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Proteases that cleave ubiquitin or ubiquitin-like proteins (UBLs) are critical players
in maintaining the homeostasis of the organism. Concordantly, their
dysregulation has been directly linked to various diseases, including cancer,
neurodegeneration, developmental aberrations, cardiac disorders and
inflammation. Given their potential as novel therapeutic targets, it is essential
to fully understand their mechanisms of action. Traditionally, observed effects
resulting from deficiencies in deubiquitinases (DUBs) and UBL proteases have
often been attributed to the misregulation of substrate modification by ubiquitin
or UBLs. Therefore, much research has focused on understanding the catalytic
activities of these proteins. However, this view has overlooked the possibility that
DUBs and UBL proteases might also have significant non-catalytic functions,
which are more prevalent than previously believed and urgently require further
investigation. Moreover, multiple examples have shown that either selective loss
of only the protease activity or complete absence of these proteins can have
different functional and physiological consequences. Furthermore, DUBs and
UBL proteases have been shown to often contain domains or binding motifs that
not only modulate their catalytic activity but can also mediate entirely different
functions. This review aims to shed light on the non-catalytic, moonlighting
functions of DUBs and UBL proteases, which extend beyond the hydrolysis of
ubiquitin and UBL chains and are just beginning to emerge.
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1 Introduction

Post-translational modifications (PTMs) significantly contribute to the increase in
complexity from genome to proteome and regulate a myriad of cellular processes. One of
the most important PTMs is ubiquitination, a process by which a 76 amino acid protein
termed ubiquitin is covalently attached to thousands of substrates, impacting nearly all
aspects of cellular functions.

Ubiquitin is encoded by four different genes (UBA52, UBA80, UBB and UBC) and is
synthesized as an immature precursor protein whose C-terminal region undergoes
processing to expose the characteristic diglycine motif of the mature form (Grou et al.,
2015; Martín-Villanueva et al., 2021). Prior to its conjugation, ubiquitin is first activated at
its C-terminal carboxyl group by an E1 enzyme in an ATP-dependent manner. Then, the
ubiquitin molecule is transferred to an E2 enzyme, which cooperates with an E3 ligase to
facilitate its attachment to the target substrate. Lastly and according to the classical
ubiquitination process, the C-terminal carboxyl group of ubiquitin forms an amide
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bond with the ε-amino group of a lysine residue or the N-terminal
methionine in the target protein (Damgaard, 2021). Although
monoubiquitinations are frequent and play different roles within
the cell, ubiquitin itself possesses seven lysines along with the amine
group of its initial methionine residue that can themselves be subject
to ubiquitination, generating chains of diverse size and linkages.
This results in complex ubiquitination chains, commonly referred to
as the “ubiquitin code” (Komander and Rape, 2012). Strikingly,
different polyubiquitin linkages exhibit unique structures and thus,
can exert various cellular functions by determining the fate and
binding properties of modified substrates in different ways (Akutsu
et al., 2016).

Notwithstanding, recent discoveries have further extended this
classical ubiquitination paradigm by identifying novel forms of
ubiquitination occurring on cysteine, serine and threonine
substrate residues involving ester linkages. Moreover, while it was
initially believed that only proteins could be ubiquitinated, data
gathered over the last years clearly indicate that ubiquitination can
also target lipids, sugars and nucleotides (reviewed in Dikic and
Schulman, 2022; Kelsall, 2022; Sakamaki and Mizushima, 2023),
increasing the complexity and the scope of this modification process.

Since the discovery of ubiquitin in 1975, diverse proteins with
the same three-dimensional core structure, the β-grasp fold, have
been uncovered and grouped under the designation of ubiquitin-like
proteins (UBLs). Among the most studied are neural precursor cell
expressed developmentally downregulated 8 (NEDD8), interferon-
stimulated gene 15 (ISG15), human leukocyte antigen (HLA)-F
adjacent transcript 10 (FAT10), small-ubiquitin-like modifier
(SUMO), autophagy related modifiers ATG8 and ATG12,
ubiquitin-fold modifier protein 1 (UFM1), ubiquitin-related
modifier 1 (URM1) and monoclonal nonspecific suppressor
factor β (MNSFβ, also known as FUBI) (Van Der Veen and
Ploegh, 2012). Despite sharing structural similarities with
ubiquitin, these proteins possess entirely distinct and unique
functions, locations and regulatory mechanisms (Kerscher et al.,
2006; Hochstrasser, 2009; Van Der Veen and Ploegh, 2012). Similar
to ubiquitin, the majority of UBLs feature a C-terminal diglycine
motif for isopeptide linkage to their target proteins through an
enzymatic process that closely resembles ubiquitination.
Notwithstanding, ATG8, ATG12 and UFM1 only have a single
C-terminal glycine (Aichem and Groettrup, 2020). In addition,
URM1 has been shown to form covalent bonds with various
target proteins through a process that does not rely on E2/
E3 enzymes (Ravichandran et al., 2022). Furthermore, numerous
UBLs such as SUMO, ISG15, FAT10 and ATG12 have been
demonstrated to perform indispensable functions by engaging
with substrates in a non-covalent manner (Perng and Lenschow,
2018; Pang et al., 2019; Aichem and Groettrup, 2020; González-
Prieto et al., 2021). Moreover, in contrast to ubiquitin, free ISG15
(Swaim et al., 2017) and fubiylated substrates (O’Dea et al., 2023)
can be secreted into the extracellular space to perform additional
functions. Nonetheless, despite their importance, most UBLs have
been significantly less studied than ubiquitin and numerous aspects,
including mechanisms of action and regulation, target recognition
and cellular functions await to be explored.

Except for FAT10 (Aichem and Groettrup, 2020), for which no
protease has been identified so far, the covalent modifications
performed by ubiquitin and UBLs can be reversed by a group of

enzymes commonly referred to as deubiquitinases (DUBs) and UBL
proteases, respectively. Notably, beyond reversing substrate
modifications, these proteins often process the C-terminal region
of immature precursors of ubiquitin and UBLs (Ronau et al., 2016),
which is a prerequisite for linkage.

In general, DUBs and UBL proteases can be classified in two
different ways: based on the enzymatic process employed to cleave
peptide bonds or according to the structure of their catalytic domain.
In accordance with the first classification, these enzymes can be
grouped into thiol proteases or metalloproteases, depending on
whether they use cysteine or a metal element to perform their
catalytic activity. Furthermore, these proteases can also be
categorized into families based on the configuration of their
catalytic region (Ronau et al., 2016). Accordingly, the 100 DUBs
identified in humans are generally grouped into seven different
families: ubiquitin carboxyl-terminal hydrolases (UCHs), ubiquitin-
specific proteases (USPs), ovarian tumour domain proteins (OTUs),
Machado-Joseph domain-containing proteases (MJDs), Jab1/
Mov34/Mpr1Pad1 N-terminal domain proteases (JAMMs), motif
interacting with Ub-containing novel DUB family (MINDYs) and
zinc finger with UFM1-specific peptidase domain protein (ZUSFP)
(Ronau et al., 2016; Clague et al., 2019). Recently, a new family of
DUBs has been discovered, the Viral Tegument-like Deubiquitinases
(VTD). However, to date, no members of this family have been
identified in humans (Erven et al., 2022).

Due to the prevalence of a papain-like structure among the
majority of DUBs families, where the catalytic cysteine residue is
positioned at the N-terminal region of the core alpha helix
(Ozhelvaci and Steczkiewicz, 2023), they are considered
homologous and consequently are grouped together in the so
called CA clan according to MEROPS database (Rawlings et al.,
2018). Despite their mechanistic resemblances, UBL proteases
usually possess a different structure characterized by a beta barrel
subdomain containing the active site histidine and aspartate
followed by a second subdomain consisting of a helical bundle
that accommodates the catalytic cysteine (Rawlings and Barrett,
2013). Therefore, UBL proteases belong to separate families within
the so called CE protease clan (Pruneda et al., 2016; Hermanns et al.,
2018). For example, SUMO proteases can be categorized into three
distinct families: SUMO/sentrin-specific proteases (SENPs),
desumoylating isopeptidases (DESIs) and ubiquitin-specific
protease-like 1 (USPL1) (Nayak and Müller, 2014; Ronau et al.,
2016; Morrell and Sadanandom, 2019). Although the classification
into the seven families mentioned above is the most commonly used,
it has to be pointed out that names of DUBs and UBL proteases
might be misleading in several cases. Examples include: (1) USP18,
which despite its name (Ubiquitin-specific protease 18) does not
recognize nor cleave ubiquitin but specifically deconjugates solely
ISG15; (2) USP2, USP5, USP14 and USP21, which not exclusively
cleave ubiquitinated substrates but also ISGylated proteins; (3)
USP16 and USP36, which display cross-reactivity between
ubiquitin, FUBI and ISG15 (Zhao et al., 2023) and (4) SENP8,
which despite its name does not cleave SUMO at all but exhibits
specificity for NEDD8 instead (Kunz et al., 2018).

Not only endogenous DUBs and UBL proteases can counteract
ubiquitin/UBL modifications but also invading pathogens such as
bacteria and viruses, which have developed numerous survival
strategies to counteract the immune response of the organism by
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manipulating or undermining the host ubiquitin and ubiquitin-like
modification systems. In particular, these pathogens have evolved an
impressive arsenal of ligases and proteases. While most of pathogen
derived ubiquitin/UBLmodifying enzymesmimic the structures and
functional motifs of their eukaryotic counterparts, some have
developed entirely new and innovative mechanisms to hijack the
host system (Isaacson and Ploegh, 2009; Randow and Lehner, 2009;
Zhou and Zhu, 2015; Pruneda et al., 2016; Bailey-Elkin et al., 2017;
Roberts et al., 2023). As an example, Legionella pneumophila has not
only developed conventional DUBs and UBL proteases but also
harbours enzymes capable of catalysing entirely new forms of
ubiquitination such as phosphoribosylated-ubiquitination and
transglutaminase-mediated ubiquitination. Furthermore, this
pathogen has also evolved proteases that can reverse these
modifications (reviewed in Kitao et al., 2020). The emergence
and adaptation of such enzymes, driven by evolutionary
pressures, can directly impact our society, as demonstrated by
the recent pandemic caused by the SARS-CoV-2 virus. Here, the
proteome of this virus contains a UBL protease known as papain-
like protease (PLpro), which evolved to predominantly cleave
ISG15 modifications, thereby undermining the human host
immune response (Klemm et al., 2020; Shin et al., 2020). It is
crucial to note that PLpro also plays a vital role in the replication
of the virus by processing polyproteins nsp1, nsp2 and nsp3.
Additionally, this protease also possesses the ability, albeit with
low activity, to eliminate K48 polyubiquitin chains from substrates
(Klemm et al., 2020).

DUBs and UBL proteases have a significant impact not only on
pathogenic infections but also in maintaining homeostasis in the
organism. Both the overexpression and loss-of-function mutations
of genes encoding these proteins have been associated with various
diseases, including cancer, neurodegeneration, developmental
disorders, cardiac conditions and inflammation (Basar et al.,
2021; Hwang et al., 2022). These observations, coupled with the
recognition that DUBs and UBL proteases, akin to other enzymes,
fall within the category of proteins amenable to small molecule
inhibition, have sparked significant interest in exploring these
proteases as novel targets for drug development and therapeutic
intervention.

Even in the absence of a detailed analysis, it is often presumed
that phenotypes arising from either the lack or altered levels of
DUBs and UBL proteases result from disrupted ubiquitin/UBL
deconjugation activities. However, beyond the catalytic core, most
of these proteases contain additional domains that may not only
modulate catalytic activity or target recognition but could also
connect DUBs and UBL proteases to entirely different pathways,
regardless of their hydrolytic activity. While this phenomenon has
already been demonstrated in other enzymes (Rauch et al., 2011;
Janisiw et al., 2020), the potential of DUBs and UBL proteases to
mediate functions entirely unrelated to their protease activity is
just beginning to emerge. Understanding how the catalytic and
non-catalytic functions of these proteins are interconnected with
their regulation, molecular processes and physiological functions is
not only crucial for identifying pathomechanisms but also essential
for developing appropriate strategies for therapeutic intervention.
To achieve this, it is crucial to conduct mutagenesis studies to
pinpoint specific motifs and residues involved in the different
functions of DUBs and UBL proteases, thereby helping to unravel

the molecular mechanisms at play. It is worth mentioning that
while the traditional approach to study the catalytic activity of
DUBs involves mutating the catalytic cysteine to alanine to
suppress the hydrolysis of isopeptide bonds, such mutations can
sometimes unexpectedly sequester cellular ubiquitin, leading to
dominant negative effects unrelated to DUB activity loss.
Alternatively, replacing the active cysteine with arginine can
effectively inactivate DUBs and reduce their affinity for
ubiquitin (Morrow et al., 2018). Despite being technically and
financially more demanding, producing knock-in mice with
targeted mutations in key residues in the different domains of
these proteases would be immensely beneficial for evaluating the
physiological effects of their various functions.

In this review we want to give visibility to often unexpected, non-
catalytic, so called “moonlighting” functions of DUBs and UBL
proteases, which can at times be essential for proper functioning of
the organism and highly relevant for physiological processes or
pathological alterations. By this, we mean to highlight functions
performed by these proteins that extend beyond the hydrolysis of
ubiquitin and UBL immature precursors and chains. Despite the
limited tools currently available to study these non-catalytic
activities, a comprehensive analysis has the potential to ascribe
novel functions to DUB and UBL proteases, provide fresh
insights into disease mechanisms and advance therapeutic
possibilities.

2 Catalytic activities of DUBs and
UBLs proteases

As mentioned above, ubiquitin molecules themselves can
undergo ubiquitination, resulting in the formation of
polyubiquitinated substrates. The nature of these polymeric
chains can be categorized as either homotypic or heterotypic,
depending on whether the modified ubiquitin residue remains
consistent or varies. Substrates modified with homotypic chains
have been found to be involved in many but different cellular
functions: innate immunity (K27, K33, K63 and M1), DNA
damage response (K6 and K27), proteasomal degradation
(K11 and K48), protein trafficking (K33 and K63), mitophagy
(K6), Wnt/β-catening signalling (K29) and inflammatory nuclear
factor-κB (NF-κB) signalling (M1) (Akutsu et al., 2016; Swatek and
Komander, 2016; van Wijk et al., 2019; Tracz and Bialek, 2021).
Heterotypic chains can be further classified as mixed or branched,
depending on whether ubiquitin molecules are modified at a single
residue or multiple ones. While homotypic chains have been studied
extensively, structures and functions of heterotypic chains remain ill
defined (reviewed in French et al., 2021; Kolla et al., 2022).
Moreover, ubiquitin can form hybrid chains with other UBL
molecules such as SUMO, NEDD8 or ISG15. However, the
cellular functions of such polymers are largely elusive (Pérez
Berrocal et al., 2020). The extensive variety of ubiquitin polymers
not only significantly enhances the intricacy of the signals but also
expands the range of biological information they can convey. To
compound this complexity, numerous residues within ubiquitin
molecules can be subject to phosphorylation and acetylation,
adding further complexity to the system (Swatek and
Komander, 2016).
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This extensive array of chains can be recognized by different
DUBs. The selectivity and specificity of DUBs are determined by the
characteristics of the distinct binding sites that accommodate the
side chains of the amino acid residues of ubiquitin and/or the
substrate. These binding sites are arranged along the groove
containing the active site of the protease, which is responsible for
the hydrolysis of the scissile bond. They are numbered from the
catalytic site as S1, S2 . . . Sn towards the N-terminal end of the
substrate, and as S1’, S2’. . .Sn’ towards the C-terminal region
(Schechter and Berger, 1967). Initially, these enzymes identify an
ubiquitin moiety at their S1 site primarily through hydrophobic
interactions with the isoleucine 44 patch of ubiquitin. This
frequently leads to conformational changes in the protease to
position the scissile bond within its active site for cleavage. Most
DUBs additionally have an S1’ site in their catalytic domain or in an
auxiliar domain to which the ubiquitin molecule following the
scissile bond binds. These interactions can be decisive in
establishing the linkage type that a given DUB can recognize.
DUBs lacking this pocket may instead have a substrate-specific
S1’ binding site. Besides, some DUBs are able to discriminate
between different chain lengths and/or linkage type due to the
presence of supplementary ubiquitin binding sites within their
catalytic domain or in the so-called ubiquitin-binding domains
(UBDs) (Flierman et al., 2016; Mevissen and Komander, 2017;
Lange et al., 2022).

In contrast to the wealth of data on ubiquitin chain formation,
our understanding on polymer formation by UBLs remains quite
limited. Among the most studied is SUMO, whose three paralogs,
namely, SUMO-1, SUMO-2 and SUMO-3, have been observed to
undergo polymerization both in vitro and in vivo albeit in different
ways (Matic et al., 2008). SUMO-2 and SUMO-3 are virtually
identical and can form polymeric chains via the lysine residue at
position 11 within their SUMOylation consensus site. In contrast,
SUMO-1 has an inverted SUMO motif that does not contain any
lysine and, consequently, although it can SUMOylate substrates, is
unable to form chains with other SUMO molecules. Nonetheless,
there is evidence suggesting that SUMO-1 can act as a “stopper”,
terminating the polymeric chains formed by SUMO-2 and SUMO-3
(Matic et al., 2008; 2010). However, the recent identification of non-
canonical chains highlights the importance of exploring the
potential for chain formation beyond the lysine residues within
the consensus site (Gärtner et al., 2018). It is interesting to note that a
group of enzymes called SUMO-targeted ubiquitin ligases (STUbLs)
were discovered, which recognize SUMO polymers and ubiquitinate
them, leading to the generation of hybrid chains. In mammals, two
proteins belonging to this group have been identified to date: RING
finger protein 4 (RNF4), which exhibits preference for SUMO-2
polymers (Tatham et al., 2008); and RING finger protein 111
(RNF111 or Arkadia), which ubiquitinates substrates carrying
SUMO-2/3 polymers capped with SUMO-1 (Sriramachandran
et al., 2019). Nonetheless, the available data regarding the
function of mixed SUMO chains, the substrates that carry them
and the structural arrangement of modified proteins remain quite
constrained (examined in greater detail in Chang and Yeh, 2020b;
Jansen and Vertegaal, 2021; Keiten-Schmitz et al., 2020).

SUMOylation is a process tightly linked to the regulation of
protein-protein interactions. Consequently, numerous proteins
possess SUMO-interacting motifs (SIMs) through which various

protein complexes can be formed. Some of these domains exhibit
distinct affinities for the three different paralogs of SUMO or even
for certain SUMO chains. Even though this form of SUMO
interaction is widely abundant, there are two other categories of
SUMO interacting surfaces that, although not as thoroughly
investigated, have been identified in a few proteins and can also
contribute to the specificity towards a SUMO paralog (Brüninghoff
et al., 2022). SUMO proteases have variable N-terminal regions that
contain not only SIMs (Garvin et al., 2013; Wagner et al., 2019) but
also other domains responsible for directing the deSUMOylase
activity to distinct cellular compartments. Regulation and
substrate selection of these enzymes can also be influenced by
alternative splicing and/or post-translational modifications in
these regions. Furthermore, the nine SUMO proteases described
so far belong to three different families with different catalysis
mechanisms. These mechanisms also play a role in determining
the selectivity for particular SUMOylated substrates. In members of
the SENP family, SUMO molecules enter the catalytic centre
through a narrow tunnel covered with tryptophan residues that
ensure the proper alignment of the diglycine motif and the scissile
bond. These enzymes possess a notable characteristic: both the
scissile bond and the isopeptide bond connecting the SUMO
molecule and the substrate are positioned in a cis configuration,
which is inherently unstable and thus, facilitates cleavage. SENP1 is
essential for deSUMOylating modified substrates by SUMO-1 and
processing SUMO precursors. SENP2 is mainly involved in
deconjugating SUMO-2 from substrates. SENP3 and
SENP5 exhibit a strong preference for processing and
deconjugating SUMO-2 and SUMO-3. SENP6 and
SENP7 primarily participate in the removal of SUMO moieties
from substrates modified with polymeric chains of SUMO-2 and
SUMO-3 (Nayak and Müller, 2014; Kunz et al., 2018; Chang and
Yeh, 2020). The DESI family comprises two members, namely,
DeSI-1 and DeSI-2, although only the former has been minimally
characterized so far. DeSI-1 is able to deconjugate the three SUMO
paralogs as well as SUMO-2 and SUMO-3 polymeric chains from
zinc finger and BTB domain-containing protein 46 (BZEL), the sole
substrate assigned to it until now. However, it exhibits a very low
activity to process SUMO precursors. In order to carry out its
catalytic activity, DeSI-1 forms a homodimer so that the two
cysteine and histidine residues of the two subunits generate an
active site in the groove between them (Shin et al., 2012; Suh et al.,
2012). Lastly, a DUB belonging to the USP family, known as USPL1,
has shown unique specificity for SUMO rather than ubiquitin. As a
result, this protease features the typical right-hand scaffold of a USP
catalytic domain but has replaced or deleted the essential residues
for ubiquitin binding. Moreover, it also lacks the so-called blocking
loops found in USPs. While USPL1 is capable of engaging with the
three SUMO paralogs, it exhibits significantly greater activity
towards SUMO-2 and SUMO-3. Nevertheless, the importance of
its protease activity in vivo remains to be fully elucidated (Li
et al., 2022).

Another UBL with the ability to form polymers is NEDD8.
Although it has been possible for some time to generate poly-
NEDD8 chains in vitro (Ohki et al., 2009), the occurrence of
such chains in vivo has only recently been demonstrated (Vogl
et al., 2020; Lobato-Gil et al., 2021). Furthermore, NEDD8 has also
been found to form hybrid chains not only with ubiquitin but also
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with SUMO-2 (Vogl et al., 2020; Lobato-Gil et al., 2021). However,
despite the recent findings, the biological implications of these
chains at the cellular level as well as the E3 ligases and proteases
involved in the generation and degradation of these chains have yet
to be identified (more details in Meszka et al., 2022; Vijayasimha and
Dolan, 2021). Despite the recognition of NEDD8 by certain DUBs
like USP21 and UCHL3 as well as by numerous UBDs due to the
high similarity between ubiquitin and NEDD8, this molecule also
possesses a dedicated protease and distinct binding domain
(Castagnoli et al., 2019). Although SENP8, also known as
NEDP1 or Den1, belongs to the SUMO-specific protease family,
it does not cleave SUMO but instead displays a great affinity for
processing and cleaving NEDD8 molecules. While there is not
unanimous consensus on the precise mechanism by which this
protease can selectively identify NEDD8 over ubiquitin, it seems that
specific amino acids in bothmoleculesWhile there is not unanimous
consensus on the precise mechanism by which this protease can
selectively identify NEDD8 over ubiquitin, it seems that specific
amino acids in both molecules may be critical in this process
(Reverter et al., 2005; Shen et al., 2005; Shin et al., 2011).

Unlike other UBLs, UFM1 possesses a single C-terminal glycine
positioned near a valine residue, which effectively blocks the
recognition of UFM1 molecules by DUBs. UFM1 forms
polymeric chains through its lysine 69 (Yoo et al., 2014; Peter
et al., 2022) that are susceptible to cleavage by its two dedicated
proteases: UFM1-specific protease 1 (UFSP1) and 2 (UFSP2). While
the catalytic domains of these enzymes share structural similarities,
alterations in three flexible regulatory loops impact the substrate
specificity of the enzymes. Furthermore, UFSP2 bears an extra
N-terminal domain critical for both substrate identification and
localization to the endoplasmic reticulum, where it interacts with
odorant response abnormal protein 4 (ODR4), which could
allosterically regulate the catalytic activity of UFSP2. In contrast,
UFSP1 is predominantly located in the cytosol (Millrine et al., 2023).

To date, there is no evidence to suggest that ISG15 can form
homo-polymeric chains. However, Okumura et al. demonstrated
that this unique UBL, consisting of two ubiquitin-like domains, has
the capacity to form dimers via disulfide bonds through the cysteine
78 in the hinge region. This process is concentration dependent and
reduces the availability of ISG15 monomers that can be conjugated
to proteins by ISGylation (Okumura et al., 2008). The existence of
dimers and even multimers has been supported by other studies but
their cellular functions are not yet known (Sorensen et al., 2007;
Napolitano et al., 2018). In addition, it has also been shown that
ISG15 can be conjugated to lysines 29 and 48 of ubiquitin molecules,
generating hybrid chains in fractions of certain cellular proteins.
Hence, it seems that ISG15 might slow down the turnover of target
proteins (Fan et al., 2015) or even inhibit mitophagy in Ataxia
Telangiectasia cells (Juncker et al., 2021). However, it is not yet
known how and which E3 ligases recognize these polyubiquitinated
substrates and introduce ISG15 molecules to them. While various
research studies have demonstrated that certain DUBs exhibit
reactivity with ISG15, knock-in mice expressing catalytic inactive
USP18 display elevated ISGylation levels. This observation implies
that USP18 serves as the predominant deISGylase in vivo (Ketscher
et al., 2015). Even though USP18 is a member of the USP family of
DUBs, this protease does not exhibit any cross-reactivity with
ubiquitin in mammals. This specificity is due to the ISG15-

binding box 1 (IBB-1) and 2 (IBB-2) of USP18, which recognize
regions of the C-terminal ubiquitin-like domain of ISG15 that are
not found in ubiquitin. Analysis have revealed that IBB-1 plays the
primary role in determining ISG15 specificity with IBB-2 making a
minor contribution (Basters et al., 2017).

3 Non-catalytic functions of DUBs and
UBL proteases

Over the last years it has been demonstrated that several DUBs
and UBL proteases play essential roles in the organism that extend
beyond their catalytic functions (Figure 1). Although these activities
have only been investigated in depth in a handful of enzymes, more
and more studies involving catalytically inactive mutants are being
carried out to elucidate whether effects being observed after deletion
of a particular protease are indeed caused by the lack of isopeptidase
activity and not due to other functions unrelated to the catalytic
function. Given the extensive repertoire of known DUBs and UBL
proteases across various species, the available information on
additional functions is minuscule and complicated by the fact
that most of these proteases are characterized by a multi-domain
architecture. This review aims to not only highlight the existence of
these non-catalytic, moonlighting activities but also shed light on
their functional and physiological importance. To this end, we have
compiled and spotlighted those DUBs and UBL proteases that are
already known to carry out activities beyond catalysis.

3.1 A20

Nuclear factor κB (NF-κB) is a family of inducible transcription
factors involved in numerous cellular processes such as innate and
adaptive immune responses, inflammation and cell adhesion and
survival. These transcription factors become active in response to a
diverse array of triggers including viral and bacterial pathogens,
proinflammatory cytokines such as tumour necrosis factor (TNF)
and inteleukin-1 (IL-1), genotoxic agents, ultraviolet radiation and
oxidative stress. Under homeostatic conditions, NF-κB proteins
form complexes with members of the inhibitory kB (IκB) family
to hinder their translocation into the nucleus. In general, NF-κB
activation takes place via both canonical and non-canonical
pathways, each with specific functions. In the former one,
proinflammatory cytokines and pathogen-associated molecular
patterns (PAMPs) promptly induce the activation of the IKK
complex, which consists of two kinase subunits, IKKα and IKKβ,
as well as a regulatory subunit known as NEMO. Following
activation, the IκB protein bound to the NF-κ dimer undergoes
phosphorylation by IKK, inducing its polyubiquitination and
ultimately its proteasomal degradation. Consequently, released
NF-κB dimers migrate to the nucleus, where they induce the
transcription of numerous genes. This transcriptional activity
must be precisely regulated to prevent prolonged NF-κB
activation, which could lead to adverse effects on the organism
(Hayden and Ghosh, 2004; Tokunaga et al., 2012; Shi and Sun, 2018;
Zhang et al., 2021).

One of the main negative regulators of NF-κB signalling, is A20,
also known as TNFAIP3, whose expression is actually induced by
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the binding of NF-κB to two separated κB elements in its promoter
(Krikos et al., 1992). A20 has been described as a ubiquitin-editing
enzyme due to its ability to terminate NF-κB signalling by modifying
the ubiquitination status of multiple proteins involved in this
pathway. This protein contains a N-terminal OTU domain
exhibiting DUB activity and seven zinc-finger (ZnF) domains
that function as UBDs. So far, mainly the fourth and the seventh
ZnF have been extensively studied. ZnF4 recognizes
K63 polyubiquitin chains and functions as a ubiquitin E3 ligase
(Bosanac et al., 2010), while ZnF7 shows high-affinity binding to
M1-linked polymers (Tokunaga et al., 2012; Verhelst et al., 2012).

Undoubtedly, the function of A20 in the organism is crucial, as
evidenced by the fact that knock-out mice of this protein die shortly
after birth due to severe inflammation and cachexia (Lee et al., 2000).
In humans, reduced expression of A20 has also been strongly
associated with inflammatory and autoimmune diseases (Razani
et al., 2020). Given that A20 is a DUB, it was initially believed and
appeared a straightforward explanation that the catalytic function of
this enzyme is critical for its essential function. However, meanwhile
accumulated evidence suggests that the DUB activity of A20 might
not be so relevant for the main physiological functions in vivo.
Indeed, mice harbouring a point mutation in the catalytic cysteine of
the OTU domain, which inactivates its protease activity, are healthy
and do not exhibit the severe phenotype observed in A20 deficient
mice (Lu et al., 2013; De et al., 2014; Wertz et al., 2015). Along the
same lines, knock-in mice bearing a non-functional ZF4 domain are
also grossly normal and do not exhibit an inflammatory phenotype
(Lu et al., 2013; Wertz et al., 2015). In contrast, transgenic mice
carrying a mutation in the ZnF7 domain that abrogates the binding
to M1-linked chains have reduced body weight, splenomegaly and
develop spontaneous inflammatory arthritis, suggesting that

ZnF7 has a significant role in inhibiting inflammation in vivo,
while the isopeptidase activity appears of minor importance
(Polykratis et al., 2019). Nevertheless, the phenotype of these
mice is still less severe than the one seen in A20 full knock-out
mice, indicating that additional domains might also critically
contribute to the negative regulation of NF-κB signaling by A20.
Investigating the mechanisms of action of the remaining ZnF
domains as well as inactivating multiple domains of
A20 simultaneously will help to clarify their collaborative roles.

3.2 CYLD

Another major suppressor of NF-κB signalling is CYLD, which
plays a regulatory function in a variety of cellular processes,
including proliferation, survival and inflammatory responses.
Mechanistically, CYLD possesses three cytoskeleton-associated
protein-glycine-rich (CAP-Gly) domains at its N-terminal region,
followed by a USP catalytic domain. In addition, CYLD contains two
conserved proline-rich motifs and a TNF receptor associated factor
2 (TRAF2)-binding motif. Notably, the CYLD gene is of significant
importance, as the loss of both alleles leads to the development of
multiple benign skin tumours, referred to as cylindromatosis (Lork
et al., 2017).

Aside from its DUB activity, CYLD also exerts non-catalytic
functions through its CAP-Gly motifs. Specifically, the first two
domains not only inhibit tubulin deacetylation by binding to the
catalytic region of histone deacetylase 6 (HDAC6) but also
contribute to the regulation of the perinuclear localization of
CYLD and inducing a delay in cytokinesis (Wickström et al.,
2010). Furthermore, the third CAP-Gly motif has been

FIGURE 1
Scheme of catalytic and non-catalytic (moonlighting) functions of DUBs and UBL proteases. Canonically, these enzymes can remove ubiquitin/UBL
molecules frommodified substrates by recognizing either ubiquitin/UBL (A) or specific substrates (B). Furthermore, these enzymes can exhibit additional
activities independent of their catalytic function. DUBs and UBL proteases have the ability to recruit proteins and act as scaffold, forming new protein
complexes (C). They can also bind to proteins prone to degradation to prevent their destabilization (D). Additionally, these proteases may contain
extra catalytic cores, enabling them to perform entirely different functions beyond the removal of ubiquitin/UBL molecules from substrates (E).
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demonstrated to hinder Aurora kinase B activity by enhancing its
dephosphorylation through protein phosphatase 2A (PP2A)
recruitment. Although this function is independent of the DUB
activity, the presence of the USP domain is still required (Sun et al.,
2010). However, it is important to note that the CAP-Gly motifs,
especially the third one, have been shown to enhance CYLD activity
by predominantly boosting the affinity of the enzyme for ubiquitin
chains. Moreover, these domains also contribute to the specificity of
CYLD to cleave K63-linked ubiquitin chains. Nevertheless, it seems
that the ubiquitin binding interfaces in each domain do not coincide
with the established binding sites for tubulin or NEMO. This
suggests that these interactions may either coexist or potentially
collaborate, adding complexity to the analysis of the catalytic and
non-catalytic functions of CYLD (Elliott et al., 2021).

CYLD deubiquitinates various substrates involved in NF-κB
signalling, including NEMO. Originally, it was established that
for this function, the third CAP-Gly motif of CYLD is needed to
bind the zinc finger domain of NEMO (Saito et al., 2004). To further
investigate the impact of CYLD-NEMO interactions, Zhao et al.
generated a double mutant mouse model. In this model, NEMO
carried a crucial mutation in its zinc finger domain and CYLD was
knocked out, resulting in embryonic lethality. Mouse embryonic
fibroblasts (MEFs) derived from these mice revealed that this
mutant NEMO can no longer be recruited to the TNF receptor 1
(TNFR1) complex. As a consequence, cell death upon NF-κB
induction by TNF occurs. Remarkably, the reconstitution of these
MEFs with a catalytically inactive CYLD mutant could rescue the
observed effects of TNF signalling, unequivocally showing that a
non-catalytic function of CYLD, namely, acting as an adapter
protein between TRAF2 and the NEMO zinc finger domain, is
crucial during embryogenesis (Zhao et al., 2015a). Again, these
results clearly show that effects from complete DUB deletion
approaches need to be interpretated with caution and that in
depth analysis is needed to unveil unexpected moonlighting
functions of high physiological relevance.

3.3 OTUB1

Otubain-1 (OTUB1), one of the most highly expressed DUBs in
humans and mice, is essential for embryonic development and
homeostasis. Indeed, the vast majority of homozygous
OTUB1 knock-out mice do not survive beyond the late stages of
embryogenesis primarily due to lung inflation failure. Data suggest
that this is a result of an increased proliferation of parenchymal and
mesenchymal cells which leads to a reduction in saccular air space,
potentially elevating lung tissue resistant to mechanical stretching
(Ruiz-Serrano et al., 2021). Furthermore, it has also been
demonstrated that OTUB1 deficient mice exhibit a significant
delay in bone formation in the skull and limbs at embryonic day
E16.5 when compared to control littermates, which becomes even
more pronounced at E18.5 (Zhu et al., 2023). In adult mice, deletion
of Otub1 also induces proliferation in lung tissue and alveolar
hyperventilation. Additionally, these mice are unable to
effectively regulate and adjust their respiration in response to
hypoxic conditions (Ruiz-Serrano et al., 2021). In a separate
study, it was also demonstrated that the absence of Otub1 in
adult mice enhances energy expenditure, decreases age-related

body weight gain, improves blood glucose clearance and reduces
baseline plasma insulin levels (Ruiz-serrano et al., 2022). However,
the precise molecular mechanisms by which OTUB1 shapes these
phenotypes are still not fully understood.

In vitro studies have shown that, at the molecular level,
OTUB1 plays a pivotal role in regulating a multitude of cellular
processes through its dual activity. On the one hand, OTUB1 is able
to specifically remove K48 chains from different targets, preventing
their degradation by the proteasome and, thus, increasing their half-
life (Liu et al., 2022; Deng et al., 2023). This process involves the
binding of the distal ubiquitin to the catalytic site of OTUB1,
triggering a conformational change that enables the binding of
the proximal ubiquitin to the N-terminal region of OTUB1,
along with the proper positioning of the K48 scissile bond for
cleavage (Wang et al., 2009). Remarkably, apart from its
conventional DUB activity, OTUB1 can also modulate the
ubiquitination status of several proteins by inhibiting the
synthesis of K63 polyubiquitin chains that is performed by a
specific subset of E2 enzymes in a non-catalytic manner.
Intriguingly, OTUB1 carries out this function by creating a
complex in which two ubiquitin molecules are arranged in a
manner that resembles a cleaved K48-linked di-ubiquitin chain.
OTUB1 binds to ubiquitin-charged E2 enzymes and positions the
donor ubiquitin at its proximal site, thereby providing partial
protection to the vulnerable thioester linkage through a helix
situated in its N-terminal region. This process is allosterically
regulated by free ubiquitin, which binds to the distal site of
OTUB1 and enhances its affinity for E2 enzymes that are
covalently linked to ubiquitin. Hence, OTUB1 hinders the
formation of K63 polyubiquitin chains not only by interrupting
the bond formation between donor ubiquitin and E2 enzyme but
also by occluding their interaction with other proteins such as
ubiquitin E2 variants (UEVs) and E3 ligases (Nakada et al., 2010;
Juang et al., 2012; Wiener et al., 2012). Furthermore, one study has
also revealed that OTUB1 can associate with ubiquitin conjugating
enzyme E2 E1 (UBE2E1) through its non-catalytic activity,
suppressing its autoubiquitination and hence, its proteasomal
degradation. Given that many E2 enzymes of the UBE2E family
undergo autoubiquitination, it is likely that OTUB1 is also involved
in the regulation of their stability (Pasupala et al., 2018).
Remarkably, the binding of uncharged E2 enzymes to
OTUB1 stimulates its DUB activity (Wiener et al., 2013) showing
that catalytic and non-catalytic functions can be intertwined.

Functionally, the non-catalytic function of OTUB1 is
particularly important for the regulation of the DNA damage
response, as it inhibits chromatin ubiquitination at DNA double-
strand breaks, thereby preventing the recruitment of critical proteins
for DNA repair (Nakada et al., 2010). OTUB1 also contributes to the
regulation of apoptosis and transforming growth factor-β (TGFβ)
signalling by hindering ubiquitination of p53 (Sun et al., 2012) and
phospho-suppressor of mothers against decapentaplegic 2 and 3
(SMAD2/3) (Herhaus et al., 2013), respectively. Additionally,
OTUB1 triggers the activation of the mitogen-activated protein
kinase (MAPK) pathway by inhibiting RAS ubiquitination,
promoting tumorigenic transformation (Baietti et al., 2016).

While both the catalytic and non-catalytic functions of
OTUB1 are involved in numerous cellular processes, we
presently lack an understanding of their specific physiological
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effects in the organism. It remains uncertain whether lack of both
of these activities or just one of them is responsible for the lethality
observed in OTUB1 deficient mice. It is therefore necessary to
generate knock-in mice with targeted mutations to determine
which of these functions is essential during embryogenesis.

3.4 OTUD1

Ubiquitination of serine/threonine kinase 1 (AKT1) with K63-
linked chains is crucial for its recruitment to the plasma membrane,
where it is phosphorylated and activated (Yang et al., 2009). Given that
excessive activation of AKT1 is a prevalent factor in tumorigenesis,
understanding the regulation of AKT1 is important to identify novel
therapeutic targets in cancer. Unexpectedly, Fan et al. discovered that
although OTUD1 is able to remove K63-linked ubiquitin chains from
substrates, it also has the ability, independently of its catalytic activity, to
strongly inhibit the phosphorylation of AKT1 and, consequently, its
activation. OTUD1 comprises an N-terminal intrinsically disordered
region followed by an OTU domain and an ubiquitin-interactingmotif.
Co-immunoprecipitation studies have revealed that a 36 amino acid
peptide fragment (OUN-36) situated in the N-terminal region is
sufficient to inhibit AKT1 phosphorylation and activation. OUN-36
binds to the pleckstrin homology (PH) domain of AKT1, preventing its
interaction with phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and
thus, its recruitment to the cell membrane. Furthermore, administration
of a recombinant fusion protein containing the OUN-36 fragment in
combination with other anticancer drugs demonstrated increased
sensitivity of tumour cells to targeted therapy and chemotherapy.
This suggests that OUN-36 may become a promising protein drug
for cancer therapy (Fan et al., 2023).

3.5 OTUD4

Diverse studies have uncovered essential functions of OTUD4 in
different cellular processes that are not reliant on its DUB activity.
Initially, OTUD4 has been demonstrated to be crucial for resistance
to alkylation damage by stabilizing alpha-ketoglutarate dependent
dioxygenase homolog 2 (ALKBH2) and 3 (ALKBH3). To achieve
this, the 181–550 region of OTUD4, which does not include the
OTU catalytic domain, forms a complex with USP7 and USP9X.
These two enzymes remove the K48-linked ubiquitin chains of
ALKBH2 and ALKBH3 by their DUB activity, thereby preventing
their degradation by the proteasome (Zhao et al., 2015b).

Despite lacking a conventional RNA-binding domain,
OTUD4 has been found to interact with RNA as well as with
other RNA-binding proteins. While the precise regions involved
in these bindings have not yet been identified, OTUD4 has been
shown to play a crucial role in the formation of stress granules. These
membrane-less cellular compartments that contain numerous RNAs
and associated proteins are generated in response to brief stress
exposure. Remarkably, the function of OTUD4 associated with
stress granule formation was shown to be entirely independent of
its catalytic activity. The same study indicates that OTUD4 is also a
component of neuronal RNA transport granules under physiological
conditions. These granules facilitate the transport of mRNAs from
the cell body to the axon and dendrites, enabling local translation.

However, it remains uncertain whether OTUD4 exerts DUB activity
in these neuronal RNA granules. Additionally, data suggest that
OTUD4may be involved in the regulation of translation, but further
research is required to clarify the veracity of this hypothesis (Das
et al., 2019) and its dependence on protease or non-protease activity.

OTUD4 has also been shown to play a non-catalytic role in
regulating the TGFβ signalling, particularly under basal conditions.
In the absence of ligand, OTUD4 is able to increase the levels of
TGFβ receptor subunit I at the plasma membrane by maintaining
SMAD specific E3 ubiquitin protein ligase 2 (SMURF2) in a closed,
inactive and stable conformation. As a result, SMURF2 cannot
ubiquitinate the TGFβ receptor complex, preventing its
degradation. Nevertheless, the complete understanding of the
molecular mechanisms by which OTUD4 performs this function,
as well as the specific regions of the enzyme involved, are not yet
fully understood (Jaynes et al., 2020).

Lastly, in more recent findings, it has been demonstrated that
while the DUB activity of OTUD4 is crucial for the formation of
processing bodies in neural progenitor cells during brain
development, OTUD4 also regulates neuronal migration to the
cortical plate through a non-catalytic mechanism (Kedia et al., 2022).

3.6 OTULIN

The majority of recognized functions of OTULIN are attributed to
its role in ubiquitin homeostasis by removing Met1-linked ubiquitin
chains from substrates and binding to the linear ubiquitin chain
assembly complex (LUBAC). Although there is no doubt that the
catalytic activity of OTULIN is essential for the organism, as evidenced
by embryonic lethality inmice expressing a catalytic deadmutant of this
enzyme (Heger et al., 2018); it is important to note that, irrespective of
its protease activity, OTULIN also plays a vital role in regulating sorting
nexin 27 (SNX27)-dependent cargo loading, retromer assembly and
endosome-to-plasma membrane recycling. In order to perform these
non-catalytic functions, OTULIN establishes a high-affinity interaction
with the cargo binding pocket of SNX27 through two distinct surfaces:
one involving a conserved PSD95–Dlg1–ZO-1 (PDZ)-binding motif at
its C-terminal region and the other comprising some conserved residues
in the OTU domain that are not involved in the catalytic activity of the
enzyme. When bound to OTULIN, SNX27 fails to recruit the retromer
subunits vacuolar protein sorting-associated proteins 26A (VPS26) and
35 (VPS35), hindering the formation of a functional SNX27-retromer
complex and thus, inhibiting the recycling of plasma membrane
receptors. Conversely, binding of OTULIN to SNX27 does not
inhibit the DUB activity of OTULIN. The mechanisms by which the
interaction between OTULIN and SNX27 breaks down and SNX27 can
form the retromer are currently unknown. However, one study suggests
that PTMs may be implicated. Furthermore, the physiological
implications of the OTULIN-SNX27 interaction need to be
investigated (Stangl et al., 2019).

3.7 USP7

USP7 is a large enzyme with a N-terminal tumour necrosis
factor receptor-associated factor (TRAF) domain (NTD) followed
by the USP domain and five successive UBL domains. The catalytic
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domain alone exhibits minimal activity but requires UBL domains
four and five for full DUB activity. In contrast, the remaining UBL
domains do not impact the catalytic activity but play a role in
mediating specific interactions with various proteins (Rougé et al.,
2016). Noteworthy is the direct interaction of USP7 with both
p53 and murine double minute 2 (MDM2), highlighting its
significant role in regulating growth arrest, DNA repair and
apoptosis, particularly in cancer. Moreover, USP7 also modulates
other cellular processes, including immune responses and viral
replication (Harakandi et al., 2021).

The significance of USP7 is clearly evident as USP7 knock-out
mice die during the early stages of embryonic development, between
embryonic days E6.5 and E7.5, associated with profound
p53 activation. Intriguingly, the lethality observed in these mice
is not rescued in the absence of p53, indicating that USP7 may have
p53-independent functions that are crucial for proliferation and
differentiation (Kon et al., 2010). Indeed, it has been recently
demonstrated that USP7 has a previously unknown function in
maintaining the identity of mouse embryonic stell cells (mESCs) by
repressing lineage differentiation genes. Remarkably, this is achieved
through both catalytic and non-catalytic functions. On the one
hand, USP7 regulates the ubiquitination status of histones and
proteins involved in the transcriptional network of mESCs via its
DUB activity. Particularly, USP7 deubiquitinates and stabilizes sex
determining region Y-box 2 (SOX2), thereby repressing the
transcription of mesoendodermal linage genes. On the other
hand, USP7 is able to maintain RING1 and YY1 binding protein
(RYBP) binding on chromatin independently of its catalytic activity.
Consequently, expression of primitive endoderm-associated genes is
hindered. Despite these findings, it remains to be established
whether these newly identified functions of USP7 play a critical
role in the early stages of embryonic development (Liu et al., 2023)
and whether USP7 is able to modulate other cellular processes in a
non-catalytic manner.

3.8 USP12

USP12 is a cysteine protease that is responsible for trimming
polyubiquitin chains from various substrates such as histones H2A
and H2B (Joo et al., 2011), the nonactivated form of Notch (Moretti
et al., 2012), androgen receptor (Burska et al., 2013; McClurg et al.,
2018), PH domain and leucine rich repeat protein phosphatase 1
(PHLPP1) (Gangula and Maddika, 2013) and MDM2 (McClurg
et al., 2018). The DUB activity of USP12 can be stimulated through
the interaction with WD repeat domain 20 (WDR20) and 48
(WDR48) (Burska et al., 2013; Gangula and Maddika, 2013).
Although USP12 modulates various cellular processes, it has a
notable impact on tumorigenesis, as evidenced by its
overexpression in a wide range of cancers (Zhang et al., 2016;
Niu et al., 2023).

Interestingly, USP12 has also been shown to possess non-
catalytic functions, which are particularly significant in
Huntington’s disease. This neurodegenerative condition arises
from the abnormal expansion of CAG trinucleotide repeats in
the huntingtin (HTT) gene, leading to the accumulation of toxic
protein species. A study in yeast found that Ubp13, the yeast
orthologue of USP12, enhances the toxicity of mutant HTT

fragments (Willingham et al., 2003). Following studies by Aron
et al. demonstrated that USP12 suppresses the toxicity of these
mutated proteins by inducing autophagy in neurons. This function
was shown to be independent of its catalytic activity in three
different model systems: rat primary neurons, human patient-
induced pluripotent stem cell-derived neurons and in a
Drosophila model of Huntington’s disease. However, USP12 does
not generically suppress neurotoxicity, as overexpression of this
enzyme in neuronal models of Parkinson’s and Alzheimer’s disease
does not rescue the neuronal toxicity induced by TAR DNA-binding
protein 43 (TDP-43) and α-synuclein. While the specific molecular
mechanisms underlying this activity of USP12 remain elusive, it has
been shown that USP46 cannot compensate for this neuroprotective
function despite sharing 93% protein sequence similarity and an
identical catalytic domain with USP12 (Aron et al., 2018).

Additionally, another study has demonstrated that USP12 can
inhibit CREB-binding protein (CBP)-mediated acetylation in cells in
a non-catalytic manner. While interferon (IFN) stimulates the
transport of CBP from the nucleus to the cytoplasm, it also
induces the nuclear import of USP12. Thus, CBP can induce the
acetylation of both interferon alpha/beta receptor chain 2 (IFNAR2)
and signal transducer and activator of transcription 2 (STAT2),
promoting the formation of the ISG factor 3 (ISGF3) complex and
thereby enhancing the transcription of ISG genes. Conversely, in the
nucleus, USP12 binds to the histone acetyltransferase (HAT)
domain of CBP, inhibiting acetylation of phosphorylated
STAT1 and thus, maintaining IFN signalling (Liu et al., 2020).
Further investigations are required to elucidate how USP12 is
translocated to the nucleus. Likewise physiological implications of
this non-catalytic function of USP12 on the immune response
remain to be investigated.

3.9 USP13

USP13, a member of the USP family, possesses a distinctive
structure with a catalytic domain embedded with two ubiquitin-
associated (UBA) domains and a ZnFmotif at the N-terminal region
that notably does not bind ubiquitin. Despite its relatively weak DUB
activity in vitro and in cells, USP13 is implicated in regulating several
crucial cellular processes by removing ubiquitin from various
substrates (Li et al., 2022). For example, it modulates
mitochondrial energy metabolism by detaching K48-linked
ubiquitin chains from key proteins such as ATP citrate lyase
(ACLY) and oxoglutarate dehydrogenase (OGDH) (Han et al.,
2016). USP13 also promotes autophagy by deubiquitinating
VPS34 (Xie et al., 2020). In the endoplasmic reticulum-associated
protein degradation (ERAD) process, it collaborates with the
E3 ubiquitin ligase glycoprotein 78 (Gp78) to maintain a balance
between ubiquitination and deubiquitination (Liu et al., 2014).
Furthermore, USP13 is involved in the DNA damage response by
deubiquitinating proteins like receptor-associated protein 80
(RAP80) (Li et al., 2017), DNA topoisomerase II binding protein
1 (TOPBP1) (Kim et al., 2021) and high mobility group box 1
(HMGB1) (Shin et al., 2022). Intriguingly, it also influences the
nuclear-to-cytoplasmic translocation of HMGB1, although the exact
molecular details are yet to be elucidated (Shin et al., 2022). Overall,
it is thought that the observed weak DUB activity of USP13 might be
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due to an autoinhibitory mechanism involving interactions between
its UBA and ZnF domains, which is hypothesized to be reversed by
protein recruitment and/or PTMs. Nonetheless, detailed
investigations into this regulation and the validation of this
proposition are still pending (Li et al., 2022).

Studies involving catalytically inactive mutants unequivocally
indicate that the DUB activity of USP13 is vital for maintaining the
homeostasis of many cellular processes. However, recent findings
have uncovered additional roles for USP13 beyond its catalytic
activity. Specifically, Esposito et al. found that Aurora kinase B,
crucial for mitosis, phosphorylates USP13 at the serine 114 and that
this phosphorylation enhances the interaction of both proteins,
thereby maintaining the stability of Aurora kinase B. Intriguingly,
USP13 stabilizes Aurora kinase B bymodulating its ubiquitination, a
process that occurs independently of its DUB activity. This is
evidenced by the fact that the catalytically inactive C345A
mutant of USP13 still stabilizes and deubiquitinates Aurora
kinase B in cells. The exact mechanisms of this process remain
unclear but it has been proposed that USP13 might either shield
Aurora kinase B from being ubiquitinated or collaborate with other
DUBs to deubiquitinate it (Esposito et al., 2020).

3.10 USP14/Ubp6

In eukaryotes, the ubiquitin-proteasome system (UPS) is
responsible for selectively degrading and recycling most cellular
proteins. Initially, polypeptides that need to be eliminated are tagged
with polyubiquitin chains and then transported to the 26S
proteasome, where they undergo deubiquitination, unfolding and
degradation. Whereas the breakdown of the polypeptide occurs
within the cylindrical 20S core particle of the 26S proteasome,
deubiquitination and unfolding are performed by proteins located
within the one or two 19S regulatory particles that cap the core
particle. Within these regulatory particles are subunits Rpn1,
Rpn10 and Rpn13, which act as ubiquitin receptors, as well as
DUBs Rpn11, Uch37 and USP14, responsible for eliminating the
polyubiquitin chains that are attached to the marked protein.
Notably, Rpn11 is an integral subunit of the 19S regulatory
particle whereas Uch37 and USP14 associate reversibly with the
proteasome (Hung et al., 2022; Zhang et al., 2022).

When not associated with the proteasome, USP14 and its yeast
orthologue Ubp6 are in an inactive state due to the presence of two
blocking loops that obstruct the ubiquitin C-terminal binding
groove. Once the N-terminal UBL domain of USP14 and
Ubp6 binds to Rpn1, these blocking loops within the USP
domain engage with both the oligonucleotide/oligosaccharide-
binding (OB) and AAA domains of the adenosine
triphosphatases (ATPases) ring of the regulatory particle. This
increases the catalytic activity of USP14 and Ubp6 over 800- and
300-fold, respectively. Accordingly, USP14 and Ubp6 efficiently
trim polyubiquitin chains attached to target proteins, thereby
promoting the recycling of ubiquitin molecules. Irrespective of
their isopeptidase functions, USP14 and Ubp6 are also major
allosteric regulators of the proteasome. Both DUBs possess the
remarkable ability to both stimulate and inhibit multiple steps
during proteasomal degradation, independently of their catalytic
activity. In the presence of substrate, USP14 and Ubp6 enhance the

ATPase rate, strengthen the interaction between the regulatory and
the core particles and induce early gate opening. Conversely, in the
absence of substrate, binding of the UBL domain of USP14 or
Ubp6 to the regulatory particle leads to the suppression of the
proteasomal activity, delaying protein degradation. Although
USP14 and Ubp6 perform this inhibitory function independently
of their catalytic activity, it requires the presence of a ubiquitin
molecule bound to their catalytic domain. Therefore, the ability of
USP14 and Ubp6 to inhibit the proteasome in a non-catalytic
manner relies on both UBL and USP domains of these proteins
(Hanna et al., 2006; Kim and Goldberg, 2017; Hung et al., 2022;
Zhang et al., 2022).

Dysfunction of the UPS has been associated with numerous
diseases, particularly neurodegenerative pathologies such as
Alzheimer’s or Parkinson’s disease (Thibaudeau et al., 2018).
Ataxic mice develop a spontaneous mutation in USP14 that
results in a 95% reduction of the protein, leading to reduced
muscle mass, rigidity, tremor and ultimately early perinatal
lethality. These mice exhibit a neuromuscular phenotype with
localized synaptic alterations at the neuromuscular junctions.
However, in contrast to other neurodegenerative disorders such
as Parkinson’s disease, the central nervous system of these mice does
not exhibit detectable ubiquitin aggregates or loss of neuronal cells
(Wilson et al., 2002). Reintroduction of USP14 exclusively in the
nervous system of ataxic mice is sufficient to correct all aspects of the
neuromuscular phenotype, suggesting that USP14 plays a critical
role in neuromuscular junctions’ development as well as in
maintaining synaptic activity (Chen et al., 2009). Moreover,
complementation of ataxic mice with neuronally expressed
ubiquitin also corrects developmental and functional deficits
caused by USP14 loss, indicating that the DUB activity of
USP14 is crucial for preserving the pool of free ubiquitin in the
nervous system for normal synaptic function (Chen et al., 2011).
Conversely, a different study has demonstrated that in the
hippocampus, the absence of USP14 leads to a reduction in both
docked and total presynaptic vesicles. Of note, this effect can be
reversed by introducing a catalytically inactive USP14 mutant or by
inhibiting the proteasome, but not by ubiquitin expression. These
findings clearly imply that USP14 regulates synaptic structure and
short-term plasticity in a non-catalytic manner (Walters
et al., 2014).

Studies in yeast have revealed that certain phenotypes resulting
from the absence of Ubp6, such as increased sensitivity to
canavanine or some translational inhibitors, can be rescued by
overexpression of ubiquitin. However, other phenotypes, like the
inhibition of the target of rapamycin (TOR) signalling pathway,
which is responsible for regulating the overall condition of yeast cells
in response to nutritional conditions, are not influenced by
ubiquitin. Interestingly, expression of a catalytically inactive form
of Ubp6 complemented rapamycin resistance, strongly suggesting
that Ubp6 may possess additional non-catalytic functions (Hanna
et al., 2006).

3.11 USP18

As previously mentioned, USP18 is a specific ISG15 protease
and consequently, it lacks DUB activity but exhibits deISGylase
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activity instead. While USP18 knock-out in C57BL/6 mice causes
embryonic lethality (Kim et al., 2005); it leads to a decreased life
expectancy and a pronounced brain phenotype in a mixed 129_
C57BL/6 genetic background. More recently, it was shown that
USP18 knock-out mice exhibit significantly smaller fetal livers
compared to their control littermates at embryonic day E14.5
(Arimoto et al., 2023). In humans, USP18 deficiency also results
in early mortality during childhood and a remarkable brain
phenotype akin to that observed in mice (Meuwissen et al.,
2016). As it was detected that elimination of USP18 results in
increased protein ISGylation levels in the brain, it was initially
concluded that ependymal cell necrosis and hydrocephalus
development is caused by this aberrant stabilization of
ISG15 modification (Ritchie et al., 2002). However, investigations
with double knock-out mice lacking both USP18 and ISG15 revealed
an identical phenotype to that of USP18 deficient mice, clearly
demonstrating that increased ISGylation levels cannot be the
underlying cause of the observed brain phenotype (Knobeloch
et al., 2005). In fact, reconstitution of USP18 deficient MEFs with
a catalytically inactive enzyme also resulted in lower levels of
ISG15 conjugates, suggesting that USP18 might have a distinct
function unrelated to its catalytic activity (Malakhova et al., 2006).

The hypersensitivity to type I IFN treatment in both
USP18 deficient mice as well as USP18 and ISG15 deficient mice
led to the hypothesis that USP18 might function as a negative
regulator of IFN signalling (Malakhova et al., 2003; Knobeloch et al.,
2005). Subsequent investigations not only confirmed the ability of
USP18 to terminate the IFN signalling pathway but also revealed
that this regulatory function is independent of its catalytic activity
(Malakhova et al., 2006). Concordantly, knock-in mice expressing
catalytically inactive USP18 (USP18C61A/C61A) demonstrate a normal
lifespan, absence of brain abnormalities and exhibit no
hypersensitivity to IFN. These results provided clear evidence
that the function of USP18 as a major negative regulator of type
I IFN signalling is entirely unrelated to its protease activity.
Nevertheless, as expected, USP18C61A/C61A mice display increased
levels of ISG15 conjugates, further confirming that USP18 is the
main ISG15 isopeptidase in vivo (Ketscher et al., 2015). Although the
precise molecular mechanisms underlying the non-catalytic
function of USP18 remain incompletely understood, data suggest
that there is a direct interaction between USP18 and STAT2, which
is crucial for recruiting USP18 to the plasma membrane, where it
competes with janus kinase 1 (JAK1) for binding to IFNAR2. Thus,
there is a reduction in ternary-complex formation as well as signal
activation at the plasma membrane. In line with this mechanism,
USP18 cannot fulfil its role as a negative regulator of IFN signalling
in the absence of STAT2 (Malakhova et al., 2006; Arimoto et al.,
2017). Likewise, humans expressing STAT2 mutant proteins unable
to interact with USP18 exhibit uncontrolled IFN activation and
develop fatal interferonopathies (Duncan et al., 2019; Gruber et al.,
2020; Martín-Fernandez et al., 2022).

Remarkably, it has been demonstrated that, at least in humans,
unconjugated ISG15 also plays a pivotal role in negatively regulating
the IFN signalling pathway by preventing the proteasomal
degradation of USP18. Intriguingly, this mechanism is not
observed in mice, where USP18 does not require ISG15 binding
to terminate the IFN signalling (Speer et al., 2016). However, the
precise mechanisms remain unknown. Additionally, it is unclear

whether free ISG15 is recruited to the plasma membrane alongside
USP18 or how STAT2 is precisely involved.

Recently, an additional non-catalytic role has been ascribed to
USP18. Arimoto et al. have discovered that USP18 can also interact
with STAT2 in the nucleus, inhibiting the binding of
ISGF3 complexes to IFN-stimulated response (ISRE) DNA
elements and restricting the transcription of ISGs genes.
Surprisingly, USP18 also exerts control over the expression of
genes implicated in inflammatory responses by impeding the
interaction of the complex formed by STAT2, IFN regulatory
factor 9 (IRF9) and p65 with NF-κB motifs in the promoter/
enhancer regions of NF-κB-related regulators. Among these genes
are those associated with nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3) inflammasome
activation and polo-like kinase 2 (PLK2), unveiling a novel
function of USP18 as a safeguard for malignant cells against
IFN-induced pyroptosis. Notably, this protective function appears
to be independent of the catalytic activity of USP18 but relies on its
interaction with STAT2 (Arimoto et al., 2023).

Different studies have demonstrated that USP18 is notably
overexpressed in a variety of cancer types. Both the catalytic and
non-catalytic functions of this protease play a role in
tumourigenesis. In most cases, suppressing USP18 has been
found to decrease the stability of key growth-regulatory
molecules, leading to reduced cancer cell proliferation and
tumour growth. This suppression has been shown to enhance
apoptosis and sensitize cancer cells to chemotherapeutic
treatments, thereby hindering cancer progression and
improving survival rates (Honke et al., 2016; Mustachio et al.,
2018). Notably, a recent study using established murine leukemia
models have revealed that even a partial reduction of USP18 is
sufficient to produce these anti-tumour effects without adversely
impacting normal cells. Furthermore, USP18 inhibition
specifically targets cancer stem cells, which are crucial for
cancer recurrence (Arimoto et al., 2023). A recent study has
introduced the idea that inhibiting USP18 in macrophages
could reprogram tumour-associated macrophages to boost their
anti-tumour functions in various cancer types. This study, led by
Miyauchi et al., found that the reduction of USP18 enhances the
proteasomal degradation of colony stimulating factor 1 receptor
(CSF1R) mediated by ubiquitin conjugating enzyme E2 D1
(UBCH5) and neural precursor cell expressed developmentally
downregulated 4 E3 ubiquitin protein ligase (NEDD4). CSF1R
plays a pivotal role in driving macrophages towards a tumour-
promoting phenotype. Consequently, diminishing USP18 leads to
an increase in anti-tumour macrophages within the tumour
microenvironment. Given that myeloid cells often make up
30%–50% of the immune cells infiltrating tumours, targeting
these cells could be a more viable and effective approach
compared to current therapies focused on tumour-infiltrating
T cells, which are present in significantly lower numbers.
Therefore, the strategy of targeting USP18 in myeloid cells
holds substantial promise as a therapeutic approach in a variety
of cancer types (Miyauchi et al., 2023). Nonetheless, it must not be
overlooked that in certain types of cancer such as melanoma or
leiomyosarcoma, USP18 expression is beneficial for anti-cancer
immunity and tumour growth suppression. Consequently, the
specific impact of USP18 inhibition needs to be carefully

Frontiers in Molecular Biosciences frontiersin.org11

Campos Alonso and Knobeloch 10.3389/fmolb.2024.1349509

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2024.1349509


assessed for each type of cancer (Honke et al., 2016; Mustachio
et al., 2018).

3.12 USP36

USP36 stands out as a unique and intriguing protein due to its
exclusive localization in human nucleoli, where it plays a dual and
crucial role in ribosome biogenesis, a highly coordinated cellular
process involving the synthesis and processing of ribosomal RNA,
the assembly of ribosome subunits in the nucleolus and their
eventual transport into the cytoplasm. On the one side,
USP36 deubiquitinates several proteins such as RNA polymerase
I subunit A, DEAH-box RNA helicase DHX33, nucleophosmin and,
notably, the proto-oncogenic regulator Myc (van den Heuvel et al.,
2021). On the other side, it acts like a SUMO ligase to directly
mediate the SUMOylation of nucleolar proteins, especially those
associated with ribosome biogenesis. Ryu et al. demonstrated that
USP36 associates with the two major classes of small nucleolar
ribonucleoproteins (snoRNPs), box C/D and box H/ACA, which are
responsible for 2′-O-methylation and pseudouridylation of specific
nucleotides, respectively. They found that USP36 SUMOylates two
proteins in each of these complexes: Nop58 and Nop56 in box C/D
and Nhp2 and DKC1 in box H/ACA (Ryu et al., 2021). Moreover,
Chen et al have shown that USP36 also mediates the SUMOylation
of exosome component 10 (EXOSC10), critical for the RNA
exosome function in ribosome biogenesis (Chen et al., 2023).

Interestingly, both DUB and SUMOylase activities of USP36 are
localized within its N-terminal USP domain. However, they are
independent of each other, as evidenced by the H382 mutant which,
despite lacking DUB function, retains its ability to promote
SUMOylation. The loss of the SUMOylase activity in the
catalytically inactive mutant C131 suggests that the conserved
cysteine may play a structural role for SUMOylation.
Nevertheless, further research is required to unravel the
molecular mechanisms underlying the interplay between DUB
and SUMO E3 ligase activities of USP36 as well as to discover
mutants that selectively disable the SUMOylase function (Ryu
et al., 2021).

In addition to all this, it is worth noting that recent discoveries
have highlighted the versatility of USP36 as a cross-reactive DUB,
capable of processing not only ubiquitin but also FUBI (van den
Heuvel et al., 2021; O’Dea et al., 2023) and ISG15 (Zhao et al., 2023).

3.13 USP39/Sad1

Despite having a USP domain, USP39 lacks the conserved
catalytic histidine and cysteine residues typically required for
DUB activity. Additionally, its N-terminal ZnF domain is
incapable of binding ubiquitin. Therefore, it was originally
thought that USP39, like its yeast orthologue Sad1, are deprived
of this catalytic function (Van Leuken et al., 2008; Hadjivassiliou
et al., 2014). However, recent studies have introduced the intriguing
possibility that USP39 and Sad1 might retain the ability to detach
ubiquitin chains from substrates, even though the conventional
cysteine residue in their catalytic triads is replaced with an
aspartic acid. Chen et al. recently reported that USP39 enhances

SARS-CoV-2 replication by deubiquitinating and stabilizing the
envelope protein of this virus. Their findings reveal that
USP39 engages with this protein through the arginine-rich motif
in its N-terminal region and carries out its DUB activity via the USP
domain. Mutations in either domain were found to disrupt the
stabilization of the viral protein. Furthermore, they demonstrated
that despite USP14 being co-pulled down with the envelope protein,
this protease did not play a role in its deubiquitination (Chen et al.,
2024). Another study revealed that USP39 has also a direct DUB
activity towards the regulation of zinc-finger E-box-binding
homeobox 1 (ZEB1), a key promoter of epithelial-to-
mesenchymal transition that enhances tumour growth and
metastasis. Transfecting the USP domain of the protease into
USP39 knockdown cells effectively reduced the ubiquitination
level of ZEB1 (Li et al., 2021). Considering USP52 as a
benchmark (discussed below), which also lacks the standard
catalytic triad yet exhibits DUB activity though non-conserved
cysteine residues (Yang et al., 2018), it is essential to thoroughly
examine the cysteines in USP39 to conclusively determine its DUB
potential and the mechanisms behind it. Various studies have
already begun this exploration: some propose that the cysteine at
position 306 might contribute to the catalytic function (Wu et al.,
2019; Dong et al., 2021), while another suggests the involvement of
cysteines 136 and 139 (Peng et al., 2020), despite their location
outside the USP domain. A meticulous investigation of the amino
acid residues, along with structural data, is indeed crucial to reach a
consensus on the catalytic capabilities of USP39.

Another factor advocating for a re-examination of the DUB
activity of USP39 and Sad1 is the recent discovery that mice lacking
USP39 exhibit embryonic lethality, partly due to abnormal
mesoderm migration. Interestingly, this phenotype can be
partially rescued by deleting one allele of the ubiquitin like
modifier activating enzyme 1 (Ube1) gene, which leads to a
decrease in the global ubiquitination level (Kimura-Yoshida et al.,
2022). Additionally, research in yeast has demonstrated that Sad1 is
crucial for cell viability, with both its ZnF domain and USP domain
being essential for it (Huang et al., 2014).

Regardless of their putative DUB activity, USP39 and Sad1 are
essential in the process of pre-messenger RNA (pre-mRNA)
splicing. They facilitate the integration of the triple small nuclear
ribonucleoprotein (tri-snRNP) into the pre-spliceosome, which is a
crucial step in forming the mature spliceosome (Makarova, 2001;
Hadjivassiliou et al., 2014). However, the precise molecular
mechanisms by which they manage this recruitment are not yet
fully understood. Nevertheless, USP39 is indispensable for the
splicing of a wide array of mRNAs, including those for Aurora
kinase B (Van Leuken et al., 2008) and various autophagy-related
genes (Cui et al., 2023), thereby playing a significant role in a
multitude of cellular processes. Furthermore, it has been
demonstrated that USP39 specifically influences immunoglobin
gene rearrangement through a mechanism that depends on the
spliceosome but is independent of RNA splicing. This effect is likely
achieved by altering chromatin interactions at the immunoglobulin
heavy (Igh) locus, although the exact mechanisms behind this are
still under investigation (Ruan et al., 2022).

Another study has revealed that USP39 rapidly localizes to DNA
lesions, attaching onto poly (ADP-ribose) (PAR) chains through its
tripartite glycine-arginine-rich motif situated in the N-terminal
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region, a feature unique to mammals, thus promoting liquid
demixing. Furthermore, USP39, through mechanisms that
overlap with its splicing function, uses its ZnF domain to assist
in assembling non-homologous end-joining (NHEJ) factors, while
employing its USP domain to regulate the process of homologous
recombination repair (Kim et al., 2021).

3.14 USP52

Initially considered inactive (Walden et al., 2018), USP52, also
referred to as poly(A) specific ribonuclease subunit 2 (PAN2), was
found by Yang et al. to exhibit DUB activity (Yang et al., 2018).
Although the exact residues responsible for this catalytic function
remain unidentified, they hypothesized that specific PTMs or
protein folding might rearrange other cysteine and histidine
residues present in the protease to create a new active centre
capable of hydrolysing ubiquitin chains. Consequently, their
research demonstrated that USP52 facilitates anti-silencing
function 1A histone chaperone (ASF1A) deubiquitination and
stabilisation, thereby supporting chromatin assembly and
promoting cell cycle progression (Yang et al., 2018).

In eukaryotic cells, mature mRNAs transported from the
nucleus to the cytoplasm typically feature a 3’ poly(A) tail and a
5’ 7-methylguanylate (m7G) cap, with the exception of histone
coding mRNAs that lack the poly(A) tail. These structural
features not only safeguard mRNA from nonspecific degradation
by 3’-5’ exoribonucleases but are also essential for efficient
translation (Zhao et al., 2023). Beyond its recently identified
DUB activity, USP52 or PAN2 plays a crucial role in the poly(A)
tail shortening in mRNA, a process termed deadenylation. This
process is the first rate-limiting step in eukaryotic cells and is closely.
linked with translation, significantly influencing gene expression
regulation. To perform this function, PAN2 associates with a
homodimer of the regulatory subunit 3 (PAN3), creating a PAN
nuclease complex. PAN2 serves as the catalytic component of this
complex, possessing intrinsic 3’ to 5’ exoribonuclase activity, which
is attributed to its C-terminal aspartate-glutamate-aspartate-
aspartate (DEDD) domain. Notably, PAN2 alone demonstrates
limited affinity for RNA and exhibits relatively modest catalytic
efficiency without the presence of PAN3. Instead, PAN2 exhibits
significant deadenylation activity and a preference for poly(A) once
it binds to PAN3 (Uchida et al., 2004; Zhao et al., 2023).

3.15 USPL1

As outlined above, USPL1 is a SUMO protease that neither binds
nor cleaves ubiquitin. Beyond its deSUMOylase activity, USPL1 has
been found to exert essential non-catalytic functions. USPL1 is localized
in Cajal bodies, nuclear organelles that undergo changes in number, size
and composition during cell cycle, development and stress. These coiled
bodies carry out various functions, including telomere maintenance,
histone messenger RNA processing and maturation and assembly of
small nuclear ribonucleoprotein particles. Studies have revealed that the
knock-out of USPL1 in cells not only alters the number and size of Cajal
bodies but also halts cell proliferation. The fact that transfection with a
catalytically inactive mutant can rescue the observed effects suggests

that USPL1 performs this function independently of its deSUMOylase
activity (Schulz et al., 2012). Further studies have revealed that
USPL1 interacts with components of the little elongation complex
(LEC) and is present at snRNA gene loci in human cells, suggesting that
USPL1may have an important role in small nuclear ribonucleoproteins
(snRNP) biogenesis at the transcriptional level (Hutten et al., 2014).

The importance of USPL1 has been emphasized in zebrafish,
where the inactivation of c13orf22l, the zebrafish homolog of
USPL1, results in embryonic lethality marked by a distinct
necrotic phenotype in the central nervous system and eyes within
2 days post-fertilization. Examination of head regions at this
developmental stage further unveiled a significant accumulation
of coilin in the nucleoli (Amsterdam et al., 2004; Schulz et al.,
2012). Further studies inmammals will help to better understand the
function of USPL1, which has so far been poorly studied.

4 Pseudo-DUBs

Approximately 13% of the DUBs identified to date are
considered catalytically inactive, known as pseudo-DUBs, due
to their lack of the necessary catalytic residues for ubiquitin
cleavage (Chen et al., 2024). The distribution of these proteins
varies significantly across different families. For example, while
the UCH and MJD families do not have any pseudoenzyme, the
JAMM family has the highest number with seven identified
pseudo-DUBs. While lacking DUB activity, these proteins
fulfil alternative roles such as allosterically activating other
DUBs or serving as scaffold components within larger
complexes. However, for some pseudo-DUBs, specific
functions have not yet been identified (reviewed in detail by
Walden et al., 2018).

Initially classified as pseudo-DUBs within the USP family, both
USP39 and USP52 have been the subject of reconsideration (Walden
et al., 2018). As previously discussed, several studies indicate that
USP39 might exhibit DUB activity via non-conserved residues (Wu
et al., 2019; Peng et al., 2020; Dong et al., 2021; Li et al., 2021; Chen
et al., 2024), a hypothesis confirmed for USP52 (Yang et al., 2018).
Both USP39 and USP52 lack the typical catalytic triad residues
(cysteine, histidine and aspartate) found in other USPs.
Interestingly, USP52 displays the ability to cleave various
ubiquitin chain types when expressed in mammalian or insect
cells, but not when produced in bacteria, suggesting that specific
PTMs or protein folding might create a new active centre that
enables ubiquitin hydrolysis (Yang et al., 2018). This discovery,
combined with the emerging understanding that cysteine residues
may contribute to the catalytic activity of certain DUBs but may be
dispensable for it (Qiu et al., 2017), prompts a re-evaluation of
whether initially labelled pseudo-DUBs truly lack catalytic function
or whether the mechanisms by which they may hydrolyse ubiquitin
or UBL proteins have not yet been discovered.

5 Concluding remarks

Ubiquitin and UBL modifications are involved in virtually all
cellular functions and play very important roles in the proper
functioning of the organism. Therefore, the regulation of these
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modifications at different levels in essential to prevent any
disruptions. DUBs and UBL proteases exert their influence on
these modifications primarily during precursor maturation and
removal of ubiquitin or UBLs from substrates. Both, the
overexpression and deficiency of these proteins have been
associated with the development of numerous diseases.
Contrary to catchy belief that attributes their significance
solely to their catalytic function, it has been demonstrated that
some DUBs and UBL proteases possess non-catalytic functions,
which, in certain cases, are even more important for maintaining
the homeostasis of the organism. A comprehensive
understanding of the non-catalytic activities of these proteins
could represent a major step towards the development of drugs
and therapies for diseases involving these proteases as well as for
predicting with greater precision the possible side effects they
may cause. This review highlights currently known, non-catalytic
activities of DUBs and UBL proteases and addresses
their relevance.

The example of non-catalytic functions of USP18 highlights
that even small proteases (USP18 is only 43 kDa), lacking
additional characteristic domains, show pronounced
moonlighting functions. This suggests that for DUBs, UBL
proteases and enzymes in general, additional functions
unrelated to the isopeptidase activity might be more frequent
than expected even in non-multi domain proteins. It can be
anticipated that more attentiveness for this phenomenon will
unveil novel mechanisms for apparently well-characterized
enzymes. In the case of USP18, its interaction with STAT2 even
has diverse functions in different subcellular locations. While the
STAT2-USP18 interaction secures negative regulation of type I
IFN signalling close to the cell membrane, the same interaction
affects target gene activation by restricting transcription via
binding to regulatory DNA elements in the nucleus. Similar
modes of action may introduce additional levels of regulation
and complexity, and uncovering the underlying mechanisms and
their physiological relevance will be intriguing. A compelling
question for future research is to uncover the interplay between
catalytic and non-catalytic functions. For instance, a DUB might
serve essential scaffolding functions within a protein complex
while simultaneously regulating ubiquitin/UBL deconjugation of
proteins in close proximity. Binding to non-substrates might also
influence the isopeptidase activity of DUBs. From an evolutionary
standpoint, moonlighting functions dramatically expand the
functional repertoire of the proteome, reminiscent of viral
proteins that early on were described to encompass a range of
functions in one polypeptide chain.

Moonlighting functions can be easily overlooked, especially
in proteins clearly assigned to well-defined enzyme families,
where functions may seem straightforward, and interpretations
are often made without considering potential non-catalytic
properties. Carefully planned experiments involving selective

inactivation of only the catalytic core or rescue experiments
with catalytically inactive variants are crucial to avoid
misinterpretations.

Although pinpointing precise molecular mechanisms and
structural-functional relationships may often be challenging, the
discovery of more moonlighting functions emphasizes the need to
approach the molecular mechanisms of DUBs and UBL proteases, in
particular, and proteins, in general, without preconceptions. These
new functions will enhance the overall understanding of various
biological pathways and contribute to deciphering and addressing
pathological abnormalities.
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