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Abstract Ubiquitination has emerged as an essential
signaling mechanism in eukaryotes. Deubiquitinases
(DUBs) counteract the activities of the ubiquitination
machinery and provide another level of control in cellular
ubiquitination. Not surprisingly, DUBs are subjected to
stringent regulations. Besides regulation by the noncatalytic
domains present in the DUB sequences, DUB-interacting
proteins are increasingly realized as essential regulators for
DUB activity and function. This review focuses on DUBs
that are associated with WD40-repeat proteins. Many
human ubiquitin-specific proteases (USPs) were found to
interact with WD40-repeat proteins, but little is known as to
how this interaction regulates the activity and function of
USPs. In recent years, significant progress has been made in
understanding a prototypical WD40-repeat protein-con-
taining DUB complex that comprises USP1 and USPI1-
associated factor 1 (UAFI). It has been shown that UAF1
activates USP1 through a potential active-site modulation,
and the complex formation between USP1 and UAFI is
regulated by serine phosphorylation. Recently, human USPs
have been recognized as a promising target class for
inhibitor discovery. Small molecule inhibitors targeting
several human USPs have been reported. USP1 is involved
in two major DNA damage response pathways, DNA
translesion synthesis and the Fanconi anemia pathway.
Inhibiting the USP1/UAF1 deubiquitinase complex repre-
sents a new strategy to potentiate cancer cells to DNA-
crosslinking agents and to overcome resistance that has
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plagued clinical cancer chemotherapy. The progress in
inhibitor discovery against USPs and the WD40-repeat
protein-containing USP complex will be discussed.
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The Ubiquitin System

Ubiquitin, a 76 amino acid protein, has emerged as a critical
signaling protein in many eukaryotic cellular processes.
Arguably the best known function of ubiquitin is the pro-
teasome-mediated protein degradation signaled by K48-
linked polyubiquitin chain. However, in recent years the
nondegradative roles of ubiquitin have emerged as essential
components of cell signaling in a diverse array of cellular
processes including DNA damage response, chromatin
remodeling, cell cycle regulation, and kinase signaling [1].

Ubiquitination is mediated by an enzyme cascade con-
sisting of E1, E2, and E3. E1 is the ubiquitin-activating
enzyme that activates ubiquitin by forming a thioester bond
between the C terminus of ubiquitin and the active site
cysteine of E1. E2 is the ubiquitin-conjugating enzyme that
receives the activated ubiquitin from E1. E3, the ubiquitin
ligase, mediates the ubiquitination of a target protein at a
lysine residue (Fig. 1) [2—4]. Two Els, close to 40 E2s and
more than 600 E3s, have been identified in humans [1, 5].
Ubiquitin contains seven lysine residues, i.e., K6, K11,
K27, K29, K33, K48, and K63 (Fig. 2a). These
lysine residues together with the ubiquitin N-terminal
methionine can be further ubiquitinated to form poly-
ubiquitin chains (Fig. 2b) [6-8], and recent studies also
uncovered branched ubiquitin chains [7, 9, 10]. These
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different chain linkages are believed to elicit specific cel-
lular responses. Among them, the role of K48-linked
polyubiquitin chain is by far the best studied. Our knowl-
edge on other ubiquitin chain linkages has expanded
quickly in recent years. The K63-linked ubiquitin chain is
known to signal protein trafficking, endocytosis, inflam-
matory response, and DNA repair. Chain linkages that
involve K48 and K11 usually signal for protein degradation
[11]. Linkages through K6, K27, K29, and K33 are still
poorly defined. Investigations on the non-K48-linked
polyubiquitin chain and the branched ubiquitin chain are
needed for a full understanding of ubiquitin’s function in
cell biology.

Classification of Deubiquitinating Enzymes

Ubiquitin modification is a reversible process that is
mediated by a set of proteins collectively known as de-
ubiquitinating enzymes or deubiquitinases (DUBs) [12,
13]. DUBs play important roles in the ubiquitin system.
They function to remove the ubiquitin moiety from mono-
and polyubiquitinated proteins. They can edit the ubiquitin
chain length and structure in conjunction with ubiquitin
ligase [14]. DUBs also rescue ubiquitin from proteins that
are targeted for degradation by the proteasome. Thus,

Fig. 1 The ubiquitin cycle.
Ubiquitin (Ub) is activated by
the ubiquitin-activating enzyme
(E1) and forms a thioester
linkage with the E1 active site
cysteine residue in an ATP-
dependent manner. The
ubiquitin is then transferred to
the ubiquitin-conjugating N
enzyme (E2). E2 with the \
ubiquitin ligase (E3) targets the
substrate and attaches Ub to the
substrate’s Lys residue forming
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deubiquitination of proteins by DUBs allows for proper
regulation of biological and cellular functions in the cell.
Genetic deficiencies in DUBs have been associated with
human diseases including cancer and neurodegeneration
[12, 15, 16].

The human genome encodes close to 100 DUBs. DUBs
are grouped into six subclasses according to their domain
structure and sequence similarity (Fig. 3). The six sub-
classes are: ubiquitin-specific proteases (USP), ubiquitin
C-terminal hydrolases (UCH), ovarian tumor proteases
(OTU), Machado-Joseph domain proteases (MJD), JAB1/
MPN/Mov34 metalloenzymes (JAMM), and monocyte
chemotactic protein-induced proteins (MCPIP) [13, 15].
Among them USPs, UCHs, OTUs, MJDs, and MCPIPs are
cysteine proteases that contain an active site cysteine in the
catalytic core. JAMMs are zinc-dependent metallopro-
teases [13, 17, 18]. Of the six families of DUBs, the USP
family is the largest with more than 50 members. UCH and
MIJD are smaller families with four and five members,
respectively [13].

Regulation of DUBs by Post-Translational Modification

Given their critical function, DUBs are heavily regulated in
cells. In recent years, it was found that many of the DUBs
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Fig. 2 The structures of A
ubiquitin and polyubiquitin.

a The ubiquitin structure

displays the seven lysine

residues (Lys6, Lysl11,

Lys27, Lys29, Lys33, Lys48,

and Lys63) involved in forming
polyubiquitin chains.

b Structures (depicted as

surface) of monoubiquitin (PDB

ID: 1UBQ), diubiquitin (PDB

IDs: Lys6-linked diubiquitin,

2XKS5; Lys11-linked

diubiquitin, 2XEW; Lys48- B
linked diubiquitin, 3M3J;
Lys63-linked diubiquitin, 2JF5),

and tetraubiquitin (PDB IDs:
Lys48-linked tetraubiquitin,

206V; Lys63-linked

tetraubiquitin, 3HM3)
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undergo post-translational modifications including phos-
phorylation, ubiquitination, and SUMOylation [19]. An
example is CYLD which suppresses the ubiquitination of
TNF receptor-associated factor 2 (TRAF2). IkB kinase
(IKK), with the regulatory subunit IKKY, phosphorylates
CYLD and results in the loss of its deubiquitinating func-
tion toward TRAF2 [20]. Phosphorylation of CYLD serves
as a mechanism that inactivates its DUB activity. Besides
phosphorylation, ubiquitination and SUMOylation have
also been found in DUBs. Monoubiquitination of UCH-L1,
a highly expressed DUB that is linked to Parkinson’s dis-
ease, at a lysine residue near the active site prevents
ubiquitin binding thus halting its DUB activity [21]. USP25
was found to be SUMOylated within its ubiquitin interac-
tion motif. This SUMOylation on USP25 impairs the
binding and hydrolysis of target ubiquitin chains [22].
Conversely post-translational modifications of DUBs have
also been shown to activate DUB activity. For Ataxin-3
and DUBA, ubiquitination and phosphorylation were
found to enhance the catalytic activity of both DUBs and

Diubiquitin Tetraubiquitin

allowed for the removal of the ubiquitin from their
respective substrates [23, 24]. Phosphorylation of USP1
has been shown as a key regulator in its interaction with the
protein partner USPl-associated factor 1 (UAFI1) [25].
UAF]1 is required for the activation of USP1. Three phos-
phoserine residues, i.e., Serd42, Ser67, and Ser313, have
been reported in USP1 [26-29]. Phosphorylation of Ser313
in USP1 has been shown to be required for its proper
interaction with UAF1 [25]. Mutation of Ser313 to Ala on
USP1 abolished the complex formation between USP1 and
UAF]1, thus preventing the activation of USP1 by UAFI1
[25].

WD40 Domain in the Deubiquitinase Complex
DUBs have been found to interact with a large group of

cellular proteins. A recent proteomic analysis has identified
over 770 proteins associated with 75 DUBs analyzed [30].
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Fig. 3 Classification of DUBs and the representative DUB structures.
DUBs are grouped into six subclasses: ubiquitin-specific proteases
(USP), Machado-Joseph domain (MJD), JAB1/MPN/Mov34 Metal-
loenzyme (JAMM), ovarian tumor protease (OTU), ubiquitin C-ter-
minal hydrolase (UCH), and monocyte chemotactic protein-induced
protein (MCPIP). USPs encompass the majority of DUBs with over
50 members. USP, MJD, OTU, UCH, and MCPIP are cysteine

Remarkably, a large number of USPs were found to be
associated with WD40-repeat proteins (Fig. 4). Some USPs
interact with more than one WD40-repeat protein (e.g.,
USP7, USP12, and USP46) and some WD40-repeat proteins
(such as WDR48 or UAF1) are able to bind multiple USPs
(Fig. 4). The WD40 domain is one of the most abundant
domain structures in eukaryotes [31]. The first WD40
domain was identified in bovine B-transducin, a subunit of
the trimeric G protein transducin complex. Crystal structure
of the B-transducin WD40 domain revealed a seven-bladed
B-propeller fold with a four-stranded antiparallel B-sheet in
each blade [32, 33]. The name WD40 was derived from the
conserved tryptophan-aspartate (WD) dipeptide repeat at the
end of strand C (Fig. 5a) [33, 34]. These antiparallel sheets
form a strong hydrogen bond network that stabilizes the -
propeller structure. In many WD40-repeat proteins, the last
blade is formed by the three B-strands in the C-terminus and
the outer most B-strand is donated by the N-terminus of the
WD40 domain (Fig. 5b). This Velcro-like closure contrib-
utes to the stability of the fold. Not all WD40-repeat proteins
contain such a Velcro closure. In DDB1 each individual -
propeller is stabilized by the intersheet hydrophobic inter-
actions. Most WD40-repeat proteins contain 7-8 B-propeller
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proteases, JAMM is zinc-dependent metalloenzyme. Structures of the
representative DUBs from each of the six families are shown. The
catalytic triad residues are shown as spheres, and the active site Zn>"
in the JAMM structure is shown as a gray sphere. (PDB IDs: USP7,
INBF; Ataxin-3, 1YZB; OTU2, 1TFF; UCH-L3, 1XD3; MCPIP1,
3V33; JAMM, 1R5X)

blades while a range from 4 to 8 blades has been observed
[35]. It was predicted that the most ideal geometry for the
WD40 domain is a 7-bladed B-propeller [36].

The structure of WD40 domain is unique in that it can
interact with many proteins using several surfaces of the B-
propeller structure. The surfaces include the “top” surface
conventionally defined as the narrow end of the funnel-shaped
structure (Fig. 5c). This end primarily comprises loop regions
that connect strands D and A in each blade. WD40 domain
also contains a wider “bottom” surface, and “side” or “cir-
cumference” in the propeller structure. The loop regions in the
top and bottom surfaces allow for a rich functional diversity in
protein—protein interactions. The side of WD40 domain pro-
vides additional interaction sites with proteins and peptides
[31, 37].

WD40 Domains in the Ubiquitin Pathway

WD40 domains are involved in many cellular functions that
include signal transduction, vesicular trafficking, cell cycle
control, chromatin dynamics, and DNA damage response
[31, 38, 39]. The WD40 domains are found in many proteins
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Fig. 5 Structure and sequence A

of WD40-repeat I
domain. a Sequence logo of
WD40-repeats created using
HMMlogo [144]. WD40-repeat
domains of known structures are
used to create a sequence
alignment. The letter plot
represents conserved amino acid
residues at each position, with
larger letters representing more
conservation. The B-strands
within a repeat are depicted
below the sequence. b Structure
of a representative WD40-
repeat protein (WDRS5, PDB ID
2H14). Each repeat contains
four antiparallel B-strands. The
seventh blade is constructed by
the first B strand in the
N-terminal end and three 3
strands at the C-terminal end.

¢ Surface view of a WD40-
repeat domain. WD40 repeats
typically have a funnel-like
shape with the narrow end
defined as the fop, and the wider
end defined as the bottom

and protein complexes that are involved in protein—protein
interactions, especially those involved in scaffolding,
assembly, and regulation of protein complexes.

The WD40 domain also plays an important role in the
ubiquitin-proteasome system. Many ubiquitin ligases are
known to contain a WD40 domain. In the SCF (Skp, Cullin,
and F-box protein) ubiquitin-ligase complex, the WD40
domain is mainly found in the protein binding domain, the
F-box protein [40]. The SCF ubiquitin ligase B-TrCP1
contains a WD40 domain that forms a seven-bladed -

Bottom

propeller and binds to the protein substrate -catenin, a part
of the Wnt-signaling pathway [41-43]. Structural determi-
nation showed that B-catenin binds to the top face of the -
propeller. The interaction is held together by extensive
hydrogen binding and electrostatic interactions between [3-
catenin and the WD40 domain [44]. The CUL4-DDBI1-
ROC1 ubiquitin ligase, which is involved in cell-cycle
regulation, DNA replication, and damage response, interacts
with multiple WD40-repeat proteins, including WDRS,
L2DTL, and ESC [45]. The WDRS5 and ESC are known to
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Table 1 Known functions of the WD40-repeat protein-associated USPs
USP WD40 Funtions References
USP1  WDR48(UAF1) DNA damage response through TLS, FA pathway, and homologous recombination. [53-56, 92, 102,
Preserves stem cell state 104, 116-118]
USP3  WDTCl1 Regulates the H2A and H2B ubiquitination and involved in the response to DNA double- [57]
strand break
USP4  PRPF4 mRNA splicing and Wnt-signaling pathway [58, 59]
USP7 BUB3, WDR2IA, Regulates polycomb complex and factors associated with transcription, including p53 and  [60-67]
RAEI Mdm?2. Silences the homeotic genes in Drosophila
USP11 BUB3, RAEI Participates in DNA damage repair by regulating DNA-associated proteins including [67, 68]
BRCA2, p53, and IkK. Regulates polycomb complex
USP12 WDR20, Deubiquitinates both H2A and H2B and involved in Xenopus embryonic development [69, 70]
WDR48(UAF1), through regulation of histone ubiquitination. Negatively regulates notch signaling
DMWD pathway
USP15 PRPF4, CSTF1 Participates in the regulation of Wnt- and TGF-J signaling pathways [72, 91]
USP19 DMWD A membrane-anchored DUB and involved in the turnover of ERAD substrate [73]
USP22 TAF5L A component of the TFTC/STAGA. Deubiquitinates both H2A and H2B and participates [74-76]
in the activation of androgen receptor gene
USP36 WDR3, WDR36 Controls p62-dependent selective autophagy activation. Might control the stability of [77, 78]
RNA Pol I and regulate the production of rRNA
USP37 BTRC, FBXWI11 Regulates oncogenic fusion protein PLZF/RARA stability and cell transformation [79]
USP39 WDR57, PRPF4 Functions in mRNA processing and essential for mitotic spindle chekpoint integrity [80]
USP42 WDRI18 Regulates p53-dependent transcription and p53-dependent cell-cycle arrest. USP42, fused [81-83]
to RUNXI, is involved in pathogenesis of acute leukemia
USP43 WDR3 -
USP44 TBL2 Regulates stem cell differentiation through deubiquitinating H2Bub1. A key regulator of [84, 85]
mitotic checkpoint
USP45 COROIC -
USP46 WDR20, Deubiquitinates both H2A and H2B. Plays a role in GABAergic signaling and nervous  [70, 71, 86, 87]
WDR48(UAF1), system development
DMWD
USP47 BTRC, FBXWI11 Regulates base excision repair by deubiquitinating Pol . As a B-TRCP interactor, and  [88, 89]
regulates cell growth and survival
USP49 COPA -
USP50 PRPF4 Involved in G2/M checkpoint and regulates Weel stability through HSP90-dependent [90]

mechanism

Cellular Functions of WD40-Associated USPs

be involved in histone methylation, and L2DTL helps to
regulate CDT1 proteolysis after DNA damage through
CUL4-DDBI1 interaction [46—48].

Interestingly some WD40-repeats also bind to ubiqui-
tin. The yeast protein Doal contains a seven-bladed WD40
domain encompassing 300 amino acids in the N-terminal
region. The top surface of this WD40 domain interacts with
the B sheet of ubiquitin. A patch on the top surface of
Doal’s WD40 domain containing the residues D15, F222,
W265, and D281 was identified to interact with ubiquitin.
Mutation in these residues abolished Doal’s function
in vivo. A large patch on ubiquitin containing the residues
L8, R42, 144, V70, and R72 was observed to form inter-
actions with the WD40 domain. Mutational studies on the
surface patch of ubiquitin at residues L8, R42, and 144
reduced the binding affinity to Doal dramatically [49].

@ Springer

USPs regulate a broad rang of cellular processes including
protein quality control, trafficking, transcription, RNA pro-
cessing, DNA damage response, and protein degradation [30,
50-52]. Many of the functions have been identified through
siRNA screening, topology classification, subcellular locali-
zation, and enzymatic activity studies. Notably, the global
proteomic analysis has identified DUB-associated proteins
and elucidated their potential biological functions [30]. Over
twenty WD40-associated USPs exist in humans and their
functions have been linked to a wide range of cellular pro-
cesses (Table 1) [53-92, 102, 104, 116-118].

As a prototypical USP/WD40 complex, USP1/UAFI has
been subjected to extensive studies. Herein, we review the
regulation, catalysis, and inhibition of the USP1/UAF1
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complex. It should be noted that besides USP1, UAF1 also
interacts with two other human USPs, i.e., USP12 and
USP46, although less is known about these two USP/UAF1
complexes [92, 93].

The Biological Functions of USP1/UAF1 Complex

USP1/UAF1 plays an important role in human DNA damage
response. By screening a library of 220 shRNAs targeting 55
human DUBs, USP1 was identified as a regulatory DUB in
the Fanconi anemia (FA) pathway by deubiquitinating
Fanconi anemia complementation group D2 (FANCD2)
[53]. Later studies showed that USP1 also deubiquitinates
proliferating cell nuclear antigen (PCNA) [54] and Fanconi
anemia complementation group I (FANCI) [94, 95]. Normal
DNA damage response requires both monoubiquitination
and deubiquitination of PCNA and FANCD2/FANCI, which
are implicated in DNA translesion synthesis and the FA
pathway, respectively.

FA is a genetic disorder that prevents the repair of DNA
interstrand crosslink (ICL) and predisposes the patients to
cancer [96]. 15 FA proteins have been identified in the FA
pathway. Eight of the FA proteins (FANCA/B/C/E/F/G/L/
M) form a FA core complex that monoubiquitinates
FANCD?2 and FANCI [94, 95, 97]. As an essential step in the
DNA damage response, FANCD2 and FANCI are mono-
ubiquitinated at Lys561 and Lys523, respectively, and then
directed to the nuclear DNA damage foci, where the ubiq-
uitinated FANCD2/FANCI complex binds to BRCA1 and
RADS51 recombinase and interacts with the downstream FA
proteins (FANCD1, FANCN, and FANCJ) [98-100]. The
monoubiquitinated FANCD2/FANCI complex likely serves
as alanding pad on DNA for multiple DNA nucleases such as
FA-associated nuclease 1 (FAN1) and FA complementation
group P/SLX4 protein that function in ICL repair [101, 102].
To complete the DNA damage repair, timely deubiquitina-
tion of the modified FANCD2/FANCI is required [101].
USP1 was identified as the DUB responsible for deubiqui-
tinating FANCD2 from its monoubiquitinated form [53]. It
was found that knockdown of USP1 resulted in the increased
level of monoubiquitinated FANCD2. USP1 is also pre-
dominantly localized to the chromatin in both mitomycin
C (MMC)-treated and untreated HEK293T cells, suggesting
a functional role of USP1 in ICL repair [53, 103]. Together,
these evidences support the notion that deubiquitination of
FANCD2 and FANCI is important for the normal response to
ICL through the FA pathway.

Translesion synthesis (TLS) is a DNA damage tolerance
process, which allows DNA replication past a variety of
DNA lesions caused by both endogenous and exogenous
factors. Due to the error-prone nature of TLS, it is tightly
regulated to avoid unwanted mutation. Ubiquitination of

PCNA plays an important role in regulating TLS [104—106].
When the progression of the replication fork is blocked by a
lesion, PCNA undergoes monoubiquitination by RAD6 and
RADI18, which allows for the recruitment of the specialized
DNA polymerases to carry out lesion-bypass DNA synthesis
[107-109]. Equally important to the recruitment of TLS
polymerases to the DNA damage site is the timely removal of
TLS polymerases following the lesion-bypass synthesis.
This control ensures that normal DNA replication is restored
following the usually error-prone TLS to avoid excessive
mutations caused by the extensive DNA synthesis carried out
by the TLS polymerases. This notion is supported by an
in vitro experiment showing in a reconstituted yeast TLS
system that removal of ubiquitin from PCNA is required for
the reverse polymerase switch between Poln and Pold [107].
Furthermore, studies in cells also pointed out that deubig-
uitination of PCNA following replication past the lesion can
initiate the displacement of TLS polymerases by normal
DNA polymerases [54, 110-114]. Deubiquitination of
PCNA by USP1 can also limit the access of TLS Polx to the
replication fork and ensure the low-mutation frequency of
DNA replication [115].

USP1 has been found to be essential for the human DNA
damage response. Initially by analyzing the chromosomal
breakage in the metaphase of cells treated with siRNA-tar-
geting USP1 in combination with MMC, it was found that the
number of chromosomal aberrations per cell decreased by
50 % compared with the cells treated with MMC alone. It
was thus suggested that inhibition of USP1 could protect
cells from DNA damage reagent, such as MMC [53]. How-
ever, later studies demonstrated an opposite effect of USP1
deficiency. Both disruption of USP1 in chicken DT40 cells
[103] and knockout of the murine USP1 gene [116] resulted
in increased sensitivity to DNA cross-linkers and chromo-
some instability that resembled a FA phenotype. Inhibition of
USP1/UAF1 by small molecule inhibitors also sensitized
non-small cell lung cancer (NSCLC) cells to cisplatin [117],
providing further support of the indispensible role of USP1/
UAF1 in proper DNA damage response. Moreover, evidence
showed that loss of USP1 leads to aberrant recruitment of
Polx to replication folk, resulting in slower speed of repli-
cation fork progression and more micronuclei formation, a
marker for genomic instability [115]. However, to date the
exact role of USP1 in the FA pathway and TLS remains to be
fully elucidated. Further studies will be needed to uncover
the molecular basis of the sensitivity to DNA damage in the
absence of USP1 in human cells.

The Role of UAF1 in DNA Damage Response

UAF1 is a WD40 domain-containing protein, which is
required for the proper function of USP1. Several studies
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showed that UAF1 forms a complex with USP1 and stimulates
the deubiquitination activity of USP1 both in vitro and in vivo
[118, 119]. Knockout of USP1 alone, UAF1 alone, or USP1
and UAF1, resulted in comparable level of increased mono-
ubiquitinated FANCD2 and PCNA, as well as similar sensi-
tivity to DNA cross-linking agent MMC, suggesting an
epistatic relationship between USP1 and UAF1 [55]. The
association of USP1 and UAFI in cells is likely regulated in
response to DNA damage. UV-irradiation induces autoclea-
vage of USPI, and the resulting fragments can be bridged by
UAF1 to form an enzyme complex [118]. Recent studies
showed that phosphorylation of USP1 by kinase CDKI1 pro-
motes the complex formation between USP1 and UAF1 [25].
USP1 is likely activated by the interaction with UAF1 under
genotoxic stress through USP1 Ser313 phosphorylation-
mediated complex formation [25, 29].

The Role of USP1 in the Preservation of Stem Cell State

Recently, inhibitor of DNA-binding (ID) proteins were iden-
tified as substrates of USP1 [56]. IDs inhibit differentiation of
stem cells by antagonizing basic-helix-loop-helix (bHLH)
transcription factors. It has been shown that IDs are short lived
in most tissues because of proteasome-mediated degradation
[120]. Deubiquitination of IDs by USP1 promotes ID protein
stability and prevents stem cell differentiation [56]. In a subset
of primary osteosarcoma tumors, USP1 and ID2 were found
coordinately overexpressed. USP1 was shown to promote
oncogenic transformation in NIH 3T3 cells and in a xenograft
mouse model. Thus, USP1 was proposed to belong to a family
of ‘caulo-oncogenes’ that promote tumorigenesis by sub-
verting normal stem cell biology [56].

The Biological Function of Other USP/UAF1
Complexes

Two other human USPs, i.e., USP12 and USP46, also
interact with UAF1. A strong homology has been identified
between USP12 and USP46 in humans. Recent studies
suggest that USP12 and USP46 regulate deubiquitination
of histone proteins H2A and H2B [70]. Histone deubiqui-
tination in the mesoderm by USP12, but not USP46, reg-
ulates Xenopus development during the gastrula stage [70].
In addition, USP12 was identified as the negative regulator
of Notch signaling by regulating the quantity of full-length
Notch at the cell surface [69]. USP46 has also been
implicated in the degradation of glutamate receptor GLR-1
in C. elegans [71], and pre- and post-synaptic GABAergic
signaling in mice [86, 87, 121].

@ Springer

USPs are Subjected to Regulation Through Active Site
Modulation

USPs usually contain multiple domains including a conserved
catalytic core domain. Sequence analysis in conjunction with
structure determination has revealed a diverse array of
domains either flanking the catalytic core domain or being
inserted within the catalytic core [13, 122, 123]. USPs contain
the conserved finger, thumb, and palm subdomains as
revealed by the crystal structures of several USP catalytic core
[122, 124-128] (Fig. 6a). The extended finger domain toge-
ther with palm and thumb domains form a binding pocket for
ubiquitin. The C-terminal tail of ubiquitin interacts with the
catalytic cleft formed between palm and thumb domains,
while the N-terminal end of ubiquitin contacts the USP finger
domain. The catalytic core domain of USPs contains a con-
served cysteine catalytic triad. Common to the USP sequences
are the Cys and His boxes that contain the catalytic cysteine
and histidine, respectively, and a third box containing either
Asp or Asn. Notably, a small group of USPs (USP16, USP30,
and USP45) appears to utilize serine as the third catalytic
residue [129], although biochemical characterization is
required to confirm the catalytic role of the serine residue.
An intriguing observation regarding the USP active site
is that a conformation change is often observed in the USP
catalytic site upon the binding of ubiquitin, suggesting a
plasticity of the USP active site (Fig. 6b). In USP7, the
binding of ubiquitin aldehyde leads to a productive active
site conformation by bringing the distance between the
catalytic cysteine and histidine from 9.7 A (as in the apo
USP7 structure) to 3.6 A that is close to a hydrogen bond
distance [125]. In USPI14, the ubiquitin binding cleft
leading to the active site is blocked by two surface loops
(BL1 and BL2) in the absence of ubiquitin (Fig. 6¢). Upon
ubiquitin binding, these two loops undergo conformational
changes to allow the C terminus of ubiquitin to bind to the
active site cleft [127]. In the catalytic domain of apo USP4,
both BL1 and BL2, as well as a third blocking loop (BL3)
have been observed to prevent the ubiquitin binding [122].
A major conformation change in the active site loops in
USP4 is likely required for the binding of ubiquitin.

Regulation of the DUB Activity of USP1 by UAF1

USP1 alone has a low-catalytic activity. The formation of
USP1/UAF1 complex greatly stimulates the DUB activity
of USPI1 [118, 119]. UAFI, like may other WD40-repeat
proteins, does not harbor enzymatic activity. The stimula-
tion of USP1’s catalytic activity by UAF1 has been sub-
jected to detailed biochemical studies. We demonstrated
that the binding of UAF1 to USPI does not affect the
binding of ubiquitin to USP1. By probing the active site
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Fig. 6 Plasticity of the USP A
active sites. a Overall structure
of the catalytic core of USP
using USP7 (PBD ID: INB8) as
an example. The catalytic core
structure comprises three
subdomains, i.e., finger (blue),
palm (green), and thumb (pink)
domains. The active site
cysteine catalytic triad is
located between the palm and
the thumb domains.

b Comparison of the apo USP7
(left, PBD ID: 1NBS8) and the
USP7 bound with ubiquitin-
aldehyde (right, PDB ID:
INBF). The catalytic residues
are shown as stick. The binding
of ubiquitin-aldehyde to USP7
brings the distance between the
catalytic cysteine and histidine
from 9.7 A to 3.6 A.

¢ Comparison of the apo USP14
(left, PDB ID: 2AYN) and the
USP14 bound with ubiquitin-
aldehyde (right, PDB ID:
2AYO). In USP14, the
ubiquitin-binding cleft leading
to the active site is blocked by
two surface loops BL1 (yellow)
and BL2 (purple) in the apo
structure. These two loops
undergo conformational
changes to allow the C terminus
of ubiquitin to bind to the cleft

residues, we revealed that the USP1 active site can be
modulated by the binding of UAF1 [119]. The exact mode
of interaction between UAF1 and USPI1 remains to be
determined. We envision that UAF1 can interact with the
active site directly or at a region distant from the USP1
active site. The latter evokes an allosteric mechanism for
activation. Indeed, it has been observed in other DUBs that
the binding of a protein partner can effect a rearrangement
of the DUB active site into an “on state”. For example,
Ubp8 in the SAGA deubiquitination module is shown to be
inactive in the absence of its protein partners Sgfll, Susl,
and Sgf73 [130-132]. Upon the formation of a stable DUB
complex, the zinc finger of Sgfll interacts with the Ubp8

active site cysteine to attain a catalytically competent form
of Ubp8 [130]. Another example of a DUB that undergoes
active site modulation when bound to a protein partner is
USP7. USP7 contains a C-terminal sequence that has five
ubiquitin-like domains (ULDs) with the last two domains
being involved in activating USP7. The ULDs in USP7
were found to interact with the active site of USP7. The
interaction helps to switch the DUB into an active state by
rearranging the active site into a catalytically competent
state [133]. Besides the ULDs, a protein partner of USP7,
GMP synthetase (GMPS), also helps to further increase the
activity of USP7 by binding to the ULDs on USP7, thus
promoting the active state of USP7 catalytic site [133].
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As stated earlier, UAF1 interacts with two other USPs,
USP12 and USP46. These two proteins are about half the
size of USP1. The mode of interaction of USP12 and
USP46 with UAF]1 is still unclear. Whether the interaction
site for UAF1 is the same for USP1, USP12, and USP46
still needs to be determined. A comparison of the three
USP/WDA40 repeat complexes will provide rich information
on the regulation of USP by WD40-repeat proteins.

Remarkably, for USP12 and USP46, UAF1 is not the
only interacting WD40-repeat protein. USP12 and USP46
have been shown to bind WDR20 [30, 92, 93]. Interest-
ingly, the addition of WDR20 to the USP12/UAFI1 com-
plex further increased USP12’s DUB activity. However,
the addition of WDR20 to USP12 alone did not increase its
activity [93]. Moreover, WDR20 is specific for USP12 and
it did not stimulate the DUB activity of the USP1/UAF1
complex [93]. These observations raised an interesting
possibility that a USP can interact with more than one
WD40-repeat protein and the interaction may contribute to
the regulation of specific USPs.

Targeting USPs for Inhibitor Discovery

Because of ubiquitin’s important roles in proteasomal
protein degradation and many other cellular pathways,
human USPs have been increasingly recognized as a
promising target class for inhibitor discovery [52, 134,
135]. In fact, several small molecule inhibitors have been
identified targeting USP1, USP7, USP8, USP10, USP13,
and USP14 [117, 135-143] (Table 2). In 2009, HBX 41108
was first identified as an uncompetitive reversible small-
molecule inhibitor against USP7 with submicromolar ICsy
in vitro and an effect on p53 ubiquitination in cells [137].
Reverdy et al. [138] later reported another USP7 inhibitor
HBX 19818, which is selective and irreversible. Specific
and potent autophagy inhibitor-1 (Spautin-1) was identified
to inhibit USP10 and USP13, which deubiquitinate the
Beclin 1 subunit of Vsp34 complex, and thus promoted the
degradation of Vsp34 PI3 kinase complex [140]. IU1
inhibits USP14 in the proteasome specifically and revers-
ibly with a low-micromolar ICs, in vitro and accelerated
substrate degradation by proteasome in cells [141]. More
recently, we reported the first small-molecule inhibitors
targeting the USP/WD40-repeat protein complex. Through
a high-throughput screening campaign, several known
compounds were identified and validated as selective
USP1/UAF]1 inhibitors [117]. The most potent inhibitors,
pimozide and GW7647, inhibited USP1/UAF1 reversibly
with a micromolar ICs,. Both compounds inhibited USP1/
UAFI1 through a noncompetitive mechanism. Importantly,
the inhibitors are selective against different classes of
DUBs and unrelated cysteine proteases. Notably pimozide
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demonstrated no inhibition against USP46/UAF1. An on-
target effect of the USP1/UAFI1 inhibitors was also dem-
onstrated by detecting the cellular level of monoubiquiti-
nated PCNA and FANCD?2, two essential proteins in DNA
damage response.

The role of USPI in the two major DNA damage
response pathways suggests USP1/UAF1 as a promising
therapeutic target against cancer. It has been shown that
both disruption of USP1 or UAF1 in chicken DT40 cells
and knockout of the murine USP1 gene resulted in
hypersensitivity to DNA cross-linker [103, 116, 118]. With
the identified USP1/UAF]1 inhibitors, we demonstrated that
inhibition of USP1/UAF1 activity by small molecules
sensitized non-small cell lung cancer cells to the DNA-
damaging agent cisplatin [117]. Moreover, USP1 has been
more recently shown to stabilize ID proteins and promote
tumorigenesis. Differentiation treatments for cancer have
been proven to be successful for lethal cancers, such as
acute promyelocytic leukemia [56]. Thus targeting USP1/
UAF1 may represent an effective treatment of osteogenic
sarcoma [56].

Other UAF1-interacting USPs, i.e., USP12 and USP46,
are related to protein trafficking and protein quality control
[69, 71]. In addition, USP12 and USP46 display deubig-
uitination activity toward H2A and H2B. It is demonstrated
that USP12 regulates Xenopus development during gas-
trula stages by histone deubiquitination [70]. USP46
functions in the nervous system and is involved in several
behavioral processes including basal immobility, the anti-
immobility effects of imipramine and nest building [86].
The understanding of how USP46 functions in the nervous
system underlying the mental disorder may contribute to
the discovery of a potential therapeutic route for some
mental illnesses.

Another strategy to inhibit the USP/WD40-repeat pro-
tein complex is to disrupt the formation of the USP com-
plex. Such a protein—protein interaction disruptor has not
been reported to date. The success in inhibiting USP/
WD40-repeat protein complexes relies on an in-depth
understanding of how WD40-repeat proteins interact with
USPs and how USP’s activity is regulated by WD40-repeat
proteins. In-depth mechanistic and structural investigations
of the USP/WD40-repeat protein complex will fuel the
discovery of more potent and selective small-molecule
USP inhibitors that can eventually lead to new therapeutics.

Future Directions

Despite recent progress in understanding the catalysis and
regulation of USPs, more studies are needed to uncover the
molecular details of the regulation of USPs by a variety of
binding partners. USP/WD40-repeat protein complexes
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Table 2 Reported inhibitors against DUBs in the ubiquitin-specific protease (USP) family
Name Structure Target ICs9  Reported off-target  Reversibility  Inhibition References
USPs (uM)  activity (ICsg, pM) mechanism
Pimozide F USPI/UAF1 2 NA Reversible Noncompetitive  [117]
HN__N
)i N
o
(2
GW7647 USPI/UAF1 5 USP7 (44) Reversible Noncompetitive  [117]
USP46/UAF1 (12)
(o]
GW: on
NN~ S
HBX 41,108 , USP7 04 Cathepsin B (>1) Reversible Uncompetitive [137]
N Cathepsin L (>1)
W =N Cathepsin S (>1)
cl S UCH-L1 (>1)
HBX 19,818 0 a USP7 28.1 NA Irreversible - [138]
caegacee
L H N,
P022077 0 USP7 8 DEN1 (>50) - - [139]
HO'EI—\)_\< SENP2 (>50)
)
Fo : s o
F
P005091 O,N USP7 4.2 NA - - [142]
s—Z’s_‘)—‘( USP47 43 [143]
mj@ o]
cl
compound 14 N& H : USP7 0.4 NA - - [142]
N S=0
. &Is_\)_‘(o FO USP47 1.0
Z¢§¢CI
\3 I
N
HBX 90,397 ,r\; USP8 0.5 UCH-L3 (>10) - - [135]
N=\ _
Setas
N-O
N
Spautin-1 HN«\@\ USP10 0.6 - - - [140]
F@é F USPI3 0.7
N'J
U1 0 USP14 4.7 NA Reversible - [141]
»
PN
b-AP15 USP14 - UCH-L5 - - [136]

o

1
CH,

(o]
0. .N N +.0°
(o]

NA Either no inhibition was observed for other USPs or cysteine proteases tested, or the ICs( against the other USPs or cysteine protease was at
least 20 folds higher than that against the target USP

@ Springer



122

Cell Biochem Biophys (2013) 67:111-126

represent a valuable system to understand the multi-level
regulation of USP’s function and activity. Particularly
obtaining a better understanding of how USPs and WD40-
repeat proteins interact is highly desirable. A major task is
to map out the interaction site(s) between USPs and WD40
domains through both low- and high-resolution techniques.
Also important is to understand how the USP active site is
influenced by USP’s association with WD40-repeat pro-
teins. To that end, sophisticated enzymological and struc-
tural approaches will be needed. The mechanistic details
uncovered will add to our understanding of the USP
catalysis and regulation in general. The knowledge
obtained in the above-mentioned studies will eventually aid
the effort in targeting USPs for inhibitor discovery. One
unique aspect of inhibiting USP/WD40-repeat protein
complex is the potential allosteric site that may be targeted
to achieve better selectivity than targeting the USP active
site. Moreover, finding small molecules or peptide mi-
metics that can disrupt the interaction between USPs and
WD40-repeat proteins also represents a future direction in
DUB-inhibitor discovery given the wide-spread interac-
tions between DUBs and a large number of WD40-repeat
proteins. What is learned from targeting USP/WD40-repeat
protein complex will also help targeting other USP com-
plexes that have been implicated in various human
diseases.
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