroptosis (Figure 8) [125].

Due to the involvement of BAP1 in numerous 
cellular pathways associated with tumorigene-
sis, BAP1 exhibits a dual role in pathological 
process of cancer. Initially achieved data sug-
gested that BAP1 was a tumor suppressor 
since it suppressed the growth of MCF7 breast 
cancer cells through the BRCA1-related path-
way [51, 126]. Additionally, the germline muta-
tions in BAP1 gene have been demonstrated to 
relate to an increased risk of developing vari-
ous malignancies, such as mesothelioma, 
uveal melanoma, and other types of cancer. 
This condition has been named as “BAP1 can-
cer syndrome” [127, 128]. In the meanwhile, 
BAP1’s oncogenic function could possibly be 
attributed to the direct and non-direct interac-
tions of BAP1 with partner proteins such as 
HCF-1, KLF5, and ASXLs. It has been reported 
that the BAP1/HCF-1/KLF5 complex promotes 
the development and metastasis of breast  
cancer [117]. Additionally, truncated ASXL1, 
induced by nonsense and frameshift muta- 
tions of ASXL1, enhances BAP1’s recruitment 
to chromatin and stimulates the expression  
of pro-leukemic transcriptional signaling path-
ways and genes, such as HMGN5, STAT5A, 
HOXA11, TWIST1 and MBD2 [31, 129]. Overall, 
elucidating the working mechanisms of BAP1  
in different types of cancer remains a major 
focus.

Small molecule inhibitors against UCH family 
members

UCHL1 inhibitors

As aforementioned, UCHL1 may serve as a 
potential target for cancer therapy. Studies 
related to the development of UCHL1 inhibitors 
shed light on the discovery of novel therapeutic 
strategies for malignancies driven by UCHL1 
dysfunctions.

Up to date, a few number of UCHL1 inhibitors 
have been reported, though they exhibit varying 
degrees of off-target effects. Isatin O-acyloxime 



UCHs in tumorigenesis and their inhibitors

2682	 Am J Cancer Res 2024;14(6):2666-2694

LDN-57444 is an extensively studied competi-
tive inhibitor against UCHL1, with the IC50 at 
0.88 μM (Figure 9) [130]. Besides LDN-57444, 
the majority of the remaining inhibitors target-
ing the enzyme are featured with the cyanopyr-
rolidine moiety as the covalent warhead (Figure 
9). As illustrated by recent pre-clinical studies, 
the administration of LDN-57444 could sub-
stantially postpone the growth of tumors in 
both cell line xenografts and PDX models of 
small cell lung cancer (SCLC) and neuroendo-
crine prostate cancer (NEPC). Besides, the in- 
tervention of LDN-57444 does not lead to any 
negative consequence on the body weight or 
cause histological damage to the liver and kid-
ney tissues. LDN-57444 application could also 
antagonize the occurrence of liver and lymph 
node metastasis and reduce the size of liver 
and lymph node metastatic nodules in mice 
bearing SCLC. Importantly, the combination of 
LDN-57444 with cisplatin, a standard chemo-
therapy agent for specific types of cancer, has 
demonstrated a synergistic effect, which leads 
to an even more pronounced reduction in tu- 
mor growth and metastasis [131]. The positive 
result of the combination therapy highlights the 
potential of LDN-57444 to enhance the efficacy 
of existing treatment regimens, offering a new 
avenue for improving patient outcomes. Aaron 
D. Krabill et al. discovered that Compound 1,  
a cyanopyrrolidine-containing UCHL1 inhibitor, 
has an IC50 value of 0.67 μM towards UCHL1 
[132] (Figure 9). NMR data unraveled that the 
binding of Compound 1 mainly affects those 
residues spatially close to the crossover loop 
and the active site (C90) of UCHL1. Additionally, 
Compound 1 is likely to interact with the oxy-
anion hole residues Q84 and N88, suggesting 
its binding to the active-site pocket of the 
enzyme [132]. Cellular assays derived data 
demonstrated that Compound 1 could inhibit 
the covalent attachment of HA-Ub-VME to 
UCHL1 in the cellular context and exhibit cyto-
toxicity against KMS11 and SW1271 cell lines 
[132]. Raymond Kooij et al. synthesized and 
characterized the compound of 6RK73, a 
UCHL1 inhibitor containing cyanopyrrolidine 
moiety (Figure 9) [133]. 6RK73 inhibits UCHL1 
with an IC50 of 0.23 μM. Meanwhile, it sup-
presses TGFβ/SMAD-triggered transcription 
and markedly inhibits TGFβ-induced pSMAD2, 
pSMAD3, TβRI, and total SMAD levels in breast 
cancer cell MDA-MB-436. Additionally, 6RK73 
could reduce breast cancer extravasation in 

zebrafish xenografts injected with breast can-
cer cell MDA-MB-436 [134]. Derived from com-
pound 6RK73, the scientists further synthe-
sized 8RK64 with azide group, which has an 
IC50 value of 0.32 μM for UCHL1 and could be 
potentially used as a two-step ABP (activity-
based probe) due to its azide moiety (Figure 9) 
[133]. Furthermore, the fluorescent small-mol-
ecule activity-based DUB probe 8RK59, gener-
ated from 8RK64, is shown to effectively target 
UCHL1 both in vitro and in vivo [133]. Almost at 
the same time, Nattawadee Panyain et al. dis-
covered IMP-1710, which was produced from 
the cyanamide-containing parent inhibitor 1 
(Figure 9) [135]. IMP-1710 is the most potent 
covalent inhibitor against UCHL1 so far. The 
parent inhibitor 1 and its alkyne-tagged ana-
logue IMP-1710 exhibit IC50 values of 90 nM 
and 38 nM for UCHL1, respectively. These two 
compounds have been demonstrated to target 
UCHL1 in breast cancer cells (Cal51) with IC50 
values of 820 nM and 110 nM, respectively 
[135]. Proteome-wide competitive activity-ba- 
sed protein profiling (ABPP) data suggests that 
IMP-1710 selectively targets the active site 
C90 residue of UCHL1 and presents a minor 
off-target effect [135]. MT16-001 and ABP 
MT16-205 are also two cyanopyrrolidine inhibi-
tors targeting UCHL1, and both of them conta- 
in a 5-phenylthiazole moiety linked to the cyan-
opyrrolidine warhead (Figure 9) [136]. MT16-
205 is an alkyne-containing analog of MT16-
001, while MT16-001 and MT16-205 show the 
IC50 values of 580 nM and 600 nM against 
UCHL1, respectively. Besides, both MT16-001 
and MT16-205 exhibit high inhibition selec- 
tivity towards UCHL1 over the other UCH family 
members. However, gel-based and MS-based 
proteomic results indicate that they target 
UCHL1 and ALDH family members in HEK293 
cells, suggesting a moderate off-target effect  
of UCHL1 inhibitors with this specific type of 
scaffold [136]. Recently, Christian Grethe’s 
team reported a novel UCHL1-targeted potent 
and nontoxic activity-based probe GK13S, 
which has an IC50 value at 50 nM (Figure 9) 
[137]. The co-crystal structure of UCHL1 com-
plexed with the compound reveals that the 
3-carboxy-N-cyanopyrrolidine probe GK13S 
binds to UCHL1 in a hybrid conformation of the 
apo and ubiquitin-bound states. GK13S cova-
lently attaches to C90 of the enzyme through 
its cyanamide warhead and occupies the cata-
lytic cleft. Its specificity is achieved by position-
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ing the pyrrolidine moiety in a distinctive pocket 
of the apo conformation of UCHL1 [137]. 
Additionally, GK13S mimics the C-terminal 
LRGG peptide of ubiquitin and interacts with 
UCHL1 through hydrogen bonding and hydro-
phobic interactions. Cellular studies indicate 
that, despite primarily targeting UCHL1, GK13S 
also binds to PARK7 and another PARK7 fa- 
mily member C21orf33. Interestingly, although 
GK13S could inhibit UCHL1 activity in the cel-
lular context, it does not impair the viability of 
HEK293 and U-87 MG cells [137].

Besides the UCHL1 inhibitors described above, 
peptidomimetics have also been developed to 
chemically modulate the function of UCHL1. 
VAEFMK, a peptide-based fluoromethylketone 
molecule, was originally discovered serendipi-
tously as a hit in a screening of halo-methylke-
tone tripeptides against the herpes simplex 
virus cysteine protease UL36 (Figure 9) [138]. 
However, during the counter-screening against 
a panel of human DUBs, VAEFMK was found to 
present an inhibition activity towards UCHL1. 
The co-crystal structure of VAEFMK complexed 
with UCHL1 shows that its fluoromethylketone 
moiety covalently attaches to the active-site 
cysteine (C90) of the enzyme, and the remain-
ing part of the compound resides near the 
active-site cleft from the other side of the cr- 
ossover loop. According to the solved co-crys- 
tal structure, Aaron D. Krabill et al. carried out 
structure-activity relationship (SAR) studies 
aiming to optimize the irreversible covalent 
UCHL1 inhibitor VAEFMK. They finally found th- 
at the 4-alkynylbenzyloxy compound 34 exhib-
its an IC50 of 7.7 µM against UCHL1, which is 
about 3-fold lower than the parent compound 
of VAEFMK. In-gel fluorescence data of SW- 
1271 cells reveals that this molecule shows a 
weak off-target effect [139].

In brief summary, quite an amount of efforts 
have been made to the inhibitor development 
targeting UCHL1. However, the therapeutic 
effects of the developed inhibitors against 
UCHL1 are still questionable due to their vary-
ing degrees of off-target effects. UCHL1 inhibi-
tors with both satisfying potency and high 
selectivity in vivo are needed.

UCHL3 inhibitors

As an emerging target for antitumor drug dis-
covery, the development of UCHL3 inhibitors is 

on the rise. However, only a few inhibitors have 
been reported so far.

As previously reported, UCHL3 could deubiqui-
tinate RAD51, and thus favor its recruitment to 
DNA damage sites for DNA repair purpose. Due 
to the critical role of UCHL3 in tumorigenesis, 
Zhiwang Song et al. conducted a repurposing 
study and found that perifosine, a previously 
reported Akt inhibitor, could inhibit UCHL3 and 
UCHL3-mediated deubiquitination of RAD51  
in MDA-MB-231 cells, thereby disrupting DNA 
repair via homologous recombination [140]. 
Hirayama et al. conducted a three-step virtual 
screening (DOCK, high-speed GOLD, and low-
speed GOLD) against human UCHL3 (PDB  
code: 1XD3) by using the ChemBridge CNS- 
Set virtual library and identified 10 candidate 
inhibitors. Biochemical data reveals that com-
pounds 1, 6, and 7 are competitive inhibitors  
of UCHL3, with the IC50 values ranging from 
100 to 150 μM (Figure 9) [141]. All three com-
pounds share the 1,5-dihydro-2H-pyrrol-2-one 
group, indicating its importance in UCHL3 inhi-
bition. Besides, compounds 1, 6, and 7 form a 
hydrogen bond with A11 of UCHL3, while the 
false hit compound 10 does not, suggesting 
that the hydrogen bond is critical for targeting 
UCHL3. Besides the aforementioned hit com-
pounds, TCID was also discovered as a UCHL3 
inhibitor, and its IC50 value against the enzyme 
is 0.6 μM (Figure 9) [130, 142]. According to 
the data reported by Lianlian Ouyang et al., the 
application of TCID would downregulate the 
level of AhR and weaken the stem cell proper-
ties of NSCLC cells [94]. 

UCHL3’s actions in tumorigenesis have been 
extensively studied, and the development of 
inhibitors against the enzyme is becoming a 
new focus. Meanwhile, due to the high se- 
quence similarity between UCHL3 and UCHL1, 
it is challenging to discover inhibitors selective-
ly targeting UCHL3. 

UCHL5 inhibitors

UCHL5 primarily functions as an oncoprotein. 
Specially, due to the involvement of UCHL5 in 
26S proteasome machinery, the inhibition of  
its activity is expected to significantly affect  
the cellular function which may lead to cell 
death. Therefore, UCHL5 could serve as a tar-
get for anti-cancer drug development. Currently, 
a limited number of small molecule inhibitors 
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against UCHL5 have been developed, and they 
all act as either pan-DUB inhibitors or dual- 
targeted inhibitors for UCHL5 and USP14. 
Moreover, although no complex structure has 
been solved yet, experimental results suggest 
that most UCHL5-targeted inhibitors function 
through covalently binding to the enzyme. 
These inhibitors all contain covalent warheads 
in their structures.

Most of UCHL5 inhibitors such as WP1130, 
b-AP15, VLX1570, and RA190 contain α,β-
unsaturated ketone group in their chemical 
structures that can covalently modify the active 
site cysteine of the enzyme through Michael 
addition (Figure 9). The well-known pan-DUB 
inhibitor, WP1130, has been reported to inhi- 
bit the activity of USP9X, USP5, USP14, and 
UCHL5 [143]. WP1130 is found to be more 
effective in reducing leukemic colony forma-
tion, and it could strongly inhibit the colony for-
mation of cells derived from chronic myeloid 
leukemia patients featured with Bcr/Abl T315I 
mutant expression. Additionally, WP1130 is 
also capable of suppressing the growth of 
K562 heterotransplanted tumors, as well as 
both wild-type Bcr/Abl and Bcr/Abl T315I 
mutant-expressing BaF/3 cells transplanted 
into nude mice [143]. Upon the screening of a 
library containing candidate anti-cancer drugs 
that promote lysosomal membrane permea- 
bilization-mediated apoptosis, b-AP15 was 
identified as a selective inhibitor of UCHL5 and 
USP14. It exhibits an IC50 of 16.8 ± 2.8 μM 
against the 19S regulatory particle of protea-
some when using Ub-AMC as the hydrolysis 
substrate (Figure 9) [98]. It was found that 
b-AP15 may inhibit cell growth and induce 
G2/M cell cycle arrest. Meanwhile, the ad- 
ministration of b-AP15 could induce c-Myc- 
regulated, Noxa-dependent apoptosis [144]. 
According to the reported literature, b-AP15 is 
also capable of enhancing ER stress/unfolded 
protein response (UPR) and suppressing Wnt/
Notch1 signaling pathways, thereby promoting 
cytotoxicity in hepatocellular carcinoma cells 
[145]. The administration of b-AP15 to mice 
with FaDu squamous carcinoma xenografts 
and HCT116 colon carcinoma xenografts could 
significantly reduce tumor burden. The same 
team has also administered b-AP15 to 
C57BL/6J mice with Lewis lung carcinomas 
(LLCs) using a 2-days-on, 2-days-off schedule, 
and to BALB/c mice with orthotopic breast  

carcinoma (4T1) using a 1-day-on, 3-days-off 
schedule. b-AP15 could significantly inhibit 
tumor growth in both models without affect- 
ing the body weight of experimental mice. 
Meanwhile, a decrease in the number of pulmo-
nary metastases was observed for the group of 
mice with 4T1 breast carcinomas treated with 
b-AP15 [146]. Moreover, b-AP15 inhibits tumor 
cell invasion in multiple myeloma cells and 
overcomes bortezomib resistance by downreg-
ulating CDC25C, CDC2, and cyclin B1, and 
inducing caspase-dependent cell death [147]. 
According to the results of in vivo studies, 
b-AP15 also exhibits potent activity against 
multiple myeloma (MM) in MM.1S and KMS-11 
disseminated xenograft mouse models, and 
the compound could significantly inhibit tumor 
growth and prolong survival of experimental 
mice without showing notable toxicity. Fur- 
thermore, b-AP15 shows synergistic anti-MM 
activity when being jointly applied with other 
conventional and novel anti-MM agents, such 
as the HDAC inhibitor SAHA, dexamethasone, 
and lenalidomide. This suggests that combin-
ing b-AP15 with other therapeutic agents could 
enhance its antitumor efficacy and potentially 
overcome the acquired drug resistance in MM 
treatment [147]. Although it seems like b-AP15 
has a satisfying efficacy against specific types 
of cancer, the water solubility and stability of 
this compound has limited its potential clinical 
application. To optimize the drug-like properti- 
es of b-AP15, VLX1570, a dual inhibitor of 
USP14 and UCHL5 was generated [148, 149]. 
VLX1570 exhibits promising drug-like charac-
teristics such as increased potency and en- 
hanced solubility in aqueous solutions. When 
using Ub-AMC as the substrate of hydrolysis 
assay, VLX1570 shows slightly higher potency 
in comparison to b-AP15 (VLX1570: IC50 =  
13.0 ± 2.7 μM; b-AP15: IC50 = 16.8 ± 2.8 μM) 
towards 19S deubiquitinase (Figure 9) [148, 
149]. Targeting USP14 and UCHL5 with 
VLX1570 could trigger apoptosis in Wald- 
enstrom macroglobulinemia (WM) cells, which 
is accompanied by the accumulation of polyu-
biquitinated protein conjugates with high 
molecular weight. Following a 21-day VLX1570 
treatment, a reduction in tumor burden was 
detected in WM-xenografted mice, as evi-
denced by both bioluminescent radiance and 
direct measurements using calipers, and 
extended survival was observed for mice treat-
ed with the compound in comparison to mice 
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treated with the vehicle (median survival, 62 vs 
44 days, respectively, P = 0.0008) [150]. In  
vivo studies demonstrate that VLX1570 could 
significantly inhibit the DUB activity of protea-
some machinery and induce apoptosis in mul-
tiple myeloma cells [152, 153]. VLX1570 is the 
first DUB inhibitor that goes into clinical trial. 
However, the phase 1/2 trial (NCT02372240) 
for assessing the safety and efficacy of 
VLX1570 intravenous (IV) infusion adminis-
tered with low dose dexamethasone on days 1, 
2, 8, 9, 15, 16 of a 28-day cycle in patients with 
confirmed diagnosis of multiple myeloma with 
relapsed or relapsed and refractory disease 
was terminated due to the reason associated 
with the dose-limiting toxicity. In a recent study, 
anti-myeloma effects of VLX1570 were noted 
at doses at or above 0.6 mg/kg, however, two 
patients treated at the 1.2 mg/kg dose level 
experienced severe, abrupt, and progressive 
respiratory insufficiency [151]. RA190 is anoth-
er reported UCHL5 covalent inhibitor. It has a 
bis-benzylidine piperidone scaffold and was 
identified as a dual inhibitor of RPN13 and 
UCHL5, which could cause the accumulation of 
K48-linked polyubiquitinated proteins (Figure 
9) [152-154]. NMR analysis reveals that RA190 
covalently binds to C88 of RPN13 in the 19S 
proteasome, while mass spectrometry analysis 
shows its interaction with several cysteine resi-
dues of UCHL5 [154]. Meanwhile, cellular stud-
ies have demonstrated that RA190 could in- 
duce endoplasmic reticulum stress and upreg-
ulate p53 and p53-regulated genes in cervical 
cancer cells [153]. Multiple myeloma (MM) cell 
lines, including those that are resistant to the 
treatment of bortezomib, show sensitivity to 
RA190. RA190 also could stabilize targets of 
the human papillomavirus (HPV) E6 oncopro-
tein, leading to a higher efficacy of the com-
pound in killing cells transformed with HPV. 
When being administered, RA190 could signifi-
cantly inhibit the growth of multiple myeloma 
NCI-H929 and ovarian cancer cell line ES2 
xenografts. Additionally, oral administration of 
RA190 could slow down the tumor growth of 
HPV16+ syngeneic mouse model [153].

Up to now, most of the identified UCHL5 inhibi-
tors show low specificity against the enzyme, 
which limits the working mechanism elucida-
tion coupled to their inhibition on UCHL5. Same 
as the other UCH family members, UCHL5 also 
has a catalytic pocket with a small size. This 

structural feature and also the lack of high-res-
olution structure information for UCHL5 com-
plexed with compound make it very challenging 
to discover high selectivity inhibitors against 
the enzyme. Therefore, making more efforts in 
studies aiming to fully reveal the structure char-
acteristics of UCHL5 may accelerate the anti-
cancer drug design process.

BAP1 inhibitors

Although BAP1 is primarily demonstrated as a 
tumor suppressor, evidence suggests that it 
might also act as an oncoprotein under certain 
circumstances. Therefore, the development of 
BAP1-targeted inhibitors has been carried out 
by scientists. 

Lu Wang et al. discovered a small molecule 
BAP1 inhibitor iBAP, which exhibits high selec-
tivity for BAP1 over other DUBs, and the IC50 
value of this compound against BAP1 is 253 
nM (Figure 9) [31]. Meanwhile, Lu Wang et al. 
observed that leukemia cells carrying truncat-
ed ASXL1 gain-of-function mutations, such as 
K562 cells (ASXL1-Y591*) and THP1 cells with 
ASXL1-Y591 reading frameshift (fs) mutations, 
are more sensitive to the treatment of iBAP. 
RNA-seq analysis of THP1-ASXL1-WT and  
THP1-ASXL1-Y591fs cells reveals that iBAP 
administration would lead to the downregula-
tion of a few of leukemia-associated genes 
such as HMGN5, STAT5A, HOXA11, TWIST1, 
and MBD2. These genes are known targets of 
ASXL1 [31]. In vivo study demonstrates that 
iBAP (50 mg/kg/day; i.p.; 4 weeks) could delay 
the progression of ASXL1-mutant bearing  
leukemia and improve the survival of K562 
(ASXL1-WT/Y591*) xenograft NSGS mice  
model and patient-derived tumor cells (ASXL1-
WT/Q588*) NSGS mice model [31]. The same 
research group designed and synthesized a 
series of analogs of iBAP, and discovered that 
iBAP analogs with -NO2 or -OH modifications at 
the -R1 position exhibit higher inhibition effica-
cy than the parent compound (Figure 9) [30]. 
Among the iBAP analogs, iBAP-II is the most 
potent one, and it shows an inhibition activity 
towards BAP1 with the IC50 at 298 nM. Besid- 
es, iBAP-II exhibits an inhibition selectivity 
against BAP1 over its evolutionarily closest 
UCH family member UCHL5. The IC50 value of 
iBAP-II towards UCHL5 is around 664 nM. 
According to the generated docking models of 
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iBAP and iBAP-II complexed with Calypso 
(Drosophila homolog of human BAP1), the  
compounds bind to the catalytic cavity of 
Calypso. The cellular inhibition effect of iBAP-II 
is stronger than iBAP against BAP1-WT SCLC 
cell lines (NCI-H1963, NCI-H748, NCI-H1882, 
and KP3 cells) [30]. Additionally, the treatment 
of iBAP-II against NCI-H1963 cells leads to a 
decrease in the protein level of histone 
H2AK119Ub, confirming the inhibition of BAP1 
by the compound. Moreover, the BAP1 inhibi-
tion by iBAP-II could significantly delay tumor 
progression in the SCLC xenograft model [30]. 
Besides the discovery of aforementioned BAP1 
inhibitors, a recent high-throughput screening 
identified TG2-179-1 as a BAP1 inhibitor (Figure 
9). According to the in silico docking model, 
TG2-179-1 is likely to be covalently bound to 
the active site of BAP1. Notably, TG2-179-1 
inhibits BAP1 activity not only towards the 
Ub-AMC substrate but also towards the physio-
logical substrate H2AK119Ub [155]. Cellular 
assay data has demonstrated that TG2-179-1 
exhibits toxicity against multiple colon cancer 
cell lines, with the IC50 value smaller than 10 
μM. TG2-179-1 also could inhibit the growth of 
colon tumors in the HCT116 xenograft mice 
without showing significant adverse events, 
including the loss of body weight. However, it is 
worth noting that TG2-179-1 also presents tox-
icity against normal colon cells with low BAP1 
expression level, indicating a possible off-tar-
get effect [155]. 

Overall, since BAP1 exhibits both tumor-sup-
pressing and tumor-promoting effects, it is cru-
cial to elucidate the specific roles of BAP1 in 
different types of cancer. BAP1 inhibitors may 
serve as a potential therapeutic choice for 
those cancers driven by the BAP1 upregu- 
lation.

The translational study for deubiquitinase in- 
hibitors is still in the early stage, with only two 
DUB inhibitors VLX1570 and KSQ-4279 pro-
gressing into clinical trials. As mentioned 
above, in 2015, VLX1570 was approved for a 
phase I/II clinical trial in patients with multiple 
myeloma (NCT02372240). However, VLX1570 
clinical trials were terminated in 2017 owing to 
severe dose-limiting toxicity that resulted in 
patient death. KSQ-4279 is a highly potent and 
selective first-in-class USP1 inhibitor, and now 
it is undergoing phase I trials for the treat- 

ment of patients with advanced solid tumors 
(NCT05240898). KSQ-4279 was primarily de- 
veloped for the treatment of ovarian and triple-
negative breast cancer. The previous research 
established KSQ-4279’s potential for mono-
therapy and its synergistic effects with PARP 
inhibitors (PARPi) in PARPi-naive BRCA-mu- 
tant cancer. Combining KSQ-4279 with PARPi 
(Olaparib) could result in significant anti-tumor 
effects in PARPi-resistant, BRCA mutant, ovari-
an orthotopic PDX models and PARPi-resistant, 
BRCA-mutant, triple-negative breast cancer 
(TNBC) PDX models [156, 157].

DUBs are involved in multiple biological pro-
cesses, and some of them exhibit low substrate 
specificities [158]. The complicated biological 
network involving DUBs and also the function 
redundancy of the enzymes pose a significant 
challenge in understanding how DUB inhibitors 
might exert therapeutic effects against cancer. 
Despite the well-defined catalytic pockets of 
DUBs that are amenable to drug design, identi-
fying compounds that exhibit both satisfying 
potency and high selectivity remains a major 
challenge. 

Conclusions and future perspectives

The UCH family deubiquitinases play crucial 
regulatory roles in multiple biological process-
es such as protein degradation, cell cycle con-
trol, DNA repair, and signaling transduction, 
and so on. Currently, studies on UCH family 
members mainly focus on the following aspects: 
(1) Biological function studies aiming to eluci-
date the working mechanisms of UCHs in vari-
ous biological processes, as well as their roles 
in the pathogenesis of human diseases. (2) 
Biochemical and biophysical studies focusing 
on the fully understanding of the catalytic 
mechanism and substrate specificity of the 
UCH family members. (3) Drug candidate devel-
opment aiming to develop inhibitors that target 
UCH family members for the treatment of relat-
ed diseases including neurodegenerative dis-
eases and cancers.

Due to the pivotal role of the UCH family mem-
bers in tumorigenesis, the development of 
inhibitors targeting these enzymes has em- 
erged as a promising therapeutic strategy 
against cancer. Up to date, a number of small 
molecule inhibitors towards UCHs have been 
developed, and the anti-cancer effects of the 
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compounds have also been demonstrated in 
preclinical studies. However, UCH-targeted in- 
hibitor development still faces quite a few of 
challenges including achieving selective inhibi-
tion of specific UCH family members, discover-
ing UCHs inhibitors with high potency, and 
developing candidate compounds with accept-
able off-target effects and toxicity. Despite 
these challenges, scientists are actively en- 
gaged in developing UCHs-targeted inhibitors 
through rational drug design and high-through-
put screening. With the extensive input and the 
advancements in technology, a broader range 
of UCH inhibitors with satisfying drug-like prop-
erties might be obtained, and they will offer 
novel options for cancer therapy. Besides, the 
developed small molecule inhibitors with high 
potency and specificity could also facilitate the 
function elucidation of UCHs by serving as 
chemical probes. 
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