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Abstract: Deubiquitinases (DUBs) play a critical role in ubiquitin-directed signaling by catalytically
removing the ubiquitin from substrate proteins. Ubiquitin-specific protease 15 (USP15), a member
of the largest subfamily of cysteine protease DUBs, contains two conservative cysteine (Cys) and
histidine (His) boxes. USP15 harbors two zinc-binding motifs that are essential for recognition of
poly-ubiquitin chains. USP15 is grouped into the same category with USP4 and USP11 due to high
degree of homology in an N-terminal region consisting of domains present in ubiquitin-specific
proteases (DUSP) domain and ubiquitin-like (UBL) domain. USP15 cooperates with COP9
signalosome complex (CSN) to maintain the stability of cullin-ring ligase (CRL) adaptor proteins
by removing the conjugated ubiquitin chains from RBX1 subunit of CRL. USP15 is also implicated
in the stabilization of the human papillomavirus type 16 E6 oncoprotein, adenomatous polyposis
coli, and IκBα. Recently, reports have suggested that USP15 acts as a key regulator of TGF-β
receptor-signaling pathways by deubiquitinating the TGF-β receptor itself and its downstream
transducers receptor-regulated SMADs (R-SMADs), including SMAD1, SMAD2, and SMAD3, thus
activating the TGF-β target genes. Although the importance of USP15 in pathologic processes remains
ambiguous so far, in this review, we endeavor to summarize the literature regarding the relationship
of the deubiquitinating action of USP15 with the proteins involved in the regulation of Parkinson’s
disease, virus infection, and cancer-related signaling networks.
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1. Introduction

The balance of ubiquitin conjugation and de-conjugation is a well-tuned mechanism dictating
the intracellular fate of the substrate proteins. The decoration of proteins with ubiquitin is achieved
by an enzymatic cascade involving ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligase (E3). Ubiquitin moiety is attached to the target protein via a covalent
isopeptide bond between the carboxyl group of C-terminal glycine (Gly) residue of ubiquitin and the
ε-amino group of internal lysine (Lys) residue of the substrate protein [1,2]. Moreover, a poly-ubiquitin
chain is assembled through the addition of an ubiquitin moiety to the one of the seven Lys residues
or the N-terminal methionine residue of the preceding ubiquitin, giving rise to the diversity in
the poly-ubiquitin arrangement [3,4]. In order to use the tagged form of ubiquitin for protein
destruction, the poly-ubiquitin chain is linked together via Lys-48 residue persuading substrate
proteins to undergo 26S proteasomal degradation [5]. Besides, the attachment of poly-ubiquitin chain
linked together using Lys residues at different positions, most prominently via the Lys-63 residue,
has been demonstrated to be a multifaceted protein modification for regulating various signaling
pathways involved in transcription, membrane protein trafficking, nuclear transport, autophagy,
as well as immune responses [6].

Ubiquitination is a reversible process and the removal of ubiquitin moieties from
substrate—termed deubiquitination—which is conducted by deubiquitinating enzymes (DUBs).
Deubiquitination is suggested to be a proofreading mechanism to prevent the inappropriate proteolysis
of proteins [7,8]. Deubiquitination is important for keeping the ubiquitinated proteins moving through
the 26S proteasome unimpeded, as the unanchored (free) ubiquitin chains could probably serve as
competitive inhibitors with respect to ubiquitin-tagged proteins and thus needs to be disassembled by
DUBs. Additionally, deubiquitination is critical for maintaining the homeostasis of ubiquitins, as the
existence of abundant cellular nucleophiles—such as glutathione—allows them to adventitiously react
with E1~and E2~ubiquitin thioesters, with this reaction resulting in quickly exhausting the pool of free
ubiquitins [9]. Deubiquitination is particularly important for processing of precursor ubiquitin into its
mature form, because the mature ubiquitin is capable of conjugating with protein substrates via its
exposed C-terminus. On the other hand, the precursor forms of ubiquitin are mostly unable to do so
because their C-terminal glycine residue at position 76 are linked in an intermolecular bridge to the
certain ribosomal proteins or head-to-tail-linked ubiquitin multimers [8,10].

Based on the features of catalytic domains and functional similarities, DUBs are classified into
five subfamilies. Ubiquitin-specific proteases (USPs), ovarian tumor proteases (OTUs), ubiquitin
C-terminal hydrolases (UCHs), and Machado-Joseph disease proteases (MJDs) are categorized into
papain-like cysteine proteases, while JAB1/MPN/Mov34 proteases (JAMMs) belong to zinc-dependent
metalloproteases [10]. In this review, we focus on the ubiquitin carboxyl-terminal hydrolase 15
(also known as ubiquitin-specific-processing protease 15, USP15), which features two consensus
sequences harboring a classical catalytic triad (Cys-His-Asp) [11]. The amplification of USP15 gene
has been previously identified in glioblastoma, breast cancer and ovarian cancer. Furthermore, the
possible connection between USP15 and cancer progression came from the discovery that USP15
exerts its deubiquitinating activity to stabilize several proto-oncogene proteins, such as E3 ubiquitin
ligase MDM2 and type I TGF-β receptor. On the contrary, proteins possessing the tumor-suppressing
function have also been identified as substrates for USP15 deubiquitination, including p53, an inhibitor
of NF-κB (IκBα) and adenomatous polyposis coli (APC). Thus, the conflicting functions of these
USP15 substrates in cancer biology raise a question concerning whether USP15 is more likely to act
as an oncogene or as a tumor suppressor. Besides, there is a paralog of USP15, called USP4, which
has been identified as an oncogene. The overexpression of USP4 has been immunohistochemically
detected in small cell tumors and adenocarcinomas, supporting the oncogenic potential of USP15 [12].
Here, we review how the USP15 domains function in deubiquitination of protein substrates, and
comprehensively describe the connection between USP15 and signaling pathways associated with
cancer and other diseases.
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2. The Structure and Function of the USP15 Domains

2.1. The Catalytic Domain

The USP15 and all other USP members contain a catalytic triad with the Cys, His, and Asp/Asn
residues representing the best-characterized part of the Cys protease families. Structural analyses
of catalytic triads have elucidated that catalytic Cys residue performs a nucleophilic attack on the
isopeptide bond between the ε-amino group of Lys residue and the C-terminus of the distal ubiquitin.
The reactivity of catalytic Cys residue depends on juxtaposition of His residue, which reduces the
pKa of catalytic Cys residue, thereby Cys residue will be deprotonated [13]. One study demonstrated
that the Asp/Asn residue is required for polarization of His residue to stabilize the catalytic activity
of DUBs [14]. In USP15, delineation of amino acid sequence of the catalytic domain reveals the
existence of six conserved boxes and the catalytic triad composed of Cys, His, and Asp residues, which
are localized at Box 1, Box 5, and Box 6, respectively [11]. The subsequent study further revealed
that the presence of two Cys-X-X-Cys motifs within Box 3 and Box 4 is critical for formation of a
zinc-binding motif, which is important for conformational stability [15]. The catalytic domain of the
USP family shares a high degree of homology in ubiquitin-bound structures, with a right hand-like
configuration (palm, thumb, and fingers). The catalytic cleft, containing the critical residues for binding
the C-terminal tail of ubiquitin, is located between the palm and thumb, whereas the two Cys-X-X-Cys
motifs, coordinating one zinc ion in ways that help to stabilize its zinc ribbon structure, is located at the
tip of the fingers [16]. It is known that the majority of USPs contain these Cys-X-X-Cys motifs except
for USP5, USP7, USP10, USP13, USP14, USP25, USP28, USP34, and USP39 [17]. Results from one
recent study further demonstrated that, in the absence of zinc ion or when zinc binding is abrogated
by a mutation in the Cys residue, the USP15 fails to cleave the poly-ubiquitin chains from substrate
proteins [18]. Moreover, some non-conserved residues found in the interface of USPs catalytic core
in complex with the distal ubiquitin might play a part in conferring stereochemical diversity in the
ubiquitin-binding site [19].

2.2. The DUSP Domain

Apart from the catalytic domain, there is little or no conservation among the subdomains
present in USPs [20]. The USP15 is comprised of multiple functional subdomains, including
ubiquitin-specific protease (DUSP) domain and ubiquitin-like (UBL) domain, suggesting its ability in
substrate recognition via protein/protein interaction [21]. As illustrated in Figure 1, human USP15
contains an N-terminal DUSP-UBL domain (DU domains) together with one UBL domain embedded
in catalytic domain [20]. The multi-domain structure of USP15 with the position of catalytic triad and
four Zn-coordinating Cys residues is indicated in Figure 1.Int. J. Mol. Sci. 2017, 18, 483 4 of 14 

 

 

Figure 1. Schematic illustration of the domain organization of human USP15. Catalytic core (shown 
in cyan) is located in the carboxyl-terminal portion of USP15. The catalytic core of USP15 contains an 
inserted UBL domain. The USP15 with its active triad C269, H862, and D879 are denoted by thick red 
lines, and the Zn-coordinating Cys residues in positions 419, 422, 780, and 783 are highlighted by thick 
black lines. Four residues (Met-122, Phe-123, Val-124, and His-126) interacting with SART3 located 
between the amino-terminal DUSP domain and UBL domain are indicated. DUSP, domain present in 
ubiquitin-specific proteases; UBL, ubiquitin-like fold. 
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important for the activity and specificity of USPs is the β-grasp fold, which resembles ubiquitin but 
without the last two Gly residues that are required for ubiquitin conjugation [20]. 

The presence of UBL domains both inside and outside of their catalytic core is likely to modulate 
the USPs function in enzymatic activity, recognition of different ubiquitin chain types, as well as 
recruitment of ubiquitinated proteins to the proteasome. For example, USP4, USP11, and USP15—
the human USPs—possess an N-terminal UBL domain with another UBL domain lying within their 
catalytic domains. Besides, the UBL domains found in USP15 share approximately 60% or higher 
protein sequence similarity with those in USP4 and USP11 (Figure 2) [23]. More specifically, the 
insertion of the latter UBL domain is confined to the region in the middle of two Cys-X-X-Cys motifs 
that constitute the zinc-finger ribbon. Moreover, the location of the UBL domain—which is embedded 
within each USPs catalytic domain—was found to be homologous [21]. All such inserts arise through 
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in USP15. OPT inhibits the degradation of K48-linked poly-ubiquitin chains but does not affect the 
deubiquitinase activity of USP15 toward ubiquitin-GFP fusion protein. Such USP15 loses its subtle 
ability to recognize the certain ubiquitin linkage types, partly because its zinc-finger domain, which 
includes a large (~330 residues) UBL-containing insert, becomes dysfunctional [15,18]. 

Because very little is known about the functions of UBL domains in USP15, some of the cases 
described below provide only circumstantial evidence supported by other annotated USPs. A good 
example is USP4, the closest paralog of USP15 that shares 76% sequence similarity [25], containing 
two UBL domains in the same region of the USP15. The UBL domain embedded in the USP4 catalytic 
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Figure 1. Schematic illustration of the domain organization of human USP15. Catalytic core (shown in
cyan) is located in the carboxyl-terminal portion of USP15. The catalytic core of USP15 contains an
inserted UBL domain. The USP15 with its active triad C269, H862, and D879 are denoted by thick red
lines, and the Zn-coordinating Cys residues in positions 419, 422, 780, and 783 are highlighted by thick
black lines. Four residues (Met-122, Phe-123, Val-124, and His-126) interacting with SART3 located
between the amino-terminal DUSP domain and UBL domain are indicated. DUSP, domain present in
ubiquitin-specific proteases; UBL, ubiquitin-like fold.



Int. J. Mol. Sci. 2017, 18, 483 4 of 15

The USP15 is one of seven DUSP-containing USPs that is implicated in the regulation of COP9
signalosome [11,22]. The DUSP domain of USP15 is formed from approximately 120 amino acid
residues, with a defined α1-β1-α2-β2-α3-β3 secondary structure. Using nuclear magnetic resonance
(NMR) spectroscopy, the DUSP domain displays a “tripod”, a topologically complex structure that
has a three α-helix bundle supporting a three-stranded anti-parallel β-sheet. There are four highly
conserved residues between the helix α2 and strand β2, including Pro-62, Gly-63, Pro-64, Ile-65, called
PGPI motif, which wrap around the aromatic side chain of another conserved Trp-37 residue located in
the helix α2. This hydrophobic-packing interaction is important for stabilizing the DUSP structure [11].
Notably, analysis of surface hydrophobic residues of DUSP domain reveals two regions—named
cluster A and cluster B—which may participate in substrate recognition by USP15. One region,
containing residues Leu-32, Leu-79, Leu-83, Ile-84, Tyr-89, Ile-113, Arg-115, and Val-118, forms the
highly conserved hydrophobic cleft located near the top face of its tripod-like structure. The second
region, containing residues Leu-24, Trp-30, Phe-38, Phe-47, Ile-90, and Leu-91, is located between
helix α1 and helix α2 and is also found to be conserved in the closest USP15 homologs, USP4 and
USP11 [11].

2.3. The UBL Domain

Apart of catalytic domain, the ubiquitin-like (UBL) domain represents a common domain in the
USP family. By comparing the secondary structure of all known USPs, it is observed that the one or
multiple UBL domains are present in 18 human USPs, including USP4, USP6, USP7, USP9X/Y, USP11,
USP14, USP15, USP19, USP24, USP31, USP32, USP34, USP40, USP43, USP47, USP48, and USP52 [14].
Although there is only little sequence homology among the UBL domains except for USP14 and USP48,
they all share the ubiquitin-like topology and thus are sometimes called ubiquitin-fold domains (UFDs).
Among these approximately 45–80 residues of UBL domains, the structural feature important for the
activity and specificity of USPs is the β-grasp fold, which resembles ubiquitin but without the last two
Gly residues that are required for ubiquitin conjugation [20].

The presence of UBL domains both inside and outside of their catalytic core is likely to modulate
the USPs function in enzymatic activity, recognition of different ubiquitin chain types, as well as
recruitment of ubiquitinated proteins to the proteasome. For example, USP4, USP11, and USP15—the
human USPs—possess an N-terminal UBL domain with another UBL domain lying within their
catalytic domains. Besides, the UBL domains found in USP15 share approximately 60% or higher
protein sequence similarity with those in USP4 and USP11 (Figure 2) [23]. More specifically, the
insertion of the latter UBL domain is confined to the region in the middle of two Cys-X-X-Cys motifs
that constitute the zinc-finger ribbon. Moreover, the location of the UBL domain—which is embedded
within each USPs catalytic domain—was found to be homologous [21]. All such inserts arise through
the inclusion of the almost intact UBL domain with variously sized residues (around 170–240 residues)
following their C-terminus.

However, the regions surrounding the UBL-containing insert are responsible for forming a
zinc-finger ribbon that is capable of binding to ubiquitin [24]. This phenomenon may play a role
in the selective recognition of different types of ubiquitin chains. For instance, evidence for the
selective recognition between monomeric ubiquitin and poly-ubiquitin chains has been found by using
o-phenanthroline (OPT), a metal-chelating agent, which has the ability to remove the zinc ion binding
in USP15. OPT inhibits the degradation of K48-linked poly-ubiquitin chains but does not affect the
deubiquitinase activity of USP15 toward ubiquitin-GFP fusion protein. Such USP15 loses its subtle
ability to recognize the certain ubiquitin linkage types, partly because its zinc-finger domain, which
includes a large (~330 residues) UBL-containing insert, becomes dysfunctional [15,18].

Because very little is known about the functions of UBL domains in USP15, some of the cases
described below provide only circumstantial evidence supported by other annotated USPs. A good
example is USP4, the closest paralog of USP15 that shares 76% sequence similarity [25], containing
two UBL domains in the same region of the USP15. The N-terminal DUSP-UBL domain operates
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through dissociating the retained ubiquitin from the catalytic domain of USP4 and this allows
accessibility to the incoming ubiquitinated substrate. The N-terminal DUSP-UBL domain does not
independently facilitate the release of ubiquitin. Therefore, its release ability relies on the presence
of the UBL domain-containing insert (residues 484-776) within the catalytic domain of USP4. This
UBL domain-containing insert enables the N-terminal DUSP-UBL domain to interact with the catalytic
domain of USP4 and converts inactive USP4 into an active conformation which favors the dissociation
of ubiquitin [26].
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Figure 2. Alignments of USP15 and its paralogs USP4 and USP11. Paralogs of USP15, USP4
(NP_003354.2), and USP11 (NP_004642.2), show high similarity and identity in domain structure
with USP15 proteins. Overall, USP15 shares 57% identity with USP4, and 43.2% identity with USP11.
DUSP, domain present in ubiquitin-specific proteases; UBL, ubiquitin-like fold; red color represents
USP catalytic domain; Sim, protein sequence similarity.

Unlike the N-terminal UBL domains found in USP9X/Y, 14, 34, and 47, the N-terminal UBL
domains found in the three closely related USP4, 11, and 15 are preceded by the DUSP domain.
Classical UBL domains display a ubiquitin-like β-grasp fold, whereas, in the presence of DUSP domain,
the UBL domain interacts more favorably with adjacent DUSP domain and thereby forms a β-hairpin
structure (DU finger) at their interface via hydrogen-bonding interactions [27,28]. This DU finger
present in both USP4 and USP15 is responsible for the binding of squamous cell carcinoma antigen
recognized by T-cells 3 (SART3), which is considered to be a U4/U6 small nuclear RNA recycling
factor and also a tumor antigen usually recognized by the HLA-A24-restricted and tumor-specific
cytotoxic T lymphocytes. The SART3 recognition by USP4 and USP15 is mainly relying on four amino
acid residues, i.e., L126, F127, V128 and H130 and M122, F123, V124, and H126. However, the USP11
also possesses the N-terminal DU finger but lacks the three critical residues G187, L/M188, and F189,
leading to disability to bind to SART3. This suggests that the presence of N-terminal DUSP and UBL
domains might play a delicate role in specific recognition of their protein substrates. Interestingly,
deletion of the nuclear localization signal (NLS) sequence in SART3 concomitantly abolishes the
translocation of both USP4 and USP15 from the cytosol to the nucleus, particularly where USP4 and
USP15 are capable of exerting their deubiquitination activities [29,30].

3. Chromosomal Location and Isoforms of USP15

The USP15 gene is located on the chromosome band 12q14.1 and spans 149,382 bases of genomic
DNA. Besides, there is a pseudogene of USP15 located on the long arm of chromosome 2. USP15 gene
encodes 19 transcripts (splice variants) but only eight of them contain the coding region. There are only
three transcript models having a high level of support through the full length of their exon structure
described by Ensembl genome database (Table 1). The protein length of human USP15 contains 981,
952, and 235 amino acid residues in isoform-1, -2, and -3, respectively. On the other hand, the mouse
ortholog of USP15 is shown to have 98% amino acid similarity with human USP15. Mouse USP15



Int. J. Mol. Sci. 2017, 18, 483 6 of 15

shares 75.5% sequence similarity with the mouse USP4, named Unp, which has been identified as a
proto-oncogene able to promote tumor initiation when overexpressed in nude mice [31].

Table 1. Summary of three human USP15 mRNA transcripts and protein isoforms described by
Ensembl genome database (available on: http://asia.ensembl.org/index.html) and UniProt database
(available on: http://www.uniprot.org/uniprot/Q9Y4E8).

mRNA
Transcripts Transcript ID Length (bp) Exon Protein Isoform Protein ID Protein

Size (aa) Mass (kDa)

USP15-001 ENST00000353364 14,950 21
ubiquitin

carboxyl-terminal
hydrolase 15 isoform 2

NP_006304 952 109.297

USP15-002 ENST00000280377 4,748 22
ubiquitin

carboxyl-terminal
hydrolase 15 isoform 1

NP_001239007 981 112.419

USP15-003 ENST00000312635 2,226 7
ubiquitin

carboxyl-terminal
hydrolase 15 isoform 3

NP_001239008 235 27.094

4. Expression and Subcellular Localization of USP15 Protein

The mRNA of human USP15 is found ubiquitously in various organs and tissues. The protein
levels of USP15 are most abundant in the testes, pancreas, thyroid gland, and adrenal gland (Table 2)
in line with the observation shown in mouse Usp15 and the rat ortholog UBP109. USP15 harbors both
nuclear export signals (NESs) and nuclear localization signals (NLSs), however, its cellular distribution
is not absolutely determined by NES and NLS signals alone [32]. For example, in NIH3T3, mouse
fibroblast USP15 resides in the cytosol while in MDA-MB-231 human breast cancer cell line, USP15
resides close to the plasma membrane. Interestingly, the cellular localization of USP15 and USP4 in
HeLa human cervical cancer cells is mutually exclusive of one another. USP15 is mainly detected
both in the cytosol and in the nucleolus, while USP4 is only observed in the nucleus. These results
suggest that although USP4 and USP15 share high structural and functional homology, their biological
functions take place in different cellular compartments [33]. Moreover, one report demonstrated that
the cellular localization of USP15 is determined by its interacting partner, SART3 [34].

http://asia.ensembl.org/index.html
http://www.uniprot.org/uniprot/Q9Y4E8
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Table 2. Tissue expression of human USP15 provided by Human Protein Atlas database (available
on: http://www.proteinatlas.org). The signal intensity of USP15 protein levels was scored as follows:
-, negative; +, low; ++, moderate; +++, high.

Organs Protein Expression
Overview (Score) Organs Protein Expression

Overview (Score)

Adipose tissue/
Soft tissue

Adipose tissue +

Immune system

Appendix +++
Soft tissue ++ Bone marrow ++

Brain

Cerebral cortex + Lymph node ++
Hippocampus + Tonsil ++

Caudate + Spleen ++

Cerebellum +
Kidney

Kidney ++

Endocrine tissues
Thyroid gland ++ Urinary bladder +

Parathyroid gland +++

Liver/Gallbladder

Liver +
Adrenal gland ++ Gallbladder +++

Female tissues

Breast +

Vagina -
Lung

Nasopharynx ++
Cervix, uterine + Bronchus +
Endometrium + Lung ++

Fallopian tube ++

Male tissues

Testis ++
Ovary + Epididymis ++

Placenta ++ Prostate ++

Gastrointestinal
tract

Oral mucosa + Seminal vesicle ++

Salivary gland +
Muscle tissues

Heart muscle +
Esophagus + Skeletal muscle ++

Stomach ++ Smooth muscle ++

Duodenum +++ Pancreatic tissues Pancreas ++

Small intestine +++
Skin skin ++Colon ++

Rectum +++

5. USP15 and Oncogenic Signaling

USP15 has been implicated in a variety of cellular signaling events, including the
COP9-signalosome [18], TGF-β [35,36], NF-κB [37], β-catenin [22], and p53 signaling pathways [38].
All of these pathways have been reported to have a potent oncogenic activity. For example, USP15
protects the component subunit of cullin-RING ubiquitin ligase (CRL) from auto-ubiquitination
and degradation [18,22]. USP15 is known to promote stabilization of the TGF-β receptor and its
downstream signal transducers, known as receptor-activated SMADS (R-SMADS), thus empowering
the TGF-β signaling [35,39]. Another report reveals that USP15 deubiquitinates IκBα and increases
its re-accumulation, leading to reduced NF-κB activity [37]. Other proteins involved in oncogenic
pathways mediated by USP15 have also been described. The mechanisms underlying the
deubiquitination of these proteins and the status of their respective pathways are discussed in the
following sections.

5.1. COP9-Signalosome/Cullin-RING E3 Ubiquitin Ligase

The COP9-signalosome (CSN), a conserved eight-subunit (CSN1–8) protein complex, has been
found to be involved in the ubiquitin-proteasome pathway in all eukaryotic cells. CSN serves as a
dominant regulator of cullin-RING ligase family of ubiquitin E3 complexes (CRLs) [40]. However,
it was reported that Ubp12p, a Schizosaccharomyces pombe ortholog of human USP15, was able to interact
with CSN as observed by systematic mass spectrometry screening [41]. Previous studies indicated
that USP15 cooperates with CSN to regulate the ubiquitination status and stability of CRLs [18]. CRLs
form a group of highly polymorphic E3 ligases composed of four core subunits as follows: (1) a central
scaffold consisting of one of seven cullin isoforms; (2) a catalytic component called RING BOX protein
-1 or -2 (RBX1 or RBX2) that contains a zinc-binding consensus sequence cooperating with CULs
scaffold to maintain the ligase activity of CRL; (3) a substrate recognition component built up from one
of the large F-box protein families that provides a great diversity of cullin-based E3 ligases to target
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protein substrates; (4) an adapter component termed Skp1, which is responsible for bridging the F-box
protein to CRL complex [42].

The biochemical activity of CSN is specified by its isopeptidase activity, which catalyzes the
removal of the ubiquitin-like protein Nedd8, termed deneddylation, from cullin subunits of CRL
complexes and transiently suppresses the E3 ubiquitin ligase activity [42]. Moreover, the CSN-mediated
deneddylation also impedes the protein turnover rates of CRLs. This phenomenon is explained by
two different ways. One way is mediated by neddylation status of CRL, where the lack of Nedd8
tags on CRL results in a concomitant loss of auto-ubiquitination activity towards CRL itself, thereby
preventing CRL from proteasomal degradation [40,43]. The other mechanism was described as
cooperation between USP15 and CSN, which reverses auto-ubiquitination of CRL component, RBX1,
thereby stabilizing the assembled CRL complex while retaining its E3 ubiquitin ligase activity [18,44].
Besides, the CSN plays a significant role in many cancer-associated pathways including the cell
cycle, repair and DNA damage sensitivity, and apoptosis [45,46]. The functions of CSN, CRLs, and
their corresponding E3 substrates are frequently dysregulated in a number of cancers, reflecting a
participation of these proteins in tumor progression [47].

5.2. COP9-Signalosome/The IκBα-Mediated Regulation of NF-κB

A study has shown that USP15 cooperates with CSN to stabilize the IκBα, leading to the inhibition
of NF-κB signaling. In this case, the detailed mechanism of IκBα stabilization involves the inhibition
of the E3 ubiquitin ligase activity of CRL/SCFβ−TrCP, which has a potential role in recognizing the
phosphorylated IκBα at Ser-32 and Ser-36 residues for ubiquitin-dependent degradation. However,
more evidence for such stabilization should be obtained [37,48].

5.3. COP9-Signalosome/The APC-Mediated Regulation of β-Catenin Stability

Loss-of-function mutation in adenomatous polyposis coli (APC) tumor suppressor or
gain-of-function mutation in β-catenin oncogene have long been recognized to lead to constitutively
active Wingless/Int-1 (Wnt) signaling, giving rise to a high risk of colorectal cancer development [49].
Disrupting the balance between β-catenin and APC frequently also results in cancer progression
by driving cell transformation, tumor angiogenesis, and metastasis [50]. The current study
suggested that the cooperation between CSN and USP15 is implicated in negative regulation of
Wnt signaling by supporting the build-up of β-catenin destruction complex, which is composed of
axin, casein kinase 1α, and glycogen synthase kinase 3β and requires APC to recruit phosphorylated
β-catenin. In the absence of Wnt signals, β-catenin is sequestered by such a complex and becomes
ubiquitinated by CRL/SCFβ−TrCP ubiquitin ligase. However, it has been reported that the assembly
of β-catenin destruction complex is attributed to CSN-mediated deneddylation and also reliant on
CSN-associated USP15, which catalyzes deubiquitination of APC [22]. Besides, the APC is also
involved in mitotic dimension through interaction with the microtubule end-binding protein (EB1)
that controls microtubule dynamics and microtubule-dependent processes [51]. Unlike the mechanism
of USP15-mediated stabilization of APC, USP15 destabilizes EB1. This is due to the fact that EB1 is not
a direct substrate of USP15. USP15 acts via stabilization of CRL, which accelerates ubiquitination and
leads to degradation of EB1 [52].

5.4. Transforming Growth Factor β (TGF-β) Signaling Pathway

The TGF-β is a secreted cytokine implicated in embryonic development, tissue homeostasis,
wound healing, cancer progression, and immunity. The oncogenic role of TGF-β has also been reported
and suspected to be a therapeutic target in advanced cancer [53]. Recent reports have designated
USP15 as a “biological thermostat” of the TGF-β pathway, because it is capable of subtle modulation of
the TGF-β activity (Figure 3) [35,54]. Briefly, TGF-β signaling pathway is initiated by the formation of a
ligand-induced heteromeric complex in which the type I (signal transducer) receptor is activated by the
type II (activator) receptor via serine/threonine phosphorylation events. The activated type I receptor
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transmits the intracellular signals through phosphorylation of receptor-regulated SMADs (R-SMADs),
particularly SMAD2 and 3, on their C-terminus. Despite the TGF-β activity being tightly regulated
by phosphorylation, its activity is also ubiquitin-dependent [55,56]. As for the negative feedback
control, SMAD7 acts as a scaffold protein to recruit SMURF2, an E3 ubiquitin ligase responsible for
ubiquitination of TGF-β receptor complex [57,58]. On the contrary, USP15 plays an antagonistic role in
SMAD7-SMURF2 complex-mediated ubiquitination of type I TGF-β receptor (TβR-I) by detaching the
ubiquitin tags from TβR-I [35]. It has also been reported that USP15 is involved in the regulation of
R-SMADs activity that is dependent on the presence or absence of mono-ubiquitin decoration. USP15
removes the mono-ubiquitin tags from R-SMADs and rescues its ability to recognize its target promoter
on DNA [39]. The overexpression of the USP15 gene results in the dysfunction of the TGF-β pathway,
and has been found in several types of cancer, such as glioblastoma, breast, and ovarian cancer [35].

5.5. The Regulation of Mouse Double Minute 2 Homolog (MDM2) and p53

Mouse double minute 2 homolog (MDM2), a well-characterized proto-oncogene, is an
E3 ubiquitin-protein ligase that mediates the tumor suppressor p53 leading to proteasome
degradation [59,60]. Overexpression of MDM2 protein, owing to gene amplification as well as
transcriptional and posttranslational regulation, has been associated with more than 40 different
types of malignancies [61]. In the recent study, predominant expression of USP15 was found to
be associated with a decrease in tumor cell apoptosis and antitumor T cell response, as evidenced
by preventing ubiquitin-dependent degradation of MDM2 in melanoma and colorectal cancer cell
lines [38]. Nevertheless, considering that USP15 maintains MDM2 protein level and negatively
regulates p53-dependent gene transcription and apoptosis in cancer cells, USP15 may represent an
excellent drug target for efficient cancer therapy [18,38].Int. J. Mol. Sci. 2017, 18, 483 9 of 14 

 

 

Figure 3. USP15 acts as a “biological thermostat” in the TGF-β signaling pathway. USP15 competes 
with the action of SMAD7-SMURF2 complex that trends to promote the ubiquitination of type-1 TGF-
β receptor. USP15 participates in deubiquitination of the monomeric ubiquitin from R-SMADs, which 
participates in transcription of TGF-β target genes. Protein ubiquitination is indicated by the presence 
of an attached ubiquitin moiety (Ub). The phosphate group (P) is shown as a red sphere. 

5.6. Regulation of p53 through Stabilizing HPV/E6 Oncoprotein 

Human papillomaviruses (HPVs), a large heterogeneous virus family containing more than 100 
types, harbor E6 zinc-finger oncoprotein that gives rise not only predominately to human cervical 
carcinoma, but is also implicated in the development of anogenital, head and neck, and cutaneous 
cancers [62]. The presence of high-risk HPVs, E6 protein is frequently found in HPV-positive cancers. 
E6 protein abrogates the tumor suppressive role of p53 and the impact of E6 protein is unequivocally 
related to cell cycle alterations, protection from apoptosis, and transformation [63]. USP15 has been 
reported to interact with HPV type-16 E6 oncoprotein and regulate its stability. Knockdown of USP15 
by siRNA approach demonstrated that silencing of USP15 decreases the protein levels of E6 
significantly. On the contrary, overexpression of USP15 increases the steady-state levels of E6, 
suggesting E6 protein could be a target for USP15-directed deubiquitylation [64]. Interestingly, a 
study reported that the siRNA-mediated USP15 knockdown led to reduction in E6 level while the 
expression of p53 was not increased, suggesting the involvement of an additional compensatory 
mechanism in the modulation of p53 levels [65]. 

6. Acquired Chemoresistance of Cancer Cells 

Paclitaxel (also known as Taxol), an antitumor agent originally isolated from the Pacific yew tree 
(Taxus brevifolia), shows encouraging clinical activity in patients with solid tumors including breast, 
ovarian, prostate, and non-small-cell lung cancers. It is one of the most powerful chemotherapeutic 
agents that inhibit the capability of depolymerizing microtubules, thereby retarding and even halting 
cancer cell division [66]. Despite the favorable prognosis observed after the initial treatment by 
paclitaxel, some patients still had a high risk of unexpected development of progressive disorders. 
The occurrence of paclitaxel resistance is the major obstacle to the improvement of therapeutic 
response and survival in paclitaxel-treated cancer patients [67]. Thus, an in-depth investigation of the 

Figure 3. USP15 acts as a “biological thermostat” in the TGF-β signaling pathway. USP15 competes
with the action of SMAD7-SMURF2 complex that trends to promote the ubiquitination of type-1 TGF-β
receptor. USP15 participates in deubiquitination of the monomeric ubiquitin from R-SMADs, which
participates in transcription of TGF-β target genes. Protein ubiquitination is indicated by the presence
of an attached ubiquitin moiety (Ub). The phosphate group (P) is shown as a red sphere.



Int. J. Mol. Sci. 2017, 18, 483 10 of 15

5.6. Regulation of p53 through Stabilizing HPV/E6 Oncoprotein

Human papillomaviruses (HPVs), a large heterogeneous virus family containing more than
100 types, harbor E6 zinc-finger oncoprotein that gives rise not only predominately to human cervical
carcinoma, but is also implicated in the development of anogenital, head and neck, and cutaneous
cancers [62]. The presence of high-risk HPVs, E6 protein is frequently found in HPV-positive cancers.
E6 protein abrogates the tumor suppressive role of p53 and the impact of E6 protein is unequivocally
related to cell cycle alterations, protection from apoptosis, and transformation [63]. USP15 has been
reported to interact with HPV type-16 E6 oncoprotein and regulate its stability. Knockdown of
USP15 by siRNA approach demonstrated that silencing of USP15 decreases the protein levels of
E6 significantly. On the contrary, overexpression of USP15 increases the steady-state levels of E6,
suggesting E6 protein could be a target for USP15-directed deubiquitylation [64]. Interestingly, a study
reported that the siRNA-mediated USP15 knockdown led to reduction in E6 level while the expression
of p53 was not increased, suggesting the involvement of an additional compensatory mechanism in
the modulation of p53 levels [65].

6. Acquired Chemoresistance of Cancer Cells

Paclitaxel (also known as Taxol), an antitumor agent originally isolated from the Pacific yew tree
(Taxus brevifolia), shows encouraging clinical activity in patients with solid tumors including breast,
ovarian, prostate, and non-small-cell lung cancers. It is one of the most powerful chemotherapeutic
agents that inhibit the capability of depolymerizing microtubules, thereby retarding and even halting
cancer cell division [66]. Despite the favorable prognosis observed after the initial treatment by
paclitaxel, some patients still had a high risk of unexpected development of progressive disorders.
The occurrence of paclitaxel resistance is the major obstacle to the improvement of therapeutic
response and survival in paclitaxel-treated cancer patients [67]. Thus, an in-depth investigation
of the molecular mechanisms dedicated to drug resistance can offer the opportunity to expand more
effective anticancer therapies.

A variety of cell death phenomena have been associated with paclitaxel, ranging from interrupting
microtubule dynamics to cell cycle arrest at the G2/M phase and promoting the serial cleavage events
of apoptotic effector caspases (CASPs), such as caspase-10, -8, -7, and -3 [68–70]. A report suggested
that paclitaxel sensitivity has a positive correlation with USP15 protein expression in HeLa cells, and
that the binding of procaspase-3 with the components of SCF (Skp1-CUL1-F-box) may be controlled
by USP15. It may be partly due to ubiquitination of procaspase-3 by SCF E3 ubiquitin ligase, which
reduces the basal level of procaspase-3 and protects cells from apoptosis through increased apoptosis
threshold [71]. Therefore, the authors proposed that, under the sufficient levels of USP15 protein
present in paclitaxel-treated cells, procaspase-3 tends to be deubiquitinated and stabilized, thereby
offering higher susceptibility to paclitaxel-induced apoptosis. This suggests that the expected outcome
of paclitaxel-treated subjects may be predicted from USP15 measurements [72].

7. Diseases Associated with Dysregulation of USP15

7.1. USP15 and Parkinson’s Disease

The most frequent cause of recessive Parkinson’s disease (PD) is loss-of-function mutations in
PARK2 gene, which encodes the E3 ubiquitin ligase, Parkin. Parkin is present in the cytosol under
normal circumstances, and is dictated to translocate to the depolarized mitochondria for ubiquitination
of the outer mitochondrial membrane proteins and for induction of mitophagy, a process characterized
by the selective removal of damaged mitochondria through autophagy [73].

In the PD cases with extremely reduced Parkin activity, inhibition of USP15 appears to rescue
the defect in Parkin-mediated mitophagy. However, the actions of USP15 on blocking mitophagy
seem to be mainly caused by counteracting Parkin-mediated mitochondrial ubiquitination [74].
This observation also indicated that Parkin-mediated mitophagy was only antagonized by USP15
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but not the other closely related USP4 and USP11. Besides, loss-of-function mutations of PARK2 and
decreased expressions of Parkin have been reported in glioblastoma and other human cancers [75].
Thus, the opponent relationship of Parkin and USP15 shed light not only on physiological aspects of
PD pathogenesis but also on tumorigenesis [74].

7.2. USP15 as Regulator of Antiviral Innate Immune Responses

Upon virus infection, infected cells possessing a viral sensor, a RNA helicase called retinoic
acid-inducible gene-I (RIG-I), which elicits the innate immune response through recognizing the
accessible phosphate groups present at the 5′-termini of viral RNA. The types of virus that could be
discriminated by RIG-1 include the influenza virus, paramyxoviruses, flavivirus, and the rhabdovirus
vesicular stomatitis virus (VSV) [76]. Notably, activation of RIG-1 is thought to be dependent on
ubiquitin modification, represented by Lys-63-linked polyubiquitin chains, leading to the production of
antiviral cytokines, interferon-α and -β (IFN-α/β) [77]. This type of RIG-1 ubiquitination is apparently
attributable to ubiquitin E3 ligase tripartite motif protein 25 (TRIM25). However, USP15 has been
demonstrated to play a regulatory role in TRIM25-RIG-1 antiviral signaling. By deubiquitinating
TRIM25, USP15 ensures that TRIM25 will not be tagged with Lys-48-linked ubiquitin chains and
thus will not be degraded by proteasome [78]. The presence of USP15 sustains the antiviral immune
response by stabilizing TRIM25 proteins following recognition of viral RNA. In addition, targeting
USP15 may provide a complementary approach for the treatment of autoimmune disease by preventing
the redundant production of IFNs and pro-inflammatory cytokines [79].

8. Concluding Remarks

Deubiquitination serves as a proofreading mechanism to improve the accuracy of tagging
proteins for destruction. Moreover, such removal of ubiquitin tags is also the means of regulating
the biological activities of the protein substrates. Various DUBs have been identified as crucial
regulators of transcription, membrane protein trafficking, nuclear transport, autophagy, as well
as immune responses [4]. Notably, inappropriate ubiquitin modification is often associated with
diseases, such as Parkinson’s disease, virus infections, and certain types of cancer, thus the particular
ubiquitin-modified protein substrates could be used to study the biological significance of ubiquitin
ligases or DUBs. There is a lack of research on the mechanisms of DUBs as compared to the extensive
literature available regarding the ubiquitin ligases. However, results from some of the studies proved
that USP15 possesses oncogenic potential for the promotion of glioblastoma and breast cancer via
activation of the TGF-β pathway [35,39]. Moreover, the literature describes the role of USP15 in
the deubiquitination and stabilization of oncoproteins, MDM2 and HPV type-16 E6, thus abolishing
the tumor suppressor activity of p53 [38,64]. In contrast to the evidence supporting the oncogenic
role of USP15, several studies uncovered that USP15 cooperates with COP9-signalosome (CSN) to
stabilize the critical negative regulators of oncogenic NF-κB and Wnt pathways, IκBα and APC,
respectively [22,37]. Therefore, in order to better understand the role of USP15, extensive research is
required. Comprehensive approaches such as proteomics are urgently needed to identify the entire set
of protein substrates that are recognized by USP15, which would help us to understand the mechanisms
by which USP15-mediated deubiquitination affects cancer and other diseases.

Acknowledgments: The study was supported by the following grants: MOST105-2311-B-037-001 from the
Ministry of Science and Technology (MOST), Taiwan; NSYSU-KMU105-P017 and NSYSU-KMU106-P019 from the
NSYSU-KMU Joint Research Project, and Aim for the Top Universities Grant, KMU-TP105A07, from Kaohsiung
Medical University.

Author Contributions: The preparation and writing of the manuscript: Chon-Kit Chou, Yu-Ting Chang
and Chien-Chih Chiu; Analysis of the relationship among literature: Michal Korinek, Yei-Tsung Chen and
Ya-Ting Yang; Literature organization: Steve Leu, I-Ling Lin and Chin-Ju Tang; Rationale of the study:
Chon-Kit Chou and Chien-Chih Chiu.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2017, 18, 483 12 of 15

References

1. D’Azzo, A.; Bongiovanni, A.; Nastasi, T. E3 ubiquitin ligases as regulators of membrane protein trafficking
and degradation. Traffic 2005, 6, 429–441. [CrossRef] [PubMed]

2. Haglund, K.; Dikic, I. Ubiquitylation and cell signaling. EMBO J. 2005, 24, 3353–3359. [CrossRef] [PubMed]
3. Swatek, K.N.; Komander, D. Ubiquitin modifications. Cell Res. 2016, 26, 399–422. [CrossRef] [PubMed]
4. Neutzner, M.; Neutzner, A. Enzymes of ubiquitination and deubiquitination. Essays Biochem. 2012, 52, 37–50.

[CrossRef] [PubMed]
5. Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef]

[PubMed]
6. Deshaies, R.J.; Joazeiro, C.A. Ring domain E3 ubiquitin ligases. Annu. Rev. Biochem. 2009, 78, 399–434.

[CrossRef] [PubMed]
7. D’Andrea, A.; Pellman, D. Deubiquitinating enzymes: A new class of biological regulators. Crit. Rev. Biochem.

Mol. Biol. 1998, 33, 337–352. [CrossRef] [PubMed]
8. Wilkinson, K.D. Ubiquitination and deubiquitination: Targeting of proteins for degradation by the

proteasome. Semin. Cell. Dev. Biol. 2000, 11, 141–148. [CrossRef] [PubMed]
9. Pickart, C.M.; Rose, I.A. Ubiquitin carboxyl-terminal hydrolase acts on ubiquitin carboxyl-terminal amides.

J. Biol. Chem. 1985, 260, 7903–7910. [PubMed]
10. Amerik, A.Y.; Hochstrasser, M. Mechanism and function of deubiquitinating enzymes. Biochim. Biophys.

Acta 2004, 1695, 189–207. [CrossRef] [PubMed]
11. De Jong, R.N.; Ab, E.; Diercks, T.; Truffault, V.; Daniels, M.; Kaptein, R.; Folkers, G.E. Solution structure of

the human ubiquitin-specific protease 15 DUSP domain. J. Biol. Chem. 2006, 281, 5026–5031. [CrossRef]
[PubMed]

12. Zhang, X.; Berger, F.G.; Yang, J.; Lu, X. USP4 inhibits p53 through deubiquitinating and stabilizing ARF-BP1.
EMBO J. 2011, 30, 2177–2189. [CrossRef] [PubMed]

13. Cotto-Rios, X.M.; Bekes, M.; Chapman, J.; Ueberheide, B.; Huang, T.T. Deubiquitinases as a signaling target
of oxidative stress. Cell Rep. 2012, 2, 1475–1484. [CrossRef] [PubMed]

14. Komander, D.; Clague, M.J.; Urbe, S. Breaking the chains: Structure and function of the deubiquitinases.
Nat. Rev. Mol. Cell Biol. 2009, 10, 550–563. [CrossRef] [PubMed]

15. Ye, Y.; Scheel, H.; Hofmann, K.; Komander, D. Dissection of USP catalytic domains reveals five common
insertion points. Mol. Biosyst. 2009, 5, 1797–1808. [CrossRef] [PubMed]

16. Tencer, A.H.; Liang, Q.; Zhuang, Z. Divergence in ubiquitin interaction and catalysis among the
ubiquitin-specific protease family deubiquitinating enzymes. Biochemistry 2016, 55, 4708–4719. [CrossRef]
[PubMed]

17. Renatus, M.; Parrado, S.G.; D’Arcy, A.; Eidhoff, U.; Gerhartz, B.; Hassiepen, U.; Pierrat, B.; Riedl, R.;
Vinzenz, D.; Worpenberg, S.; et al. Structural basis of ubiquitin recognition by the deubiquitinating protease
USP2. Structure 2006, 14, 1293–1302. [CrossRef] [PubMed]

18. Hetfeld, B.K.; Helfrich, A.; Kapelari, B.; Scheel, H.; Hofmann, K.; Guterman, A.; Glickman, M.; Schade, R.;
Kloetzel, P.M.; Dubiel, W. The zinc finger of the CSN-associated deubiquitinating enzyme USP15 is essential
to rescue the E3 ligase RBX1. Curr. Biol. 2005, 15, 1217–1221. [CrossRef] [PubMed]

19. Ernst, A.; Avvakumov, G.; Tong, J.; Fan, Y.; Zhao, Y.; Alberts, P.; Persaud, A.; Walker, J.R.; Neculai, A.M.;
Neculai, D.; et al. A strategy for modulation of enzymes in the ubiquitin system. Science 2013, 339, 590–595.
[CrossRef] [PubMed]

20. Faesen, A.C.; Luna-Vargas, M.P.; Sixma, T.K. The role of UBL domains in ubiquitin-specific proteases.
Biochem. Soc. Trans. 2012, 40, 539–545. [CrossRef] [PubMed]

21. Zhu, X.; Menard, R.; Sulea, T. High incidence of ubiquitin-like domains in human ubiquitin-specific proteases.
Proteins 2007, 69, 1–7. [CrossRef] [PubMed]

22. Huang, X.; Langelotz, C.; Hetfeld-Pechoc, B.K.; Schwenk, W.; Dubiel, W. The COP9 signalosome mediates
β-catenin degradation by deneddylation and blocks adenomatous polyposis coli destruction via USP15.
J. Mol. Biol. 2009, 391, 691–702. [CrossRef] [PubMed]

23. Vlasschaert, C.; Xia, X.; Coulombe, J.; Gray, D.A. Evolution of the highly networked deubiquitinating
enzymes USP4, USP15, and USP11. BMC Evol. Biol. 2015, 15, 230. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1600-0854.2005.00294.x
http://www.ncbi.nlm.nih.gov/pubmed/15882441
http://dx.doi.org/10.1038/sj.emboj.7600808
http://www.ncbi.nlm.nih.gov/pubmed/16148945
http://dx.doi.org/10.1038/cr.2016.39
http://www.ncbi.nlm.nih.gov/pubmed/27012465
http://dx.doi.org/10.1042/bse0520037
http://www.ncbi.nlm.nih.gov/pubmed/22708562
http://dx.doi.org/10.1146/annurev.biochem.67.1.425
http://www.ncbi.nlm.nih.gov/pubmed/9759494
http://dx.doi.org/10.1146/annurev.biochem.78.101807.093809
http://www.ncbi.nlm.nih.gov/pubmed/19489725
http://dx.doi.org/10.1080/10409239891204251
http://www.ncbi.nlm.nih.gov/pubmed/9827704
http://dx.doi.org/10.1006/scdb.2000.0164
http://www.ncbi.nlm.nih.gov/pubmed/10906270
http://www.ncbi.nlm.nih.gov/pubmed/2989266
http://dx.doi.org/10.1016/j.bbamcr.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15571815
http://dx.doi.org/10.1074/jbc.M510993200
http://www.ncbi.nlm.nih.gov/pubmed/16298993
http://dx.doi.org/10.1038/emboj.2011.125
http://www.ncbi.nlm.nih.gov/pubmed/21522127
http://dx.doi.org/10.1016/j.celrep.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23219552
http://dx.doi.org/10.1038/nrm2731
http://www.ncbi.nlm.nih.gov/pubmed/19626045
http://dx.doi.org/10.1039/b907669g
http://www.ncbi.nlm.nih.gov/pubmed/19734957
http://dx.doi.org/10.1021/acs.biochem.6b00033
http://www.ncbi.nlm.nih.gov/pubmed/27501351
http://dx.doi.org/10.1016/j.str.2006.06.012
http://www.ncbi.nlm.nih.gov/pubmed/16905103
http://dx.doi.org/10.1016/j.cub.2005.05.059
http://www.ncbi.nlm.nih.gov/pubmed/16005295
http://dx.doi.org/10.1126/science.1230161
http://www.ncbi.nlm.nih.gov/pubmed/23287719
http://dx.doi.org/10.1042/BST20120004
http://www.ncbi.nlm.nih.gov/pubmed/22616864
http://dx.doi.org/10.1002/prot.21546
http://www.ncbi.nlm.nih.gov/pubmed/17597129
http://dx.doi.org/10.1016/j.jmb.2009.06.066
http://www.ncbi.nlm.nih.gov/pubmed/19576224
http://dx.doi.org/10.1186/s12862-015-0511-1
http://www.ncbi.nlm.nih.gov/pubmed/26503449


Int. J. Mol. Sci. 2017, 18, 483 13 of 15

24. Krishna, S.S.; Grishin, N.V. The finger domain of the human deubiquitinating enzyme hausp is a zinc ribbon.
Cell Cycle 2004, 3, 1046–1049. [CrossRef] [PubMed]

25. Baker, R.T.; Wang, X.W.; Woollatt, E.; White, J.A.; Sutherland, G.R. Identification, functional characterization,
and chromosomal localization of USP15, a novel human ubiquitin-specific protease related to the UNP
oncoprotein, and a systematic nomenclature for human ubiquitin-specific proteases. Genomics 1999, 59,
264–274. [CrossRef] [PubMed]

26. Clerici, M.; Luna-Vargas, M.P.; Faesen, A.C.; Sixma, T.K. The DUSP-Ubl domain of USP4 enhances its
catalytic efficiency by promoting ubiquitin exchange. Nat. Commun. 2014, 5, 5399.

27. Harper, S.; Besong, T.M.; Emsley, J.; Scott, D.J.; Dreveny, I. Structure of the USP15 N-terminal domains:
Aβ-hairpin mediates close association between the DUSP and UBL domains. Biochemistry 2011, 50, 7995–8004.
[CrossRef] [PubMed]

28. Elliott, P.R.; Liu, H.; Pastok, M.W.; Grossmann, G.J.; Rigden, D.J.; Clague, M.J.; Urbe, S.; Barsukov, I.L.
Structural variability of the ubiquitin specific protease DUSP-UBL double domains. FEBS Lett. 2011, 585,
3385–3390. [CrossRef] [PubMed]

29. Zhang, Q.; Harding, R.; Hou, F.; Dong, A.; Walker, J.R.; Bteich, J.; Tong, Y. Structural basis of the recruitment
of ubiquitin-specific protease USP15 by spliceosome recycling factor SART3. J. Biol. Chem. 2016, 291,
17283–17292. [CrossRef] [PubMed]

30. Park, J.K.; Das, T.; Song, E.J.; Kim, E.E. Structural basis for recruiting and shuttling of the spliceosomal
deubiquitinase USP4 by SART3. Nucleic Acids Res. 2016, 44, 5424–5437. [CrossRef] [PubMed]

31. Angelats, C.; Wang, X.W.; Jermiin, L.S.; Copeland, N.G.; Jenkins, N.A.; Baker, R.T. Isolation and
characterization of the mouse ubiquitin-specific protease USP15. Mamm. Genome 2003, 14, 31–46. [CrossRef]
[PubMed]

32. Park, K.C.; Choi, E.J.; Min, S.W.; Chung, S.S.; Kim, H.; Suzuki, T.; Tanaka, K.; Chung, C.H. Tissue-specificity,
functional characterization and subcellular localization of a rat ubiquitin-specific processing protease,
UBP109, whose mrna expression is developmentally regulated. Biochem. J. 2000, 349, 443–453. [CrossRef]
[PubMed]

33. Soboleva, T.A.; Jans, D.A.; Johnson-Saliba, M.; Baker, R.T. Nuclear-cytoplasmic shuttling of the oncogenic
mouse UNP/USP4 deubiquitylating enzyme. J. Biol. Chem. 2005, 280, 745–752. [CrossRef] [PubMed]

34. Long, L.; Thelen, J.P.; Furgason, M.; Haj-Yahya, M.; Brik, A.; Cheng, D.; Peng, J.; Yao, T. The U4/U6 recycling
factor SART3 has histone chaperone activity and associates with USP15 to regulate H2B deubiquitination.
J. Biol. Chem. 2014, 289, 8916–8930. [CrossRef] [PubMed]

35. Eichhorn, P.J.; Rodon, L.; Gonzalez-Junca, A.; Dirac, A.; Gili, M.; Martinez-Saez, E.; Aura, C.; Barba, I.; Peg, V.;
Prat, A.; et al. USP15 stabilizes TGF-β receptor I and promotes oncogenesis through the activation of TGF-β
signaling in glioblastoma. Nat. Med. 2012, 18, 429–435. [CrossRef] [PubMed]

36. Iyengar, P.V.; Jaynes, P.; Rodon, L.; Lama, D.; Law, K.P.; Lim, Y.P.; Verma, C.; Seoane, J.; Eichhorn, P.J. USP15
regulates SMURF2 kinetics through C-lobe mediated deubiquitination. Sci. Rep. 2015, 5, 14733. [CrossRef]
[PubMed]

37. Schweitzer, K.; Bozko, P.M.; Dubiel, W.; Naumann, M. CSN controls NF-κB by deubiquitinylation of IκBα.
EMBO J. 2007, 26, 1532–1541. [CrossRef] [PubMed]

38. Zou, Q.; Jin, J.; Hu, H.; Li, H.S.; Romano, S.; Xiao, Y.; Nakaya, M.; Zhou, X.; Cheng, X.; Yang, P.; et al. USP15
stabilizes MDM2 to mediate cancer-cell survival and inhibit antitumor T cell responses. Nat. Immunol. 2014,
15, 562–570. [CrossRef] [PubMed]

39. Inui, M.; Manfrin, A.; Mamidi, A.; Martello, G.; Morsut, L.; Soligo, S.; Enzo, E.; Moro, S.; Polo, S.; Dupont, S.;
et al. USP15 is a deubiquitylating enzyme for receptor-activated smads. Nat. Cell Biol. 2011, 13, 1368–1375.
[CrossRef] [PubMed]

40. Wei, N.; Serino, G.; Deng, X.W. The COP9 signalosome: More than a protease. Trends Biochem. Sci. 2008, 33,
592–600. [CrossRef] [PubMed]

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

42. Wei, D.; Sun, Y. Small ring finger proteins RBX1 and RBX2 of SCF E3 ubiquitin ligases: The role in cancer
and as cancer targets. Genes Cancer 2010, 1, 700–707. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/cc.3.8.1017
http://www.ncbi.nlm.nih.gov/pubmed/15254399
http://dx.doi.org/10.1006/geno.1999.5879
http://www.ncbi.nlm.nih.gov/pubmed/10444327
http://dx.doi.org/10.1021/bi200726e
http://www.ncbi.nlm.nih.gov/pubmed/21848306
http://dx.doi.org/10.1016/j.febslet.2011.09.040
http://www.ncbi.nlm.nih.gov/pubmed/22001210
http://dx.doi.org/10.1074/jbc.M116.740787
http://www.ncbi.nlm.nih.gov/pubmed/27255711
http://dx.doi.org/10.1093/nar/gkw218
http://www.ncbi.nlm.nih.gov/pubmed/27060135
http://dx.doi.org/10.1007/s00335-002-3035-0
http://www.ncbi.nlm.nih.gov/pubmed/12532266
http://dx.doi.org/10.1042/bj3490443
http://www.ncbi.nlm.nih.gov/pubmed/10880343
http://dx.doi.org/10.1074/jbc.M401394200
http://www.ncbi.nlm.nih.gov/pubmed/15494318
http://dx.doi.org/10.1074/jbc.M114.551754
http://www.ncbi.nlm.nih.gov/pubmed/24526689
http://dx.doi.org/10.1038/nm.2619
http://www.ncbi.nlm.nih.gov/pubmed/22344298
http://dx.doi.org/10.1038/srep14733
http://www.ncbi.nlm.nih.gov/pubmed/26435193
http://dx.doi.org/10.1038/sj.emboj.7601600
http://www.ncbi.nlm.nih.gov/pubmed/17318178
http://dx.doi.org/10.1038/ni.2885
http://www.ncbi.nlm.nih.gov/pubmed/24777531
http://dx.doi.org/10.1038/ncb2346
http://www.ncbi.nlm.nih.gov/pubmed/21947082
http://dx.doi.org/10.1016/j.tibs.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18926707
http://dx.doi.org/10.1016/S1097-2765(03)00136-9
http://dx.doi.org/10.1177/1947601910382776
http://www.ncbi.nlm.nih.gov/pubmed/21103004


Int. J. Mol. Sci. 2017, 18, 483 14 of 15

43. Peth, A.; Berndt, C.; Henke, W.; Dubiel, W. Downregulation of COP9 signalosome subunits differentially
affects the CSN complex and target protein stability. BMC Biochem. 2007, 8, 27. [CrossRef] [PubMed]

44. Ohta, T.; Michel, J.J.; Xiong, Y. Association with cullin partners protects ROC proteins from
proteasome-dependent degradation. Oncogene 1999, 18, 6758–6766. [CrossRef] [PubMed]

45. Lee, M.H.; Zhao, R.; Phan, L.; Yeung, S.C. Roles of COP9 signalosome in cancer. Cell Cycle 2011, 10, 3057–3066.
[CrossRef] [PubMed]

46. Li, P.; Xie, L.; Gu, Y.; Li, J.; Xie, J. Roles of multifunctional COP9 signalosome complex in cell fate and
implications for drug discovery. J. Cell. Physiol. 2016. [CrossRef] [PubMed]

47. Richardson, K.S.; Zundel, W. The emerging role of the COP9 signalosome in cancer. Mol. Cancer Res. 2005, 3,
645–653. [CrossRef] [PubMed]

48. Karin, M.; Ben-Neriah, Y. Phosphorylation meets ubiquitination: The control of NF-κB activity.
Annu. Rev. Immunol. 2000, 18, 621–663. [CrossRef] [PubMed]

49. Clevers, H. Wnt breakers in colon cancer. Cancer Cell 2004, 5, 5–6. [CrossRef]
50. Clevers, H. Wnt/β-catenin signaling in development and disease. Cell 2006, 127, 469–480. [CrossRef]

[PubMed]
51. Morrison, E.E. The APC-EB1 interaction. Adv. Exp. Med. Biol. 2009, 656, 41–50. [PubMed]
52. Peth, A.; Boettcher, J.P.; Dubiel, W. Ubiquitin-dependent proteolysis of the microtubule end-binding protein

1, EB1, is controlled by the COP9 signalosome: Possible consequences for microtubule filament stability.
J. Mol. Biol. 2007, 368, 550–563. [CrossRef] [PubMed]

53. Gao, J.; Zhao, L.; Wan, Y.Y.; Zhu, B. Mechanism of action of IL-7 and its potential applications and limitations
in cancer immunotherapy. Int. J. Mol. Sci. 2015, 16, 10267–10280. [CrossRef] [PubMed]

54. Zhang, J.; Zhang, X.; Xie, F.; Zhang, Z.; van Dam, H.; Zhang, L.; Zhou, F. The regulation of TGF-β/SMAD
signaling by protein deubiquitination. Protein Cell 2014, 5, 503–517. [CrossRef] [PubMed]

55. Itoh, S.; ten Dijke, P. Negative regulation of TGF-β receptor/SMAD signal transduction. Curr. Opin. Cell Biol.
2007, 19, 176–184. [CrossRef] [PubMed]

56. Wicks, S.J.; Grocott, T.; Haros, K.; Maillard, M.; ten Dijke, P.; Chantry, A. Reversible ubiquitination regulates
the SMAD/TGF-β signalling pathway. Biochem. Soc. Trans. 2006, 34, 761–763. [CrossRef] [PubMed]

57. Kamadurai, H.B.; Souphron, J.; Scott, D.C.; Duda, D.M.; Miller, D.J.; Stringer, D.; Piper, R.C.; Schulman, B.A.
Insights into ubiquitin transfer cascades from a structure of a UbcH5B approximately ubiquitin-HECTNEDD4L

complex. Mol. Cell 2009, 36, 1095–1102. [CrossRef] [PubMed]
58. Ogunjimi, A.A.; Wiesner, S.; Briant, D.J.; Varelas, X.; Sicheri, F.; Forman-Kay, J.; Wrana, J.L. The ubiquitin

binding region of the SMURF HECT domain facilitates polyubiquitylation and binding of ubiquitylated
substrates. J. Biol. Chem. 2010, 285, 6308–6315. [CrossRef] [PubMed]

59. Li, Q.; Lozano, G. Molecular pathways: Targeting MDM2 and MDM4 in cancer therapy. Clin. Cancer Res.
2013, 19, 34–41. [CrossRef] [PubMed]

60. Wade, M.; Li, Y.C.; Wahl, G.M. MDM2, MDMX and p53 in oncogenesis and cancer therapy. Nat. Rev. Cancer
2013, 13, 83–96. [CrossRef] [PubMed]

61. Rayburn, E.; Zhang, R.; He, J.; Wang, H. MDM2 and human malignancies: Expression, clinical pathology,
prognostic markers, and implications for chemotherapy. Curr. Cancer Drug Targets 2005, 5, 27–41. [CrossRef]
[PubMed]

62. Zur Hausen, H. Papillomaviruses in the causation of human cancers—A brief historical account. Virology
2009, 384, 260–265. [CrossRef] [PubMed]

63. Thomas, M.; Pim, D.; Banks, L. The role of the E6-p53 interaction in the molecular pathogenesis of HPV.
Oncogene 1999, 18, 7690–7700. [CrossRef] [PubMed]

64. Vos, R.M.; Altreuter, J.; White, E.A.; Howley, P.M. The ubiquitin-specific peptidase USP15 regulates human
papillomavirus type 16 E6 protein stability. J. Virol. 2009, 83, 8885–8892. [CrossRef] [PubMed]

65. Koivusalo, R.; Mialon, A.; Pitkanen, H.; Westermarck, J.; Hietanen, S. Activation of p53 in cervical cancer cells
by human papillomavirus E6 RNA interference is transient, but can be sustained by inhibiting endogenous
nuclear export-dependent p53 antagonists. Cancer Res. 2006, 66, 11817–11824. [CrossRef] [PubMed]

66. Horwitz, S.B. Taxol (paclitaxel): Mechanisms of action. Ann. Oncol. 1994, 5 (Suppl. 6), S3–S6. [PubMed]
67. Yusuf, R.Z.; Duan, Z.; Lamendola, D.E.; Penson, R.T.; Seiden, M.V. Paclitaxel resistance: Molecular

mechanisms and pharmacologic manipulation. Curr. Cancer Drug Targets 2003, 3, 1–19. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1471-2091-8-27
http://www.ncbi.nlm.nih.gov/pubmed/18093314
http://dx.doi.org/10.1038/sj.onc.1203115
http://www.ncbi.nlm.nih.gov/pubmed/10597284
http://dx.doi.org/10.4161/cc.10.18.17320
http://www.ncbi.nlm.nih.gov/pubmed/21876386
http://dx.doi.org/10.1002/jcp.25696
http://www.ncbi.nlm.nih.gov/pubmed/27869306
http://dx.doi.org/10.1158/1541-7786.MCR-05-0233
http://www.ncbi.nlm.nih.gov/pubmed/16380502
http://dx.doi.org/10.1146/annurev.immunol.18.1.621
http://www.ncbi.nlm.nih.gov/pubmed/10837071
http://dx.doi.org/10.1016/S1535-6108(03)00339-8
http://dx.doi.org/10.1016/j.cell.2006.10.018
http://www.ncbi.nlm.nih.gov/pubmed/17081971
http://www.ncbi.nlm.nih.gov/pubmed/19928351
http://dx.doi.org/10.1016/j.jmb.2007.02.052
http://www.ncbi.nlm.nih.gov/pubmed/17350042
http://dx.doi.org/10.3390/ijms160510267
http://www.ncbi.nlm.nih.gov/pubmed/25955647
http://dx.doi.org/10.1007/s13238-014-0058-8
http://www.ncbi.nlm.nih.gov/pubmed/24756567
http://dx.doi.org/10.1016/j.ceb.2007.02.015
http://www.ncbi.nlm.nih.gov/pubmed/17317136
http://dx.doi.org/10.1042/BST0340761
http://www.ncbi.nlm.nih.gov/pubmed/17052192
http://dx.doi.org/10.1016/j.molcel.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/20064473
http://dx.doi.org/10.1074/jbc.M109.044537
http://www.ncbi.nlm.nih.gov/pubmed/20026602
http://dx.doi.org/10.1158/1078-0432.CCR-12-0053
http://www.ncbi.nlm.nih.gov/pubmed/23262034
http://dx.doi.org/10.1038/nrc3430
http://www.ncbi.nlm.nih.gov/pubmed/23303139
http://dx.doi.org/10.2174/1568009053332636
http://www.ncbi.nlm.nih.gov/pubmed/15720187
http://dx.doi.org/10.1016/j.virol.2008.11.046
http://www.ncbi.nlm.nih.gov/pubmed/19135222
http://dx.doi.org/10.1038/sj.onc.1202953
http://www.ncbi.nlm.nih.gov/pubmed/10618709
http://dx.doi.org/10.1128/JVI.00605-09
http://www.ncbi.nlm.nih.gov/pubmed/19553310
http://dx.doi.org/10.1158/0008-5472.CAN-06-2185
http://www.ncbi.nlm.nih.gov/pubmed/17178878
http://www.ncbi.nlm.nih.gov/pubmed/7865431
http://dx.doi.org/10.2174/1568009033333754
http://www.ncbi.nlm.nih.gov/pubmed/12570657


Int. J. Mol. Sci. 2017, 18, 483 15 of 15

68. Bhalla, K.N. Microtubule-targeted anticancer agents and apoptosis. Oncogene 2003, 22, 9075–9086. [CrossRef]
[PubMed]

69. Stanton, R.A.; Gernert, K.M.; Nettles, J.H.; Aneja, R. Drugs that target dynamic microtubules: A new
molecular perspective. Med. Res. Rev. 2011, 31, 443–481. [CrossRef] [PubMed]

70. Rensen, W.M.; Roscioli, E.; Tedeschi, A.; Mangiacasale, R.; Ciciarello, M.; di Gioia, S.A.; Lavia, P. RanBP1
downregulation sensitizes cancer cells to taxol in a caspase-3-dependent manner. Oncogene 2009, 28,
1748–1758. [CrossRef] [PubMed]

71. Tan, M.; Gallegos, J.R.; Gu, Q.; Huang, Y.; Li, J.; Jin, Y.; Lu, H.; Sun, Y. SAG/ROC-SCFβ-TrCP E3 ubiquitin
ligase promotes pro-caspase-3 degradation as a mechanism of apoptosis protection. Neoplasia 2006, 8,
1042–1054. [CrossRef] [PubMed]

72. Xu, M.; Takanashi, M.; Oikawa, K.; Tanaka, M.; Nishi, H.; Isaka, K.; Kudo, M.; Kuroda, M. USP15 plays an
essential role for caspase-3 activation during paclitaxel-induced apoptosis. Biochem. Biophys. Res. Commun.
2009, 388, 366–371. [CrossRef] [PubMed]

73. Corti, O.; Lesage, S.; Brice, A. What genetics tells us about the causes and mechanisms of Parkinson’s disease.
Physiol. Rev. 2011, 91, 1161–1218. [CrossRef]

74. Cornelissen, T.; Haddad, D.; Wauters, F.; van Humbeeck, C.; Mandemakers, W.; Koentjoro, B.; Sue, C.;
Gevaert, K.; de Strooper, B.; Verstreken, P.; et al. The deubiquitinase USP15 antagonizes Parkin-mediated
mitochondrial ubiquitination and mitophagy. Hum. Mol. Genet. 2014, 23, 5227–5242. [CrossRef] [PubMed]

75. Veeriah, S.; Taylor, B.S.; Meng, S.; Fang, F.; Yilmaz, E.; Vivanco, I.; Janakiraman, M.; Schultz, N.;
Hanrahan, A.J.; Pao, W.; et al. Somatic mutations of the Parkinson’s disease-associated gene PARK2 in
glioblastoma and other human malignancies. Nat. Genet. 2010, 42, 77–82. [CrossRef] [PubMed]

76. Pichlmair, A.; Schulz, O.; Tan, C.P.; Naslund, T.I.; Liljestrom, P.; Weber, F.; Reis e Sousa, C. RIG-I-mediated
antiviral responses to single-stranded RNA bearing 5′-phosphates. Science 2006, 314, 997–1001. [CrossRef]
[PubMed]

77. Gack, M.U.; Shin, Y.C.; Joo, C.H.; Urano, T.; Liang, C.; Sun, L.; Takeuchi, O.; Akira, S.; Chen, Z.; Inoue, S.;
et al. TRIM25 ring-finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity. Nature 2007,
446, 916–920. [CrossRef] [PubMed]

78. Inn, K.S.; Gack, M.U.; Tokunaga, F.; Shi, M.; Wong, L.Y.; Iwai, K.; Jung, J.U. Linear ubiquitin assembly
complex negatively regulates RIG-I- and TRIM25-mediated type I interferon induction. Mol. Cell 2011, 41,
354–365. [CrossRef] [PubMed]

79. Pauli, E.K.; Chan, Y.K.; Davis, M.E.; Gableske, S.; Wang, M.K.; Feister, K.F.; Gack, M.U. The ubiquitin-specific
protease USP15 promotes RIG-I-mediated antiviral signaling by deubiquitylating TRIM25. Sci. Signal. 2014,
7, ra3. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.onc.1207233
http://www.ncbi.nlm.nih.gov/pubmed/14663486
http://dx.doi.org/10.1002/med.20242
http://www.ncbi.nlm.nih.gov/pubmed/21381049
http://dx.doi.org/10.1038/onc.2009.24
http://www.ncbi.nlm.nih.gov/pubmed/19270727
http://dx.doi.org/10.1593/neo.06568
http://www.ncbi.nlm.nih.gov/pubmed/17217622
http://dx.doi.org/10.1016/j.bbrc.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19665996
http://dx.doi.org/10.1152/physrev.00022.2010
http://dx.doi.org/10.1093/hmg/ddu244
http://www.ncbi.nlm.nih.gov/pubmed/24852371
http://dx.doi.org/10.1038/ng.491
http://www.ncbi.nlm.nih.gov/pubmed/19946270
http://dx.doi.org/10.1126/science.1132998
http://www.ncbi.nlm.nih.gov/pubmed/17038589
http://dx.doi.org/10.1038/nature05732
http://www.ncbi.nlm.nih.gov/pubmed/17392790
http://dx.doi.org/10.1016/j.molcel.2010.12.029
http://www.ncbi.nlm.nih.gov/pubmed/21292167
http://dx.doi.org/10.1126/scisignal.2004577
http://www.ncbi.nlm.nih.gov/pubmed/24399297
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Structure and Function of the USP15 Domains 
	The Catalytic Domain 
	The DUSP Domain 
	The UBL Domain 

	Chromosomal Location and Isoforms of USP15 
	Expression and Subcellular Localization of USP15 Protein 
	USP15 and Oncogenic Signaling 
	COP9-Signalosome/Cullin-RING E3 Ubiquitin Ligase 
	COP9-Signalosome/The IB-Mediated Regulation of NF-B 
	COP9-Signalosome/The APC-Mediated Regulation of -Catenin Stability 
	Transforming Growth Factor  (TGF-) Signaling Pathway 
	The Regulation of Mouse Double Minute 2 Homolog (MDM2) and p53 
	Regulation of p53 through Stabilizing HPV/E6 Oncoprotein 

	Acquired Chemoresistance of Cancer Cells 
	Diseases Associated with Dysregulation of USP15 
	USP15 and Parkinson’s Disease 
	USP15 as Regulator of Antiviral Innate Immune Responses 

	Concluding Remarks 

