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Abstract

We have identified and cloned 22 human cDNAs encoding novel members of the ubiquitin-specific protease (USP) family.
Eighteen of the identified proteins contain all structural features characteristic of these cysteine proteinases, whereas four of them
have been classified as non-peptidase homologues. Northern blot analysis demonstrated that the identified USPs are broadly and
differentially distributed in human tissues, some of them being especially abundant in skeletal muscle or testis. Enzymatic studies
performed with the identified USPs revealed that at least twelve of them are deubiquitylating enzymes based on their ability to cleave
ubiquitin from a ubiquitin-B-galactosidase fusion protein. These results provide additional evidence of the extreme complexity and
diversity of the USP proteolytic system in human tissues and open the possibility to explore the relevance of their multiple com-
ponents in the regulation of ubiquitin-mediated pathways in normal and pathological functions.

© 2003 Elsevier Inc. All rights reserved.
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The modification of cellular proteins by ubiquitin and
ubiquitin-like proteins is an essential regulatory mecha-
nism in many biological processes such as cell cycle
progression, DNA-repair, organelle biogenesis, vesicular
trafficking, transcriptional activation, signal transduction,
and intracellular proteolysis [1-3]. This post-transla-
tional modification is a dynamic and reversible process
controlled by the coordinate action of multiple ubiq-
uitin-conjugating and deubiquitylating enzymes. The
conjugation of ubiquitin and related molecules to pro-
teins is catalyzed by the successive actions of three
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types of enzymes: ubiquitin-activating (E1), ubiquitin-
conjugating (E2), and ubiquitin-protein ligase (E3)
enzymes. The conjugation of all ubiquitin-like proteins—
such as SUMO/Sentrin/Smt3p, UCRP/ISG15, NEDDS/
Rubl and Apgl2—to their respective substrates also
proceeds through this three-step cascade mechanism
involving E1, E2, and E3 enzymes [4,5]. The removal of
the ubiquitin and ubiquitin-like domains is catalyzed by
processing proteases that have been generically named
deubiquitylating enzymes (DUBs). There are at least
seven protease families with ability to participate in
the deconjugation of ubiquitin and ubiquitin-like ad-
ducts: ubiquitin C-terminal hydrolases (UCHs), ubig-
uitin-specific proteases (USPs), sumo-specific proteases
(SENPs), autophagins, otubains, ataxin-3/josephin
ubiquitin proteases, and JAMM isopeptidases [6-13].
Among this growing group of structurally diverse pro-
teases, the USPs have raised special interest due to the
multiple family members described in different eukary-
otic organisms and to the different functions ascribed
to these enzymes in both normal and pathological
conditions.
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USPs are cysteine proteases that vary greatly in size
and structural complexity [6,14-16]. They contain sev-
eral conserved regions in their amino acid sequence,
including those surrounding the Cys, His, and Asp/Asn
residues that form part of the catalytic triad of these
enzymes. Outside of the core catalytic domain, USPs
exhibit N-terminal and C-terminal extensions that have
been proposed to play roles in determining cellular lo-
calization and substrate specificity of these enzymes.
USPs may act at multiple levels in the ubiquitin pathway
[6,14-16]. Thus, these proteases are responsible for the
generation of free ubiquitin from precursor fusion pro-
teins. USPs also have the ability to remove ubiquitin
from a ubiquitylated substrate, thereby regulating the
localization and activity of this substrate. Likewise,
these cysteine proteases remove polyubiquitin from
target proteins, rescuing them from degradation by the
proteasome. Finally, USPs may also participate in the
editing of polyubiquitin chains or remove polyubiquitin
from proteasome degradation products and recycle
ubiquitin from these disassembled chains by hydrolyzing
the isopeptide-linked ubiquitin units [6,14-16].

Consistent with the multiple levels of actuation of
USPs, these enzymes have been linked to a variety of
biological and pathological processes such as regulation
of cellular growth pathways [17-21], stabilization of the
pS53 tumor suppressor [22], inhibition of chromatin-
mediated gene silencing [23]; or modulation of devel-
opmental processes and thyroid hormone activation
[24-28]. The finding that USPs may be involved in such
diverse processes has stimulated the search for new
family members that could play additional yet unchar-
acterized functions. Recently, in the course of studies
aimed at the annotation of the human, mouse, and rat
degradomes—the complete repertoire of proteases of
these organisms—, we observed the presence of a number
of DNA regions with ability to code for putative novel
USPs [29,30]. In this work, we report the identification
and structural characterization of 22 new human USPs.
We also analyze the tissue distribution of these novel
USPs and perform a preliminary analysis of their
enzymatic activity.

Materials and methods

Materials. Restriction endonucleases and other reagents used for
molecular cloning were from Roche Molecular Biochemicals (Mann-
heim, Germany). Double-stranded DNA probes were radiolabeled
with [0-*2P]dCTP (3000 Ci/mmol) from Amersham-Pharmacia Biotech
(Buckinghamshire, UK), using a commercial random-priming kit
purchased from the same company. cDNA libraries and filters con-
taining polyadenylated RNAs from human tissues were from Clontech
(Palo Alto, CA).

Database screening and ¢cDNA cloning. The advanced BLAST
program from the NCBI was used to search human genome databases,
looking for regions encoding putative proteins with sequence similarity
to previously described members of the USP family of proteases. This

computer search led us to identify several DNA contigs containing
regions with significant sequence similarity to USPs. To obtain cDNA
sequences corresponding to the putative proteins encoded by these
DNA contigs, we designed specific oligonucleotides for each of them
and performed PCR experiments using a panel of commercially
available cDNA libraries from lung, kidney, endothelium, and brain
(Clontech) and the Expand High Fidelity PCR system (Roche Mo-
lecular Biochemicals). The obtained cDNAs were cloned into pBlues-
Script vector and characterized by nucleotide sequencing, using an
ABI-Prism 310 DNA sequencer (Applied Biosystems).

Northern blot analysis. Nylon filters containing 2 pg of poly(A)*
RNA of a wide variety of human tissues were prehybridized at 42 °C
for 3h in 50% formamide, 5x SSPE, 10x Denhardt’s solution, 2%
SDS, and 100 pg/ml of denatured herring sperm DNA, and then hy-
bridized with radiolabeled probes for each cloned cDNA. Hybridiza-
tion was performed for 20 h under the same conditions. Filters were
washed with 0.1x SSC, 0.1% SDS for 2h at 50°C and exposed to
autoradiography.

Enzymatic assays for deubiquitylating activity. Enzymatic activity of
recombinant USPs was tested as previously described by Baker et al.
[31]. Briefly, isolated cDNAs for USPs were cloned in the expression
vector pGEX-3X (Amersham Biosciences). The resulting vectors were
cotransformed with pACY 184 (provided by Dr. M. Hochstrasser, Yale
University) in Escherichia coli XL1-Blue competent cells. pACY 184
produces a ubiquitin-B-galactosidase fusion protein, which can act as a
substrate for USPs. Expression of fusion proteins was induced by the
addition of isopropyl-1-thio-B-p-galactopyranoside (final concentra-
tion 1 mM) for 4h at 28°C. Total protein extracts were analyzed by
Western blotting with anti-B-galactosidase mouse monoclonal anti-
body (Promega).

Results

Identification and cloning of ¢DNAs encoding 22 novel
human USPs

To identify novel members of the USP family of
cysteine proteinases, we used the BLAST algorithm to
screen the human genome databases looking for DNA
sequences encoding putative proteins similar to previ-
ously described family members. This search allowed
us to identify a series of DNA contigs in chromosomes
1p, 2p, 2q, 4q, 6p, 6q, 7p, 10q, 11p, 11q, 12q, 15q, 16p,
17p, 17q, 22q, and Xp, that contained coding infor-
mation for yet uncharacterized USPs. To generate
cDNA clones for each of them, we carried out PCR
amplifications using a panel of human cDNA libraries
and specific oligonucleotides derived from the identified
genomic sequences. Conceptual translation confirmed
that these cDNAs coded for novel USPs (Fig. 1
and EMBL Accession Nos. AJ586136, AJ586135,
AJ586138, AJ586137, NP 079366, NP 065986, NP
115946, AJ583821, AJ586979, AJ583817, NP 115523,
AJ583819, NP 073743, NP 060414, AJ586139,
AJ583818, AJ583823, NP 055686, AJ583824, and
AJ583820). Several cDNA sequences closely related or
identical to those here identified for human USPs, and
derived in most cases of large-scale sequencing projects,
have also been deposited in publicly available data-
bases (i.e., Accession Nos. XP 353552 and AAP30832).
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Fig. 1. Amino acid sequence of human USPs around regions important for catalytic activity. The multiple alignment was performed with the
CLUSTALX program and edited with Genedoc using information from the local alignment tool MEME (http://meme.sdsc.edu/meme/website/
meme.html). Gaps are indicated by /iyphens. Common residues to all sequences are shadowed. The Cys, His, and Asp/Asn residues characteristic of

these cysteine proteinases are indicated with an arrow.

Most of these proteins have also been annotated in
the protease database MEROPS (http://www.merops.
ac.uk) and in our own database of human, mouse, and
rat proteases (http: //web.uniovi.es/ degradome) as
members of the CI19 family of cysteine proteases.
However, no report describing the cloning and char-
acterization of any of these human ¢cDNAs or of their
encoded USPs has been published yet. The officially
approved names for these enzymes by the Human
Genome Organization Nomenclature Committee are:
USP30, -31, -34, -35, —-36, —37, —38, —40, —41, —42,
—43, —44, —-45, 46, 47, -48, —49, -50, -51, -52, 53
and —54. USP32, -33, and -39 have been recently
described by Paulding et al., Li et al., and Lygerou
et al., respectively [26,32,33].

An amino acid sequence alignment of the catalytic
domains of the identified human USPs confirmed that
they maintain a significant sequence similarity with the
equivalent regions of previously characterized family
members (Fig. 1). Thus, these USPs exhibit a number of
specific structural features characteristic of this family of
cysteine proteases including the Cys box, that contains a
conserved cysteine residue essential for the catalytic
properties of these enzymes [6,14-16]. Interestingly, this
cysteine residue is replaced by alanine in USP52 (Fig. 1).
Owing to this substitution, this USP is unlikely to have
any significant proteolytic activity and it has been clas-
sified as a non-protease homologue according to the
MEROPS database nomenclature. This Cys box char-
acteristic of USPs is followed by a second region of
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similarity named the “QQD” box [34], which contains
an aspartic acid residue absolutely conserved in all USPs
identified herein. The third region of significant se-
quence similarity is called the His box and contains a
histidine that has also been proposed to participate in
the catalytic mechanism of USPs [6,14-16]. This His
residue is absolutely conserved in all USPs described in
this work with the exception of USP52, thereby rein-
forcing its classification as a non-protease homologue of
the USP family. Several residues C-terminal to this His
residue, there is an Asp/Asn residue which has been
proposed to act as the third component of the catalytic
triad of USPs [35]. This Asp/Asn residue is conserved in
all USPs identified herein, with the exceptions of USP30
and USP45 which contain a Ser residue at this position
as previously described for the catalytically active
USP16 [21], and USP50 which lacks the entire C-ter-
minal region encompassing this third member of the
catalytic triad (Fig. 1). On this basis, USP50 has also
been classified as a non-protease homologue of USPs.
Likewise, USP53 and USP54 despite having all three
residues of the catalytic triad lack an essential His resi-
due located nine amino acids N-terminal to the catalytic
His of USPs [35] and show a marked divergence in other
conserved regions of the catalytic domain. Accordingly,
both USP53 and USP54 have also been included in the

57

category of non-protease homologues of the USP fam-
ily. Finally, the detailed sequence alignment between
human USPs also revealed that the amino acid se-
quences surrounding these conserved Cys, Asp, and His
residues are highly conserved between all of these en-
zymes, and include a Gln residue located very close to
the catalytic Cys, which can be part of the oxyanion hole
present in the structure of cysteine proteases, including
deubiquitylating enzymes [35-37] (Fig. 1).

In marked contrast with this overall sequence simi-
larity in the catalytic domains of the identified USPs,
and as previously reported for other family members,
there are notable divergences in both the N- and
C-terminal ends of these proteins. This fact may be ex-
plained at least in part by the presence of a series of
recognizable ancillary domains in the corresponding
N- and C-terminal regions of the identified USPs. As
shown in Fig. 2, the Zn-finger ZnF-UBP domain is
present in four of the identified USPs (USP44, —45, —49,
and —51); the DUSP (domain in ubiquitin-specific pro-
teases) and UBQ (ubiquitin-like) domains are found
in USP48; the ubiquitin-interacting motif (UIM) in
USP37; and the exonuclease III (Exolll) domain in
USP52. It is also remarkable the presence in some
of these USPs of archetypal sorting signals that may
direct these enzymes to specific intracellular locations.
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Fig. 2. Domain organization of the identified human USPs. (A) Schematic representation of the domains present in the identified USPs

acid sequence alignment of the protein domains shown in (A).
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Thus, several of them present nuclear localization sig-
nals, whereas USP30 shows a mitochondrial targeting
sequence.

Expression analysis of the identified USPs in human
tissues

As a preliminary step to study the physiological role
of USPs in human tissues, we examined by Northern
blot analysis the expression pattern of these genes in a
variety of tissues including colon, small intestine, ovary,
testis, prostate, thymus, spleen, pancreas, kidney, skel-
etal muscle, liver, lung, placenta, brain, and heart. The
filters containing poly(A)" RNA from these tissues were
sequentially hybridized with radiolabeled cDNA probes
for the identified USPs and the results obtained are
shown in Fig. 3. USP36, —40, —42, —46, —48, and —-52
are widely distributed in human tissues. By contrast,
USP30, -31, 35, -38, —44, —45, —47, -50, —53, and
—54 are only produced at significant levels by one or a
few tissues. Finally, transcripts for USP34, —-37, —41,
—43, —49, and —51 are not detected by Northern blot

; ;]
CE L .83 £
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Fig. 3. Tissue distribution of the identified human USPs. Filters con-
taining about 2 pg of polyadenylated RNAs from the indicated human
tissues were hybridized with the cDNAs isolated for human USPs.
RNA sizes are indicated. Filters were subsequently hybridized with a
human actin probe to ascertain differences in RNA loading.

analysis, although they can be amplified by RT-PCR
from different human tissues: USP34 from brain; USP37
from brain and prostate; USP43 from brain, aorta, and
lung; USP49 from samples derived of tumor biopsies;
and USP41 and USP51 from prostate, brain, lung,
aorta, and kidney (data not shown).

Enzymatic assays of human USPs

To analyze the enzymatic activity of the identified
human USPs, isolated cDNAs for these proteins were
cloned in the expression vector pGEX-3X and then co-
transformed with pACY184. This vector directs the
production of a ubiquitin-B-galactosidase fusion pro-
tein, which can be targeted by USPs. After induction
with isopropyl-1-thio-B-p-galactopyranoside, protein
extracts were analyzed by Western blot with an anti-
B-galactosidase mouse monoclonal antibody. The pres-
ence of recombinant USPs was assessed by Coomassie
staining of the extracts, whereas USP activity was as-
sessed by a change in the electrophoretic mobility of
the recombinant p-galactosidase, consistent with the
removal of the ubiquitin moiety from the Ub-M-B-ga-
lactosidase fusion protein. As shown in Fig. 4, immu-
noblot analysis demonstrated that USP30, —34, -35,
-36, -37, —-38, —42, —44, —45, —46, —49, and -51
showed USP activity. Interestingly, USP30 and USP45
are active in this assay even though their third catalytic
residue is a serine instead of the conserved Asp/Asn
(Fig. 4). By contrast, USP40, —47, and —48 showed no
activity in this assay, despite they possessing all the
catalytic residues proposed to be important for the
catalytic activity of these enzymes. On the other hand,
and consistent with the lack of essential Cys, His or Asp/
Asn residues in the sequence of USP50, —52, —53, and
—54, these non-protease homologues of the USP family
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Fig. 4. Enzymatic analysis of the identified human USPs. For each
experiment, XL1-Blue cells expressing a GST-USP fusion protein and
Ub-M-B-gal were lysed and subjected to immunoblotting with an anti-
B-gal antibody. The arrows indicate non-processed recombinant
Ub-M-B-gal (a), USP-processed recombinant B-gal (b), and endoge-
nous B-gal (c). The result of each experiment is indicated below the
corresponding lane. (+), active; (—), inactive.
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were completely devoid of catalytic activity against the
assayed fusion protein (Fig. 4 and data not shown).
Finally, the putative activity of USP31 and USP43 could
not be assessed with this assay due to the lack of sig-
nificant levels of both proteins using the bacterial ex-
pression system associated with the enzymatic assay
employed herein.

Discussion

In addition to their classical roles in non-specific re-
actions of protein catabolism, proteases play essential
regulatory roles in multiple biological processes through
their ability to perform highly selective reactions of
proteolytic processing [38]. These new regulatory func-
tions of proteolytic enzymes are clearly evident in the
growing family of USPs, whose known members are
linked to a number of physiological and pathological
conditions [6,14-16]. To date, 33 distinct human en-
zymes belonging to this protease family had been de-
scribed at the amino acid sequence level and in most
cases enzymatic assays had confirmed their deubiquity-
lating properties. However, preliminary information
retrieved from databases suggested that the complexity
of this protease family could be much higher than
originally thought. The recent availability of the human
genome sequence has opened the possibility to identify
the complete repertoire of USPs produced by human
cells and tissues. In this work, we report the cloning and
characterization of 22 additional members of this large
and complex protein family. The strategy followed to
identify these novel human USPs was first based on a
bioinformatic search of the human genome sequence,
looking for regions with similarity to previously char-
acterized family members. After identification of several
DNA sequences encoding proteins related to USPs, and
PCR amplification experiments using human cDNA li-
braries as template, a series of cDNAs coding for 22
distinct human proteins were finally isolated and char-
acterized.

Overall, the structural characteristics of these new
USPs are similar to those of previously described com-
ponents of this family of cysteine proteinases. They
contain a conserved catalytic domain with specific
structural features present in these enzymes including a
Cys box, an Asp-containing motif, and a His box.
Furthermore, additional stretches of conserved residues
are also present in the catalytic domain of all identified
USPs. Consistent with these structural characteristics,
functional analysis of the recombinant human USPs
produced in a bacterial expression system, revealed that
a number of them are active as deubiquitylating en-
zymes. Thus, the recombinant USP30, —34, —35, -36,
—37, =38, —42, —44, —45, —46, —49, and —51 exhibit a
significant proteolytic activity against a ubiquitin-f-ga-

lactosidase fusion protein commonly used to analyze the
activity of these cysteine proteases [6,14-16,31]. Nota-
bly, USP30 and USP45 are also active, despite pre-
senting a serine instead of the conserved Asp/Asn in the
catalytic triad, a situation identical to that previously
described for USP16 that also possesses a serine residue
at the equivalent position [21]. Also consistent with the
lack of essential Cys, His or Asp/Asn residues in the
sequence of USP50, —52, —53 and —54, these non-pro-
tease homologues of the USP family were completely
devoid of catalytic activity against the assayed fusion
protein. These non-protease homologues are abundant
in some protease families and may have important roles
as regulatory or inhibitory molecules, by titrating pro-
tease inhibitors from the milieu or by acting as domi-
nant negatives through their ability to bind substrates
with their inactive catalytic domains [38]. It is also re-
markable the absence of significant deubiquitylating
activity of the recombinant catalytic domains of other
USPs such as USP40, —47, and —48, which contain all
characteristic structural features of these enzymes. One
possibility to explain this finding is that their respective
catalytic domains have diverged considerably or possess
specific structural or functional constraints owing to the
need to target different in vivo substrates. In fact, the
finding that the mammalian USP system is composed of
more than 50 distinct proteases clearly indicates that this
proteolytic system has acquired a high degree of com-
plexity during eukaryote evolution. Accordingly, some
of them may target other ubiquitin-related protein
modifiers as demonstrated for USP18 that specifically
removes ISG15 from conjugated proteins [39], and
USP21 that is a deneddylase with ability to hydrolyze
Nedd8 derivatives [40]. Therefore, the observation that
some USPs do not exhibit significant activity in the
employed deubiquitylating assay system should not be
used to rule out their relevance in this process. Inter-
estingly, some active deubiquitylating enzymes such as
human USP18 and yeast Ubp8, Ubpl2, and Ubpl6
have also been reported to be inactive in similar assays
[39,41], providing additional evidence that these in vitro
experiments may have limitations to extrapolate func-
tional roles for human USPs. Also in this regard, it
should be considered that regions distinct from the
catalytic domain may influence the proteolytic efficiency
of some USP family members. Detailed amino acid se-
quence analysis of the identified USPs revealed that a
number of them have recognizable ancillary domains at
the N- or C-terminal regions flanking the central cata-
lytic domain. The most frequently detected among them
is the Zn-finger ZnF-UBP domain that is found in four
of the identified USPs (USP44, —45, —49, and —51). This
domain is also present in some previously identified
USPs and in other proteins such as histone deacetylases,
and has been involved in the binding of these proteins to
ubiquitin [41-43]. Likewise, the DUSP domain—which
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is frequently and exclusively associated with USPs—is
detected in USP48, that also contains an UBQ domain,
whereas the UIM domain is found in USP37. This latter
domain is also present in other USPs, as well as in
several endocytic proteins such as Epsl5, Eps15R, and
epsins, and its presence has been found to be essential
for monoubiquitylation of these proteins [44—46]. There
are also ancillary domains in the identified USPs that
had not been previously reported to be associated with
these proteases, as is the case of the Exolll domain
found in USP52 and previously described in a variety of
proteins with exonuclease activity such as ribonuclease
T and the epsilon subunit of DNA polymerase III
[47,48]. Structural analysis of the identified USPs also
revealed the presence in some of them of archetypal
sorting signals that suggested that these enzymes could
be targeted to specific intracellular locations.

In this work, we have also examined the tissue dis-
tribution of the identified USPs as a preliminary step to
shed some light on the physiological role of these cys-
teine proteases. This analysis revealed that some family
members such as USP36, —40, —42, —46, —48, and -52
are widely expressed in a variety of human tissues,
suggesting that they participate in general deubiquity-
lating reactions which may occur at basal levels in all
tissues. By contrast USP30, —31, —35, —38, —44, —45,
—47, =50, —53, and —54 are only produced at significant
levels by one or a few tissues. Interestingly, many of
these USPs that exhibit a restricted expression pattern
are detected in skeletal muscle or testis, indicating that
USP-mediated functions may be especially relevant in
these tissues. This finding is also of particular interest in
light of previous data reporting the association of
ubiquitin-processing abnormalities in pathological con-
ditions involving skeletal muscle and testis [49,50]. These
putative associations between USPs and skeletal muscle
or reproductive diseases may also imply the possibility
that inherited alterations in these genes could be linked
to familial forms of these pathologies.

Chromosomal location analysis of USP genes indi-
cates that they are not clustered in the human genome, a
situation distinct from that observed in other densely
populated protease families whose encoding genes are
significantly clustered in mammalian genomes [29]. Ge-
netic lesions in the regions in which some of the identi-
fied USP genes are located have been linked to several
diseases whose responsible genes remain to be charac-
terized. This is the case of a spinal muscular atrophy
linked to 12q23-24 [47], the same region containing
USP30, an USP predominantly expressed in human
skeletal muscle. Likewise, the testis-specific USP44 is
located at 12g22 in a region commonly deleted in human
male germ cell tumors [51]. Hereditary X-linked diseases
in the region to which USP51 is localized (Xpl1), and
involving muscular atrophy or mental retardation syn-
dromes have also been reported [52,53]. It will be of

future interest to examine the possibility that these USP
genes could be a target of some of these genetic abnor-
malities. Likewise, the finding that with the single ex-
ception of USP41, all human USPs identified in this
work have conserved orthologues in the mouse genome
opens the possibility to generate mice deficient in those
genes of major interest, an aspect that could contribute
to clarify the role of this proteolytic system in physio-
logical and pathological conditions. In this regard, it is
interesting that the two available mutant mice deficient
in specific USPs exhibit marked phenotype abnormali-
ties [28,49], suggesting that beyond the apparent re-
dundancy in this large proteolytic system, there are
specific functions performed by these enzymes in mam-
malian tissues resulting from their ability to target-spe-
cific substrates [22,25]. It will be also of great interest to
examine the possibility that some of the identified USPs
may play specific roles in tumor development and pro-
gression, in a similar way to that reported for other
family members whose unregulated expression or ac-
tivity have been linked to cancer [17-20].

In summary, the identification and cloning of 22 ad-
ditional members of the USP family of cysteine prote-
ases emphasizes the relevance of the protein
modification reactions mediated by these enzymes in
human tissues. According to our exhaustive analysis of
the human genome, the total number of family members
would be of 55, including five non-protease homologues:
USP39, -50, —52, —53, and 54. The complexity of the
system would be even higher if we consider that the
multiple copies of USP17 and USPI7L encoded by
tandem repetitive sequences present in the human ge-
nome [54] have been annotated as single USP family
members [29]. Further studies directed to analyze the
functional roles of the identified USPs, including our
ongoing project of generation of mutant mice deficient
in selected family members, will be necessary to clarify
the relative relevance of the individual components of
this complex family of proteolytic enzymes.
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