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Abstract 

Ovarian cancer is a lethal disease due to late diagnosis and occurrence of drug resistance that limits the 
efficacy of platinum-based therapy. Drug resistance mechanisms include both tumor intrinsic and tumor 
microenvironment-related factors. A role for deubiquitinases (DUBs) is starting to emerge in ovarian 
cancer. DUBs are a large family of enzymes that remove ubiquitin from target proteins and participate in 
processes affecting drug resistance such as DNA damage repair and apoptosis. Besides, DUBs modulate 
the functions of T cell populations favoring an immune suppressed microenvironment. Three DUBs are 
proteasome-associated, whereas the large majority are not. Among the former DUBs, USP14 has been 
proposed to modulate transcription factors such as Bcl6 and BACH1. In addition, RPN11/PSMD14 
interferes with various processes including epithelial mesenchymal transition, also favored by 
non-proteasomal DUBs such as USP1 by acting on Snail. Besides, USP8 by stabilizing HER family receptors 
can confer drug resistance. Overall, DUBs appear to be druggable, with several inhibitors under 
development. Based on DUBs biological role, DUBs targeting appears promising in view of combination 
strategies involving different therapeutic approaches. Here, we summarize the relevance of DUBs in 
ovarian carcinoma and provide insights into future challenges for the treatment of this disease. 
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Introduction 
Ovarian carcinoma is not a frequent cancer, but it 

is often lethal because of its late diagnosis and the 
occurrence of drug resistance [1,2]. The 
armamentarium of drugs available for ovarian 
carcinoma treatment is quite poor, although it has 
been recently enriched by the approval of inhibitors of 
Poly-ADP ribose polymerase (PARP) both for BRCA1 
and BCRA2 mutant cancers as well as for the 
maintenance therapy of non-mutant platinum- 
sensitive recurrent ovarian cancer [3]. The first-line 
treatment of ovarian carcinoma is a platinum-based 
regimen involving the combination of cisplatin or 
carboplatin with paclitaxel. In spite of the efficacy of 
the combination, drug resistance can develop [2]. 

The mechanisms of resistance to platinum agents 
have been deeply addressed mainly in preclinical 
models, representative of different tumor types, and 
they have been linked to multiple alterations affecting 
drug accumulation/efflux, drug sequestration by 

thiols, cell response to DNA damage and DNA repair 
[4]. In ovarian carcinoma, a major contribution of cell 
intrinsic factors to drug resistance has been clearly 
defined, with the recognition of a major role of 
impaired apoptotic response due to mutation of TP53, 
already in early studies [5]. The main DNA repair 
alteration underlying resistance to platinum agents is 
an increased expression of enzymes of the Nucleotide 
Excision Repair pathway, with ERCC1 being 
proposed as a biomarker of response to 
platinum-based therapy [6]. An additional 
mechanism of resistance relevant in ovarian 
carcinoma includes restoration of homologous 
recombination (HR) in tumor cells originally bearing 
mutations in the BRCA1 or BRCA2 genes. The 
available evidence also supports the relevance of 
pathways sustaining cell survival, such as the 
PI3K-Akt-mTOR and RAS-RAF-MEK pathways in 
conferring resistance to platinum agents [7,8]. Drug 
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resistance of ovarian carcinoma is not simply related 
to tumor intrinsic features, but a role for the tumor 
microenvironment has been documented [9]. For 
instance, cancer-associated fibroblasts (CAFs) have 
been reported to support survival of tumor cells 
exposed to cisplatin due to the production of thiols 
(glutathione and cystine), that can - however - be 
disabled by the presence of γIFN producing T cells 
[10]. Such cells by up-regulating γ-glutamyl-
transferases and transcriptional repressing system xc 
(-) cystine and glutamate antiporter via the 
JAK/STAT1 pathway prevent production of thiols by 
CAFs and therefore tumor drug resistance. 

A role for DUBs in supporting the growth of 
tumor cells resistant to platinum agents emerges from 
the literature. DUBs are enzymes that act by 
catalyzing the detachment of ubiquitin from protein 
substrates. They represent a large family of proteins 
with around 100 members, mainly belonging to two 
subfamilies, i.e., the ubiquitin-specific peptidases/ 
proteases and the Zn-dependent ones as well as 
pseudo-enzymes devoid of enzymatic function. The 
key role of DUBs in cancer has been recently reviewed 
by Dewson and colleagues who described their 
contribution to cancer survival with specific reference 
to the hallmarks of cancer [11]. Such hallmarks have 
increased with time, but already in 2000 a major 
contribution of signaling sustaining tumor cell 
survival was recognized [12]. Indeed, regarding the 
interference of DUBs with cancer hallmarks, a layer of 
complexity is provided by the modulation of tumor 
cell survival pathways by DUBs. For example, a 
regulation of the stability of receptors of the HER 
family by Ubiquitin-Specific Protease 8 (USP8) has 
been documented [13-15]. This phenomenon is 
relevant given the role of such receptors as 
therapeutic targets as well as their involvement in 
growth factor and PI3K signaling. The available 
evidence also suggests that DUBs act in the tumor 
microenvironment because they can play a role in 
modulating the functions of various T cell 
populations. In this regard, USP8 may lead to cancer 
immune evasion as it supports regulatory T cells and 
suppresses T cell functions [16]. In this regard, it has 
to be noted that ovarian cancer resides in an 
immunosuppressed microenvironment that favours 
progression and drug resistance [17]. 

Based on this background, here we review the 
role of DUBs in drug resistance of ovarian carcinoma 
with specific reference to the exploitation of their 
targeting in this disease. 

The deubiquitinase family: classification and 
functions 

DUB enzymes can be grouped in two major 

classes: cysteine proteases (CP) and metallo proteases 
(MP) (Figure 1) [18,19]. 

In humans, the CP class is the best characterized 
one and includes over 80 proteins. These enzymes 
have been mechanistically and structurally studied as 
well as proficiently inhibited [20-22]. Based on their 
aminoacid sequence and protein domain 
organization, CP are classified in six families 
including: the ubiquitin C-terminal hydrolases 
(UCHs), the ubiquitin-specific proteases (USPs), the 
ovarian tumor domain-containing proteases (OTUs), 
the Machado–Josephin domain-containing proteases 
(MJD), the K48 polyubiquitin-specific MIU‐containing 
the novel DUB family domain-containing proteases 
(MINDYs), and the zinc finger with Ubiquitin Fold 
Modifier1-specific peptidase domain-containing 
proteases (UFM1s) [23]. To hydrolyze the ubiquitin 
attached to the substrate, the active site of CP takes 
advantage of a cysteine, a histidine and often an 
asparagine or aspartate residue [19, 23, 24]. The active 
or inactive condition of this type of DUBs relies on the 
presence of a reactive thiolate (-S−) or inactive thiol 
(-SH) group of the cysteine [25]. Substrate binding, 
interaction with a protein complex as well as 
post-translation modifications of the DUB itself 
usually regulate conformational shifts and the state 
transition [26-29]. The conformational changes 
polarize the active site histidine, commonly mediated 
by the presence of an asparagine or aspartate residue 
[30,31]. Following the histidine polarization, the pKa 
of the cysteine is lowered and this feature induces 
thiol deprotonation and thiolate stabilization [26, 24]. 
Thiolate cysteine undergoes a nucleophilic attack by 
ubiquitin/polyubiquitin (Poly-Ub) chain linked to the 
substrate, leading to the formation of a thioester 
intermediate. When the bond of the ubiquitin-DUB 
intermediate is hydrolyzed, substrate release occurs, 
and the CP DUB returns back to a thiolate reactivated 
DUB for a new enzymatic cycle [26,32]. 

The UCH family comprises four enzymes, i.e., 
UCHL1, UCHL3, UCHL5, and BAP1. UCHL3 is the 
first structurally characterized DUB [20]. Peculiar of 
this family is the loop structure hiding the entrance of 
the active site that selects the substrates according to 
the size [20, 33]. However, too large substrates can 
bypass this loop-mediated obstacle via their 
unfolding [33]. Among UCH DUBs, BAP1 plays a 
critical role in controlling the cell-cycle and DNA 
damage response (DDR) [34]. Mutations of BAP1 
impacting on enzymatic activity and affecting 
germline cells predispose to melanoma and renal cell 
carcinoma [35] and are frequent in malignant pleural 
mesothelioma [36]. 

The USP family includes 58 members and is the 
largest one. Structurally, these enzymes appear as a 
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hand with three major domains, i.e., a thumb, a palm, 
and fingers [27, 37, 38]. The fingers stabilize the 
interaction with distal ubiquitin on substrates, while 
the catalytic residues are positioned between the 
thumb and the palm [27]. 

The OTU family, originally identified in 
Drosophila melanogaster [39], includes 16 members 
showing different specificity for ubiquitin substrates 
[40]. The OTUs contain an OTU catalytic domain, an 
ubiquitin interaction domain (i.e., ubiquitin 
interacting motif), an ubiquitin associated domain, or 
Zinc finger domain [39]. The different OTUs display 
specificity for different chains. In fact, specific for K48 
chains is the ovarian tumor deubiquitinase, ubiquitin 
aldehyde binding (OTUB1). Specificity for K11 chains 
is reported for Cezanne, while ovarian tumor 
deubiquitinase (OTUD2) specifically acts on K11, K27, 
and K33 chains [40-42]. The different substrate 
specificity implies that OTU DUBs regulate different 
cellular signalling pathways [40]. Some OTU DUBs 
lack the asparagine/aspartate residue in the catalytic 
site [30]. The absence of the negatively charged 
residue in the catalytic triad, which is essential to 
polarize the histidine, results in inactive DUB 
members, such as in the case of OTUB2. However, this 
behaviour is controversial following the observation 
that the Tumor Necrosis Factor alpha–induced 
protein 3 (A20) retains activity following an induced 
mutation of its catalytic aspartate residue [43, 44]. 

The MJD family contains four members, 
including ataxin 3 (ATXN3), ATXN3L, Josephin 
domain-containing 1 and Josephin domain-containing 
2. Together with the catalytic cysteine, the highly 
conserved catalytic Josephin domain contains two 

ubiquitin binding sites and two histidines [23,45]. The 
acronym MJD, meaning Machado–Josephin disease, 
reflects a neurological disorder produced by an 
amplification of the CAG sequence in ATXN3 leading 
to protein misfolding and aggregation [46]. 

The five members (MINDY1–4 and MINDY4B) 
of the MINDY family are specific for K48 ubiquitin 
linkages [23, 47]. These DUBs, which are inactive prior 
to substrate binding, are activated by the interaction 
with their substrates that induce conformational 
changes required for enzyme activation [48]. 

The UFM1 family includes only one member. 
This enzyme contains two ubiquitin-binding 
domains, which are necessary for catalyzing the 
cleavage of K63 linkages [49]. 

The class of MP DUBs includes the zinc- 
dependent enzymes equipped with JAB1/MPN/ 
MOV34 (JAMM) domain [18, 50]. Among the 14 genes 
of the human genome containing this domain, seven 
coordinate the zinc ion cofactor, and only six of these 
are capable to hydrolyze ubiquitin conjugates, 
including AMSH, AMSH-LP, BRCA1/BRCA2- 
containing complex subunit 3, COP9 signalosome 
complex subunit 5, Myb-like, SWIRM and MPN 
domains 1, and regulatory particle non-ATPase 11 
(RPN11) [51, 30, 52]. 

One aspartate, two histidine residues and one 
serine are contained into the catalytic site of the MP 
DUBs [18, 51]. By using the zinc ion, MP hydrolyzes a 
water molecule producing the hydroxide ion allowing 
the hydrolysis of the isopeptide bond between 
substrate and ubiquitin [18]. No covalent intermediate 
between the enzyme and substrate is formed. 

 

 
Figure 1. The family of deubiquitinases. A graphical representation of the different groups of deubiquitinases showing the heterogeneity of the components and their 
relative distribution across the family. Cysteine proteases: UCH, ubiquitin C-terminal hydrolase; USP, ubiquitin-specific protease; OTU, ovarian tumor domain-containing 
proteases; MJD, Machado–Josephin domain-containing proteases; MINDY, K48 polyubiquitin-specific MIU-containing novel DUB family domain-containing proteases; UFM1, 
Ubiquitin Fold Modifier1-specific peptidase domain-containing proteases. Metallo proteases: JAMM, JAB1/MPN/MOV34 domain-containing enzymes. 
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Figure 2. Proteasomal deubiquitinases. Representation of the small subset of proteasomal deubiquitinases that include three members and their major cellular functions. 
The complete proteasome structure consisting of a 20S core particle and two 19S regulatory particles is shown on the left. On top of the proteasome a schematic DUB displays 
the action on poly-ubiquitinated substrate proteins. Once the substrate is unfolded and ready for degradation, USP14 and UCHL5/UCH37 trim poly-Ub chains, whereas 
RPN11/PSMD14 realeases poly-Ub. USP, ubiquitin-specific protease; UCH, ubiquitin C-terminal hydrolase. 

 
Among the MP DUBs, the best characterized and 

studied is RPN11/PSMD14. Together with two CP, 
USP14 and UCHL5, RPN11/PSMD14 associates with 
the proteasome (Figure 2) [53-55]. The 26S proteasome 
complex contains a 20S catalytic barrel-shaped core, 
which interacts with different regulatory particles 
[56]. By ubiquitin-binding receptors, the 19S 
regulatory particle recognizes ubiquitinated 
substrates with high specificity [57]. Upon 
ubiquitin-binding receptor recognition, the poly-Ub 
chain is removed and recycled into the pool of free 
ubiquitin before substrate degradation [58]. 
RPN11/PSMD14 acts on the link between the 
substrate and the proximal ubiquitin of the chain, thus 
the enzyme removes the complete poly-Ub chain at 
once [53, 58-60]. Since RPN11/PSMD14 activity 
occurs upon ATPase dependent proteasome substrate 
unfolding, this feature delays its activity until the 
substrate is committed to proteasome degradation 
[59]. The lack of a proficient RPN11/PSMD14 activity 
fails to remove the poly-Ub chain and this behaviour 
produces a steric hindrance of the substrate into the 
20S core impeding protein degradation [59]. 
Conversely, the regulatory functions of USP14 and 
UCHL5 trim the ubiquitin from substrates to limit 
their degradation [54, 61, 62]. 

AMSH is a MP DUB implicated in endosomal 
membrane trafficking. AMSH interacts with substrate 
proteins and removes K63 ubiquitin [63, 64]. This 
peculiar behaviour of AMSH drives the fate of 
substrates allowing their degradation or recycling by 
the Endosomal Sorting Complexes Required for 
Transport (ESCRT) pathway [64]. This feature renders 
AMSH an interesting target for therapeutic 
intervention [65]. 

Deubiquitinases and drug resistance 
Selected DUBs have been implicated in the 

molecular mechanism of ovarian cancer resistance 
(Table 1). For some of them, a clear role in the 
mechanism of resistance to clinically available agents 
has been established. Besides, a large body of 
evidence supports a contribution to features 
underlying tumor aggressiveness. 

Proteasomal deubiquitinases 

USP14 
Among proteasomal DUBs, USP14 is the one 

whose role has been better investigated following the 
discovery of the potential relevance of its targeting 
[66]. In ovarian cancer, USP14 has been reported to be 
over-expressed as compared to normal tissue in early 
studies [67, 68]. Of note, USP14 expression has been 
related to patient survival. A role for USP14 in 
regulation of cell proliferation and apoptosis has been 
reported in ovarian carcinoma cells with intrinsic 
resistance to cisplatin (i.e., SKOV3) in which the 
expression of USP14 has been shown to be cell-cycle 
dependent with an increase after serum addition in 
starved cells [68]. USP14 has been shown to confer 
cisplatin resistance as its inhibition results in 
enhanced cisplatin cytotoxicity [69]. In keeping with 
these studies, it has been reported that USP14 
expression is augmented in cisplatin-resistant cells, 
where it confers resistance by stabilizing Bcl6 through 
prevention of its proteasomal degradation [70]. Bcl6, a 
Zinc finger protein that acts as a transcriptional 
repressor, is known as an oncoprotein that supports 
proliferation as well as migratory and invasive 
abilities of ovarian cancer cells and behaves as a 
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negative prognostic factor [71]. Targeting of USP14 
may therefore represent an alternative mode to inhibit 
Bcl6, besides the recently proposed direct targeting 
[72]. 

A recent report has highlighted a role for USP14 
in the regulation of heme metabolism and of invasive 
cell abilities [73]. In fact, by direct interaction, the DUB 
stabilizes the transcription factor BACH1 that acts by 
preventing the binding of Nrf2 to the promoter of 
HO-1, thereby decreasing HO-1 expression and 
reducing heme degradation. In addition, the 
activation of Nrf2 appears to promote USP14 
expression, given that USP14 levels are correlated to 
Nrf2 levels across cancer types, oxidative stress and 
the disruption of the Keap1/Nrf2 interaction promote 
USP14 expression [73]. 

RPN11/PSMD14 
RPN11/PSMD14 is a Zn2+ dependent protease 

belonging to the JAMM family that cleaves the 
ubiquitin chain allowing the substrates to proceed 
into the 20S core particle proteolytic chamber for 
degradation to be completed [74]. A role for 
RPN11/PSMD14 in drug resistance is supported by 
multiple studies [75]. A study of the molecular bases 
of aberrant autophagy in ovarian cancer which was 
found to be associated with an enhanced expression 
of the selective autophagy receptor SQSTM1/p62 has 
led to the identification of RPN11/PSMD14 as a 
negative regulator of autophagy levels [76]. Through 
functional approaches in in vitro and in vivo models it 
has been demonstrated that RPN11/PSMD14 sup-
ports tumor aggressive features through a mechanism 

that involves Leucine Rich Pentatricopeptide Repeat 
Containing (LRPPRC). 

Indeed, the deubiquitination following direct 
interaction results in inhibition of autophagy through 
LRPPRC/Beclin1-Bcl-2/SQSTM1 signaling pathway. 
Such observations are in keeping with the correlation 
between RPN11/PSMD14 and LRPPRC expression in 
clinical specimens [76]. The C16orf72/HUWE1- 
associated protein modifying stress responses 
(HAPSTR1) has also been implicated in sustaining 
tumor progression in ovarian cancer through 
stimulation of epithelial mesenchymal transition 
(EMT) and inhibition of autophagy [77]. Indeed, 
HAPSTR1 colocalizes with LRPPRC and inhibits its 
ubiquitination, with HAPSTR1 overexpression 
stabilizing LRPPRC through RPN11/PSMD14. 

The available evidence supports that the 
contribution of RPN11/PSMD14 to ovarian cancer 
aggressiveness may derive from the cooperation 
among different mechanism, because it has been 
reported to decrease the enzymatic activity of 
pyruvate kinase M2 (PKM2). PKM2 represents a 
rate-limiting enzyme of glycolysis and is considered 
an important regulator of metabolic signals in cancer. 
PKM2 forms a tetramer and acts as a pyruvate kinase 
under normal conditions. Conversely, in cancer cells, 
PKM2 functions as a dimeric enzyme inducing the 
“Warburg effect”. RPN11/PSMD14 plays a role in 
regulating the post-translational modification of this 
enzyme. Specifically, RPN11/PSMD14 acts by 
reducing the ubiquitination on the K63 of PKM2 
increasing the expression of the dimeric form and also 
favouring its nuclear translocation leading to aerobic 
glycolysis in tumors, including ovarian cancer [78]. 

 

Table 1. Deubiquitinases and drug resistance 

Cellular mechanism  Deubiquitinase  Role in drug resistance Reference 
Proteasomal 
deubiquitinases 

USP14 ●Regulation of cell proliferation and apoptosis.  
●Stabilization of the oncoprotein Bcl6. 
●Regulation of heme metabolism and of invasive cell ability via stabilization of BACH1 and activation 
of Nrf2. 

[68, 70, 73] 

RPN11/PSMD14 ●Inhibition of autophagy and sustaining of EMT through activation of 
LRPPRC/Beclin1-Bcl-2/SQSTM1 signaling pathway mediated by HAPSTR1. 
●PKM2-mediated stimulation of the Warburg effect and enzyme nuclear translocation. 

[76, 77, 78] 
 

Non-proteasomal 
deubiquitinases 

USP1 ●Regulation of DDR by deubiquitinating PCNA and FANCD2. 
●Regulation of EMT and stem cell state via stabilization of MAP3K7 and Snail. 

[81, 82, 83] 

USP7 ●Regulation of the p53/MDM2 axis. 
●Regulation of T cell functions, polarization of tumor-associated macrophages as well as the expression 
of PD-L1 in tumor cells.  

[85, 89] 

USP8 ●Regulation of cell proliferation via EGFR activation. 
●Regulation of apoptotic cell death via FLIPL, caspase 3/7 and 8. 
●Generation of an inflamed tumor microenvironment.  

[90, 94, 96] 

USP28 ●Activation of β-catenin signalling pathway.  [97] 
USP35 ●Reduced infiltration of immune cells by regulating STING-TBK-IRF3 pathway. 

●Stabilization of multiple members of the IAP family. 
●Stabilization of Snail favouring metastatic spread. 

[98, 99, 
100] 

USP39 ●Promotion of transcription mediated by the splicing of HMGA2. 
●Promotion of tumor cell proliferation and survival mediated by EGFR, Akt and ERK activation and 
resistance to apoptosis induction by the inhibition of the p53-p21 and Wnt pathways.  
●Increased cell migration ability via slug and E-cadherin. 

[105, 107] 

USP48 ●Regulation of cell migration and invasion as well as resistance to apoptosis induction.  [108] 
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Non-proteasomal deubiquitinases 

USP1 
USP1 plays a key role in the DDR, particularly in 

translesion synthesis of the Fanconi anemia (FA) 
pathways, by deubiquitinating PCNA and Fanconi 
anemia complementation group D2 (FANCD2), 
respectively [79, 30]. USP1 contribution to the 
aggressive feature of ovarian cancer has been 
dissected out [80] and inhibitors of this DUB are being 
developed. USP1 has been implicated in conferring 
resistance to platinum agents and in favoring 
metastatic spread (Figure 3). Indeed, using a 
short-hairpin based loss-of-function screening for 
genes involved in apoptosis and in the DDR, USP1 
was identified as a gene whose loss increases 
platinum sensitivity [80]. Enhanced sensitivity to 
cisplatin was observed upon pharmacological 
inhibition of USP1 in keeping with an established role 
of USP1 in regulating the DDR by deubiquitinating 
FANCD2 [81]. Specifically, the DNA damage and 
genome repair is governed by the activity of the 
complex USP1-UAF1-RAD51AP1, which regulates 
FANCD2 ubiquitination/deubiquitination and in 
turn drug sensitivity [81]. An additional function of 
USP1 is the regulation of EMT and stem cell state, in 
keeping with the evidence from the literature 
indicating that USP1 in complex with WD repeat 
domain 48 enhances TGF-β induced EMT of triple 
negative breast cancer cells via stabilizing 
TGF-β-activated kinase 1 (TAK1), also known as the 
mitogen-activated protein kinase 7 (MAP3K7) [82]. In 
fact, silencing of USP1 resulted in decreased levels of 

genes associated with cancer stemness (e.g., Sox2, 
KLF4, c-Myc) under basal conditions and upon 
cisplatin exposure. In this context, a key observation is 
that USP1 regulates EMT by deubiquitinating Snail, 
thereby preventing its degradation. Physical 
interaction between USP1 and Snail has been 
documented to occur under basal conditions with an 
enhancement upon cisplatin exposure [80]. A link 
between the DDR and EMT has been established, 
because cisplatin exposure of ovarian cancer cells 
results in USP1 phosphorylation by ATM and ATR, 
the two core kinases of the DDR; such a 
phosphorylation is required for binding to Snail, a 
process activating stemness feature that can 
ultimately induce cell reprogramming to favor 
survival. 

USP1 dependency has been related to the 
aberrant processing of mono- and poly-Ub PCNA in 
BRCA1/2 mutant tumors as well as in BRCA1/2 
wild-type cell lines including ovarian cancer cells [83]. 
Following USP1 inhibition, a subset of BRCA1/2 
wild-type as well as BRCA1/2 mutant cells show a 
S-phase specific DNA damage, decreased DNA 
synthesis, reduced replication fork speed, and 
activation of the ATR–Chk1 signaling cascade. RAD18 
and UBE2K, which are responsible for mono- and 
poly-Ub of PCNA leading to reduced PCNA protein 
levels, mediate the observed USP1 dependency. 
Interestingly, the toxic PCNA protein degradation 
mediated by USP1 inhibition synergizes in vitro and in 
vivo with PARP inhibition in BRCA1/2 mutant 
tumors [83].  

 

 
Figure 3. Non proteasomal deubiquitinases. Representation of biological functions of non-proteasomal deubiquitinases and their contribution to ovarian cancer 
aggressiveness and drug resistance. 
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USP7 
The DUB Herpesvirus associated Ubiquitin- 

Specific Protease/Ubiquitin-Specific Protease 7 
(HAUSP/USP7) has been implicated in tumorigenesis 
with participation to several cancer hallmarks [84]. 
USP7 plays a key role in the regulation of the 
p53/MDM2 axis [85] and in vivo knock out of the gene 
has been shown to result in increased p53, cell-cycle 
arrest and apoptosis. Enhancement of p53 levels as a 
consequence of knockout results in induction of 
BCC3/PUMA, CDKN1A/p21 and MDM2. Increased 
p53 is associated with enhanced degradation of 
MDM2 initially compensated by the MDM2 
induction. USP7 seems to play a key role in different 
cancers, including ovarian cancer where it has been 
proposed as a prognostic factor [86]. 

The catalytic core domain of USP7 has been 
crystallized more than twenty years ago [87] and 
co-crystal structures with small molecules have been 
reported [88]. USP7 has also been implicated in the 
regulation of anti-tumor immune responses. In this 
context, USP7 promotes the function of regulatory T 
cells, regulates polarization of tumor-associated 
macrophages, and the expression of programmed 
death-ligand 1 (PD-L1) in tumor cells [89]. 

USP8 
USP8 removes K48 and K63 linked poly-Ub 

chains from substrates thereby participating in 
refilling of the ubiquitin cell pool and has been 
implicated in EGFR regulation and endosomal sorting 
and in protection from degradation [13, 14]. Besides, it 
has been demonstrated that USP8 is phosphorylated 
in Akt-dependent manner following neuregulin 
stimulation [15]. Of note, USP8 is overexpressed in 
various cancer types and in ovarian cancer it is 
associated with poor prognosis [90]. Targeting of 
USP8 reduces survival pathway activation in ovarian 
carcinoma preclinical models of cisplatin resistance 
[90], offering novel opportunities for drug 
development in this disease and in many neoplastic 
diseases with a key role for EGFR activation including 
for example lung cancer in which down-regulation of 
the HER family receptor phosphorylation was 
observed following molecular and pharmacological 
inhibition of USP8 [91]. Although USP8 targeting may 
appear not amenable due to the essential role of this 
gene in cell viability as shown by embryonic lethality 
in knockout mice [92], a certain degree of selectivity 
could be provided by increased expression in tumors. 
Thus, in specific context, this DUB seems to be a 
desirable anticancer target. Indeed, it has been 
implicated in the pathogenesis of corticotroph 
adenoma in which activating mutations sustaining the 
EGFR pathways stimulation are reported [93]. USP8 

has been also implicated in the regulation of apoptotic 
cell death [94] that can results from decreased survival 
signals by receptor tyrosine kinases, but also from 
changes in stability of anti-apoptotic proteins. Indeed, 
knockdown of USP8 in ovarian cancer cells produces 
a downregulation of the anti-apoptotic action of FLIPL 
associated with enhanced susceptibility to 
cisplatin-induced apoptosis resulting from enhanced 
caspase 3/7 activation [90]. In this regard, USP8 has 
been reported to counteract apoptosis mediated by 
death receptors by increasing the stability of FLIPS 
[95] and this is consistent with enhanced 
cisplatin-induced activation of caspase 8 following 
USP8 knockdown in ovarian carcinoma cells [90]. In 
addition, a modulation of the efficacy of 
immunotherapy can be foreseen because USP8 
inhibition has been recently reported to reshape an 
inflamed tumor microenvironment [96]. Indeed, USP8 
negatively regulates PD-L1 by removing K63-linked 
Ub resulting in increased K48-linked ubiquitin and 
PD-L1 degradation. Besides, pharmacological or 
molecular inhibition enhances PD-L1 but also 
increases innate and adaptive immune responses [96]. 

USP28 
USP28 has been recently identified as a 

down-stream target gene of the β-catenin-YAP1-TBX5 
transcriptional complex [97]. USP28 expression is 
increased in ovarian cancer as compared to normal 
tissue and enhanced expression has been associated 
with a poor prognosis [97]. Deregulated USP28 
expression is linked to the activation of β-catenin 
signaling pathway. In fact, the expression of USP28 
has been highly correlated with the CTNNB1 gene 
that codes for β-catenin as well as CCND1 and BIRC5, 
both targets of the Wnt/β-catenin signaling pathway. 
In addition, it was hypothesized and then confirmed 
that USP28 was a target gene for the transcription 
factor TBX5 as USP28 promoter indeed contains 
binding sites for TBX5. 

USP35 
An additional USP that has revealed promising 

features as a therapeutic target in ovarian carcinoma 
is USP35. High levels of USP35 have been reported to 
correlate with reduced infiltration of CD8+ T cells and 
poor survival [98] in tumor specimens. Analysis of 
public databases indicates that USP35 is frequently 
amplified in ovarian cancer and expressed at higher 
levels than in normal cells, but increased levels can be 
found in other cancer types such as renal cell 
carcinoma and gastric cancer [99, 100]. In renal 
carcinoma, USP35 has shown the capability to 
stabilize multiple members of the IAP family, so that 
its loss results in enhanced apoptosis [99]. In gastric 
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cancer, USP35 has been implicated in Snail 
stabilization that appears to favor metastatic spread. 
[100]. In ovarian cancer, the interferon (IFN) pathway 
has been found to be enriched in samples with low 
USP35, suggesting a role of USP35 in preventing 
recruitment of immune cells [98]. Indeed, functional 
studies using knockout or over-expressing cells 
indicates a role for USP35 in negatively regulating 
IFN signaling. Of note, USP35 was found to 
deubiquitinate stimulator of interferon genes (STING) 
after direct binding and to regulate the 
STING-TBK-IRF3 pathways as their phosphorylation 
was enhanced upon USP35 knockdown in response to 
cGAMP, but abolished upon USP35 over-expression. 
Moreover, USP35 was found to modulate 
STING-mediated interferon with IFN-β and Cxcl10 
levels increased in tumors from mice inoculated with 
USP35 knockdown cells. 

USP39 
USP39 is a DUB involved in spliceosomal 

complex assembly and characterized by the lack of 
catalytic activity due to the absence of 
catalytically-active amino acid residues; it is therefore 
one of the pseudoenzymes of the DUB family. It is 
known as a serine/arginine (SR) related protein 
because of the arginine, serine and glutamic acid rich 
N-terminal domain, similarly to SR proteins that 
participate in the recruitment of tri-snRNP to the 
pre-spliceosome [101]. USP39 has been shown to be 
over-expressed in multiple tumor types [102, 103], 
including ovarian cancer, where it has been reported 
to be highly expressed in clinical specimens from 
patients resistant to carboplatin [104]. In addition, 
USP39 has been reported to be increased in ovarian 
cancer as compared to normal tissue, with a positive 
relationship between levels and TNM stage, implying 
a possible role in disease prognosis [105]. USP39 has 
been shown to be transcriptionally activated by 
c-Myc; its deletion results in impaired splicing as 
shown by skipped exons and intron and intergenic 
region over-representation [106]. An oncogenic role 
for USP39 is supported by the evidence that it 
facilities the splicing of high mobility group A2 
(HMGA2), an oncogenic co-activator of transcription 
[107]. Functional approaches have demonstrated that 
USP39 plays a key role in supporting tumor cell 
proliferation and survival as demonstrated by 
short-hairpin mediated down regulation and 
over-expression using cell growth and colony forming 
assays. Indeed, knockdown of USP39 results in 
cell-cycle perturbation with G2/M arrest associated 
with increased cyclin B1 levels as well as increased 
platinum agent induced cell death linked to PARP 
and caspase 3 cleavage [104]. Conversely, the 

over-expression of USP39 produces decreased 
apoptosis as well as enhanced activation of cell 
survival pathway mediated by EGFR activation as 
enhanced EGFR, Akt and ERK phosphorylation are 
observed. The available literature also suggests that 
USP39 promotes the progression of ovarian 
carcinoma cells via inhibition of the p53-p21 pathway 
and Wnt pathway with evidence of an impact of 
knockdown on the in vivo growth [105]. Of note, the 
suppression of USP39 impairs the migratory cell 
abilities with inhibition of slug and E-cadherin 
leading to EMT inhibition. 

USP48 
Inhibition of migration of ovarian cancer cells 

following knockdown is also observed upon 
interference with USP48, another USP that has been 
investigated in this disease [108]. In in vitro studies, it 
has been established that USP48 is implicated in the 
regulation of migration and invasion, but not of 
proliferation. However, knockdown of USP48 results 
in increased sensitivity to carboplatin, a feature 
associated with enhanced PARP and caspase-3 
cleavage. Consistently, high USP48 levels appear to be 
related with resistance to carboplatin. Differently 
from what is observed for other DUBs, the 
over-expression of USP48 does not result in increased 
migration or resistance, suggesting a sort of saturation 
state in terms of expression. Besides, high USP48 
levels are associated with poor prognosis both as 
progression-free and overall survival, in keeping with 
the observation from animal studies of reduced 
metastasis upon USP48 ablation. Thus, USP48 may 
represent a prognostic biomarker and may be 
exploitable for therapeutic targeting. The therapeutic 
relevance of USP48 has been also highlighted in FA, a 
rare disease with increased cancer risk caused by 
defective repair of DNA interstrand-crosslinks [109]. 
In fact, USP48 is synthetic viable for FA-gene 
deficiencies and FA-deficient cells additionally 
lacking USP48 are less sensitive to cross-links induced 
genotoxic stress than FA-defective cells, showing 
increased clearance of DNA damage dependent on 
BRCA1. 

DUB targeting by small molecules 
The design of inhibitors of DUBs is challenging 

considering several issues including the need to 
develop compounds selective for specific DUBs 
belonging to families of related enzymes [110]. The 
catalytic site contains a reactive thiol group that may 
undergo redox reaction providing false positives in 
screenings [111]. DUB enzymatic activity is regulated 
in a complex manner through allosteric and 
substrate-mediated effects [112]. 
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The first DUB inhibitor that achieved clinical 
development is VLX1570 (Figure 4 and Table 2), a 
derivative of b-AP15 that inhibits both USP14 and 
UCHL5. The latter DUB has been associated with poor 
survival in ovarian cancer [113]. In ovarian cancer 
preclinical models, b-AP15 has shown capability to 
inhibit survival of TP53 mutant cells by regulation of 
TGF-β signaling as a consequence of UCHL5 blockade 
and Smad2 phosphorylation resulting in apoptosis. 
Unfortunately, the clinical development of VLX1570 
has been terminated for dose limiting toxicities [114], 

likely resulting from protein cross-linking [115], but 
the preclinical evidence of efficacy in different cancer 
types suggest the need to develop more tolerable 
inhibitors. 

A recent review of patents of USP7 inhibitors 
highlights the molecular heterogeneity of the main 
scaffolds of these inhibitors that have been described 
also in natural products [88]. First generation 
inhibitors have been reported (e.g., P5091) capable of 
overcoming resistance to proteasome inhibitors 
targeting the 20S CP (i.e., bortezomib) [116]. 

 

Table 2. Small molecules targeting deubiquitinases in ovarian cancer. 

Target Compound Mechanism of action Reference 
USP14/UCHL5 VLX1570 

b-AP15 
Inhibition of survival of TP53 mutant cells by regulating TGF-β signaling and Smad2 phosphorylation leading to 
apoptosis. 

[113, 114, 
115] 

USP7 P5091 Overcome resistance to 20 S CP inhibitors (e.g., bortezomib). [116] 
USP8 RA-9 Induction of apoptosis mediated by an unfolded protein response activated against a proteotoxic stress. [118] 
USP1 KSQ-4279 Inhibition of growth of tumor models partially sensitive to PARP inhibitors and induction of a durable tumor 

regression in combination with a PARP inhibitors. 
[119] 

ML323 Induction of apoptosis via a S-phase cell-cycle block. [121] 
SJB3-019A 
Pimozide 

Reduction of cisplatin-induced Snail expression [80] 

 

 
Figure 4. Small molecules targeting deubiquitinases. The chemical structures of compounds that have been investigated in ovarian cancer are reported. USP14 and 
UCHL5 inhibitors: VLX1570, b-AP15; 20S CP inhibitor: bortezomib; USP7 inhibitor: P5091; USP8 inhibitor: RA-9; USP1 inhibitors: KSQ-4279, ML323, SJB3-019A, pimozide. 
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Second generation inhibitors have been already 
produced, and they are characterized by higher 
potency and selectivity as well as improved 
pharmacokinetics properties as compared to the 
first-generation ones. However, the available 
compounds which include reversible and irreversible 
inhibitors have not entered clinical development. 
Although the preclinical efficacy of small-molecule 
USP7 inhibitors was demonstrated in vivo and the 
synergistic effect of combining USP7 inhibition with 
cancer immunotherapy appears promising, the field 
seems to be at its infancy. 

Inhibitors of other DUBs have been reported in 
the last decades including USP1, USP2, USP8, USP30, 
CSN5, STAMBP and RPN11/PSMD14 as well as 
multi-targeted USP inhibitors [117, 118]. Coughlin 
and colleagues reported that the USP8 inhibitor RA-9 
selectively promotes apoptosis in ovarian cancer cell 
lines and primary culture cells, and that its 
mechanism of action is related to an unfolded protein 
response activated against a proteotoxic stress. 
Although the in vivo results were promising, RA-9 did 
not reach the clinical development [118]. 

Efforts have been made on pharmacological 
targeting of USP1 [119-126] and they may pave the 
way to new opportunities for ovarian cancer 
treatment. The development of a first in class USP1 
inhibitor, i.e., KSQ-4279, capable to inhibit tumor 
growth in models partially sensitive to PARP 
inhibitors and to induce durable tumor regression in 
combination with PARP inhibitors is ongoing [119]. 
Indeed, in a CRISPR screen employing over 700 tumor 
cell lines including a subgroup with BRCA1/2 
mutation and DNA repair defects, USP1 was found as 
a suitable target based on genetic dependency. An 
acceptable safety profile for KSQ-4279 has been 
already reported [120]. Given the preclinical evidence 
of activity of this inhibitor in tumors with HR 
deficiency, a contribution of such a type of inhibitors 
to the enrichment of the drugs available for ovarian 
carcinoma, particularly for high grade serous ovarian 
cancer that exhibits a high frequency of mutation (i.e., 
50%) of HR genes, is expected. ML323 is a USP1 
inhibitor that showed interesting antiproliferative 
activity on ovarian cancer cells by blocking S-phase 
cell-cycle [121]. Recently, the analysis of the co-crystal 
structure of ML323 bound to USP1 [122] has been 
instrumental to the characterization of the binding 
mode of KSQ-4279 and for the synthesis of novel 
pyrido[2,3-d]pyrimidin-7)8H)-one derivatives [123]. 

A recent paper has reported an association 
between sensitivity to USP1 inhibitors and the 
accumulation of single-strand DNA (ssDNA) gaps 
during replication in BRCA1 deficient cells; 
suppression of the gaps upon USP1 inhibition occurs 

following deubiquitination of PCNA [124]. The 
mechanism of USP1 inhibitor-induced killing 
involved RAD18, an E3 ligase for PCNA 
ubiquitination that upon USP1 inhibition is trapped at 
replication forks and is likely to block the refilling of 
ssDNA gaps mediated by translesion synthesis 
polymerase. Thus, ssDNA gap accumulation may be 
exploited as a biomarker of response to USP1 
inhibitors. 

The discovery of new chemical entities capable 
of inhibiting DUBs is being pursued through 
innovative strategies that go beyond target-based 
screen, instead proposing target-class approach to 
DUB inhibitor development [125, 126]. A 
chemoproteomic platform to test cysteine-reactive 
covalent fragments against DUBs using cell lysates 
through activity-based protein profiling has been 
recently developed [126]. Targeted identification and 
covalent fragment library profiling carried out taking 
advantage of targeted ubiquitin probe allowed 
profiling of more than 100 covalent fragments versus 
57 DUBs. The identified and validated hit fragments 
target OTUD7B and UCHL3. Pharmacological 
inhibitors of USP1 such as SJB3-019 and pimozide 
have been reported to reduce cisplatin-induced Snail 
expression in ovarian carcinoma cells similarly to 
what is observed upon USP1 knockdown [80]. 

Conclusion and perspectives 
Advances in the molecular characterization of 

tumors have expanded the knowledge about multiple 
mechanisms including ubiquitination and 
deubiquitination. In this context, a role for DUBs in 
specific tumor types such as ovarian cancer is clearly 
emerging. Several components of this large family of 
enzymes have already been reported to contribute to 
ovarian cancer aggressiveness and drug resistance. 
The most promising enzyme appearing in this 
scenario is USP1 that is upregulated in BRCA1/2 
deficient tumors [127]. In the absence of USP1 mono 
Ub PCNA at the replication fork causes cell death, 
whereas when present USP1 protects the fork and 
promotes cell survival. In keeping with this evidence, 
USP1 plays a pro-survival role dependent on EMT 
and stem cell state [80] as well as on the interaction 
with the microtubule-associated serine/threonine 
kinase 1 (MAST1) that extends MAST1 half-life by 
preventing K48-linked polyubiquitination and 
promotes MEK1 activation [128]. The understanding 
of the biological relevance of USP1 in tumor cells has 
supported the preclinical development of various 
small molecules that are getting close to the clinical 
phase of development [129, 130]. Although the 
development of USP14 inhibitors has been delayed by 
the termination of a trial with the VLX1570 
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compound, targeting of USP14 appears really 
promising also considering the preclinical evidence 
that it is not easy to develop resistance to this class of 
compounds and, eventually, low level of resistance 
can occur [131]. Natural compounds or their 
derivatives may also display capability to interfere 
with DUBs as proved for the degradation product of 
curcumin, caffeic acid phenethyl ester that has been 
reported to inhibit USP8 [132]. 

Several DUBs have been reported to contribute 
to the aggressiveness of ovarian cancer, a 
phenomenon that suggests that inhibitors capable of 
targeting multiple enzymes may be particularly 
promising. For some DUBs a clear role in conferring 
resistance to platinum agents has been recognized,  
and selective inhibitors could already have a major 
impact in shaping therapeutic strategies. However, 
biologically relevant results are already available for 
selected DUBs also from tumor types different from 
ovarian cancer. For instance, USP15 has been 
investigated in breast cancer where it has been 
reported to sustain oncogenesis and tumor growth by 
different mechanisms such as activation of TGF-β 
[133], stabilization of MDM2 [134] and promotion of 
an immunosuppressive tumor microenvironment 
[135]. Of note, USP15 appears to be a key regulator of 
HR repair because by deubiquitinating its major 
binding partner BARD1 promotes BRCA1/BARD1 
retention at double-strand breaks facilitating 
double-strand break end resection, thereby allowing 
DNA repair [136]. 

Although DUBs have initially been explored as 
potential targets expressed by tumor cells, their 
contribution to main homeostatic mechanisms 
including immunological processes has gradually 
emerged. Indeed, besides the key role of USP8 in T 
cell development and homeostasis [16], USP15 levels 
have been shown to have an impact on antitumor cells 
responses, its deficiency being associated with 
excessive production of IFN-γ, which promotes an 
immunosuppressive tumor microenvironment in an 
experimental model of tumorigenesis [137]. In line 
with a favorable role of USP15 at the tumor site, 
USP15 low expression was found to be linked to 
reduced CD8+ T cell infiltration and poor prognosis in 
triple negative breast cancer patients as a consequence 
of USP15 ability to inhibit PD-L1 transcription by 
deubiquitinating the transcriptional co-activator 
VGLL4, leading to increased CD8+ T cell infiltration 
resulting in increased efficacy of immunotherapy 
[138] 

A contribution of DUBs in regulating the 
stability of molecules expressed by tumors to evade 
immune surveillance is also possible. In this regard, 
USP22 appears to directly regulate PD-L1 levels by 

deubiquitination [139]. 
Overall, DUBs appear to be able to orchestrate 

different functions both at the tumor and 
microenvironment level acting both in adaptive and 
innate immunity mechanisms [98]. The role for DUBs 
in the tumor microenvironment is also supported by 
the expression of USP7 by bone marrow metastatic 
melanoma cells [140]. The development of inhibitors 
of this class of enzymes seems therefore to be 
extremely promising and to open strategies to 
simultaneously target the tumor and its 
microenvironment. Medicinal chemistry efforts in the 
field will provide also therapeutic opportunities in 
other diseases because DUBs have been shown to 
contribute to the pathogenesis of other diseases such 
as neurodegeneration [141]. 
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