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Abstract

Eukaryotic cells perform a range of complex processes, some essential for life,
others specificto cell type, all of which are governed by post-translational modifications
of proteins. Among the repertoire of dynamic protein modifications, ubiquitination is
arguably the most arcane and profound due to its complexity. Ubiquitin conjugation

consists of three main steps, the last of which involves a multitude of target-specific



ubiquitin ligases that conjugate a range of ubiquitination patterns to protein substrates
with diverse outcomes. In contrast, ubiquitin removal is catalysed by a relatively small
number of de-ubiquitinating enzymes (DUBs), which can also display target specificity and
impact decisively on cell function. Here we review the current knowledge of the intriguing
ubiquitin-specific protease 17 (USP17) family of DUBs, which are expressed from a highly
copy number variable gene that has beenimplicated in multiple cancers, although
available evidence points to conflicting roles in cell proliferation and survival. We show
that key USP17 substrates populate two pathways that drive cell cycle progression and
that USP17 activity serves to promote one pathway but inhibitthe other. We propose that
this arrangement enables USP17 to stimulate or inhibit proliferation dependingon the
mitogenic pathway that predominates in any given cell and may partially explain evidence

pointing to both oncogenic and tumour suppressor properties of USP17.
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1.1. Introduction

Ubiquitinis a protein with numerous regulatory functionsin eukaryotes. Its covalent
linkage as a post-translational modification to other proteins, known as ubiquitination (or
ubiquitylation), promotes a multitude of downstream signalling effects. Ubiquitinis
enzymatically conjugated to target proteins via lysine residues with conjugation to serine,
threonine, cysteine or the amino-terminal methionine also known (McClellan etal., 2019).
Ubiquitin-ubiquitin linkages can also be formed intermolecularly between the carboxyl-
terminal glycine and any of the seven internal lysines within ubiquitin (K6, K11, K27, K29,
K33, K48 and K63) or to the amino-terminus to form polyubiquitin chains (Vijaykumaretal.,

1987) (Figure 1). K48- and K63- linked polyubiquitin chains are the most studied and well -



characterised linkage types; their conjugation to substrates is associated with proteasomal
degradation and cell signalling pathways, respectively (Haglund & Dikic, 2005).
Understanding the information imparted by an ubiquitination eventand how it is read (and
hence unravelling the ‘ubiquitin code’), is highly complex due to the variety and dynamic
nature of ubiquitin modifications. The network giving rise to the ubiquitin code consists of
writers (ubiquitination enzymes- E1, E2 and E3 ligases), readers (proteins capable of
recognising ubiquitin marks) and the focus of this review, erasers (de-ubiquitinating
enzymes) (Komander & Rape, 2012).

De-ubiquitinating enzymes (DUBs) remove ubiquitin from target proteins. There are
approximately 100 DUBs inthe human genome, organised into eight families. These families
are ubiquitin-specific proteases (USPs), ubiquitin carboxyl-terminal hydrolases (UCHs),
ovarian tumour proteases (OTUs), Josephin domain-containing proteins (MJDs),
JAB1/MPN/MOV34 metalloenzymes (JAMMs), the motif interacting with ubiquitin-
containing novel DUB family (MINDY), monocyte chemotactic protein-induced protein
(MCPIPs), and the Zn-fingerand UFSP domain protein (ZUFSP) (Komander etal., 2009; Abdul
Rehman et al., 2016; Kolattukudy & Niu, 2012; Haahr et al., 2018; Hermanns et al., 2018;
Hewingset al., 2018). DUB activity is crucial for nearly all cellularfunctions: the importance
of control over ubiquitination events is such that they often act as oncoproteinsand tumour
suppressorsin cancer development (Hussain etal., 2009). Individual DUBs have specific
functions and substrates, proceeding eitherthrough direct interaction with the target
proteins harbouring ubiquitin modifications orthrough interaction with polyubiquitin
chains, which can also determine whether chain cleavage occurs from the proximal or distal
end (Mevissen & Komander, 2017). Ubiquitin specificproteases (USPs) are the largest family
of DUBs, comprising over half of the known DUBs in humans. They are all cysteine proteases
and are defined by a USP domain with a conserved catalytic triad (Komanderet al., 2009).
The USP domain adopts a conserved structure consisting of three domains —an array of B-
sheetsknown as the fingers, a B-sheet core termed the palm and an a-helical thumb
domain, which together create a binding pocket for ubiquitin betweenthe palmand thumb
regions and at the tip of the fingers, first shownin USP7 (HAUSP) (Hu et al., 2002). This
review is focussed on the USP family member USP17, with a particular emphasison its

involvementin cell cycle control and proliferation and its importance in various cancers.



1.2. Overview of USP17

USP17, alsoreferredto as DUB3, describesa number of very similar proteins
expressed froma multigene family, consisting of multiple gene copiesin blocks of tandem
repeats that are highly copy-numbervariable (Alkan et al., 2009; Burrows et al., 2010).
USP17 geneswere discoveredin mice and named Dubl, Dubla, Dub2 and Dub2A; their
expression was found to be induced in response to cytokinessuch as interleukin2(IL-2) and
IL-3 (Y. Zhu et al., 1996; Y. Zhu et al., 1997; Baek et al., 2001; Baek et al., 2004). These genes,
and other membersidentified as part of the same DUB sub-family, are localised to the
central region of chromosome 7 in mice, presumably as a resultof tandem duplication
events (Y. Zhu et al., 1997; Burrows et al., 2010). A tandemlyrepeated mega-satellite
sequence (named RS447) on human chromosome 4 was found to harbour an open reading
frame (ORF) with high homology to both murine Dub1 and Dub2 (Gondo et al., 1998). This
was later foundto be an intron-less gene encodingan active de-ubiquitinatingenzyme that
was named USP17 (Saitoh et al., 2000).

The discovery of multiple genomicsequences on human chromosomes 4 and 8 with
homology to the murine Dub genesledto the cloning of a de-ubiquitinatingenzyme with
similar cytokine inducibility, that was named DUB3 (Burrows et al., 2004). USP17/DUB3
genesreside within RS447, which has a copy numbervarying from 20-103, mostly on
chromosome 4 (4p16.1) with some also presenton chromosome 8 (8p23.1) (Okada et al.,
2002). Multiple other USP17-like genes were lateridentified spread across chromosomes 4
and 8 as part of this highly polymorphic mega-satellite repeat (Burrows etal., 2005). Some
RS447 repeats on chromosome 8 are also embeddedinthe beta-defensin gene cluster, an
additional copy-numbervariable region within the human genome which is likely to further
influence the variationin USP17-like gene copy number (Burrows et al., 2010). USP17 genes
are absent from amphibian and avian genomes, indicatinglate acquisitionin vertebrate
evolution (Burrows et al., 2010).

The ancestral sequence of DUB3/USP17 has gone through independent ancestral
gene duplication eventsin all speciesit has been studiedin (includinghuman, mouse, rat,
dog, cow and chimpanzee), probably due to it originatingin an inherently unstable genomic

region prior to speciationin mammals, although some duplication eventsin humans and



chimpanzees appear to have occurred before theirdivergence (Burrows et al., 2010). Next-
generation sequencing of three human genomes gave a USP17/DUB3 copy number of
between 122-186, highlightingthe geneticvariability and complexity of these genes (Alkan
et al., 2009). Due to thisgenetic complexity andtheirinherentsimilarity, itis currently not
clear which of the USP17-like genesidentified in the NCBI database are expressedina given
cellularcontext. Whether different USP17 sequences have different substrate specificities,

and the level of redundancy betweenthem isalso unclear, warranting further study.

1.3. Domain structure and localisation of USP17-like proteins

Due to their high sequence similarity and for convenience, USP17-like proteins will be
referredto collectively as USP17. There are obvious caveats to this, as the canonical
reference sequence (USP17L2) can vary in primary amino acid sequence from other USP17-
like proteins annotatedin the NCBI database by as much as ~8%, although withouta more
detailed understanding of individual USP17-like expression patterns and specificities, this
review aimsto provide a framework of the general substrates and functions of USP17-like
proteins. USP17 possessesthe characteristic USP domain that defines this family of DUBs
with the catalytic triad of cysteine (C89), histidine (H334) and aspartate (D350) separated
into a Cys box (C89) and His box (H334 and D350) respectively (Hjortland & Mesecar, 2016)
(Figure 2). However, USP17 lacks domains presentin some other USPs, such as ubiquitin-like
(UBL) and ubiquitin-associated (UBA) domains (Komanderetal., 2009). Human USP17
possesses two carboxyl-terminal hyaluronan (and RNA) binding motifs (HABMs), which are
not presentin murine Dub3 family members (Shin et al., 2006) (Figure 3). Hyaluronan isa
non-sulphated glycosaminoglycan that isa component of the extracellular matrix, but can
also be intracellular, where it associates with microtubules (Evanko & Wight, 1999).
Additionally, the USP17 carboxyl-terminus contains two tumour necrosis factor receptor-
associated factor 2 (TRAF2) binding motifs (amino acids 428-431 and 480-484) (Lu et al.,
2018).

Several examplesillustrate thatinteraction regions vary among USP17 substrates:
while TRAF2, SETD8 and SIN3A histone deacetylase corepressor complex component (SDS3)
interact with the carboxyl-terminus of USP17 downstream of the USP domain, ELK-1,

bromodomain-containing protein 4 (BRD4) and myeloid cell leukaemia 1(MCL-1) bind to



the amino terminal region (whichincludes the catalytic USP domain) (Ramakrishnaetal.,
2011; Luetal., 2018; Fukuura et al., 2019; Ducker et al., 2019; Jinet al., 2018; Xiaowei Wu et
al., 2019). In the above examples, USP17 displays directinteraction with target proteins,
which can occur inthe absence of ubiquitin modification. However, the molecular basis of
how USP17 recognisesits specificsubstrates is not well understood and requires further
characterisation.

Evidence of USP17 localisation withinthe cell is varied and could in part reflect the
use of differentsequencesforectopic expression ordifferential endogenous expression
dependingonthe cell line/tissue. USP17 ectopically expressedin Hela cellslocalised
predominantly withinthe nucleus, particularly abundant withinthe nucleoli, similarly to
hyaluronan (Evanko & Wight, 1999; Shin et al., 2006). In U20S and NIH-3T3 cells, ectopically
expressed USP17 was largely and exclusively localised to the nucleus respectively, and
subcellularfractionation of HEK293T cellsidentified some USP17 associated with chromatin
(Delgado-Diazetal., 2014; Van der Laan etal., 2013). Other studies found that USP17 co-
localised with substrates in the cytoplasm of HEK293T cells and TOV-21G ovarian cancer
cells (X.Chen et al., 2019; Xiaowei Wu et al., 2019). Endogenous USP17 was reported to be
distributed throughout Hela cells, to co-localise with client proteins at the endoplasmic
reticulum (ER) and to be particularly abundant in the nucleus (Burrows et al., 2009;
Ramakrishna et al., 2011). The Human Protein Atlas records USP17L2 localisation as
cytoplasmic and membranous inseveral tissues (Uhlén et al., 2015;

https://www.proteinatlas.org/ENSG00000223443-USP17L2).

1.4. Polyubiquitin chain specificity of USP17

USP17 has beenshown to hydrolyse polyubiquitin chains, with no established
specificity overchain topology in vivo. This is in line with other USPs, which generally lack
particular linkage preferences (Mevissen & Komander, 2017). Most commonly, USP17 is
associated with the disassembly of well-studied and abundant K48-linked polyubiquitin
conjugates, thereby protecting its client proteins from proteasomal degradation (Xiaowei
Wu etal., 2019)(Q. Zhang et al., 2019). However, it has also been shown to target non-
proteolyticK63-linked polyubiquitin chains, in addition to mono-ubiquitinated substrates

(Burrows et al., 2009; Ramakrishna et al., 2011; Delgado-Diazetal., 2014; Ducker et al.,



2019). The list of USP17 clients continuesto grow (Table 1). All clients highlighted in the
table have been demonstrated to be de-ubiquitinated by USP17, with catalytic activity
shown to be important for ascribed impacts on cell signalling. Despite this, itis possible that
USP17 could also have ubiquitin-independentfunctions.

In vitro de-ubiquitination assays demonstrated that USP17 exhibits high catalytic
efficiency (Keat/Km=1500 [x103] M1secl) compared to other well-studied DUBs such as
USP7, and is monomericinsolution. The same study found that USP17 can effectively
hydrolyse various di-ubiquitin (K11, K33, K48 and K63) and tetra-ubiquitin chains (K11, K48
and K63), while only partially processing other di-ubiquitin substrates (K6, K27 and K29), and
having no effecton lineardi-ubiquitin (Hjortland & Mesecar, 2016). Itis worth notingthat
overexpression of this highly active DUB has been shown to deplete global cellular
polyubiquitin levels and therefore any substrates identified asa USP17 clientthrough
overexpression studies should always be confirmed with reciprocal knock-down

experiments (R. Chenet al., 2010).

1.5. Control over USP17 expressionand activity

Expression of a subset of USP17 gene repeats is underthe control of mitogens.
Cytokines and chemokines (IL-4, IL-6, IL-8, stromal cell-derived factor 1 [SDF-1]) as well as
mitogens such as epidermal growth factor (EGF) and the tumour promoter 12-O-
tetradecanoylphorbol-13-acetate are all able to stimulate USP17 expression (Burrows et al.,
2004; Yiweilin etal., 2017; de laVegaetal., 2011; Jaworski et al., 2014; Ducker et al.,
2019). Net transcription of USP17 genesis regulatedin a cell cycle-dependent manner, with
higherlevels of expression duringlate G1, and also on entry into G2/M (McFarlane et al.,
2010). USP17 transcripts were found to be particularly abundant in heart, liverand
pancreatic tissue (Shin et al., 2006). However, low tissue specificity of USP17L2 is reported
in the Human Protein Atlas (Uhlén et al., 2015).

The steroid hormone receptor oestrogen-related receptor  (Esrrb) isimplicatedin
regulating murine Dub3 expression, whichisimportant in self-renewal of mouse embryonic
stem cells (mESCs). Essrb directly targets an identified Dub3gene promoter through three
consensus bindingsites to promote its expressionin these cells (van der Laan et al., 2013).

This is enhanced by nuclear coactivator 1 (Ncoal) as its cell-cycle dependent expression



potentiates Essrb-mediated Dub3 transcriptionin mESCs (Van Der Laan et al., 2014).
Regulation of expressionisalso mediated through the nuclear receptor corepressor 2
(NCOR2)- histone deacetylase 10 (HDAC10) complex, which transcriptionally suppresses
USP17 gene expression in prostate cancer cells (Jinet al., 2018). O-6-methylguanine-DNA
methyltransferase (MGMT) is an activator of USP17 transcription in ovarian cancer cell lines
(Xiaowei Wu etal., 2019). Analysis of an illustrative USP17gene promoter alsoidentified
bindingsites for hypoxia-inducible factor1 (HIF-1), signal transducer and activator of
transcription 3 (STAT3), STAT6 and nuclear factor k-light-chain-enhancer of activated B cells
(NF-kB), suggesting these could also regulate USP17 expression (Lu et al., 2018). Alongside
this, it was discovered that USP17 activity is partially regulated through phosphorylation by
Cyclin-dependent kinase 4/6 (CDK4/6). Phosphorylation at S41 appears to be important for
USP17 catalytic activity, as a S41A substitutionimpaired substrate de-ubiquitination (T. Liu
etal., 2017).

2.1. Roles of USP17 in the regulation of cell cycle progression, proliferation and

apoptosis

Modulation of USP17 expressionlevels, either by ectopic expression or shRNA
mediated down-regulation, led to cell cycle arrest and induction of apoptosis ina variety of
cellularcontexts (Burrows et al., 2004; Shin et al., 2006; Pereget al., 2010; McFarlane etal.,
2010; Ducker et al., 2019; B. Hu et al., 2019; Baohai et al., 2019). Reports of unsuccessful
attempts to express USP17 stablyin some cell lines are also in agreementwith evidence that
constitutive USP17 expression can halt proliferation and induce apoptosis (Mehic¢ et al.,
2017). In line with this, USP17 has an array of substrates through which it regulates the cell

cycle at multiple points, displaying extensive control over cell cycle progression.

Impact on growth factor signalling: Mitogen signallingthrough RAS is classically
mediated through the well characterised extracellularsignal-regulated kinase (ERK)/
mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI13K)/protein
kinase B (PKB) pathways. USP17 controls RAS activation through the removal of K63-linked
polyubiquitin chains from RAS-convertingenzyme 1 (RCE1), independent of the ubiquitin

proteasome system (UPS) (Burrows et al., 2009). Prior to plasma membrane translocation,



RAS must be modified at the ER by addition of a farnesyl lipid moiety toits carboxyl-
terminus CAAX motif (C= modified cysteine) ina process termed prenylation (Caseyet al.,
1989). RCE1 thenremovesthe -AAX carboxy-terminal to the prenylated cysteine by
proteolysis to allow methylation of the carboxyl group of the modified cysteine and
trafficking of RAS to the membrane (Boyartchuk, 1997; Otto etal., 1999; Choy et al., 1999).
When overexpressed, USP17 abrogated RCE1 catalytic activity through de-ubiquitination,
thus preventing RAS localisation to the plasma membrane and inhibiting ERK signalling
(Burrows et al., 2009). This affected both H-RAS and N-RAS, but not K-RAS, possibly because
despite alsobeing processed by RCE1, some K-RASis nonetheless membrane-localised even
in RCE-null cells (De La Vega et al., 2010; Brunet et al., 2004). Depletion of USP17 also
impaired RAS translocation to the plasma membrane and reduced MEK and ERK
phosphorylation, showingthat USP17 is essential for RAS localisation and downstream
signalling (McFarlane et al., 2010).

The cysteine protease asparaginyl endopeptidase (AEP) is polyubiquitinated by K63-
linked chains through TRAF6 E3 ligase activity, leading to AEP/TRAF6/heat shock protein 90
(HSP90a) complex formation and intracellular AEP stabilisation (YingyingLinetal., 2014).
USP17 de-ubiquitinates AEP, which downregulates AEP protein levels (YingyingLinetal.,
2014; X.Chenetal., 2019). Evidence has pointedto AEP involvementin the ERK cascade
through interaction with the scaffold protein RAS GTPase-activating-like protein (IQGAP1)
(Roy et al., 2005; Cui et al.,2017). AEP knockout in gastric cancer cell linesled to increased
levels of IQGAP1 and decreased ERK phosphorylation, possibly because inthe absence of
AEP, IQGAP1 cannot be degraded, unbalancing the stoichiometricratios with its clients and
hence disrupting ERK signalling (Cui etal., 2017). Therefore, through downregulation of AEP
proteinlevels, USP17 negatively regulates ERK phosphorylation, and accordingly USP17
knockdown stimulated proliferationin breast cancer cell line MCF-7 (X. Chen et al., 2019).
However, it should be noted that a separate study yielded the opposite resultinthe same
cellline whereby USP17 depletion retarded cell proliferation (Fukuuraet al., 2019). AEP de-
ubiquitination represents another point of control for USP17 over the ERK cascade alongside

RCE1, which both involve removal of regulatory K63-polyubiquitin chains.

Impact on regulators of cell cycle progression: USP17 depletioninterfered with G1-S

phase transitionin Hela cells (McFarlane et al., 2010). The phosphatase cell division cycle



25A (CDC25A) is a crucial mitotic regulator that acts to de-phosphorylate CDKs and drive
forward the cell cycle at both G1/S and G2/M transitions (Shen & Huang, 2012). CDC25A
abundance is tightly controlled through the UPS (Mailand et al., 2000). USP17 can de-
ubiquitinate and stabilise CDC25A to maintain steady-state levels of CDC25A in concert with
the UPS (Peregetal., 2010). USP17 depletionin U20S cellsretarded cell cycle progression at
both G1/S and G2/M, the latter illustrated by an increase in inhibitory phosphorylation on
CDK1 and a reductionin associated CDK1/Cyclin B1 activity (Pereget al., 2010). Conversely,
USP17 overexpressionin U20S cellsledto mitoticdefectsand triggered apoptosis (Pereget
al., 2010). However, another study found that ectopicexpression of USP17 increased cell
proliferationinthiscell line, althoughit is unclear which USP17 sequences were used in
each study (C. Song et al., 2017). The activation of CDK2 in G1/S and CDK1 in G2/M through
interaction with Cyclin A are further examples of crucial eventsin the cell cycle (Pagano et
al., 1992). Cyclin A levelsare also under the control of the UPS (Geleyetal., 2001). Through
de-ubiquitination by USP17, Cyclin A is protected from UPS processing, promoting G1/S
transition. USP17-depleted A549 cellswere less able to proceed to S-phase and showed
reduced proliferation, both of which could be partially rescued by Cyclin A expression (B. Hu
et al., 2019).

The DNA damage-induced G2/M arrest of the cell cycle is achieved by blocking Cyclin
B/CDK1 activity, through activating checkpoint kinase 1 (CHK1) and CHK2, which
phosphorylate, inactivate and target CDC25 phosphatases for degradation, and through
stabilisation and accumulation of p53, which upregulatestarget genessuch as CDKN1A
(encoding Cyclindependentkinase inhibitor 1A or p21) to aid in Cyclin A/CDK1 and Cyclin B/
CDK1 inhibition (Harper & Elledge, 2007). The transcription factor deleted in oesophageal
cancer 1 (DEC1) is stabilised through de-ubiquitination by USP17 inresponse to genotoxic
stress, allowingit to interact with and stabilise p53, which then promotes the G2 DNA
damage checkpoint (Thinet al., 2007)(Kim etal., 2014). By preventing DEC1 turnover,
ectopic USP17 expression can prolong the G2 checkpoint following DNA damage (Kimetal.,
2014).

In additionto G2, CDC25 phosphatases are key targets of the DNA-damage response
(DDR) checkpoint machinery at G1 and intra-S checkpoints, where CDC25A degradationis
promoted to halt cell cycle progression (Mailand et al., 2000; Donzelli & Draetta, 2003). In

mMESCs, it has been demonstrated that Dub3 is expressed at high levels, resultingin a relaxed



G1/S checkpoint due to high Cdc25a levels, with a large proportion of cellsin S-phase (Van
der Laan et al., 2013). Thus, through de-ubiquitination and stabilisation of CDC25A, USP17
regulates the DNA damage checkpointat multiple points. High Dub3 levelsin mESCs also
help to maintain stemness, and during neural conversion Dub3 transcriptionis
downregulated alongside Essrb, leading to destabilisation of Cdc25a (Van der Laan et al.,
2013). In accordance with this, knockdown of either Dub3 or Cdc25a induces spontaneous
differentiationinthese cells, linking pluripote ncy to the cell cycle through Dub3 activity (Van
der Laan et al., 2013). To our knowledge it remains to be confirmed whether USP17 has

similarfunctionsin human ESCs.

Impact on proliferation and apoptosis-associated transcription factors:In response
to mitogens, ERK phosphorylates E-twenty six (ETS) transcription factor ELK-1 to promote
cell proliferation (Gille etal., 1992)(Gualdrini et al., 2016). Our own work has shown that
mitogeninduction of USP17 expression resultsinthe removal of mono-ubiquitin fromthe
DNA-binding ETS domain of ELK-1 and its subsequent de-repression (Duckeretal., 2019).
ELK-1 de-ubiquitination occurs alongside phosphorylation by active ERK, potentiating ELK-1
transactivation and transcription of immediate early gene (IEG) targets (such as CFOS) and
downstream CCND1 (encoding Cyclin D1), promoting cell-cycle entry. Knockdown of USP17
in HEK293T cellsretarded cell proliferation, which could be partially rescued by expression
of a hypo-ubiquitinated ELK-1lysine mutant, displayingincreased transcriptional activity
compared to wild-type ELK-1due to the unavailability of a repressive mono-ubiquitin
conjugation (Ducker et al., 2019). This suggests USP17 is an indirect regulator of CyclinD1
expression, whichinturn can form a complex with CDK4/6 and phosphorylate USP17 to
positively regulate its activity (T. Liu et al., 2017). In line with this, USP17 knockdownin oral
squamous cell carcinoma (OSCC) and prostate cancer cells reduced Cyclin D1 levels (F. Luo
et al., 2020; Baohai et al., 2019). Moreover, giventhat USP17 also regulates RAS localisation
through de-ubiquitination of RCE1, this gives another point through which USP17 exerts
control over the RAS-RAF-MEK-ERK-ELK-1 axis to promote IEG expression and drive forward
G1 (Burrows et al., 2009; McFarlane et al., 2010).

The transcriptional activators yes-associated protein (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ) are downstream effectors of the Hippo pathway

and act to promote proliferationin conjunction with transcriptional enhanced associate



domain (TEAD) transcription factors, with targets such as BIRC5 (encoding cellularinhibitor
of apoptosis protein 1 [clAP1]) (Zhao et al., 2008). YAP and TAZ activities are suppressed
through phosphorylation by Hippo pathway large tumour suppressorkinases (LATS1/2),
which promotes their cytoplasmictranslocation and proteasomal degradation of YAP (Zhao
et al.,2010; C.Y. Liu et al.,2010). This occurs through a kinase cascade, whereby upstream
mammalian sterile 20-like kinases (MST1/2) are activated through phosphorylation (at
T183/ T180 in MST1/MST2) and homodimerisation, and proceed to phosphorylate LATS1/2,
activating them and potentiating theiractivity towards YAP/TAZ, leadingto anti-proliferative
and pro-apoptotic outcomes (Praskovaet al., 2004). Angiomotin (AMOT) proteinsbindto
YAP/TAZ to suppress theirtranscriptional functions, in addition to scaffolding interactions
between YAP and itchy E3 ubiquitin protein ligase (ITCH) to facilitate YAP turnover (Chan et
al., 2011; Adleret al., 2013). LATS kinasesand AMOT are themselvesregulated by the UPS
following ubiquitination by ITCH (Salah et al., 2011; C. Wang et al., 2012). A shRNA based
screen of 94 DUBs performedin HEK293T cellsrevealed that USP17 could modulate
YAP/TAZ activity (H. T. Nguyen et al., 2016). Further examination confirmedthat USP17 was
able to stabilise LATS1/2, AMOT and ITCH through de-ubiquitination, thereby promoting
ITCH-mediated ubiquitination and degradation of YAP and downregulation of pro-
proliferative YAP/TAZ activity (H. T. Nguyen etal., 2017). USP17 therefore regulates Hippo
signalling, antagonising the proteasomal processing of multiple pathway components to
promote the proteasomal degradation of YAP.

The anti-proliferative role of USP17 in Hippo signalling contrasts with its positive role
in ERK signallingand may be explained by the cross-talk between these integrated
pathways. The scaffolding protein RAS-association domain family 1 isoform A (RASSF1A)
interacts with MST1/2 and preventstheirde-phosphorylation by protein phosphatase 2
(PP2A), promoting downstream apoptotic induction (Guo etal., 2011). Mutant K-RAS can
interact with RASSF1A to promote MST2 activation (Matallanas etal., 2011). RAF-1can also
interact with MST2, which suppressesthe activity of both Hippo and ERK pathways,
preventing RASSF1A-MST2 and RAS-RAF-1interactions respectively (Matallanas et al., 2007;
Romano et al., 2014). This is enhanced by phosphorylation of RAF-1 at S259, which can be
mediated by LATS1 kinase activity through negative feedback on ERK and Hipposignalling
(Dhillonetal., 2002; Romano et al., 2014). MST2 is also subjectto inhibitory

phosphorylation by PKB (at T117 and T384) inresponse to mitogens, promoting RAF-1



interaction and antagonisinghomodimerisation and RASSF1A binding (Romano et al., 2010).
AEP has been shownto be important for PKB activation in prostate cancer cells, implicating
another USP17 substrate in Hippo pathway regulation, additional to its aforementioned role
in the ERK cascade (W. Zhu et al., 2016). Whethercell fate in response to signallingis
apoptotic or proliferative seemstobe governed by a fine-tuned balance of cellular switches
and cross-talk between these pathways (L. K. Nguyenetal., 2015). USP17 regulatesthe
stability of multiple Hippo effectors, as well as controlling AEP levels, RAS localisation and
downstream activity of the ERK responder ELK-1. This positions USP17 as an arbiter of
proliferative versus apoptoticcell fate and illustrates the extensive integration of the ERK

and Hippo pathways (Figures 4 and 5).

Impact on chromatin, chromatin modifiers and transcriptional machinery: USP17 has
beenshown to remove mono-ubiquitin from histone H2AX, which has important
implicationsinthe DDR (Delgado-Diazetal., 2014). Mono-ubiquitination of histone H2AX
(following phosphorylation) by ubiquitin ligase ring finger protein 8 (RNF8) and amplification
of thissignal by the E2-E3 pair ubiquitin-conjugatingenzyme E2 13 (UBC13)-RNF168
precedesrecruitment of p53-binding protein 1 (53BP1) and breast cancer gene (BRCA) at
sites of DNA damage, which facilitates repair by non-homologous end joiningor
homologous recombination (Huen et al., 2007; Doil et al., 2009). Through de-ubiquitination
of H2AX, USP17 influences DDR by counteracting RNF8 and RNF168 activity and inhibiting
RNF168 recruitmentto DNA lesions (Delgado-Diazetal., 2014). Through competing E3 ligase
and DUB activity, a balance of H2AX ubiquitinationlevelsis maintained to enable a correct
DDR, with de-ubiquitination allowing recovery following lesion repair (Delgado-Diazetal.,
2014). This illustratesarole of USP17 in maintaining genomicintegrity.

The histone methyltransferase SETD8 acts as an epigeneticwriterthrough mono-
methylation of histone H4K20 (Nishioka et al., 2002). SETD8 methylation of the CDKN1A
gene repressesits transcription and inhibitsinduction of cellularsenescence (Shihetal.,
2017). SETD8 levels are controlled by the UPS, and various E3 ligases have been shown to
target it for ubiquitination (S. Wu et al., 2010; Centore et al., 2010; Yin et al., 2008).
However, USP17 removes polyubiquitin chains from SETD8 to antagonise its proteasomal
degradation. Accordingly, USP17 knockdown in MCF7 cellsledto a reduction in H4K20

methylationand increased p21 levels, causing G1 arrest and induction of apoptosis (Fukuura



et al., 2019). Depletionof USP17 in Hela cellsalso gave rise to p21 stabilisation (McFarlane
et al., 2010). USP17 therefore opposes cellularsenescence through stabilisation of SETDS8
and downstream downregulation of p21, promoting CDK activity and cell proliferation.

Through deacetylation of the amino-terminal extension of core histones, HDACs
negatively regulate transcription (Gallinari etal., 2007). USP17 de-ubiquitinates SDS3, a
critical subunit of the SIN3A-HDAC 1/2 co-repressor complex, bindingto SDS3 through its
carboxyl-terminal region. Through K63-linked polyubiquitin chain removal, USP17 negatively
regulates SDS3-associated HDAC activity, leadingto disrupted proliferation and apoptotic
inductionin Hela cells overexpressing USP17, which could be partially rescued with
concomitant SDS3 depletion (Ramakrishnaet al., 2011). USP17 is further involved in
regulation of HDAC activity, by protecting HDAC2 from UPS processingthrough removal of
K48-linked polyubiquitin chains (H. Song et al., 2015). USP17 HABMs have beenimplicated
in the induction of apoptosis through interaction with intracellular hyaluronan.
Overexpression of full-length USP17 induced apoptosis in HeLa and endometrial cancer HEC-
1A cells, whereasa USP17 variant lacking the HABM-containing carboxyl-terminus did not
(Shinetal.,2006). SDS3 also contains HABMs, and co-expression of full-length SDS3 and
USP17 promoted apoptosisin Hela cells, whereas HABM-deleted versions of SDS3 and
USP17 did not, implyingthat hyaluronan mediates the USP17 and SDS3 interaction and their
influence on apoptosis (Ramakrishna et al., 2012).

During initiation of RNA polymerase Il (RNAPII) transcription, positive transcription
elongation factor b (P-TEFb or CDK9/CyclinT) isrecruited to phosphorylate serine 2 within
the carboxyl-terminal domain (CTD) repeats of RNAPIland promote elongation. BRD4, a
member of the bromodomain and extra-terminal domain (BET) protein family, can mediate
P-TEFb recruitmentthrough its epigenetic “reading” of acetylated chromatin (Moon et al.,
2005). BRD4 abundance is controlled by the UPS followingits polyubiquitination by the E3
ligase speckle-type POZ protein (SPOP) (Dai et al., 2017). USP17 de-ubiquitinatesand
stabilises BRD4, which binds to the NCOR2 gene promoter and positively regulatesits
expression in prostate cancer cell lines. NCOR2 formsa complex with HDAC10 and represses
transcription of USP17 genes (Jin etal., 2018). In this way, USP17 acts indirectly to control
its own expression, representinganotherexample of USP17 regulation of HDAC activity. By
protecting BRD4 from degradation, USP17 also indirectly regulatesthe histone
methyltransferase Enhancer of zeste homolog-2(EZH2) in OSCC cells (F. Luo et al., 2020).



EZH2 isa component of the polycomb repressorcomplex 2 (PRC2) that is essential for cell
proliferation, andits expressionis upregulated through transcriptional activity of the
oncogene MYC in a BRD4-dependent manner (Bracken et al., 2003; Xinchao Wu et al., 2016).
Attenuated proliferation and increased apoptosis inthe OSCC cell line HSC-2 following

USP17 depletion could be rescued by ectopic EZH2 expression (F. Luo et al., 2020).

Impact on pro-survival proteins: Pro-apoptoticfunctions of USP17 have been
established, notablyinregard to its HABMs and through co-operation with itsclient SDS3.
However, depletion of USP17 in ovarian cancer cell line OVCA433 triggered apoptosis
(Xiaowei Wu etal., 2019). This was due to K48-linked polyubiquitin chain removal from the
anti-apoptoticprotein MCL1 by USP17, protecting it from proteasomal degradation (Xiaowei
Wu etal., 2019). MCL1 is a member of the B-cell lymphoma-leukaemia 2 (BCL-2) family that
promotes cell viability while notimpacting proliferation, and has a short half-life (T. Yang et
al., 1996). Elevated levels of MGMT activates USP17 transcription, which stabilises MCL1
and promotes cell survival (Xiaowei Wu etal., 2019). As with the contradictory roles of
USP17 in promoting or dampening proliferative signalling, anti- and pro-apoptotic
substrates of USP17 likely display differential outputs depending on pathways targeted. Due
to the paucity of evidence regarding how USP17 mediates client-specificinteractions at the
molecularlevel, furtherinvestigationisrequired to greater understand how thisis achieved,

and how this drives downstream ssignalling.

2.2. Roles of USP17 in cell migration

In additionto its impact on cell fate, USP17 has been shown to have important
functionsin cell migration, including the regulation of several motility-associated RAS
homologue (RHO) GTPases. RHOA, CDC42 and RAS-related C3 botulinum toxin substrate
(RAC) are all mis-localised following USP17 knockdown, which inhibits both amoeboid and
mesenchymal cellular migration through impaired cytoskeletal rearrangements affecting
actin and tubulin polymers (de la Vegaet al., 2011). Following chemokine stimulation,
USP17 expressionisinduced and all three GTPases are transported from the cytoplasm to
the plasma membrane to mediate their activation and downstream ssignalling, whichis

bluntedin USP17-depletedcells (delaVegaetal., 2011). As with RAS, itis likely that RCE1 is



involved inthis process, as RHOA has also been shown to be processed similarly (Fuelleret
al., 2006).

Epithelial-mesenchymal transition (EMT) is a reversible differentiation essential for
various developmental and wound healing processes, whereby epithelial cells lose their
polarity and cell-cell adhesionto become migratory mesenchymal cells (Kalluri & Weinberg,
2009). Central to this process isthe zinc-fingertranscription factor SNAIL1, which represses
transcription of CDH1, the gene encoding E-cadherin, as well as other targets (Batlle etal.,
2000). E-cadherinisa calcium-dependentadhesion protein, located at points of cell-cell
contact on the surfaces of epithelial cells known as adherensjunctions (AJs), and E-cadherin
loss promotes the destabilisation of AJsand cell phenotype changes (Thiery, 2002). SNAIL1
is an unstable proteinthat is readily degraded by the UPS, and multiple E3 ligases have been
implicatedinits polyubiquitination (B. P.Zhou et al., 2004; Zhenget al., 2014; Vifias-Castells
et al.,2010). USP17 has beenshownto de-ubiquitinate and stabilise SNAIL1, and in line with
this, overexpression of USP17 in luminal breast cancer cell lines MCF7 and T47D promoted
downregulation of epithelial markers (e.g. E-cadherin), upregulation of mesenchymal
markers (e.g. N-cadherin) and induced morphological changes consistent with EMT (Y. Wu
etal.,2017; T. Liu et al., 2017). USP17 depletionin MDA-MB-231 breast cancer cells
inhibited their migration while having no impact on proliferation, an effectthat could be
rescued with SNAIL1 overexpression (T. Liu et al., 2017).

Phosphorylation of USP17 by CDK4/6 appears to be important for stabilisation of
SNAIL1, as USP17-depleted MDA-MB-231 cells exhibited lower SNAIL1 protein levelsand
migratory potential, both of which could be rescued with concomitant expression of wild-
type USP17 and phospho-mimeticS41D mutant, but not phosphorylation null S41A mutant
(T.Liuetal.,2017). Interestingly, SNAIL1-mediated down-regulation of E-cadherininvolves
recruitment of other bona fide USP17 substrates SDS3 and HDAC2 to deacetylate the CDH1
promoter, implyingthat USP17 has multiple control points along this axis (Peinado etal.,
2004). In a similarmanner, USP17 can protect another member of the SNAIL family, SLUG
(SNAIL2), and the transcription factor twist-related factor 1 (TWIST) from proteasomal
degradation, both of which are also labile proteinsimportantin EMT (YiweilLinetal., 2017).
TWIST upregulates protease activated receptor 1 (PAR1), an inhibitor of LATS1/2 kinases,
suppressingthe Hippo signalling pathway (Y. Wang et al., 2016). The USP17 client AEP can

promote cell migration following secretion through extracellular matrix degradation and



remodelling, andisalso thought to be involvedinregulating TWIST expression, asits
depletionssignificantly reduced TWIST mRNA levels in gastric cancer cells (Cui et al., 2016).

Mothers against decapentaplegichomolog4 (SMADA4) associates with the receptor-
mediated SMAD2/3 (R-SMADs) to form an active transcriptional complex following
transforming growth factor B (TGF-B) signalling. The TGF-B/SMAD signalling pathway plays
important rolesin a multitude of cellular processes, and has also been shown to be involved
in EMT (H. Yang et al., 2015; Zeng etal., 2016). The SMAD complex can recruit the catalytic
IKB kinase (IKK) subunitIKKa to both the SNA/1 and SNAI2 genes promoters (encoding
SNAIL1 and SLUG respectively) and activate theirtranscription (Brandl etal., 2010). Another
study found that SMAD3 and SMAD4 could form a transcriptional repression complex with
SNAIL1 and promote EMT (Vincentet al., 2009). USP17 was shown to protect SMAD4 from
UPS processing through de-ubiquitination (C. Songet al., 2017). USP17 depletionin
osteosarcoma cell line MG-63 caused upregulation and downregulation of epithelial (e.g. E-
cadherin) and mesenchymal (e.g. N-cadherin) markers respectively, while SMADA4 co-
expression could reverse these trends (C. Song et al., 2017). Excess hyaluronan production
from hyaluronan synthase 2 (HAS2) can also positively regulate EMT through upregulation
of TGF-B and induction of SNAI1 and TWIST (Chanmee et al., 2014). HAS2 represents
another stabilisation target of USP17 through de-ubiquitination, addinganother EMT-linked
clientto its repertoire (Mehié et al., 2017). USP17 therefore regulates EMT at multiple
points through the de-ubiquitination of various clients, promoting migratory cellular

outputs.

2.3. USP17 as an oncogene

USP17 is upregulatedina range of cancers at mRNA and protein levels (McFarlane et
al., 2010). This could be due to the abundance of cytokinesin tumour tissue, which
stimulate USP17 expression. Forexample, inlung cancer tissue, USP17 expressionincreased
alongside higherabundances of inflammatory mediators such as IL-1B, IL-6 and IL-8, which
are secreted by macrophages in the tumour microenvironment (Lu et al., 2018). Further
amplification of USP17 genes (located on chromosome 8) has also been reportedin plasma

and tumour tissue from breast cancer patients, which was not observedin healthy plasma



controls (Shaw etal., 2012). Elevated USP17 levels can have various impacts on cancer

developmentand progression.

Cancer cell proliferation and tumorigenesis: There isinherent complexity in the
relationship between USP17 expression and cancer, illustrated by a variety of effects of
USP17 overexpression ordepletion on cell proliferation depending on cellular context ( Table
2). Depletion of USP17 has beenshownto retard tumour growth in mouse xenograft models
using NSCLC, prostate cancer, ovarian cancer and OSCC-derived cell lines (S.Zhang et al.,
2016; Jinetal., 2018; Baohai et al., 2019; Xiaowei Wu et al., 2019; F. Luo et al., 2020).
Upregulated USP17 expression can promote cell proliferation by stabilising mitotic
regulators such as CDC25A and Cyclin A, and inhibitapoptosisinduction by stabilising MCL1
(Peregetal., 2010; B. Hu et al., 2019; Xiaowei Wu et al., 2019). Overexpression of CDC25A is
common in human cancers, and USP17 expression correlates positively with that of CDC25A
in primary human breast tumours (Pereget al., 2010). This isalso the case in epithelial
ovarian cancers, where high expression of USP17 was also associated with shortened mean
patientsurvival time (B.Zhou etal., 2015). Expression of USP17 and Cyclin A were strongly
correlated inclinical NSCLC tissue, and both were foundto be more abundant in cancerous
versus regular adjacent lung tissue (B. Hu et al., 2019).

However, constitutive USP17 expression halts cell cycle progression, which can stall
mitosis, but also causes aberrant DNA replication and DDR, compromisinggenome integrity
(Peregetal., 2010). This places a selection pressure on cells, which overcome this through
oncogene induction and transformation to malignantclones, no longer tethered to cell cycle
checkpointcontrol. As an example of this, USP17 expression was sufficientto transform
NIH-3T3 cellsto promote anchorage-independent proliferation, which was enhanced in
combination with co-expression of active H-RAS (Pereget al., 2010). Ectopic expression of
USP17 in NSCLC cell linesalsoincreased their tumorigenesis, while depletion significantly

reduced this (Lu et al., 2018; S. Zhang et al., 2016; McCann et al., 2018).

Chemoresistance: Notably, USP17 targets nuclear factor (erythroid-derived 2)-like 2
(NRF2), MCL1 and BRD4 play roles in promoting treatment resistance intumours. The
homeostaticregulator and transcription factor NRF2 is protected from proteasomal

degradation by USP17 de-ubiquitination, potentiatingits transcriptional activity and driving



chemoresistance in colon cancer cells. Knockout of NRF2 or knockdown of USP17 could
sensitize HCT116 cellsto treatment with the chemotherapy drug paclitaxel, which could be
reversed by NRF2 expression (Q. Zhang et al., 2019). Consistentwith this, colorectal cancer
tissues showed a strong correlation between NRF2 and USP17 levels, and both were more
abundantin a range of colorectal cancer cell lines compared to the normal colon cell line
FHC and HEK293T cells (Q. Zhang et al., 2019).

HDAC inhibitors such as Entinostat, Mocetinostat and Abexinostat drive cancer cell
apoptosisinduction, decreasing MCL-1 levels (Torres-Adornoetal., 2017). However,in
ovarian cancer cells, HDAC inhibitors can stimulate MGMT expression, which upregulates
USP17 expression, andin turn stabilises MCL1, inhibitingthe apoptoticcascade (Xiaowei Wu
etal., 2019). MGMT, USP17 and MCL1 levels were positively correlated in ovarian cancer
samples, and all displayed higherexpression in chemoresistanttumours when compared to
those more responsive totreatment (Xiaowei Wu et al., 2019).

BRD4 activityin carcinomas can be targeted by the BET (and MYC) inhibitorJQ1,
although JQ1 can also upregulate USP17 expression (Borbely etal., 2015). In prostate cancer
cells,increased USP17 levels following BET inhibitor treatment promotes the stabilisation of
BRD4, causing treatment resistance (Jinet al., 2018). In castration resistant prostate cancer,
genomicdeletion of the negative regulator of USP17 transcription NCOR2 can occur
(Robinsonet al., 2015). This removes BRD4 control over USP17 transcription through NCOR2
upregulation. Prostate cancer samples were found to expresslow levels of NCOR2, which
inversely correlated with USP17 expression, and USP17 expression correlated positively with
BRD4 inthese tissues (Jinet al., 2018). There was also a positive correlation between USP17

expression and expression of both BRD4 and EZH2 in OSCC tissues (F. Luo et al., 2020).

Cancer invasiveness and metastasis: Through itsinvolvementin cell migration
pathways, more and more evidenceisemergingthat USP17 has key rolesin cancer
metastasis. Matrix metalloproteinases (MMPs) are important for matrix remodelling and
promoting cancer invasion (Shay et al., 2015). A panel of prostate cancer cell lineswere
found to express USP17 to highlevels, andits depletion resultedina reduction of MMP2,
MMP9 and MMP14 mRNA levelsalongwith decreased cellular migrationand invasion
(Baohai et al., 2019). Similarresults were foundin in NSCLC cell lines, where USP17

knockdown caused decreasesin MMP3 and MMP9 expression while also displaying reduced



invasiveness (S.Zhanget al., 2016). USP17 levelssignificantly correlated with NSCLC
adenocarcinoma disease recurrence at distant sites, implyinga role in promoting metastasis
(McFarlane et al., 2013).

Through SNAIL1 de-ubiquitination and EMT regulation, USP17 can influence breast
cancer migration. MDA-MB-231 cellsinjectedinto mouse tail veins showed reduced
metastatic nodule formationin the lungwhen USP17 was knocked down, which could be
rescued by USP17 expression (T. Liu et al., 2017). In line with this, USP17 and SNAIL1 protein
levels both correlated positively with metastaticbreast carcinoma, and additionally USP17
levels correlated with those of SNAIL1 intriple-negative breast cancer (T. Liu et al., 2017; Y.
Wau etal., 2017). Moreover, higher USP17 expressionsignificantly increased the risk of
distant metastasisin patients (Y. Wu etal., 2017). Other EMT-related substrates of USP17
can also promote the invasiveness of breast cancer. IL-6 treatment of SUM159 cellsinduced
USP17 expressionandincreased SLUG and TWIST protein levels with an associated increase
in cellinvasiveness, which could be reversed by USP17 depletion (inadditionto
destabilisation of SLUG and TWIST) (YiweiLinetal., 2017). Accordingly, proteinlevels of

USP17 were also correlated with TWIST in primary breast tumours (Yiwei Linet al., 2017).

2.4. USP17 as a tumour suppressor

Despite an abundance of evidence of its oncogenicpotential, there are some reports
suggesting that USP17 has tumour suppressor characteristics. Ectopic USP17 expression
significantly attenuated anchorage-independent clonal formationin Hela cells (Ramakrishna
etal., 2011). Deletion of USP17 HABMs diminished this effect, suggesting that HABMs are
important for USP17 anti-tumorigenicproperties (Ramakrishnaetal., 2012). Low USP17
expression hasalso beenlinkedto increased gliomatumorigenesis, where overexpression of
USP17 led to reduced protein levels of RAS and MYC and attenuated cell proliferation,
whereaslow USP17 expression was more likely to presentin more advanced tumours (Hu et
al., 2016). How USP17 modulates RAS and MYC proteinlevelsingliomacellsis unclear.

There isalso some evidence suggesting USP17 has tumour suppressor propertiesin
breast cancer. Analysis of USP17 mRNA found that levels were significantly lowerin
cancerous versus normal breast tissue, and through the downregulation of AEP levelsand

inhibition of ERK signalling, ectopicUSP17 expression reduced tumorigenesisand



proliferationin MDA-MB-231 cells (X.Chen et al., 2019). Combination of HDAC inhibitorand
BET inhibitor (JQ1) treatmentinhibited proliferation and promoted apoptosisin various
breast cancer cell lines through the induction of USP17, which ablated RAS signalling
(Borbelyet al., 2015). By de-ubiquitinating and stabilising Hippo pathway regulators, there is
also the potential for USP17 to act as a tumour suppressorthrough downstream inhibition
of YAP/TAZ transcriptional activity (H. T. Nguyen et al., 2017). The tumour suppressor gene
effects of USP17 likely reflectsitsrolesin proliferation and apoptosis, which can be
positively or negatively regulated. Forexample, ERK cascade-driven proliferation of cells can
be promoted through USP17 de-ubiquitination of substrates such as ELK-1, whereas by
controlling the stability of Hippo substrates such as ITCH, USP17 can mediate apoptosis,

with the outcome dependent on which pathway predominates.

2.5. USP17 as a therapeutic target

In recent years, the targeting of DUBs through small molecule inhibitors has gained
traction as an anticancer therapeuticstrategy (Yuan et al., 2018). These range from broad
spectrum pan-DUB inhibitors to more selective and specificDUB inhibitors (Colland et al.,
2009; Tian et al., 2011; Schauer etal., 2020). Numerous publications have shown that USP17
depletioninhibits cell proliferationin many different cellular contexts (McFarlane etal.,
2010; Peregetal., 2010; C. Song et al., 2017; Ducker et al., 2019; B. Hu etal., 2019). NRF2-
dependentchemoresistancein colon cancer cell lines HCT116 and RKO could be re-
sensitised to paclitaxel and camptothecin treatment following USP17 depletion (Q. Zhang et
al., 2019). The abundance of data identifying USP17 as an oncogene ina variety of
carcinomas suggestit as a promisingtarget for development of therapeutics. However, to
our knowledge, to date no small molecule screenslooking for USP17-specific inhibitors have
beenreported. The partly specificDUB inhibitor WP1130 (Degrasyn)is able to inhibitactivity
of several DUBs including USP5, USP9x, USP14 and USP24 (Kapuria et al., 2010; H. Luo et al.,
2019). It has alsobeen foundto directly bind to the USP domain of USP17, with predictive
modelling suggesting the inhibitor docks at the ubiquitin cleavage site (Y. Wu et al., 2017).
WP1130 treatment reduced MDA-MB-157 and MDA-MB-231 breast cancer cell migration

and invasion to a similardegree to USP17 depletion, and treatment of mice harbouring



MDA-MB-231-derived cancers with WP1130 significantly attenuated tumourgrowth (Y. Wu
et al., 2017).

Aside from targeting USP17 through use of DUB-binding inhibitors, disruption of
protein-proteininteractions and signalling pathwaysimportant for DUB activity have also
beenexplored. The regulation of USP17 activity through phosphorylation by CDK4/6 isa
possible signalling target. The specific CDK4/6 inhibitor PD0332991 (Palbociclib) inhibited
breast cancer metastasis in MDA-MB-231-derived mouse tumour models, and blocked
USP17 de-ubiquitination and stabilisation of SNAIL1 protein (T. Liu et al., 2017). In another
study, the use of PD0332991 was alsoshown to rescue sensitivity of DU145 cell-derived
prostate tumours in mice to JQ1 (Jinetal., 2018). This was largely through the
destabilisation of USP17 target BRD4, as the combinatorial effect of JQ1 and PD0332991
was nullified by concomitant USP17 depletion (Jinetal., 2018).

A screen of several small moleculesidentified the DNA methyltransferase inhibitor
PaTrin-2 as able to effectively suppress USP17 expression through MGMT inhibition, which
in combination with HDAC inhibitors (Entinostat, Mocetinostat or Abexinostat) destabilised
MCL1 and promoted apoptosisin ovarian cancer cell lines (Xiaowei Wu et al., 2019).
Combination of Mocetinostat (or other HDAC inhibitors) andJQ1 can synergistically
stimulate USP17 expression, likely through MGMT expression (elevated by HDAC inhibitors),
HDACI10 inhibition (inactivated by HDAC inhibitors) and/or BRD4 inhibition (inactivated by
BET inhibitors) (Borbely etal., 2015; Xiaowei Wu et al., 2019; Jin et al., 2018). Therefore, to
overcome chemoresistance of cancer cell linesto BET and HDAC inhibitors, PD0332991 or
PaTrin-2 were usedin the above examples to downregulate (and hence rebalance) USP17
activity/expression (Xiaowei Wu etal., 2019; Jin et al., 2018). Collectively, these examples
illustrate the potential for use of combination therapy to reduce treatment resistance in

cancers exhibitingaberrant USP17 expression or activity.

3.1. Concluding remarks

USP17 comprisesa family of highly similar proteins, derived from a variable copy number
gene that has undergone multiple duplications. Expression of USP17 genes are tightly
controlledin a cell-cycle dependent manner, reflected by the multitude of USP17 substrates

that have key functionsin cell-cycle control, proliferation and apoptosis. Through DUB



activity, USP17 can hydrolyse a range of ubiquitinlinkage topologies, often (but not
exclusively) protectingits substrates from proteasomal degradation. USP17 exerts control
over a variety of cellular processes, with clients from a multitude of inter-linked signalling
pathways. Particularly, we have outlined that through its contradictory roles in ERK and
Hippo signalling, USP17 can promote cell proliferation or apoptosis. Dysregulation of USP17
expressionisfrequently reportedincancer, due largely to having targets involvedin cell-
cycle progression, tumorigenesis and metastasis. As such, USP17 displays oncogenic
potential in many cellular contexts, and presentsitself as a potential therapeutictarget.
However, in certain examplesitcan alsoact as a tumour suppressor, highlighting the
importance of understandingthe specific molecular mechanisms at play in a giventumour
microenvironment. Moving forward, further elucidation of how USP17 achieves specificity
through substrate interactionis required, in addition to how expression patterns of USP17-
like proteinsvary in different tissues. Thiswillinturn allow greater insightinto how USP17

modulatesits target proteinsand the signalling pathways they impact upon.
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Figure 1: Structure of ubiquitin (human), with all lysine residues and termini
labelled. Lysine = yellow, amino-terminus (M) = blue, carboxyl-terminus (G) =
red. Structure taken from (Vijaykumar et al., 1987) - PDB 1UBQ — re-rendered
with PyMOL.

Figure 2: Homology model of the USP17 USP catalytic domain (CD = blue-
residues 72-390), with ubiquitin (UBQ = red) placed into the S1’ binding
pocket. Catalytic triad residues (C89, H334 and D350) are highlighted in

green.
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Figure 3: Schematic of USP17 domain structure (USP17L2 - human). USP
domain contains catalytic triad C89, H334 and D350, and amino-terminal
phosphorylationsite S41 is labelled with red bar. Hyaluronan bindingsites
are highlighted (H), with arginine and lysine residues key to interaction in
orange. TRAF2/3 binding motifs and identified binding regions for various

USP17 substrates are also highlighted.
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activation through the removal of K63-linked polyubiquitin chains from RCE1; 2) de-
repression of ELK-1 transcription through removal of mono-ubiquitin to drive IEG
expression; 3) stabilisationof CDC25A, which proceeds to de-phosphorylate CDKs and drive
forward G1; 4) stabilisation of Cyclin A, which interacts with CDK1/2 to drive forward the

cell cycle; 5) SETDS stabilisation to repress CDKN1A (p21) transcription.
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Figure 5: Anti-proliferative substrates of USP17 (in red boxes) include 1) stabilisation of
ITCH to promote ubiquitination and degradation of YAP, AMOT, LATS and inhibit signals
that promote G1 progression; 2) stabilisation of SNAIL/ TWISTto inhibit CHD1 (E-Cadherin)
expression and promote EMT; 3) down-regulation of AEP (removal of K63-linked ubiquitin
chains) leading tolower PKB (and ERK) activity and increased Hippo pathway activity, along

with loss of TWIST expression and elevated E-Cadherin levels.



Target Involvement | Ubiquitin type/ linkage Ref
RCE1 CC+P Polyub/ K63 (Burrows et al., 2009)
SDS3 CC+P, A Polyub/ K63 (Ramakrishna et al., 2011)
CDC25A CC+P/D, S Polyub (Peregetal., 2010; Van
der Laan et al., 2013)
ELK-1 CC+P Monoub (Ducker et al., 2019)
SETDS8 CC+P Polyub (Fukuura et al., 2019)
CyclinA CC+P Polyub (B. Hu etal., 2019)
BRD4 CC+P, C Polyub (Jinetal.,2018; F. Luo et
al., 2020)
ITCH CC+P, A Polyub, K48 (H. T. Nguyen et al., 2017)
AMOT CC+P, A Polyub, K48 + K63 (H.T. Nguyenetal., 2017)
LATS1/2 CC+P, A Polyub (H. T. Nguyenetal., 2017)
AEP CC+P, CM Polyub/ K63 (YingyingLin et al., 2014;
X. Chen etal., 2019)
SMADA4 CC+P, CM Polyub (C.Songetal., 2017)
HAS2 M Polyub/ K48 + K63 (Mehi¢ et al., 2017)
SNAIL1 CM Polyub/ K48 (T. Livetal.,2017; Y. Wu
etal.,2017)
SLUG CM Polyub (Yiwei Linet al., 2017)
TWIST CM Polyub (YiweilLinetal., 2017)
TRAF2/TRAF3 | lI41, S Polyub/ K63 (Luetal., 2018)
HDAC2 [+ Polyub/ K48 + K63 (H. Song et al., 2015)
IL-33 11+ Polyub/ K48 + K63 (Nietal., 2015)




RIG-1 [+ Polyub/ K48 + K63 (R. Chenetal., 2010)
MDA-5 [+ Polyub (R. Chenetal., 2010)
H2AX CC+D Monoub (Delgado-Diazetal., 2014)
DEC1 CC+D Polyub (Kimetal., 2014)

MCL1 A, C Polyub, K48 (Xiaowei Wu etal., 2019)
NRF2 C Polyub/ K48 (Q. Zhang et al., 2019)

Table 1: List of bona fide USP17 substrates, the cellular processes they are

implicated in regulating in the publications identifying them as USP17

clients and the identified ubiquitin modifications/linkages hydrolysed by

USP17.

Key - CC+P = Cell cycle and proliferation, CC+D = Cell cycle and DNA damage,

S = Stemness, CM = Cell migration, A = Apoptosis, C = Chemoresistance,

[I+] = Innate immunity and inflammation




Effect of altering USP17/DUB3 expression on cell proliferation

Cellline USP17 OE USP17 K/D Ref

Hela Inhibit Inhibit (McFarlane et al., 2010; Ramakrishna
etal., 2011; Ducker etal., 2019)

HEK293T - Inhibit (Ducker et al., 2019)

Ba/F3 Inhibit - (Burrows et al., 2004)

u20S Increase Inhibit (C.Songetal.,2017; Peregetal.,
2010)

MG-63 Increase Inhibit (C.Songetal., 2017)

MDA-MB-231 Inhibit Not significant | (X. Chenetal., 2019; T. Liu et al., 2017)

MCF-7 - Inhibit/Increase | (Fukuura et al.,2019; X. Chenetal.,
2019)

U87-MG Inhibit - (M. Hu et al., 2016)

U251-MG Inhibit - (M. Hu etal., 2016)

HA1800 - Increase (M. Hu et al., 2016)

A549 - Inhibit (McCann et al., 2018; B. Hu et al.,
2019)

HCC827 - Inhibit (McCann et al., 2018)

H1975 - Inhibit (McCann etal., 2018)

DU145 - Inhibit (Jinet al., 2018; Baohai et al., 2019)

PC3 - Inhibit (Baohai et al., 2019)

BJ Inhibit - (H.T. Nguyenetal., 2017)

H1299 Increase - (Lu et al., 2018)

D121 Increase - (Lu et al., 2018)




H157 - Inhibit (F. Luo et al., 2020)

HSC-2 - Inhibit (F. Luo et al., 2020)

OVCAR3 - Inhibit (B. Zhou et al., 2015; Xiaowei Wu et
al., 2019)

OVCA433 - Inhibit (Xiaowei Wu etal., 2019)

Table 2: Effects of USP17 overexpression (OE) and knockdown (K/D) on cell
proliferation, where proliferation was assessed by a standard assay (e.g.

MTT, CCK-8, trypan blue).
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