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Posttranslational modification of proteins by the small molecule ubiquitin is a key regula-
tory event, and the enzymes catalyzing these modifications have been the focus of many 
studies. Deubiquitinating enzymes, which mediate the removal and processing of ubiquitin, 
may be functionally as important but are less well understood. Here, we present an inventory 
of the deubiquitinating enzymes encoded in the human genome. In addition, we review the 
literature concerning these enzymes, with particular emphasis on their function, specificity, 
and the regulation of their activity.
Introduction
Over the last few decades, protein modification by ubiq-
uitin (Ub) and ubiquitin-like (Ubl) molecules has emerged 
as a critical regulatory process in virtually all aspects of 
cell biology. Indeed, the 2004 Nobel Prize in Physiology or 
Medicine was awarded for the discovery of Ub-mediated 
proteolysis.

More than a dozen different Ub and Ubl modifications 
have been described, and up to 20% of yeast proteins are 
conjugated to Ub under standard culture conditions (Peng 
et al., 2003; Welchman et al., 2005). In yeast, potentially all 
seven conserved lysines of Ub itself (K6, 11, 27, 29, 33, 48, 
and 63) are used as branching sites for the generation of 
Ub polymers.

The topic of ubiquitination, the proteins involved, and 
their functions in various pathways and signaling networks 
has been well reviewed (see Hershko and Ciechanover 
[1998]; Pickart and Eddins [2004]). Here, we discuss the 
enzymes that remove Ub from polypeptides. These deu-
biquitinating enzymes (DUBs) play key regulatory roles in 
a multitude of processes from hereditary cancer to neuro-
degeneration. Despite the importance of DUBs, our knowl-
edge of their mode of regulation and substrate specificity is 
surprisingly scant. A detailed annotation of individual family 
members of this enzyme group is an important step toward 
elucidating the molecular functions of DUBs in health and 
disease. To this end, we provide a comprehensive over-
view of putative DUBs encoded in the human genome. In 
addition, we discuss the lacunae in our understanding of 
these enzymes by drawing on examples from yeast and 
higher eukaryotes.

In our attempt to classify these enzymes, we have made 
some arbitrary decisions as to which genes to include or 
exclude as potential DUBs. Therefore, we present three 
caveats to this list. First, we cannot exclude the fact that 
proteins or protein families not included in this overview 
can remove Ub from polypeptides. For instance, a recent 
in silico effort to predict new Ub signaling components 
suggested a previously undetected family of Ub pepti-
dases (Iyer et al., 2004). Second, protein domain predic-
tion based on gene transcripts depends on consensus 
sequences. Thus, divergent but true family members can 
be missed due to low homology scores. Finally, we wish 
to emphasize that it is unlikely that all predicted DUBs are 
truly specific for Ub: some will display additional activity or 
exclusive activity toward Ubl molecules.

DUBs Are Proteases
DUBs belong to the superfamily of proteases, of which an 
estimated 561 members are present in the human genome 
(Puente and Lopez-Otin, 2004). Based on the mechanism 
of catalysis, proteases are divided into five classes—aspar-
tic, metallo, serine, threonine, and cysteine proteases—and 
further subdivided based on phylogeny.

Two classes of proteases (cysteine and metallo) con-
tain DUBs, although most DUBs are cysteine proteases. 
By definition, the enzymatic activity of cysteine proteases 
relies on the thiol group of a cysteine in the active site. 
Deprotonation of this cysteine is assisted by an adjacent 
histidine, which is polarized by an aspartate residue. These 
three residues make up the catalytic triad. During catalysis, 
the cysteine performs a nucleophilic attack on the carbonyl 
of the scissile peptide bond, which, in the case of DUBs, 
is between the target and Ub. The intermediate, which 
contains an oxyanion, is stabilized in the so-called oxy-
anion hole. This oxyanion hole is generally provided by a 
glutamine, glutamate, or asparagine residue and the main 
chain of the catalytic cysteine. The result of the reaction is 
release of the target protein and formation of a covalent 
intermediate with the Ub moiety. Reaction of this intermedi-
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Figure 1. Structures of the Catalytic Domains of the Five Subclasses of Ub-Specific Proteases (Yellow) with Ub (Blue)
Structures show the remarkable variability in secondary structure between the DUB classes. Catalytic centers are shown as Van der Waals spheres 
(carbon, gray; nitrogen, blue; oxygen, red; sulfur, orange; zinc, purple) and have been aligned for easy comparison. The OTU domain of OTU2 lacks the 
conserved Asp in the catalytic center and the Asn/Glu/Gln that is normally used to stabilize the oxyanion hole in these proteases. For detailed structural 
information see Amerik and Hochstrasser (2004). Protein Databank (PDB) codes: USP7, 1nbf; UCH-L3, 1xd3; OTU2,1tff; Ataxin-3, 1yzb; JAMM, 1r5x.
ate with a water molecule results in the release of the free 
enzyme and Ub.

In contrast to cysteine proteases, metalloproteases gen-
erally use a Zn2+ bound polarized water molecule to gen-
erate a noncovalent intermediate with the substrate. The 
metal atom is primarily stabilized by an aspartate and two 
histidine residues (Ambroggio et al., 2004). The intermedi-
ate is further broken down by proton transfer from a water 
molecule causing the release of the DUB.

The Human DUB Genes
The cysteine protease DUBs can be further organized into 
four subclasses based on their Ub-protease domains: 
ubiquitin-specific protease (USP), ubiquitin C-terminal 
hydrolase (UCH), Otubain protease (OTU), and Machado-
Joseph disease protease (MJD). All DUBs that are metallo-
proteases have a Ub protease domain called JAMM (JAB1/
MPN/Mov34 metalloenzyme). The structures of the cata-
lytic domains of the different subclasses of DUBs reveal an 
impressive diversity in secondary structure (Figure 1).

We used the ENSEMBL human genome database (v32, 
July 2005) to retrieve all putative DUBs from the human 
genome by selecting genes whose transcripts encode 
one of the five Ub protease domains. Our search identi-
fied all known DUBs except two DUBs with OTU domains 
(Otubain-1 and Otubain-2). This analysis indicated that the 
human genome encodes approximately 95 putative DUBs, 
including many that have not been previously reported. 
These can be broken down into 58 USP, 4 UCH, 5 MJD, 
14 OTU, and 14 JAMM domain-containing genes, many of 
which are associated with multiple transcripts (see Table S1 
in the Supplemental Data available with this article online). 
For six unnamed genes, we have submitted gene names 
to the HUGO gene nomenclature committee (HGNC) 
(Table  S1). To determine whether the putative DUB genes 
are expressed, we searched NCBI human-expressed 
sequence tag (EST) databases for transcripts correspond-
ing to the predicted protein sequence. We obtained further 
evidence for expression of a number of genes with rela-
tively low numbers of ESTs from additional sources (such 
as SAGE and UniGene). For five predicted DUBs, we could 
not find any convincing data supporting transcription.

Next, we generated sequence alignments to ensure 
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conservation of the catalytic residues and made an inven-
tory of DUBs reported to display Ub protease activity. This 
indicated that of the 90 putative DUBs that are expressed, 
11 are unlikely to display Ub-protease activity. Together, 
these data indicate that humans express approximately 79 
putative DUBs that are functional (Table S1).

To investigate sequence homology between the vari-
ous putative DUBs, we used two strategies. We used 
CLANS (Cluster analysis of sequences) software to visu-
alize pairwise all-against-all sequence BLAST matches 
(Frickey and Lupas, 2004). As expected, very few positive 
BLAST results were found between the five subclasses, 
whereas the members within the subclasses clustered 
together (Figure 2A). This analysis revealed that within the 
subclasses some relatively divergent members are pres-
ent (for example, Otubain-1 and Otubain-2, USP55, and 
CYLD). Similar results were obtained using the CLUSTAL 
alignment algorithm (Figure 2B).

The Five DUB Subclasses
Three-dimensional structures of DUB catalytic domains 
from all subclasses, some of them in complex with Ub 
derivatives, have been solved (Figure 1). These studies 
reveal intriguing similarities and differences between the 
four cysteine protease subclasses. This topic, including 
the structure of a JAMM domain, has recently been exten-
sively reviewed by Amerik and Hochstrasser (2004). Here, 
we comment on the new structural features of the DUB 
subclasses.
Ubiquitin C-Terminal Hydrolases (UCHs)
The human UCH subclass of DUBs consists of four pro-
teins that share close homology in their catalytic domains. 
Structural and biochemical studies have indicated that the 
UCH subclass of DUBs prefers to cleave relatively small 
protein substrates (up to 20–30 amino acids) from Ub 
(Amerik and Hochstrasser, 2004). This size limit is thought 
to be imposed by a loop that partially occludes the active 
site of these enzymes. However, recent biochemical and 
structural studies show that certain large substrates can 
nevertheless be accommodated (Misaghi et al., 2005).

Although UCHs were the first described DUBs, their 
specific functions remain poorly understood. UCHs are 
thought to mainly act in the recycling of Ub when Ub is 



inappropriately conjugated to intracellular nucleophiles 
(for example, glutathione, polyamines). They also may be 
involved in the processing of newly synthesized Ub, which 
is translated either as a polyubiquitin precursor or fused to 
ribosomal protein precursors. However, other DUBs also 
display in vitro activity toward linear Ub fusions, suggesting 

that processing of newly synthesized Ub 
is performed by multiple DUBs.

Some studies suggest a role for UCHs 
in specific Ub-regulated processes. 
Mutations in UCH-L1 (a UCH specifically 
expressed in neurons) that reduce its 
DUB activity have been described in two 
siblings with Parkinson’s disease (PD), 
and a polymorphism in this gene has 
been linked to reduced PD risk (Leroy et 
al., 1998; Liu et al., 2002). However, not 
all studies have found a strict relation-
ship between UCH-L1 activity and PD. 
Furthermore, although mice that have 
a mutation in Uch-L1 exhibit neurode-
generation, they do not display PD-like 
symptoms (Saigoh et al., 1999).
Ubiquitin-Specific Proteases (USPs)
The USP subclass represents the bulk 
of the DUBs encoded by the human 
genome. As the number of Ub E3 ligases 
(the third factor in the ubiquitination cas-
cade that determines target specificity) 
increased during evolution, so did the 
number of USPs, suggesting an intimate 
relationship between the two resulting in 

their coevolution (Semple, 2003).
The catalytic domain of USPs contains two short and 

well-conserved motifs, called Cys and His boxes, which 
include the residues critical for catalysis. However, the size 
of the complete domain varies from approximately 300 to 
800 amino acids due to the large unrelated sequences that 

Figure 2. Phylogenetic Map of Human 
DUBs
(A) Graphic two-dimensional representation of 
sequence similarities between all Ub protease 
domains of DUBs using CLANS software. CLANS 
performs all-against-all BLAST searches and uses 
the significant high-scoring segment pairs (HSPs) 
to draw a three-dimensional graph represented 
here in two dimensions. Each node represents a 
Ub protease domain and each edge (line) repre-
sents a significant HSP (edges are shaded accord-
ing to p value). DUB subclasses are highlighted in 
the graph. The start and end positions of the DUB 
Ub-protease domains, as defined by Interpro, were 
used to generate the protein sequences. Proteins 
with a partial or short and misaligning DUB domain 
were excluded from the analysis. 
(B) Unrooted dendrogram of the DUBs using 
Clustal software. Clustal generates a multiple 
sequence alignment file based on pairwise align-
ments. From this information a phylogenetic tree 
can be constructed. The robustness of the phylo-
genetic relations can be assessed by “bootstrap-
ping,” a mathematical technique that introduces 
noise in the alignment and measures how often 
the phylogenetic relationships reproduce. An as-
terisk indicates a bootstrapping percentage <10% 
(lowest branch only). The numbers correspond to 
the genes in Table S1.
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Table 1. Mammalian DUBs and Their Reported Functions

Name Substrate(s) Process Remarks References

UCHs

UCH-L1 Unknown Parkinson’s disease Homodimer has E3 activ-
ity; mutant mice display 
ataxia

Leroy et al. (1998); Liu et al. (2002); 
Saigoh et al. (1999)

BAP1 Unknown Unknown Binds to BRCA1 Jensen et al. (1998)

UCH-L5 Unknown Ubiquitin editing,
TGF-β signaling?

Binds to proteasome Lam et al. (1997); Wicks et al. (2005)

USPs

CYLD TRAF2/6, NEMO NF-κB and JNK signaling Familial tumor suppressor 
(cylindromatosis) 

Brummelkamp et al. (2003); Kovalenko et 
al. (2003); Trompouki et al. (2003); Reiley 
et al. (2004)

USP1 FANCD2 DNA repair Nijman et al. (2005)

USP2 Fatty acid syn-
thase

Androgen signaling Circadian-regulated Graner et al. (2004); Oishi et al. (2003)

USP4 Unknown Unknown Transforming activity Gupta et al. (1994)

USP5 Unknown Unknown Binds K29 chains, binds 
ISG15 and Ub

Hemelaar et al. (2004); Russell and 
Wilkinson (2004)

USP6 Unknown Putative oncogene, actin 
remodeling

Transforming activity; re
arrangements and fusions 
found in cancer

Masuda-Robens et al. (2003); Oliveira et 
al. (2005); Paulding et al. (2003)

USP7 HDM2, p53, H2B p53 signaling, Polycomb 
silencing

Binds herpes virus protein 
Vmw110

Cummins et al. (2004); Everett et al. 
(1997); Li et al. (2004); van der Knaap et 
al. (2005)

USP8 NRDP1 Endocytosis Oncogenic fusion with 
p85-PI3K 

Janssen et al. (1998); Kato et al. (2000); 
Wu et al. (2004)

USP9X β-catenin, ep-
sins, AF-6

Wnt-, Notch signaling, endo-
cytosis 

Murray et al. (2004); Overstreet et al. 
(2004)

USP9Y Unknown Spermatogenesis Mutants associated with 
azoospermia 

Sun et al. (1999)

USP11 BRCA2 DNA repair? Interacts with RanBPM Ideguchi et al. (2002); Schoenfeld et al. 
(2004)

USP14 Unknown Synapse function Mutant mice develop 
ataxia; binds to protea-
some

Borodovsky et al. (2001); Wilson et al. 
(2002)

USP15 RBX1 COP9 signalosome Hetfeld et al. (2005)

USP16 H2A? Chromosome condensation? Mimnaugh et al. (2001)

USP18 Unknown JAK-STAT signaling, immu-
nity, brain function

ISG15-specific; mRNA 
is induced by IFN-α and 
IFN-β

Malakhova et al. (2003); Ritchie et al. 
(2004); Ritchie et al. (2002)

USP20 DIO2? Thyroid hormone metabolism, 
hypoxia signaling

Interacts with pVHL Curcio-Morelli et al. (2003); Li et al. 
(2002b)

USP21 Unknown Unknown Cleaves Ub and NEDD8 
but not SUMO

Gong et al. (2000)

USP26 Unknown Spermatogenesis mUsp26 is testis specific Paduch et al. (2005); Stouffs et al. (2005); 
Wang et al. (2001)

USP33 HIF1-α DIO2? Hypoxia signaling Interacts with pVHL Curcio-Morelli et al. (2003); Li et al. 
(2002b); Li et al. (2005)
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MJDs

Ataxin-3 Unknown MJD disease Sequence has CAG 
repeats

Burnett et al. (2003); Scheel et al. (2003)

OTUs

A20 RIP NF-κB signaling Also E3 ligase Wertz et al. (2004)

VCIP135 Unknown Golgi disassembly Wang et al. (2004)

JAMMs

POH1 Unknown Proteasome Verma et al. (2002); Yao and Cohen 
(2002)

AMSH EGFR? Endocytosis McCullough et al. (2004)

CSN5 Cullins CSN function Mainly NEDD8 as sub-
strate

Cope et al. (2002); Groisman et al. (2003)

BRCC36 Unknown G2/M checkpoint signaling Enhances BRCA1/BARD1 
E3 ligase activity

Dong et al. (2003)

Listed are DUBs that have been linked to specific pathways, processes, and substrates (based on published studies).

Table 1. Mammalian DUBs and Their Reported Functions (continued)
are interspersed between the two motifs, which may serve 
a regulatory function (Figure 3).

Upon closer examination of the catalytic domains of 
USPs, we noted that a subset (USP16, USP30, USP39, 
USP45, and USP52) lack catalytic residues previously 
thought to be critical for protease activity (Figure S1). 
USP30 and USP16 lack only the aspartate in the catalytic 
triad but retain enzymatic activity against a model sub-
strate (Table S1 and M.P.A.L.-V. and T.K.S., unpublished 
data). This indicates that, as is the case for the Otubain-2 
protein, USP30 and USP16 may use a different residue to 
stabilize the active site histidine. Additional structural infor-
mation about USPs may shed light on this issue.

USP39 (also known as SAD1) does not contain the con-
served catalytic cysteine or histidine and does not cleave 
a model substrate in vitro, indicating that USP39 is not a 
bona fide DUB (M.P.A.L.-V. and T.K.S., unpublished data). 
However, USP39 plays a critical role in spliceosome mat-
uration in both yeast and human cells, and many of the 
other residues within the catalytic domain are conserved 
(Lygerou et al., 1999; Makarova et al., 2001). Therefore, it 
is tempting to speculate that USP39 can still interact with 
Ub. An analogous situation exists in Ub conjugation. Here, 
a Ub interaction motif known as UEV (ubiquitin-conjugating 
enzyme variant) strongly resembles the catalytic domain 
of E2s (the second enzyme in the ubiquitination cascade) 
but lacks activity (Hicke et al., 2005). In keeping with this 
nomenclature, these catalytically inactive USP domains 
are hereby referred to as USPV (ubiquitin-specific protease 
variant). The functions of these variants with respect to Ub 
await further investigation.
Machado-Joseph Disease Protein Domain Prote-
ases (MJDs)
A bioinformatics search for other classes of Ub proteases 
identified Ataxin-3 and a number of Ataxin-3-like proteins 
(Scheel et al., 2003). Experiments in vitro confirmed that 
wild-type Ataxin-3, but not a mutant with the active site 
cysteine mutated, could deubiquitinate a model substrate 
(Burnett et al., 2003). Sequence similarity between the 
catalytic domain of Ataxin-3 and other DUBs is low (Fig-
ure 2A), but recent NMR structures show that the overall 
arrangement of the catalytic triad is conserved (Figure 1; 
Mao et al., 2005; Nicastro et al., 2005).

Instability of a CAG nucleotide repeat in the Ataxin-3 
gene leads to a hereditary neurological condition known 
as spinocerebellar ataxia type-3 or Machado-Joseph dis-
ease (OMIM 607047). Like other polyglutamine neurode-
generative disease-associated genes, expansion of the 
CAG repeat in Ataxin-3 leads to protein misfolding, result-
ing in aggregation and cellular toxicity. Some experimen-
tal evidence indicates that the normal function of Ataxin-
3 involves transcriptional regulation, but whether its DUB 
activity plays a role in this process remains unclear (Li et 
al., 2002a). In evolutionary terms, MJDs likely represent a 
relatively late addition to the Ub system, as no homologs 
have been identified in yeast. However, protease activity of 
the other family members has not yet been demonstrated, 
and their biological functions remain unknown.
Ovarian Tumor Proteases (OTUs)

A bioinformatics approach also led to the identification 
of the Ovarian Tumor (OTU) subclass of Ub proteases 
(Makarova et al., 2000). The otu gene is involved in the 
development of the Drosophila melanogaster ovary where it 
may regulate the localization and translation of certain RNA 
transcripts (Goodrich et al., 2004; Steinhauer et al., 1989). 
Using the Drosophila otu gene and its homologs as a start-
ing point, Makarova and colleagues (2000) found sequence 
similarity between these genes and those encoding viral 
cysteine proteases. A recently solved OTU structure shows 
that, unlike other cysteine protease DUBs, the catalytic triad 
is incomplete and is stabilized by a new method involving a 
hydrogen bonding network (Nanao et al., 2004).
Cell 123, December 2, 2005 ©2005 Elsevier Inc.  777



Figure 3. Comparison of the Domain Structures of Putative DUBs 
For each primary DUB transcript (the transcript associated with the HUGO or RefSeq ID), we retrieved information concerning domain architecture and 
signal motifs using ENSEMBL, SMART (simple modular architecture research tool; http://smart.embl-heidelberg.de/), Pfam (protein families database; 
http://www.sanger.ac.uk/Software/Pfam/), and PROSITE databases. The USPs without additional domains are indicated as “generic USP.” Only JAMM 
and MJD domain proteins with predicted catalytic activity are shown. An asterisk indicates that the ENSEMBL-predicted translational start site is uncertain. 
Proteins and domains are plotted on an approximate scale. Select abbreviations: ZnF, zinc finger; NLS_BP, bipartite nuclear localization signal; MATH, 
meprin and TRAF homology; DUSP, domain in ubiquitin-specific proteases. For additional information concerning the indicated domains visit http://www.
ebi.ac.uk/interpro/.
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Otubain-1 and Otubain-2 were the first two OTU pro-
teins found to display in vitro DUB activity (Balakirev et al., 
2003). Shortly thereafter, Cezanne, another OTU-domain 
containing protein, was found to interact with poly-Ub in 
a yeast two-hybrid assay and to contain DUB activity in 
vitro, suggesting that this is a general OTU feature (Evans 
et al., 2003). However, for most OTU proteases, their phys-
iological role in vivo, including their putative role as DUBs, 
remains to be investigated.
JAMM Motif Proteases
The JAMM domain is found in all three major kingdoms of 
life (bacteria, archaea, and eukarya). However, bacteria do 
not contain Ub protease activity, and an analogous Ub-like 
conjugation system has not yet been identified in prokary-
otes. This suggests that JAMM domains have adopted new 
protease functions during evolution and indicates that at 
least some of the human JAMM proteases may be involved 
in more than Ub (or Ubl) processing. Indeed, recent work 
has identified the protein product of the Mycobacterium 
tuberculosis gene mec+ as a JAMM domain peptidase 
involved in cysteine biosynthesis by cleaving cysteine from 
a peptide intermediate (Burns et al., 2005).

Sequence alignment of the JAMM-domain proteins 
revealed that seven of the 14 members have at least one 
amino acid change in the conserved Zn2+ ion-stabilizing 
residues, indicating that they may not be functional pro-
teases. Three family members (POH1, CSN5, and AMSH) 
will be briefly discussed in the section concerning DUB 
function.

DUB Specificity
Accumulating evidence indicates that most DUBs regu-
late a limited number of proteins and pathways, suggest-
ing that they target specific substrates (Table 1). In the 
case of DUBs, specificity can refer to either the Ub or Ubl 
moiety itself (substrate specificity) or the target protein 
to which the moiety is conjugated (target specificity). In 
reality, it may not be possible to separate these types of 
specificities. It is likely that in many cases a combinatorial 
mechanism relying on recognition of both the target and 
the attached moiety determines overall DUB specificity. 
Additional mechanisms, such as protein localization and 
interactions with binding partners, may further contribute 
to in vivo specificity. In the following sections, we will dis-
cuss current insights into DUB specificity.
Substrate Specificity: Ubiquitin Polymers
Protein ubiquitination comes in many different flavors that 
serve distinct functions (Welchman et al., 2005). Whereas 
poly-Ub chains linked through the lysine residues of Ub at 
position 48 (K48) target proteins for proteasomal degra-
dation, the attachment of a single Ub moiety (monoubiq-
uitination) appears to regulate subcellular localization and 
recruitment of Ub binding proteins. Besides mono- and 
K48-linked polyubiquitination, other poly-Ub branches 
using alternative lysines on Ub have been described. 
The relevance and function of most of these different 
types of polymers is currently unknown, but future stud-
ies may reveal unique regulatory roles. A notable excep-
tion is K63 polyubiquitination, which has been described 
for a number of mammalian proteins, including RIP, NEMO 
and TRAFs (Sun and Chen, 2004). These signaling mol-
ecules are involved in activation of NF-κB signaling, a path-
way involved in inflammation, apoptosis, and tumorigen-
esis. As in the case of mono-Ub, K63 polyubiquitination 
is required for the activation of downstream molecules, 
like kinases, or recruitment of other proteins. K63-linked 
Ub molecules differ remarkably from K48 chains in their 
three-dimensional structure, which probably accounts for 
their distinct functions (Varadan et al., 2004). Furthermore, 
this suggests that certain DUBs may act on specific Ub 
branches. Indeed, the yeast DUB Ubp2 prefers K63 over 
K48-linked Ub chains as a substrate (Kee et al., 2005). 
Conversely, examples of DUBs cleaving K48 but not K63-
linked Ub polymers include USP8 and USP14 (Hu et al., 
2005; McCullough et al., 2004). Another DUB, UCH-L5 
can cleave various types of branches but does not display 
activity toward linear Ub dimers. Other examples further 
support the notion that DUBs cleave poly-Ub variants with 
varying efficiency, at least in vivo. One such example is the 
protein product of the Cylindromatosis tumor-suppressor 
gene (CYLD), a DUB involved in inhibiting NF-κB signal-
ing (Brummelkamp et al., 2003; Kovalenko et al., 2003; 
Trompouki et al., 2003). CYLD cleaves linear Ub fusions 
in vitro; yet in vivo it appears to be specific for non-K48-
linked Ub chains. The basis for the specificity observed in 
vivo remains unclear, but phylogenetic analysis indicates 
that the catalytic domain of CYLD is relatively divergent 
from other DUBs, as indicated by its unique protease fam-
ily identifier, C67 (Table S1 and Figure 2). This information 
leads us to speculate that the architecture of the enzymatic 
cleft contributes to its specificity. The OTU-type DUB A20 
is another potent inhibitor of NF-κB signaling (Wertz et al., 
2004). In vitro, A20 can cleave both K48- and K63-linked 
Ub polymers with similar efficiency. Yet in vivo, A20 deu-
biquitinates K63 but not K48 polyubiquitinated RIP (the 
protein we mentioned previously that is involved in NF-κB 
activation). However, given that A20 also contains (K48) 
E3 ligase activity toward RIP, it is not clear if the apparent 
K63 DUB activity in vivo is due to true substrate preference 
or simply due to its ability to catalyze the addition of K48-
linked Ub polymers.

In at least some cases, domains outside the catalytic 
domain may contribute to Ub chain specificity (Lin et al., 
2001). Splice variants of USP2 and a mutant containing only 
the core catalytic domain of this DUB cleave both linear Ub 
fusions and K48-linked Ub polymers. However, their rela-
tive efficiency varies considerably. The core domain prefers 
linear fusions, but full-length USP2b was most efficient in 
cleaving K48-linked Ub. Although USP2 does not contain 
an additional, known Ub-interaction motif, it is conceivable 
that sequences outside the catalytic domain contribute 
to selection and positioning of specific Ub chains. In fact, 
Ub-interaction motifs found in some E2 ligases have been 
implicated in determining linkage specificity. Indeed, it was 
recently described that a previously unnoticed Ub-interact-
ing Zinc finger domain in USP15 is needed for disassem-
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Figure 4. DUB Specificity and Regulation
(A) DUB/E3 interactions. DUBs and E3 are often 
found in a complex together. These interactions, 
which occur between USP7 and HDM2, for ex-
ample, serve to reverse E3-mediated autoubiqui-
tination (left panel) or allow the E3 to regulate the 
target and its DUB simultaneously as in the case 
of USP20 and pVHL (middle panel). Alternatively, 
DUB/E3 interactions confer specificity to the DUB, 
as in the case of Ubp2 and Rsp5 (right panel). E3 
Ub-ligase and Ub-protease activity is indicated 
with black arrows and red arrows, respectively. Ub 
conjugated to E2 is not shown for clarity. 
(B) DUB activity is regulated at various levels, in-
cluding transcription (left panel), degradation, and 
binding to stimulatory or inhibitory cofactors (right 
panel). The exact mechanism whereby these co-
factors regulate DUB activity is unknown but may 
occur at multiple levels (for example, phosphory-
lation, subcellular localization), stimulating confor-
mational changes or conferring specificity.
bling branched Ub polymers but not for cleavage of a linear 
Ub-GFP fusion (Hetfeld et al., 2005). Another recent study 
showed that addition of a UBA domain that recognizes 
K48-Ub chains to USP5 skewed its substrate preference 
toward this type of Ub polymer (Raasi et al., 2005). Simi-
larly, other Ub binding domains frequently encountered in 
DUBs, like UIM and ZnF-UBP (also called PAZ) may also 
contribute to Ub chain selection (Figure 3).
Substrate Specificity: Ubiquitin and Ubiquitin-like 
Molecules
The vast majority of putative DUBs tested so far display 
Ub protease activity in vitro (Table S1). Nonetheless, some 
predicted DUBs may be active toward Ubl moieties. There-
fore, when considering DUB specificity, we wish to extend 
our discussion to both Ub and Ubl moieties. USP21 and 
UCH-L3 cleave both Ub and the Ubl molecule NEDD8. 
USP18 has been proposed to specifically cleave another 
Ubl, ISG15 (Gong et al., 2000; Malakhov et al., 2002; Wada 
et al., 1998). Furthermore, although some circumstantial 
evidence indicates that CSN5 may contain Ub protease 
activity, its main proteolytic target is thought to be the Ubl 
NEDD8 (Groisman et al., 2003; Verma et al., 2002; Yao and 
Cohen, 2002). For other Ubl molecules, distinct proteases 
have been identified. For instance, newly synthesized Ubl 
Atg8 is processed by a distinct protease (Apg4) of which 
five family members are found in the genome (Kirisako et 
al., 2000). Likewise, protease activity toward SUMO (small 
ubiquitin-like modifier) has thus far been restricted to the 
SENP family of cysteine proteases, of which seven genes 
are present in the human genome. However, within this 
family proteolytic activity is not limited to SUMO; SENP8 
(also known as DEN1) is a NEDD8-specific protease (Gan-
Erdene et al., 2003; Wu et al., 2003).

Our current knowledge of the motifs or residues in these 
proteases that are responsible for distinguishing Ub from 
Ubl moieties is limited. Clearly, more in vitro and in vivo 
analysis of DUBs and Ubl proteases, including structural 
information, is required.
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Target Specificity and DUB/E3 Interactions
The recognition of targets by DUBs may be directed by 
sequences and motifs outside the conserved catalytic 
core. For instance, one of the Cap-Gly domains of CYLD 
mediates its interaction with NEMO, a potential CYLD sub-
strate (Figure 3; Saito et al., 2004). However, like most 
enzyme/substrate interactions, DUB/target interactions 
are expected to be weak and transient in nature, mak-
ing the identification of in vivo targets frustrating. A more 
stable complex between a DUB and its target may occur 
in the case when proteins are inappropriately K48 poly
ubiquitinated (Figure 4A, left panel). These proteins need 
to be continuously deubiquitinated to protect them from 
unwanted degradation. Autoubiquitination by ring finger-
type E3 ligases is a frequently observed phenomenon 
resulting from nonspecific ubiquitination of proximal lysines 
(careless gunplay). For instance, the E3 ligase NRDP1 
stimulates its own turnover as well as a number of cellular 
targets. The DUB USP8 associates with NRDP1 resulting 
in its deubiquitination and stabilization, suggesting that 
interaction with a DUB may simply serve to antagonize 
this self-inflicted degradation (Wu et al., 2004). Similarly, 
the interaction of USP7 with HDM2 and USP15 with Rbx1 
results in the stabilization of these E3 ligases (Canning et 
al., 2004; Cummins et al., 2004; Hetfeld et al., 2005; Li et 
al., 2004). Interestingly, USP7 was also found to stabilize 
the herpes virus E3 ligase ICP0, indicating that viruses can 
hijack cellular DUBs to stabilize viral proteins. The impor-
tance for controlling Ub dynamics in the herpes virus life 
cycle is further underscored by the recent finding that the 
herpesviridae contains a distinct class of cysteine protease 
DUBs without known mammalian homologs (Kattenhorn 
et al., 2005).

Not all DUB/E3 interactions strictly serve to regulate E3 
ligase stability. The E3 tumor suppressor protein pVHL 
regulates the stability of HIF1 transcription factors that are 
important regulators of angiogenesis. USP33 interacts 
with this E3 (Li et al., 2002b) and appears to regulate HIF1 



stability by deubiquitination (Li et al., 2005). This suggests 
that, in this case, interaction of the DUB with the E3 allows 
the E3 ligase to differentially regulate the primary protea-
somal target (HIF1) as well as its deconjugating enzyme 
(Figure 4A, middle panel).

Kee and colleagues (2005) recently suggested a third 
type of DUB/E3 interaction. They postulated that in some 
cases the DUB may hitch along with the E3 ligase. They 
showed that the target specificity of the yeast DUB Ubp2 is 
strictly dependent on the E3 ligase Rsp5, which is respon-
sible for recognition of the substrate (Figure 4A, right panel). 
A remarkable variation on this theme is the previously men-
tioned protein A20. Here, E3 ligase and DUB activity reside 
in the same polypeptide (Wertz et al., 2004).

DUB Function
Gene deletion studies in yeast have indicated that none of 
the USPs are required for cell growth or viability (Amerik et 
al., 2000). Nonetheless, USPs and other DUBs in lower and 
higher eukaryotes including mammals have been implicated 
in regulating various critical cellular processes in a nonre-
dundant manner. Human DUBs (or their murine homologs) 
of particular interest that have been linked to defined cel-
lular processes or substrates are listed in Table 1.

The functions of DUBs at the proteasome lid, in endocy-
tosis and regulation of chromatin structure, are reasonably 
well understood and are therefore discussed in some detail 
in the following sections. In addition, we will propose some 
directions for future studies.
DUBs and Proteasome Function
Proteins that must undergo fast and dramatic changes 
in abundance are often regulated by proteolysis. These 
proteins are targeted to the proteasome by K48-linked 
polyubiquitination, where they are degraded. The 26S 
proteasome consists of two 19S regulatory particles and 
a 20S cylinder-shaped multiprotein complex possessing 
the proteolytic activity (Pickart and Cohen, 2004). The 19S 
subunit restricts access to the interior of the 13 Å cylinder 
of the proteasome, which is where the catalytic residues 
for proteolysis are located. Deubiquitination of proteins 
arriving at the proteasome allows recycling of Ub and is 
required for protein degradation. In fact, deubiquitination, 
protein unfolding, translocation into the proteasome, and 
degradation are intimately linked processes. A number of 
DUBs from various subclasses have been found in complex 
with the 19S proteasome regulatory component, including 
the JAMM protease POH1 (Rpn11 in yeast), UCH-L5, and 
USP14 (Ubp6 in yeast) (Borodovsky et al., 2001; Lam et al., 
1997; Park et al., 1997; Verma et al., 2002). Interestingly, 
residents of a paralogous multiprotein structure known as 
the COP9 signalosome are the JAMM protein CSN5 and 
USP15 (Cope et al., 2002; Zhou et al., 2003). Like the pro-
teasome, the COP9 signalosome has been implicated in 
a diverse array of biological processes. At least some of 
these functions can be explained by its ability to inhibit the 
activity of the cullin family of ubiquitin E3 ligases by CSN5-
mediated deneddylation.

The main DUB activity at the proteasome appears to be 
generated by POH1, since deletion of the gene that encodes 
this enzyme results in defective proteasomal degradation 
and is lethal in yeast. The functions of the other DUBs may 
be partially redundant with POH1, only playing a role in the 
deubiquitination of specific substrates, or in “Ub editing.” 
The Ub-editing concept was postulated as a mechanism 
to rescue proteins that have been mistakenly ubiquitinated 
(as recognized by having short Ub chains) from destruc-
tion. The suggested Ub-editing mechanism would remove 
Ub polymers, starting at the distal end, independently of 
the substrate moiety (Lam et al., 1997). Although UCH-L5 
indeed cleaves Ub chains from the distal end, compelling 
evidence for an Ub-editing function for UCH-L5 has not 
yet been provided, and no ortholog of UCH-L5 has been 
found in Saccharomyces cerevisiae.
DUBs and Chromatin Structure
An increasing body of evidence implicates dynamic histone 
ubiquitination in the regulation of transcription and silenc-
ing, and even double-strand-break formation during meio-
sis (Yamashita et al., 2004). Although most histone proteins 
can be ubiquitinated, the dynamics of H2B monoubiqui-
tination are best understood. In yeast, deubiquitination of 
H2B by the DUB Ubp10 is required for telomeric silencing. 
This in turn allows recruitment of the silencing factor Sir2. 
(Emre et al., 2005). Interestingly, a second USP Ubp8 has 
been implicated in regulating H2B. In contrast to Ubp10, 
deubiquitination of H2B by Ubp8 correlates with transcrip-
tional activation (Gardner et al., 2005; Henry et al., 2003). 
At least at some sites of active transcription, Ub-H2B levels 
are high during activation and subsequently decrease in 
an Ubp8-dependent manner. Importantly, both the ubiq-
uitination and deubiquitination of H2B are necessary for 
optimal transcription, indicating a requirement for dynamic 
H2B modification by Ub (Henry et al., 2003).

Similar to yeast Ubp10, Drosophila USP7 interacts prefer-
entially with silenced genomic regions, including telomeric 
domains, where it has been suggested to deubiquitinate 
H2B and thereby contribute to Polycomb-mediated silenc-
ing (van der Knaap et al., 2005). In mammals, USP7 asso-
ciates with HDM2, an E3 ligase critical for regulating p53 
turnover, and thereby inhibits degradation of both HDM2 
and p53 (Cummins et al., 2004; Li et al., 2004). Indeed, 
different levels of USP7 can have opposite outcomes with 
respect to p53 stability. Intermediate inhibition of USP7 
result in increased p53 degradation, whereas complete 
inhibition of USP7 enhances p53 stability. Interestingly, a 
recent report has suggested that HDM2 can mediate H2B 
ubiquitination (Minsky and Oren, 2004). Together, these 
data suggest an attractive model in which HDM2/p53/
USP7 complexes mediate transcriptional repression by 
regulating H2B ubiquitination.
DUBs and Endocytosis
Monoubiquitination and, at least in yeast, the attachment 
of a K63-linked Ub dimer, play an important role in endo-
cytosis of receptors and sorting of proteins (Haglund et 
al., 2003; Hicke and Dunn, 2003). After binding to ligands, 
receptor tyrosine kinases (RTKs) and adaptor proteins are 
monoubiquitinated at multiple sites, which triggers their 
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internalization. The RTKs are subsequently either recycled 
or transported to lysosomes for destruction. The E3 ligase 
for many RTKs is the protooncogene Cbl, which can also 
induce proteasome-dependent degradation by stimulating 
K48 polyubiquitination (Duan et al., 2004). Repeated addi-
tion of Ub or reduced deubiquitination may be the trigger 
for targeting to the lysosomal compartment, though exactly 
how ubiquitination determines this decision is unclear. 
Ub-interacting proteins like Hrs subsequently bind to the 
monoubiquitinated receptor and recruit protein complexes 
involved in budding of the endocytic vesicle.

DUBs are implicated in the endocytic pathway at mul-
tiple levels and also play important roles in other types of 
intracellular traffic. In yeast, the DUB Doa4 acts to recycle 
Ub at the late endosome to rescue Ub from destruction. 
Inactivation of Doa4 interferes with many Ub-related pro-
cesses since it results in depletion of free Ub and many of 
the defects observed on Doa4 mutant cells are restored 
upon expression of additional Ub (Swaminathan et al., 
1999). The closest human relative of Doa4 is USP8, which 
binds the Hrs binding partner (Hbp) and inhibits EGF 
receptor (EGFR) endocytosis, suggesting that USP8 may 
act to regulate endocytic traffic (Kato et al., 2000; Mizuno 
et al., 2005). Remarkably, a second Hrs interacting pro-
tein is AMSH, a JAMM domain DUB (McCullough et al., 
2004). Inhibition of AMSH results in the accumulation of 
endosomal Ub and promotes EGFR endocytosis thereby 
accelerating EGFR downregulation.

Yet more DUBs are implicated in controlling endocyto-
sis. In Drosophila, Fat facets (Faf; the homolog of human 
USP9X), deubiquitinates Liquid facets (Lqf), resulting in 
enhanced Lqf activity (Overstreet et al., 2004). Lqf and Faf 
play a role in Drosophila eye development by enhancing 
the internalization of a receptor implicated in cell pattern-
ing, called Delta. In humans, Lqf homologs are known as 
epsins, adaptor molecules involved in the initial steps of 
endocytosis.

Ubiquitination and deubiquitination appears to be a 
common theme in vesicle dynamics; monoubiquitination 
plays a critical role in budding of some viruses. Additionally, 
VCIP135, a OTU, has been implicated in Golgi assembly 
after mitosis (Wang et al., 2004).
Other Potential Roles for DUBs
Indications for the function of DUBs may come from vari-
ous sources, including genetic screens in model organ-
isms, interactome data, and domain- and signaling-motif 
predictions. Genetic screens in model organisms like the 
worm Caenorhabditis elegans and the fruit fly Drosophila 
are pointing at new roles for DUBs in various pathways. 
For instance, screens in C. elegans for modulators of RNA 
interference or longevity suggest an involvement of a USP 
and a UCH (Hamilton et al., 2005; Kim et al., 2005). In addi-
tion, a protein with both a USP and OTU domain (Duo-
2) has recently been implicated in synapse function (Sie-
burth et al., 2005). These studies further solidify the broad 
involvement of the Ub conjugation/deconjugation system 
in biological processes and will certainly spark research 
into the functions of the human DUB orthologs.
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Data derived from large-scale human protein-protein 
interaction experiments has implicated a number of USPs 
in several signaling cascades such as the TGF-β and 
NF-κB pathways. For instance, USP45 binds specifically 
to the phosphorylated TGF-β receptor in a mammalian 
two-hybrid (Barrios-Rodiles et al., 2005). Similarly, USP11 
and USP9 interact with the NF-κB transcription factors 
RelB and p100, respectively (Bouwmeester et al., 2004). 
Although the significance of these interactions remains to 
be determined, these findings suggest that DUBs may play 
a regulatory role in these pathways.

Hints to the function of DUBs may be obtained from 
additional domains and signal motifs present in the pri-
mary amino acid sequence of these enzymes (Figure 3). 
For instance, USP7 might be involved in specific signaling 
pathways as it contains a MATH (meprin and TRAF homol-
ogy) domain. These domains are found in members of 
the TRAF family of ring finger E3 ligases which mediates 
signaling via TNF receptors. Similarly, the JAMM2 protein 
might play a role in transcription and chromatin remodel-
ing, as it contains domains (SWIRM and Myb DNA binding 
motif) implicated in these processes.

Regulation of DUBs
In contrast to many proteases, such as caspases that are 
translated as inactive precursors, DUBs are generally pro-
duced as active enzymes. Structural analysis has pointed 
out that the catalytic triad of UCHs and USPs only assume 
the active confirmation when bound to Ub, thereby pre-
venting spurious protease activity against other substrates. 
In addition, various studies show that a diverse array of 
mechanisms regulates DUB activity and additional ones 
are likely to be discovered.

In the case of at least two JAMM domain proteins (POH1 
and CSN5), it appears that incorporation into higher-order 
protein structures (the 19S proteasome and COP9 signalo-
some, respectively) is required for peptidase activity (Cope 
et al., 2002; Verma et al., 2002). Similarly, accessibility of 
the enzymatic cleft of USP14 appears to be regulated by 
activity of the 26S proteasome, its resident complex (Boro-
dovsky et al., 2001).

Bre5, a cofactor for the yeast DUB Ubp3, is largely 
responsible for its in vivo activity toward Sec23, a protein 
involved in anterograde transport between the endoplas-
mic reticulum and the Golgi compartment (Cohen et al., 
2003). Bre5 does not bind directly to Sec23, suggesting 
that the interaction between Bre5 and Ubp3 regulates 
Ubp3 activity. Surprisingly, the human homolog of Bre5, 
G3BP1, inhibits the activity of USP10, at least in vitro, indi-
cating that cofactors can either restrict or enhance prote-
ase activity (Figure 4B, right panel; Soncini et al., 2001). A 
USP7 cofactor called GMPS that strongly augments USP7 
activity was recently identified in Drosophila (van der Knaap 
et al., 2005). In addition, USP7 is regulated during apop-
tosis by cleavage by caspases. This cleavage presumably 
inactivates USP7 (Vugmeyster et al., 2002).

DUBs have frequently been found to be degraded by 
the proteasome, indicating that their abundance is an 



important regulatory mechanism (Figure 4B, right panel). 
Moreover, some DUBs have been reported to be transcrip-
tionally regulated (Figure 4B, left panel), sometimes in a 
cell-cycle-regulated manner (for example, USP1) or as part 
of a negative feedback loop (such as CYLD; Jono et al., 
2004; Nijman et al., 2005).

In another case, inhibitory phosphorylation of CYLD 
after TNF-α stimulation is required for the accumulation of 
one of its proposed substrates, K63-ubiquitinated TRAF2. 
Interestingly, this event does not appear to modulate the 
affinity of CYLD for TRAF2, suggesting that phosphoryla-
tion may directly regulate CYLD activity by an unknown 
mechanism (Reiley et al., 2005).

Concluding Remarks
A large number of studies over the last decade have uncov-
ered an unanticipated diversity of protein regulation by Ub 
and Ubl molecules. Nature has utilized the versatility of 
Ub in almost any conceivable way. Strikingly, the ubiquitin 
conjugation/deconjugation system outcompetes the pro-
tein phosphorylation system in terms of diversity and com-
plexity. Although the reversal of ubiquitination by DUBs has 
been firmly established as a critical regulatory mechanism, 
we are only beginning to uncover the different mechanisms 
that control the activity of these enzymes.

Remarkably, the Ub E3 ligases greatly outnumber the 
DUBs encoded in the human genome. This is in contrast 
to tyrosine kinases and phosphatases, which are roughly 
equal in number. One possible explanation is that we have 
not yet identified all DUBs or their associated cofactors that 
may determine specificity. Indeed, Serine/Threonine kinases 
outnumber Serine/Threonine phosphatases, but a large 
variety of cofactors provide additional specificity to these 
phosphatases. It is also possible that many DUBs have poor 
substrate specificity and regulate on average up to 10 times 
more substrates than the average E3 ligase. However, most 
DUBs studied thus far appear to regulate a small number of 
targets. Another more likely explanation for the excess of E3 
ligases could be that only a fraction of the targets that are 
ubiquitinated are regulated by specific deubiquitination. For 
destruction mediated by K48 Ub polymers, we would pre-
dict that many proteins are not deubiquitinated prior to arrival 
at the proteasome. Unless of course when you have made 
a mistake, why recycle a protein that you have decided to 
throw away? Possibly, only proteins that require extremely 
tight regulation, such as p53, require additional regulation 
by deubiquitination. Indeed, other types of Ub-based modi-
fications, like K63-linked polymers or monoubiquitin require 
DUBs to “reset” the protein to its unmodified state and are 
thus more likely to be critically regulated by DUBs. Undoubt-
edly, future studies aided by detailed genomic annotation, 
structural information, and other new tools and methods 
to characterize this intriguing protein family will result in the 
demystification of these proteases.

Supplemental Data
Supplemental Data include one figure and one table and can be 
found with this article online at http://www.cell.com/cgi/content/
full/123/5/773/DC1/.
Acknowledgments

We would like to thank Dr. Tony Huang, Dr. Huib Ovaa, and Dr. Helen 
Pickersgill for critical reading and helpful discussions. This work was 
supported by grants from The Netherlands Organization for Scientific 
Research (NWO) to T.K.S. and R.B.

References

Ambroggio, X.I., Rees, D.C., and Deshaies, R.J. (2004). JAMM: a metal-
loprotease-like zinc site in the proteasome and signalosome. PLoS Biol. 
2, e2. 10.1371/journal.pbio.0020002.

Amerik, A.Y., and Hochstrasser, M. (2004). Mechanism and function of 
deubiquitinating enzymes. Biochim. Biophys. Acta 1695, 189–207.

Amerik, A.Y., Li, S.J., and Hochstrasser, M. (2000). Analysis of the deu-
biquitinating enzymes of the yeast Saccharomyces cerevisiae. Biol. 
Chem. 381, 981–992.

Balakirev, M.Y., Tcherniuk, S.O., Jaquinod, M., and Chroboczek, J. 
(2003). Otubains: a new family of cysteine proteases in the ubiquitin 
pathway. EMBO Rep. 4, 517–522.

Barrios-Rodiles, M., Brown, K.R., Ozdamar, B., Bose, R., Liu, Z., Dono-
van, R.S., Shinjo, F., Liu, Y., Dembowy, J., Taylor, I.W., et al. (2005). High-
throughput mapping of a dynamic signaling network in mammalian cells. 
Science 307, 1621–1625.

Borodovsky, A., Kessler, B.M., Casagrande, R., Overkleeft, H.S., Wilkin-
son, K.D., and Ploegh, H.L. (2001). A novel active site-directed probe 
specific for deubiquitylating enzymes reveals proteasome association of 
USP14. EMBO J. 20, 5187–5196.

Bouwmeester, T., Bauch, A., Ruffner, H., Angrand, P.O., Bergamini, G., 
Croughton, K., Cruciat, C., Eberhard, D., Gagneur, J., Ghidelli, S., et 
al. (2004). A physical and functional map of the human TNF-alpha/NF-
kappa B signal transduction pathway. Nat. Cell Biol. 6, 97–105.

Brummelkamp, T.R., Nijman, S.M., Dirac, A.M., and Bernards, R. (2003). 
Loss of the cylindromatosis tumour suppressor inhibits apoptosis by ac-
tivating NF-kappaB. Nature 424, 797–801.

Burnett, B., Li, F., and Pittman, R.N. (2003). The polyglutamine neuro-
degenerative protein ataxin-3 binds polyubiquitylated proteins and has 
ubiquitin protease activity. Hum. Mol. Genet. 12, 3195–3205.

Burns, K.E., Baumgart, S., Dorrestein, P.C., Zhai, H., McLafferty, F.W., 
and Begley, T.P. (2005). Reconstitution of a new cysteine biosynthetic 
pathway in Mycobacterium tuberculosis. J. Am. Chem. Soc. 127, 
11602–11603.

Burrows, J.F., McGrattan, M.J., Rascle, A., Humbert, M., Baek, K.H., 
and Johnston, J.A. (2004). DUB-3, a cytokine-inducible deubiquitinating 
enzyme that blocks proliferation. J. Biol. Chem. 279, 13993–14000.

Canning, M., Boutell, C., Parkinson, J., and Everett, R.D. (2004). A RING 
finger ubiquitin ligase is protected from autocatalyzed ubiquitination and 
degradation by binding to ubiquitin-specific protease USP7. J. Biol. 
Chem. 279, 38160–38168.

Cohen, M., Stutz, F., Belgareh, N., Haguenauer-Tsapis, R., and Darge-
mont, C. (2003). Ubp3 requires a cofactor, Bre5, to specifically de-ubiq-
uitinate the COPII protein, Sec23. Nat. Cell Biol. 5, 661–667.

Cope, G.A., Suh, G.S., Aravind, L., Schwarz, S.E., Zipursky, S.L., Koonin, 
E.V., and Deshaies, R.J. (2002). Role of predicted metalloprotease motif 
of Jab1/Csn5 in cleavage of Nedd8 from Cul1. Science 298, 608–611.

Cummins, J.M., Rago, C., Kohli, M., Kinzler, K.W., Lengauer, C., and 
Vogelstein, B. (2004). Tumour suppression: disruption of HAUSP gene 
stabilizes p53. Nature 428, 1 p following 486.

Curcio-Morelli, C., Zavacki, A.M., Christofollete, M., Gereben, B., de 
Freitas, B.C., Harney, J.W., Li, Z., Wu, G., and Bianco, A.C. (2003). Deu-
biquitination of type 2 iodothyronine deiodinase by von Hippel-Lindau 
Cell 123, December 2, 2005 ©2005 Elsevier Inc.  783



protein-interacting deubiquitinating enzymes regulates thyroid hormone 
activation. J. Clin. Invest. 112, 189–196.

Dong, Y., Hakimi, M.A., Chen, X., Kumaraswamy, E., Cooch, N.S., God-
win, A.K., and Shiekhattar, R. (2003). Regulation of BRCC, a holoenzyme 
complex containing BRCA1 and BRCA2, by a signalosome-like subunit 
and its role in DNA repair. Mol. Cell 12, 1087–1099.

Duan, L., Reddi, A.L., Ghosh, A., Dimri, M., and Band, H. (2004). The Cbl 
family and other ubiquitin ligases: Destructive forces in control of antigen 
receptor signaling. Immunity 21, 7–17.

Emre, N.C., Ingvarsdottir, K., Wyce, A., Wood, A., Krogan, N.J., Henry, 
K.W., Li, K., Marmorstein, R., Greenblatt, J.F., Shilatifard, A., and Berger, 
S.L. (2005). Maintenance of low histone ubiquitylation by Ubp10 cor-
relates with telomere-proximal Sir2 association and gene silencing. Mol. 
Cell 17, 585–594.

Evans, P.C., Smith, T.S., Lai, M.J., Williams, M.G., Burke, D.F., Heyninck, 
K., Kreike, M.M., Beyaert, R., Blundell, T.L., and Kilshaw, P.J. (2003). 
A novel type of deubiquitinating enzyme. J. Biol. Chem. 278, 23180–
23186.

Everett, R.D., Meredith, M., Orr, A., Cross, A., Kathoria, M., and Parkin-
son, J. (1997). A novel ubiquitin-specific protease is dynamically associ-
ated with the PML nuclear domain and binds to a herpesvirus regulatory 
protein. EMBO J. 16, 566–577.

Frickey, T., and Lupas, A. (2004). CLANS: a Java application for visu-
alizing protein families based on pairwise similarity. Bioinformatics 20, 
3702–3704.

Gan-Erdene, T., Nagamalleswari, K., Yin, L., Wu, K., Pan, Z.Q., and 
Wilkinson, K.D. (2003). Identification and characterization of DEN1, a 
deneddylase of the ULP family. J. Biol. Chem. 278, 28892–28900.

Gardner, R.G., Nelson, Z.W., and Gottschling, D.E. (2005). Ubp10/
Dot4p regulates the persistence of ubiquitinated histone H2B: distinct 
roles in telomeric silencing and general chromatin. Mol. Cell. Biol. 25, 
6123–6139.

Gong, L., Kamitani, T., Millas, S., and Yeh, E.T. (2000). Identification of a 
novel isopeptidase with dual specificity for ubiquitin- and NEDD8-conju-
gated proteins. J. Biol. Chem. 275, 14212–14216.

Goodrich, J.S., Clouse, K.N., and Schupbach, T. (2004). Hrb27C, Sqd 
and Otu cooperatively regulate gurken RNA localization and mediate 
nurse cell chromosome dispersion in Drosophila oogenesis. Develop-
ment 131, 1949–1958.

Graner, E., Tang, D., Rossi, S., Baron, A., Migita, T., Weinstein, L.J., 
Lechpammer, M., Huesken, D., Zimmermann, J., Signoretti, S., and 
Loda, M. (2004). The isopeptidase USP2a regulates the stability of fatty 
acid synthase in prostate cancer. Cancer Cell 5, 253–261.

Groisman, R., Polanowska, J., Kuraoka, I., Sawada, J., Saijo, M., Drap-
kin, R., Kisselev, A.F., Tanaka, K., and Nakatani, Y. (2003). The ubiquitin 
ligase activity in the DDB2 and CSA complexes is differentially regulat-
ed by the COP9 signalosome in response to DNA damage. Cell 113, 
357–367.

Gupta, K., Chevrette, M., and Gray, D.A. (1994). The Unp proto-onco-
gene encodes a nuclear protein. Oncogene 9, 1729–1731.

Haglund, K., Di Fiore, P.P., and Dikic, I. (2003). Distinct monoubiquitin 
signals in receptor endocytosis. Trends Biochem. Sci. 28, 598–603.

Hamilton, B., Dong, Y., Shindo, M., Liu, W., Odell, I., Ruvkun, G., and 
Lee, S.S. (2005). A systematic RNAi screen for longevity genes in C. 
elegans. Genes Dev. 19, 1544–1555.

Hemelaar, J., Borodovsky, A., Kessler, B.M., Reverter, D., Cook, J., Kolli, 
N., Gan-Erdene, T., Wilkinson, K.D., Gill, G., Lima, C.D., et al. (2004). 
Specific and covalent targeting of conjugating and deconjugating en-
zymes of ubiquitin-like proteins. Mol. Cell. Biol. 24, 84–95.

Henry, K.W., Wyce, A., Lo, W.S., Duggan, L.J., Emre, N.C., Kao, C.F., Pil-
lus, L., Shilatifard, A., Osley, M.A., and Berger, S.L. (2003). Transcriptional 
activation via sequential histone H2B ubiquitylation and deubiquitylation, 
784  Cell 123, December 2, 2005 ©2005 Elsevier Inc.
mediated by SAGA-associated Ubp8. Genes Dev. 17, 2648–2663.

Hershko, A., and Ciechanover, A. (1998). The ubiquitin system. Annu. 
Rev. Biochem. 67, 425–479.

Hetfeld, B.K., Helfrich, A., Kapelari, B., Scheel, H., Hofmann, K., Guter-
man, A., Glickman, M., Schade, R., Kloetzel, P.M., and Dubiel, W. (2005). 
The zinc finger of the CSN-associated deubiquitinating enzyme USP15 is 
essential to rescue the E3 ligase Rbx1. Curr. Biol. 15, 1217–1221.

Hicke, L., and Dunn, R. (2003). Regulation of membrane protein trans-
port by ubiquitin and ubiquitin-binding proteins. Annu. Rev. Cell Dev. Biol. 
19, 141–172.

Hicke, L., Schubert, H.L., and Hill, C.P. (2005). Ubiquitin-binding do-
mains. Nat. Rev. Mol. Cell Biol. 6, 610–621.

Hu, M., Li, P., Song, L., Jeffrey, P.D., Chenova, T.A., Wilkinson, K.D., 
Cohen, R.E., and Shi, Y. (2005). Structure and mechanisms of the pro-
teasome-associated deubiquitinating enzyme USP14. EMBO J. 24, 
3747–3756.

Ideguchi, H., Ueda, A., Tanaka, M., Yang, J., Tsuji, T., Ohno, S., Hagiwara, 
E., Aoki, A., and Ishigatsubo, Y. (2002). Structural and functional charac-
terization of the USP11 deubiquitinating enzyme, which interacts with the 
RanGTP-associated protein RanBPM. Biochem. J. 367, 87–95.

Iyer, L.M., Koonin, E.V., and Aravind, L. (2004). Novel predicted pepti-
dases with a potential role in the ubiquitin signaling pathway. Cell Cycle 
3, 1440–1450.

Janssen, J.W., Schleithoff, L., Bartram, C.R., and Schulz, A.S. (1998). An 
oncogenic fusion product of the phosphatidylinositol 3-kinase p85beta 
subunit and HUMORF8, a putative deubiquitinating enzyme. Oncogene 
16, 1767–1772.

Jensen, D.E., Proctor, M., Marquis, S.T., Gardner, H.P., Ha, S.I., Cho-
dosh, L.A., Ishov, A.M., Tommerup, N., Vissing, H., Sekido, Y., et al. 
(1998). BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 
RING finger and enhances BRCA1-mediated cell growth suppression. 
Oncogene 16, 1097–1112.

Jono, H., Lim, J.H., Chen, L.F., Xu, H., Trompouki, E., Pan, Z.K., Mosia-
los, G., and Li, J.D. (2004). NF-kappaB is essential for induction of CYLD, 
the negative regulator of NF-kappaB: evidence for a novel inducible auto-
regulatory feedback pathway. J. Biol. Chem. 279, 36171–36174.

Kato, M., Miyazawa, K., and Kitamura, N. (2000). A deubiquitinating en-
zyme UBPY interacts with the Src homology 3 domain of Hrs-binding 
protein via a novel binding motif PX(V/I)(D/N)RXXKP. J. Biol. Chem. 275, 
37481–37487.

Kattenhorn, L.M., Korbel, G.A., Kessler, B.M., Spooner, E., and Ploegh, 
H.L. (2005). A deubiquitinating enzyme encoded by HSV-1 belongs to a 
family of cysteine proteases that is conserved across the family herpes-
viridae. Mol. Cell 19, 547–557.

Kee, Y., Lyon, N., and Huibregtse, J.M. (2005). The Rsp5 ubiquitin ligase 
is coupled to and antagonized by the Ubp2 deubiquitinating enzyme. 
EMBO J. 24, 2414–2424.

Kim, J.K., Gabel, H.W., Kamath, R.S., Tewari, M., Pasquinelli, A., Rual, 
J.F., Kennedy, S., Dybbs, M., Bertin, N., Kaplan, J.M., et al. (2005). Func-
tional genomic analysis of RNA interference in C. elegans. Science 308, 
1164–1167.

Kirisako, T., Ichimura, Y., Okada, H., Kabeya, Y., Mizushima, N., Yoshi-
mori, T., Ohsumi, M., Takao, T., Noda, T., and Ohsumi, Y. (2000). The 
reversible modification regulates the membrane-binding state of Apg8/
Aut7 essential for autophagy and the cytoplasm to vacuole targeting 
pathway. J. Cell Biol. 151, 263–276.

Kovalenko, A., Chable-Bessia, C., Cantarella, G., Israel, A., Wallach, D., 
and Courtois, G. (2003). The tumour suppressor CYLD negatively regu-
lates NF-kappaB signalling by deubiquitination. Nature 424, 801–805.

Lam, Y.A., Xu, W., DeMartino, G.N., and Cohen, R.E. (1997). Editing of 
ubiquitin conjugates by an isopeptidase in the 26S proteasome. Nature 
385, 737–740.



Leroy, E., Boyer, R., Auburger, G., Leube, B., Ulm, G., Mezey, E., Harta, 
G., Brownstein, M.J., Jonnalagada, S., Chernova, T., et al. (1998). The 
ubiquitin pathway in Parkinson’s disease. Nature 395, 451–452.

Li, F., Macfarlan, T., Pittman, R.N., and Chakravarti, D. (2002a). Ataxin-3 
is a histone-binding protein with two independent transcriptional core-
pressor activities. J. Biol. Chem. 277, 45004–45012.

Li, Z., Wang, D., Na, X., Schoen, S.R., Messing, E.M., and Wu, G. 
(2002b). Identification of a deubiquitinating enzyme subfamily as sub-
strates of the von Hippel-Lindau tumor suppressor. Biochem. Biophys. 
Res. Commun. 294, 700–709.

Li, M., Brooks, C.L., Kon, N., and Gu, W. (2004). A dynamic role of 
HAUSP in the p53-Mdm2 pathway. Mol. Cell 13, 879–886.

Li, Z., Wang, D., Messing, E.M., and Wu, G. (2005). VHL protein-interact-
ing deubiquitinating enzyme 2 deubiquitinates and stabilizes HIF-1alpha. 
EMBO Rep. 6, 373–378.

Lin, H., Yin, L., Reid, J., Wilkinson, K.D., and Wing, S.S. (2001). Diver-
gent N-terminal sequences of a deubiquitinating enzyme modulate sub-
strate specificity. J. Biol. Chem. 276, 20357–20363.

Liu, Y., Fallon, L., Lashuel, H.A., Liu, Z., and Lansbury, P.T., Jr. (2002). 
The UCH-L1 gene encodes two opposing enzymatic activities that affect 
alpha-synuclein degradation and Parkinson’s disease susceptibility. Cell 
111, 209–218.

Lygerou, Z., Christophides, G., and Seraphin, B. (1999). A novel genetic 
screen for snRNP assembly factors in yeast identifies a conserved pro-
tein, Sad1p, also required for pre-mRNA splicing. Mol. Cell. Biol. 19, 
2008–2020.

Makarova, K.S., Aravind, L., and Koonin, E.V. (2000). A novel superfamily 
of predicted cysteine proteases from eukaryotes, viruses and Chlamydia 
pneumoniae. Trends Biochem. Sci. 25, 50–52.

Makarova, O.V., Makarov, E.M., and Luhrmann, R. (2001). The 65 and 
110 kDa SR-related proteins of the U4/U6.U5 tri-snRNP are essential for 
the assembly of mature spliceosomes. EMBO J. 20, 2553–2563.

Malakhov, M.P., Malakhova, O.A., Kim, K.I., Ritchie, K.J., and Zhang, 
D.E. (2002). UBP43 (USP18) specifically removes ISG15 from conjugat-
ed proteins. J. Biol. Chem. 277, 9976–9981.

Malakhova, O.A., Yan, M., Malakhov, M.P., Yuan, Y., Ritchie, K.J., Kim, 
K.I., Peterson, L.F., Shuai, K., and Zhang, D.E. (2003). Protein ISGylation 
modulates the JAK-STAT signaling pathway. Genes Dev. 17, 455–460.

Mao, Y., Senic-Matuglia, F., Di Fiore, P.P., Polo, S., Hodsdon, M.E., and 
De Camilli, P. (2005). Deubiquitinating function of ataxin-3: insights from 
the solution structure of the Josephin domain. Proc. Natl. Acad. Sci. USA 
102, 12700–12705.

Masuda-Robens, J.M., Kutney, S.N., Qi, H., and Chou, M.M. (2003). The 
TRE17 oncogene encodes a component of a novel effector pathway for 
Rho GTPases Cdc42 and Rac1 and stimulates actin remodeling. Mol. 
Cell. Biol. 23, 2151–2161.

McCullough, J., Clague, M.J., and Urbe, S. (2004). AMSH is an endo-
some-associated ubiquitin isopeptidase. J. Cell Biol. 166, 487–492.

Mimnaugh, E.G., Kayastha, G., McGovern, N.B., Hwang, S.G., Marcu, 
M.G., Trepel, J., Cai, S.Y., Marchesi, V.T., and Neckers, L. (2001). Cas-
pase-dependent deubiquitination of monoubiquitinated nucleosomal 
histone H2A induced by diverse apoptogenic stimuli. Cell Death Differ. 
8, 1182–1196.

Minsky, N., and Oren, M. (2004). The RING domain of Mdm2 medi-
ates histone ubiquitylation and transcriptional repression. Mol. Cell 16, 
631–639.

Misaghi, S., Galardy, P.J., Meester, W.J., Ovaa, H., Ploegh, H.L., and 
Gaudet, R. (2005). Structure of the ubiquitin hydrolase UCH-L3 com-
plexed with a suicide substrate. J. Biol. Chem. 280, 1512–1520.

Mizuno, E., Iura, T., Mukai, A., Yoshimori, T., Kitamura, N., and Komada, 
M. (2005). Regulation of EGF receptor down-regulation by UBPY-medi-
ated deubiquitination at endosomes. Mol. Biol. Cell 16, 5163–5174.

Murray, R.Z., Jolly, L.A., and Wood, S.A. (2004). The FAM deubiquitylat-
ing enzyme localizes to multiple points of protein trafficking in epithelia, 
where it associates with E-cadherin and beta-catenin. Mol. Biol. Cell 15, 
1591–1599.

Nanao, M.H., Tcherniuk, S.O., Chroboczek, J., Dideberg, O., Dessen, A., 
and Balakirev, M.Y. (2004). Crystal structure of human otubain 2. EMBO 
Rep. 5, 783–788.

Nicastro, G., Menon, R.P., Masino, L., Knowles, P.P., McDonald, N.Q., 
and Pastore, A. (2005). The solution structure of the Josephin domain of 
ataxin-3: structural determinants for molecular recognition. Proc. Natl. 
Acad. Sci. USA 102, 10493–10498.

Nijman, S.M., Huang, T.T., Dirac, A.M., Brummelkamp, T.R., Kerkhoven, 
R.M., D’Andrea, A.D., and Bernards, R. (2005). The deubiquitinating 
enzyme USP1 regulates the Fanconi anemia pathway. Mol. Cell 17, 
331–339.

Oishi, K., Miyazaki, K., Kadota, K., Kikuno, R., Nagase, T., Atsumi, G., 
Ohkura, N., Azama, T., Mesaki, M., Yukimasa, S., et al. (2003). Genome-
wide expression analysis of mouse liver reveals CLOCK-regulated circa-
dian output genes. J. Biol. Chem. 278, 41519–41527.

Oliveira, A.M., Perez-Atayde, A.R., Dal Cin, P., Gebhardt, M.C., Chen, 
C.J., Neff, J.R., Demetri, G.D., Rosenberg, A.E., Bridge, J.A., and 
Fletcher, J.A. (2005). Aneurysmal bone cyst variant translocations upreg-
ulate USP6 transcription by promoter swapping with the ZNF9, COL1A1, 
TRAP150, and OMD genes. Oncogene 24, 3419–3426.

Overstreet, E., Fitch, E., and Fischer, J.A. (2004). Fat facets and Liquid 
facets promote Delta endocytosis and Delta signaling in the signaling 
cells. Development 131, 5355–5366.

Paduch, D.A., Mielnik, A., and Schlegel, P.N. (2005). Novel mutations in 
testis-specific ubiquitin protease 26 gene may cause male infertility and 
hypogonadism. Reprod. Biomed. Online 10, 747–754.

Park, K.C., Woo, S.K., Yoo, Y.J., Wyndham, A.M., Baker, R.T., and 
Chung, C.H. (1997). Purification and characterization of UBP6, a new 
ubiquitin-specific protease in Saccharomyces cerevisiae. Arch. Biochem. 
Biophys. 347, 78–84.

Paulding, C.A., Ruvolo, M., and Haber, D.A. (2003). The Tre2 (USP6) 
oncogene is a hominoid-specific gene. Proc. Natl. Acad. Sci. USA 100, 
2507–2511.

Peng, J., Schwartz, D., Elias, J.E., Thoreen, C.C., Cheng, D., Marsischky, 
G., Roelofs, J., Finley, D., and Gygi, S.P. (2003). A proteomics approach 
to understanding protein ubiquitination. Nat. Biotechnol. 21, 921–926.

Pickart, C.M., and Cohen, R.E. (2004). Proteasomes and their kin: prote-
ases in the machine age. Nat. Rev. Mol. Cell Biol. 5, 177–187.

Pickart, C.M., and Eddins, M.J. (2004). Ubiquitin: structures, functions, 
mechanisms. Biochim. Biophys. Acta 1695, 55–72.

Puente, X.S., and Lopez-Otin, C. (2004). A genomic analysis of rat prote-
ases and protease inhibitors. Genome Res. 14, 609–622.

Raasi, S., Varadan, R., Fushman, D., and Pickart, C.M. (2005). Diverse 
polyubiquitin interaction properties of ubiquitin-associated domains. Nat. 
Struct. Mol. Biol. 12, 708–714.

Reiley, W., Zhang, M., and Sun, S.C. (2004). Negative regulation of JNK 
signaling by the tumor suppressor CYLD. J. Biol. Chem. 279, 55161–
55167.

Reiley, W., Zhang, M., Wu, X., Granger, E., and Sun, S.C. (2005). Regula-
tion of the deubiquitinating enzyme CYLD by IkappaB kinase gamma-
dependent phosphorylation. Mol. Cell. Biol. 25, 3886–3895.

Ritchie, K.J., Malakhov, M.P., Hetherington, C.J., Zhou, L., Little, M.T., 
Malakhova, O.A., Sipe, J.C., Orkin, S.H., and Zhang, D.E. (2002). Dys-
regulation of protein modification by ISG15 results in brain cell injury. 
Genes Dev. 16, 2207–2212.
Cell 123, December 2, 2005 ©2005 Elsevier Inc.  785



Ritchie, K.J., Hahn, C.S., Kim, K.I., Yan, M., Rosario, D., Li, L., de la 
Torre, J.C., and Zhang, D.E. (2004). Role of ISG15 protease UBP43 
(USP18) in innate immunity to viral infection. Nat. Med. 10, 1374–1378.

Russell, N.S., and Wilkinson, K.D. (2004). Identification of a novel 29-
linked polyubiquitin binding protein, Ufd3, using polyubiquitin chain ana-
logues. Biochemistry 43, 4844–4854.

Saigoh, K., Wang, Y.L., Suh, J.G., Yamanishi, T., Sakai, Y., Kiyosawa, H., 
Harada, T., Ichihara, N., Wakana, S., Kikuchi, T., and Wada, K. (1999). 
Intragenic deletion in the gene encoding ubiquitin carboxy-terminal hy-
drolase in gad mice. Nat. Genet. 23, 47–51.

Saito, K., Kigawa, T., Koshiba, S., Sato, K., Matsuo, Y., Sakamoto, A., 
Takagi, T., Shirouzu, M., Yabuki, T., Nunokawa, E., et al. (2004). The 
CAP-Gly domain of CYLD associates with the proline-rich sequence in 
NEMO/IKKgamma. Structure (Camb) 12, 1719–1728.

Scheel, H., Tomiuk, S., and Hofmann, K. (2003). Elucidation of ataxin-3 
and ataxin-7 function by integrative bioinformatics. Hum. Mol. Genet. 
12, 2845–2852.

Schoenfeld, A.R., Apgar, S., Dolios, G., Wang, R., and Aaronson, S.A. 
(2004). BRCA2 is ubiquitinated in vivo and interacts with USP11, a deu-
biquitinating enzyme that exhibits prosurvival function in the cellular re-
sponse to DNA damage. Mol. Cell. Biol. 24, 7444–7455.

Semple, C.A. (2003). The comparative proteomics of ubiquitination in 
mouse. Genome Res. 13, 1389–1394.

Sieburth, D., Ch’ng, Q., Dybbs, M., Tavazoie, M., Kennedy, S., Wang, 
D., Dupuy, D., Rual, J.F., Hill, D.E., Vidal, M., et al. (2005). Systematic 
analysis of genes required for synapse structure and function. Nature 
436, 510–517.

Soncini, C., Berdo, I., and Draetta, G. (2001). Ras-GAP SH3 domain 
binding protein (G3BP) is a modulator of USP10, a novel human ubiquitin 
specific protease. Oncogene 20, 3869–3879.

Steinhauer, W.R., Walsh, R.C., and Kalfayan, L.J. (1989). Sequence and 
structure of the Drosophila melanogaster ovarian tumor gene and gen-
eration of an antibody specific for the ovarian tumor protein. Mol. Cell. 
Biol. 9, 5726–5732.

Stouffs, K., Lissens, W., Tournaye, H., Steirteghem, A.V., and Liebaers, 
I. (2005). Possible role of USP26 in patients with severely impaired sper-
matogenesis. Eur. J. Hum. Genet. 13, 336–340.

Sun, L., and Chen, Z.J. (2004). The novel functions of ubiquitination in 
signaling. Curr. Opin. Cell Biol. 16, 119–126.

Sun, C., Skaletsky, H., Birren, B., Devon, K., Tang, Z., Silber, S., Oates, 
R., and Page, D.C. (1999). An azoospermic man with a de novo point 
mutation in the Y-chromosomal gene USP9Y. Nat. Genet. 23, 429–432.

Swaminathan, S., Amerik, A.Y., and Hochstrasser, M. (1999). The Doa4 
deubiquitinating enzyme is required for ubiquitin homeostasis in yeast. 
Mol. Biol. Cell 10, 2583–2594.

Trompouki, E., Hatzivassiliou, E., Tsichritzis, T., Farmer, H., Ashworth, A., 
and Mosialos, G. (2003). CYLD is a deubiquitinating enzyme that nega-
tively regulates NF-kappaB activation by TNFR family members. Nature 
424, 793–796.

van der Knaap, J.A., Kumar, B.R., Moshkin, Y.M., Langenberg, K., Kri-
jgsveld, J., Heck, A.J., Karch, F., and Verrijzer, C.P. (2005). GMP synthe-
tase stimulates histone H2B deubiquitylation by the epigenetic silencer 
USP7. Mol. Cell 17, 695–707.
786  Cell 123, December 2, 2005 ©2005 Elsevier Inc.
Varadan, R., Assfalg, M., Haririnia, A., Raasi, S., Pickart, C., and Fush-
man, D. (2004). Solution conformation of Lys63-linked di-ubiquitin chain 
provides clues to functional diversity of polyubiquitin signaling. J. Biol. 
Chem. 279, 7055–7063.

Verma, R., Aravind, L., Oania, R., McDonald, W.H., Yates, J.R., 3rd, Koo-
nin, E.V., and Deshaies, R.J. (2002). Role of Rpn11 metalloprotease in 
deubiquitination and degradation by the 26S proteasome. Science 298, 
611–615.

Vugmeyster, Y., Borodovsky, A., Maurice, M.M., Maehr, R., Furman, 
M.H., and Ploegh, H.L. (2002). The ubiquitin-proteasome pathway in 
thymocyte apoptosis: caspase-dependent processing of the deubiqui-
tinating enzyme USP7 (HAUSP). Mol. Immunol. 39, 431–441.

Wada, H., Kito, K., Caskey, L.S., Yeh, E.T., and Kamitani, T. (1998). 
Cleavage of the C-terminus of NEDD8 by UCH-L3. Biochem. Biophys. 
Res. Commun. 251, 688–692.

Wang, P.J., McCarrey, J.R., Yang, F., and Page, D.C. (2001). An abun-
dance of X-linked genes expressed in spermatogonia. Nat. Genet. 27, 
422–426.

Wang, Y., Satoh, A., Warren, G., and Meyer, H.H. (2004). VCIP135 acts 
as a deubiquitinating enzyme during p97-p47-mediated reassembly of 
mitotic Golgi fragments. J. Cell Biol. 164, 973–978.

Welchman, R.L., Gordon, C., and Mayer, R.J. (2005). Ubiquitin and ubiq-
uitin-like proteins as multifunctional signals. Nat. Rev. Mol. Cell Biol. 6, 
599–609.

Wertz, I.E., O’Rourke, K.M., Zhou, H., Eby, M., Aravind, L., Seshagiri, S., 
Wu, P., Wiesmann, C., Baker, R., Boone, D.L., et al. (2004). De-ubiqui-
tination and ubiquitin ligase domains of A20 downregulate NF-kappaB 
signalling. Nature 430, 694–699.

Wicks, S.J., Haros, K., Maillard, M., Song, L., Cohen, R.E., Dijke, P.T., 
and Chantry, A. (2005). The deubiquitinating enzyme UCH37 interacts 
with Smads and regulates TGF-beta signalling. Oncogene, in press. 
Published online July 18, 2005. 10.1038/sj.onc.1208944.

Wilson, S.M., Bhattacharyya, B., Rachel, R.A., Coppola, V., Tessarollo, L., 
Householder, D.B., Fletcher, C.F., Miller, R.J., Copeland, N.G., and Jen-
kins, N.A. (2002). Synaptic defects in ataxia mice result from a mutation in 
Usp14, encoding a ubiquitin-specific protease. Nat. Genet. 32, 420–425.

Wu, K., Yamoah, K., Dolios, G., Gan-Erdene, T., Tan, P., Chen, A., Lee, 
C.G., Wei, N., Wilkinson, K.D., Wang, R., and Pan, Z.Q. (2003). DEN1 
is a dual function protease capable of processing the C terminus of 
Nedd8 and deconjugating hyper-neddylated CUL1. J. Biol. Chem. 278, 
28882–28891.

Wu, X., Yen, L., Irwin, L., Sweeney, C., and Carraway, K.L., 3rd. (2004). 
Stabilization of the E3 ubiquitin ligase Nrdp1 by the deubiquitinating en-
zyme USP8. Mol. Cell. Biol. 24, 7748–7757.

Yamashita, K., Shinohara, M., and Shinohara, A. (2004). Rad6-Bre1-me-
diated histone H2B ubiquitylation modulates the formation of double-
strand breaks during meiosis. Proc. Natl. Acad. Sci. USA 101, 11380–
11385.

Yao, T., and Cohen, R.E. (2002). A cryptic protease couples deubiqui-
tination and degradation by the proteasome. Nature 419, 403–407.

Zhou, C., Wee, S., Rhee, E., Naumann, M., Dubiel, W., and Wolf, D.A. 
(2003). Fission yeast COP9/signalosome suppresses cullin activity 
through recruitment of the deubiquitylating enzyme Ubp12p. Mol. Cell 
11, 927–938.


	A Genomic and Functional Inventory of Deubiquitinating Enzymes
	Introduction
	DUBs Are Proteases
	The Human DUB Genes
	The Five DUB Subclasses
	Ubiquitin C-Terminal Hydrolases (UCHs)
	Ubiquitin-Specific Proteases (USPs)
	Machado-Joseph Disease Protein Domain Prote- ases (MJDs)
	Ovarian Tumor Proteases (OTUs)
	JAMM Motif Proteases
	DUB Specificity
	Substrate Specificity: Ubiquitin Polymers
	Substrate Specificity: Ubiquitin and biquitin-like Molecules
	Target Specificity and DUB/E3 Interactions
	DUB Function
	DUBs and Proteasome Function
	DUBs and Chromatin Structure
	DUBs and Endocytosis
	Other Potential Roles for DUBs
	Regulation of DUBs
	Concluding Remarks
	Supplemental Data
	Acknowledgments
	References


