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Abstract Deubiquitinases (DUBs) play an important role in
protein quality control in eukaryotic cells due to their ability to
specifically remove ubiquitin from substrate proteins.
Therefore, recent findings have focused on the relevance of
DUBEs to cancer development, and pharmacological interven-
tion on these enzymes has become a promising strategy for
cancer therapy. In particular, several DUBs are physically and/
or functionally associated with the proteasome and are attrac-
tive targets for the development of novel anticancer drugs. The
successful clinical application of cisplatin in cancer treatment
has prompted researchers to develop various metal-based an-
ticancer agents with new properties. Recently, we have report-
ed that several metal-based drugs, such as the antirheumatic
gold agent auranofin (AF), the antifouling paint biocides cop-
per pyrithione (CuPT) and zinc pyrithione (ZnPT), and also
our two synthesized complexes platinum pyrithione (PtPT)
and nickel pyrithione (NiPT), can target the proteasomal
DUBs UCHLS5 and USP14. In this review, we summarize
the recently reported small molecule inhibitors of proteasomal
DUBs, with a focus on discussion of the unique nature of
metal-based proteasomal DUB inhibitors and their anticancer
activity.
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1 Introduction

The ubiquitin proteasome system (UPS) is the major cellular
protein degradation pathway that controls diverse cellular
functions, including protein quality control, cell cycle regula-
tion, DNA repair, and immune response [1]. The process of
this pathway is divided into ubiquitination, deubiquitination,
and degradation of substrates (Fig. 1). Ubiquitination, the at-
tachment of ubiquitin to substrates, is a post-translational
modification that mainly regulates the destruction of intracel-
lular protein. In general, this process involves three classes of
enzymes: ubiquitin activating enzyme (E1), ubiquitin conju-
gating enzyme (E2), and ubiquitin ligase (E3) [2]. E1 uses
energy from ATP hydrolysis to form a thiol ester bond be-
tween its active cysteine and ubiquitin C-terminus. Activated
ubiquitin is then transferred to an active-site cysteine residue
in the E2 to form the ubiquitin thioester in a similar fashion.
Finally, substrate-specific E3 binds ubiquitin-charged E2 as
well as substrate and facilitates the formation of an isopeptide
bond between the ubiquitin C-terminus and lysine residue on
the substrate. In most cases, this ATP-dependent process is
repeated to generate a polyubiquitin chain [1, 3]. The degra-
dation of ubiquitinated substrates occurs at the 26S protea-
some. The 26S proteasome is a large protein complex com-
posed of a central proteolytic core 20S proteasome and regu-
latory cap 19S proteasome at one or both ends. The 20S pro-
teasome is a degradation unit with a barrel-like structure that
consists of two outer rings formed by the «-subunits and two
inner rings formed by the 3-subunits. The proteolytic activity
is situated in the $1-, 32-, and 5-subunits, conferring
caspase-like (C-like), trypsin-like (T-like), and
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Fig. 1 Ubiquitination,
deubiquitination, and degradation
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chymotrypsin-like (CT-like) activities, respectively [4]. The
conjugation of ubiquitin to substrates is a reversible process,
as deubiquitination is catalyzed by deubiquitinases (DUBs)
that are capable of removing ubiquitin from protein. This pro-
cess also facilitates the recycling of free ubiquitin for further
use by the UPS.

Protein homeostasis mainly refers to the balance between
protein synthesis and degradation, which influences multiple
pathways that are essential to the growth and survival of many
cancer cells. The high rate of protein synthesis and uncon-
trolled cell cycle is the hallmark of cancer, making it more
reliant on the protein turnover executed by the UPS [5, 6].
Since clinical use of the 20S proteasome inhibitor bortezomib
is an effective anticancer agent in multiple myeloma (MM),
other components of the UPS, such as DUBs, have proven to
be important targets for the treatment of cancer [7]. Recently,
it has been shown that potent anticancer properties of some
small molecules are due to inhibition of the activities of
proteasomal DUBs, suggesting that proteasomal DUBs are
new anticancer drug targets [8]. Metal complexes such as
copper and gold are known to be able to inhibit the function
of UPS via, for example but not limited to, targeting the pro-
teolytic sites of the 20S proteasome [9, 10]. More recently, we
and others have found that several metal-based drugs can in-
hibit proteasomal DUBSs, including UCHLS and USP14 [11,
12]. In this review, we summarize the reported proteasomal
DUB inhibitors, especially metal-based agents, in the treat-
ment of cancer.

@ Springer

2 DUBs and their inhibitors

The human genome encodes nearly 100 DUBs that belong to
six different families [ 13]. Five families are cysteine proteases:
ubiquitin C-terminal hydrolases (UCHs), ubiquitin specific
proteases (USPs), ovarian tumor proteases (OTUs),
Machado-Josephin domain proteases (MJDs), and monocyte
chemotactic protein-induced proteins (MCPIPs). The sixth
family is JAB1/MPN/Mov34 metalloenzyme (JAMM), which
is a kind of zinc-dependent metalloprotease.

DUBSs have a profound impact on the stabilization, locali-
zation, and activities of proteins involved in many signaling
pathways, particularly those frequently altered in cancer, such
as DNA repair, cell-cycle control, chromatin remodeling, re-
ceptor signaling, and apoptosis [13, 14]. Many studies have
highlighted the therapeutic applications of DUB inhibitors.
Some irreversible DUB inhibitors, such as ubiquitin vinyl
sulfone (UbVS) and ubiquitin aldehyde (Ubal), have been
used as research tools for structural studies or activities to
detect certain DUBs [15, 16]. However, high molecular
weight and limited specificity could be major barriers to using
them as therapeutic agents [17]. O-acyl oxime isatins were the
first reported small molecule inhibitors of UCHLI activity and
promoted the proliferation of UCH-L 1-expressing lung cancer
and neuroblastoma cells, suggesting that the effect of UCHL1
is antiproliferative in these cells [18]. In addition, some
cyclopentenone prostaglandins, such as deltal2-PGJ2 and
15d-PGJ2, inhibit the activities of UCH-L1 and induce
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ubiquitinated protein aggregation in neuronal cells, which
may provide a molecular mechanism linking inflammation
with neurodegeneration [19, 20]. Regarding inhibitors of
USPs, GW7647 and pimozide non-competitively inhibited
USP1 with inhibition constants (Ki) of 0.7 and 0.5 uM, re-
spectively; inhibiting cellular USP1 activity by these agents
sensitized human cisplatin-resistant non-small cell lung cancer
cells to cisplatin [21]. Another USP1 selective inhibitor
(C527) promotes the degradation of ID1 and induces cytotox-
icity in leukemic cells [22]. Moreover, some USP7 selective
inhibitors, including HBX41,108, HBX19,818, HBX28,258,
P022077, P5091, and P22077, have been characterized using
fluorescence-based high-throughput screening [23-26]. The
USP7 pharmaceutical inhibitors prevent this DUB from
deubiquitinating MDM2, resulting in stabilization of p53 in
cancer cells [26, 27]. Finally, several analogs of 9-Oxo-9H-
indeno [1,2-b]pyrazine-2,3-dicarbonitrile are small-molecule
inhibitors of USP8 and induce apoptosis in various cancer cell
lines [28].

3 Proteasomal DUBs as drug targets for cancer
therapy

Three DUBs are associated with the 19S proteasome: Rpnl1/
POHI1, UCHLS5/UCH37, and USP14/Ubp6. Rpnl1, an inte-
gral proteasomal subunit, is a zinc-dependent metalloprotease
which belongs to the JAMM family. UCHLS and USP14 are
members of the cysteine protease UCH and USP families,
respectively [8]. Both UCHLS and USP14 are physically as-
sociated with the base components of the 19S proteasome;
USP14 can bind to the scaffolding protein Rpnl, while
UCHLS is found to bind to both ubiquitin receptors Rpn10
and Rpn13 [29-31]. The activities of proteasomal DUBs are
activated upon their assembly into or association with the
proteasome through an unclear mechanism. It has been sug-
gested that Rpnll removes the entire ubiquitin chain at the
base from the substrate in a process coupled to degradation
[32, 33]. In contrast, UCHLS and USP14 trim the poly-
ubiquitin chain from the distal end [34]. UCHLS and USP14
are widely believed to have a quality control function
preventing the degradation of substrates containing short or
non-degradable ubiquitin chains by the proteasome [35]. In
cancer cells, RNA interference (RNAi) of Rpnll decreased
proteasome activity and inhibited cell growth by disrupting
the assembly of 26S proteasome. In contrast, RNAi of either
UCHLS5 or USP14 alone did not affect cell growth, protea-
some structure, or proteolytic capacity, but increased the rate
of protein degradation. Interestingly, RNAi of both UCHLS
and USP14 resulted in inhibition of protein degradation [36].

Rpnll is essential for cell viability and 26S proteasome’s
function [33, 37]. Rpnl1 plays an important role in the mito-
chondrial biogenesis of yeast cells [38]. Overexpression of

Rpn11 in mammalian cells exhibits a slower proliferation rate
and resistance to cytotoxic drugs [39]. Rpnll contributes to
the regulation of the stability and sublocalization of c-Jun and
accordingly affects AP1-mediated gene expression [40].
Preclinical studies show that Rpnll is highly expressed in
MM cells and is inversely correlated with overall patient sur-
vival. This report also suggests that Rpnll inhibitors may
improve patient outcomes in MM and overcome 20S protea-
some inhibitor resistance [41].

UCHLS5 can deubiquitinate and stabilize Smads as well as
TGF-f3 receptor 1 (TGF-3 R1) and therefore activate TGF-f3
signaling [42]. High glucose stimulates PI3K-dependent
UCHLS protein expression, which is required for high
glucose-induced deubiquitination and stabilization of TGF-f3
R1 protein expression in mesangial cells [43]. UCHLS was
also found to deubiquitinate PRP19, an essential RNA splic-
ing factor, and thus could promote cell migration and invasion
in hepatocellular carcinoma cell lines [44]. The regulatory
function of UCHLS in apoptosis is associated with alterations
in the Bax/Bcl-2 ratio and enzymatic activities of caspase-3/9
[45].

Recent cell culture studies have shown that Usp14 can also
stabilize the expression of neurological disease-associated
proteins such as Tau and ataxin-3 [46]. However, in USP14-
deficient mice, loss of Uspl4 did not alter overall neuronal
levels of Tau and ataxin-3, but resulted in increased levels of
phosphorylated Tau, accompanied by activated phospho-Akt,
phosphorylated MAPKs, and inactivated phospho-GSK3b
[47]. Several studies suggest that USP14 is a tumor-
promoting factor via enhancement of the Wnt/(3-catenin sig-
naling pathway [48, 49]. USP14 targets the NF-kB pathway
by modulating I-xB ubiquitination to promote its degradation
[50]. Phosphorylation and activation of USP14 mediated by
Akt may provide a mechanism for promoting tumorigenesis in
cancer cells with PTEN loss [51]. Moreover, studies have
shown high USP14 expression in several kinds of tumors;
USP14 exerts a widespread influence on cell proliferation,
apoptosis, and tumor metastasis, indicating it as a novel ther-
apeutic target in cancer [52-56].

Due to their involvement and functions in the regulation of
important signaling pathways in tumor cells, proteasomal
DUBs are emerging as attractive anticancer targets, prompting
researchers to discover and develop new, novel proteasomal
DUB inhibitors.

3.1 Compounds containing x-3-unsaturated ketone

The degree of reactivity that occurs in electrophile-
nucleophile interactions is based on the “hard and soft acid
and bases” principle [57]. It is well-known that «,{3-unsatu-
rated ketones can be viewed as relatively soft electrophiles and
are believed to react with a subset of soft nucleophilic cysteine
thiolates in proteins [14, 58]. Based on this concept,
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compounds containing «,(3-unsaturated ketones (Fig. 2a—f),
such as WP1130, curcumin/AC17, and b-AP15/RA-9/
VLX1570, have an inhibitory effect on some cysteine DUBs.

WP1130 (Degrasyn) is a small molecule compound that
inhibits several cysteine DUBs, including UCHLS, USP14,
USPS5, and USP9x [59]. WP1130 induced ubiquitination and
proteasomal degradation of the anti-apoptotic protein Mcl-1,
expected from the direct inhibition of USP9x [60]. The effect
of WPI1130 on signaling modules in cancer cells was also
investigated. Ubiquitination has been reported to regulate pro-
tein solubility and accumulation into detergent insoluble com-
plexes within the cell. WP1130 prevents deubiquitination of a
subset of kinases, such as Ber-Abl in chronic myelogenous
leukemia (CML), Janus-activated kinase 2 (Jak2), and
autophagy-initiating kinase ULK, resulting in their translo-
cation to the aggresome, thus, failing to participate in signal
transduction [61-63]. WP1130 was also shown to efficiently

Fig. 2 Chemical structures of a
known small molecule-inhibitors WP1130
of proteasomal DUBs
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sensitize cancer cells to chemotherapeutic drugs such as
bortezomib, cisplatin, and doxorubicin both in vitro and
in vivo [64-66].

Curcumin, a polyphenol derived from the golden spice
turmeric (Curcuma longa), possesses diverse pharmacologic
effects, including anti-inflammatory, antiviral, and anticancer
activities [67]. Curcumin has been demonstrated to induce
apoptosis mediated by the impairment of UPS, causing accu-
mulation of ubiquitinated proteins in cancer cells [68, 69]. The
carbonyl carbons of curcumin can interact with the threonine
residue of the 35 subunit, which is responsible for the inhibi-
tion of 20S proteasome activity [70]. Curcumin can also di-
rectly inhibit ubiquitin isopeptidases, a family of DUBs that is
mediated through o, 3-unsaturated ketone and two sterically
accessible (3-carbons [71]. The 4-arylidene curcumin analog
ACI17 shows improved oral bioavailability, metabolic stabili-
ty, and moderately potent anticancer activities compared with
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curcumin. AC17 has been reported to inhibit the activities of
19S proteasomal DUBs, presumably UCHLS and USP14, but
does not inhibit total DUB activities in cell lysates. Moreover,
AC17 suppresses tumor growth in a human lung cancer A549
xenograft model, associated with proteasome inhibition, NF-
kB blockage, and p53 reactivation [72].

b-AP15 is a specific UCHLS5 and USP14 inhibitor identi-
fied from a screening of small molecules that induce the lyso-
somal apoptosis pathway. b-AP15-induced apoptosis was in-
sensitive to p53 status or overexpression of Bcl2 and inhibited
tumor progression in both non-solid and solid tumor models,
suggesting that its anticancer activity is distinct from that of
bortezomib [8]. In addition, b-AP15 was found to trigger ap-
optosis as well as the unfolded protein response in MM cells
and overcome bortezomib resistance [73]. b-AP15 also in-
duced strong oxidative stress by irreversible inhibition of
thioredoxin reductase (TrxR); however, TrxR inhibition was
not essential for the cell death induced by b-AP15 [74]. RA-9,
a chalcone derivative with a structure similar to b-AP15, was
reported to inhibit proteasomal DUBs [75] as well as UCHLI,
UCHLS3, USP2, USP5, and USP8 [76]. Moreover, RA-9 in-
duced apoptosis in ovarian cancer cells and primary cells from
donors caused by induction of endoplasmic reticulum (ER)
stress, similar to what has been reported for b-AP15 [77].
VLX1570, another chalcone derivative of b-AP15, is a com-
petitive inhibitor of proteasomal DUBs (preferring USP14
over UCHLS5) and is currently being studied in a clinical trial
for relapsed MM. Changing the central ring structure from a
piperidine (six-membered, b-AP15) to an azepane (seven-
membered, VLX1570) ring resulted in increased biological
activity and inhibition specificity [78]. Indeed, VLX1570
preferentially targets USP14 and exhibits selective cytotoxic-
ity in MM cells, which have a high expression of USP14 [79].

3.2 USP14 inhibitor 1U1

After a chemical library screening of 63,052 compounds, U1
(Fig. 2g) was found to be a specific inhibitor of USP14 that is
able to enhance proteasome activity [46]. IU1 did not notice-
ably induce apoptosis and had a beneficial effect on cell via-
bility correlating with increased clearance of oxidatively dam-
aged proteins [80]. In murine embryonic fibroblasts, IU1 treat-
ment led to an increase in the degradation of the proteasome
substrates Tau, TDP-43, and Atx3 that are critical in neurode-
generative diseases [46]. In neurons, IU1 surprisingly trig-
gered calpain-mediated Tau cleavage, but failed to enhance
proteasomal degradation of Tau [81]. Additionally, 1U1
treatment-attenuated ischemic stroke-induced neuronal injury
is associated with enhanced proteasome activity and reduced
protein aggregates [82]. Our recent study showing that U1
significantly decreased the growth of androgen-responsive
prostate cancer cells through induction of ubiquitination and

degradation of androgen receptor highlights the therapeutic
role of USP14 inhibitors [52].

3.3 Rpnll1 inhibitors

Quinoline-8-thiol (8TQ; Fig. 2h) is an uncompetitive inhibitor
of the proteasomal DUB Rpn11. 8TQ inhibited Rpn11 activity
by binding to the catalytic Zn>* ion, which is the active site
located within Rpnl1’s conserved JAMM domain [83].
However, 8TQ did not distinguish Rpnll from other
JAMMs, such as BRCC36 and AMSH. To improve the poten-
cy of 8TQ, structure-activity relationships were explored. A
derivative of 8TQ, capzimin (in which “cap” stands for 19S
cap, “zim” stands for zinc metalloenzyme, and ‘in’ stands for
inhibitor; Fig. 21), showed a greater than five-fold selectivity for
Rpnll over several other JAMM enzymes. Similarly, the re-
duced form of thiolutin (Fig. 2j), a disulfide-containing antibi-
otic, is a zinc chelator that inhibits JAMM metalloproteases
such as Rpnll, Csn5, and AMSH [84]. Given the successful
development of a number of other metalloenzyme inhibitors,
these Rpnl1 inhibitors may be promising candidate drugs for
cancer therapy [83, 85].

4 Metal-based proteasomal DUB inhibitors

Discovery of the biological activity of cisplatin represents a
landmark achievement in metal-based anticancer drugs [86].
To date, this platinum-containing drug remains one of the
most commonly used agents in the treatment of various can-
cers such as those of the head and neck, lungs, ovaries, breast,
and testicles [87]. The anticancer action of cisplatin is associ-
ated with its ability to crosslink DNA and subsequently in-
duces DNA damage and apoptosis in cancer cells [88].
However, severe side effects and drug resistance are often
associated with platinum-based agents, which may be major
limitations of their use [89, 90]. The successful clinical appli-
cation of platinum-based complexes has prompted researchers
to develop new anticancer agents containing different metals
and binding to different targets. Recently, we and others have
reported that metal (such as copper and gold)-based com-
pounds can induce cytotoxicity in human cancer cells via
targeting/inhibiting several DUBs, especially the proteasomal
DUBs (Table 1).

4.1 Copper-based proteasome inhibitors

Copper is an essential element for tumor angiogenesis [91,
92]. Tumor tissues have been observed to possess elevated
copper compared with normal tissues [93-95]. Along this line,
copper chelation therapy with tetrathiomolybdate is well tol-
erated and has shown anticancer therapeutic potential in ani-
mal models [96]. Disulfram (DSF), a clinically used anti-
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Table 1  Summary of metal-based proteasomal DUB inhibitors in the literature
Agent Targets Cell and animal models Antitumor mechanisms Ref.
CuPT UCHLS MCF-7, HepG2, U266, NCI-H929, Induces apoptosis, upregulation [107]
USP14 GFPu-HEK293, primary AML of p21, p27, Bax, IkB-o
20S(B5) cells, nude mice
bearingHepG2/NCI-H929 xenografts
AUIIL UCHLI1 MCE-7, MDA-MB-231, HeLa, Induces apoptosis, cell-cycle arrest, [12]
UCHL3UCHLS non-tumorigenic immortalized anti-angiogenic property
liver cells
Auranofin UCHLS USP14 MCEF-7, HepG2, SMMC-7721, KBMS, Induces ER stress, apoptosis and [118, 125, 127]
KBMS5-T3151, GFPu-HEK293, primary NF-kB inactivation, upregulation
AML/CML cells, nude mice bearing of c-Jun, p21, IkB-«,
MCEF-7/SMMC-7721/HepG2/KBM5/ downregulation of Ber-Abl,
KBMS-T3151 xenografts independent of ROS production
ZnPT UCHL5 U266, K562, A549/DDP, A549, HepG2, Induces apoptosis, upregulation of [133]
USP14 SMMC-7721, GFPu-HEK293, primary p21, p27, independent of DNA
AML cells, nude mice bearing A549 damage
xenografts
PtPT UCHL5 U266, K562, A549/DDP, A549, SMMC-7721, Induces apoptosis, upregulation of [134]
USP14 LO2, 16HBE, FPu-HEK293, primary AML p21, p27, independent of DNA
cells, nude mice bearing A549/K562 damage
xenografts
NiPT UCHL5 U266, K562, A549/DDP, A549, SMMC-7721, Induces apoptosis, upregulation of [136, 137]
USP14 KBMS, KBM5-T315I, BaF3-p210-WT, p21, p27, downregulation of

BaF3-p210-T3151, LO2, 16HBE,

GFPu-HEK293, primary AML/CML

Ber-Abl, independent of DNA damage

cells, nude mice bearing A549/K562/KBM5/

KBMS-T3151 xenografts

alcoholism drug, is capable of binding to copper to form a
DSF-copper complex, which inhibited the chymotryptic activ-
ity of 20S proteasome and induced apoptosis in human breast
cancer MDA-MB-231 and MCF10DCIS.com cells [97].
Moreover, DSF-copper complex and copper ion, but not
DSF, inhibited 20S proteasome activity, showing that copper
is responsible for proteasome inhibition. This is consistent
with the hypothesis that DSF is able to carry the copper ion
into tumor cells and prevent copper from interacting with
many non-specific proteins. Similarly, pyrrolidine dithiocar-
bamate, clioquinol, and 8-hydroxyquinoline are able to bind
with copper, resulting in the formation of an active 20S pro-
teasome inhibitor with promising anticancer effects [98—100].
In addition, several synthesized copper compounds can also
inhibit the chymotrypsin-like activity of 20S proteasome and
induce cytotoxicity in human cancer cells [101-104].
Diethyldithiocarbamate (DDTC), the active metabolite of
DSF, when complexed with copper [Cu(DDTC),] could in-
hibit purified 20S proteasome and intact 26S proteasomal ac-
tivities in MDA-MB-231 cells. Interestingly, Cu(DDTC), on-
ly inhibited the activity of purified 20S proteasome at a much
higher concentration with an ICsy value of ~ 50 uM.
However, it inhibited > 90% of cellular 26S proteasome ac-
tivity at 20 uM in cancer cells [9]. Thus, it has been proposed
that inhibition of 19S proteasome might be responsible for the
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effect of the copper complexes, which needs to be further
assessed [9, 105].

Like DSF, pyrithione (PT) spontaneously binds with cop-
per to form an apoptosis inducer, and copper pyrithione
(CuPT; Fig. 2k) is used as an active ingredient in antifouling
paints [106]. We reported that CuPT was a novel class of the
proteasomal DUBs UCHLS and USP14 [107]. We investigat-
ed the effect of CuPT on USP14/UCHLS activity and its rela-
tionship to cytotoxicity. We first compared the toxic effect of
the ligand PT or copper ion (Cu) alone and combined in cancer
cell lines, including MCF-7, U266, NCI-H929, and SMMC-
7721. The results showed that PT or Cu alone had much less
effect than that of the combination of PT and Cu. In addition,
the combination of PT and Cu induced the accumulation of
ubiquitinated proteins in MCF-7 and U266 cells and blocked
the degradation of GFPu, a surrogate proteasome substrate,
demonstrating the formation of a proteasome inhibitor.
Mixing PT with Cu is known to involve the formation of the
chelating product CuPT in addition to the self-oxidation prod-
uct of PT, 2,2'-dipyridyldisulfide (PT2) [108]. However, a
previous study reported that PT2 is relatively less toxic than
CuPT [109], and we found that the PT and H,O, combination
did not induce accumulation of ubiquitinated proteins, indi-
cating that CuPT, but not PT2 induces UPS malfunction. We
observed that CuPT induced cytotoxicity in MCF7, U266, and
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HepG2 cancer cells (24 h 1Cs, value all < 0.5 uM) and pri-
mary leukemia cells from patients (24 h ICso~ 57.03 nM).
Moreover, similar to the mixture of PT and copper, CuPT
induced UPS malfunction in HepG2 cells and GFP protein
aggregation in GFPu-HEK?293 cells. Interestingly, we found
CuPT can only directly inhibit 20S proteasome activities at
high doses (with an ICs,y value > 1 uM), much higher than
its cytotoxic doses in cancer cells. However, 0.5 uM CuPT
completely inhibited the activity of 19S proteasomal DUBs
and cleavage of Ub4 by proteasomal DUBs. Based on the in
silico model, CuPT has the potential to interact with both
cysteine DUBs UCHLS and USP14. This has been confirmed
by an active site labeling experiment in which CuPT was able
to compete with UbVS’s binding with both UCHLS5 and
USP14. Since there is no crystal structure of Rpn11 available
and UbVS is an active site covalent labeling reagent for cys-
teine DUBs (e.g., UCHLS5 and USP14), whether CuPT could
interact and inhibit human Rpnl1 needs to be investigated in
the future.

4.2 Gold complexes

Gold complexes are potential agents that could react with
thiols or thiol-containing enzymes. Most thiol-containing en-
zymes such as glutathione reductases, TrxR, and cysteine pro-
teases are commonly overexpressed in cancer cells, thus pro-
viding a potential therapeutic target for gold complexes to
treat cancer [110]. Accordingly, recent reports have revealed
that both gold(I) and gold(IlI) complexes can potently inhibit
DUB activity in cancer cells [11, 12].

A variety of gold(III) dithiocarbamate complexes have been
shown to be potent inhibitors of 20S and 26S proteasome. This
inhibition of UPS function is thought to be the key factor for the
induction of apoptosis by gold(IIl) complex in cultured cancer
cells and nude mice-bearing tumor xenografts [111-113].
Zhang et al. reported that a [AullI(C*"N)(R2NCS2)] + complex
containing a DDTC ligand (abbreviated as AUIIL; Fig. 2I) po-
tently inhibited the activities of cysteine DUBs such as
UCHL1, UCHL3, and UCHLS [12]. The inhibitory effect of
AUIII on these DUBs has been examined using a fluorescent
substrate Ub-AMC, as determined by ICs, values with UCHL1
(113 nM), UCHL3 (46 nM), and UCHLS (75 nM). However,
AUIII inhibited the 20S proteasome chymotrypsin-like and
trypsin-like activities with the much higher 1Cs values of 1.9
and 4.3 uM, respectively. After incubation of the peptides of
UCHLI1, UCHL3, or UCHLS5 with excess of AUIII, the mix-
ture was analyzed using liquid chromatography coupled with
electrospray ionization mass spectrometry (LC-ESI-MS). The
formation of corresponding peptide-AUIIIl adducts indicated
interactions between these cysteine DUBs and AUIIL. AUIII
(0.9 uM) also inhibited cellular DUB activity in breast adeno-
carcinoma MCF-7 cells, suggesting that AUIII could effective-
ly enter cells to target DUBs. In addition, AUIII-induced

alteration of gene expression is highly similar to that of 15d-
PGJ2, which has been reported to be an inhibitor of UCHL1
[20]. In conclusion, gold(II) complexes might display a prom-
ising inhibitory effect on DUBs and significant anticancer
potential.

Auranofin (AF; Fig. 2m), a gold (I)-containing com-
pound, has been clinically used as anti-rtheumatoid arthritis
drug for many years. Numerous studies have focused on the
anticancer activity of AF. As early as in 1979, AF was
shown to exert inhibition on DNA synthesis and cell viabil-
ity in human cervical adenocarcinoma Hela cells [114]. A
potent in vivo antitumor activity of AF has also been dem-
onstrated in a variety of human cancer cell types [115]. AF’s
main mechanism of action is thought to be inhibition of
TrxR and induction of intracellular oxidative stress [116].
AF has been shown to induce lethal oxidative and
proteotoxic ER stress-based UPR responses caused by inhi-
bition of TrxR in cultured and primary chronic lymphocytic
leukemia (CLL) cells [117]. Because of the prominent anti-
tumor effect of AF, it has recently been investigated in clin-
ical trials for the treatment of CLL. More recently, it is being
investigated in clinical trials for the treatment of recurrent
epithelial ovarian and fallopian tube cancer.

We reported for the first time that the gold(I) compound AF
is a specific inhibitor of the proteasomal DUBs USP14 and
UCHLS5 [118]. We found that AF inhibited the cell viability of
human hepatoma HepG2 and breast cancer MCF-7 cells with
ICs( values of 0.17 and 0.41 uM for 48 h, respectively.
Moreover, AF treatment for 24 h induces apoptosis in a
dose-dependent manner in HepG2 and MCF-7 cells, as ob-
served with fluorescence microscopy and flow cytometry.
Next, we found that AF triggers a striking accumulation of
ubiquitinated proteins and substrate proteins (p21, c-Jun), in-
dicating UPS inhibition by AF. Importantly, ubiquitinated pro-
tein accumulation was detected at an earlier time point (3 h)
than PARP cleavage, indicating that apoptosis occurs after
proteasome inhibition. However, we observed that AF at a
dose as high as 10 uM did not inhibit the CT-like, T-like,
and C-like activities of the 20S proteasome. We suspect that
AF could indirectly inhibit 26S proteasome function through
targeting proteasomal DUBs. We found that AF completely
inhibits the DUB activity of 26S proteasome, but had a slight
effect on cellular DUB activities. This was also confirmed by
computational molecular docking, K48-linked polyubiquitin
disassembly, and HA-UbVS competitive binding assay; these
experiments showed that AF might inhibit the proteasomal
cysteine DUBs UCHLS5 and USP14. We also used the thiol-
containing compound NAC to block its active site and found
that AF-mediated UPS inhibition and cell death was
completely reversed by NAC. Most previous studies support
that AF-induced cell apoptosis via inhibiting TrxR and induc-
ing the generation of reactive oxygen species (ROS).
Nevertheless, we found that the antioxidant TBHQ could
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scavenge ROS induced by AF, but could not rescue AF-
mediated proteasome inhibition and cell death. Thus, these
results demonstrate that the anticancer activity of AF is asso-
ciated with proteasomal DUB inhibition rather than ROS
generation.

We and others have shown that proteasome inhibition
could induce apoptosis in both imatinib (IM)-sensitive and -
resistant Ber/Abl-positive CML cells [119-121]. IM is the
most commonly used inhibitor of Ber-Abl tyrosine kinase,
which plays a critical role in the pathogenesis of CML [122,
123]. Unfortunately, some mutations, especially T315I muta-
tion, in the BCR-ABL kinase domain prevent the binding of
IM, thus resulting in IM resistance [124]. We explored the
potential of the proteasomal DUB inhibitor AF, a clinically
used drug, in a treatment of IM-resistant CML cells [125].
We have revealed that AF induces apoptosis in both wild-
type and T3151 mutation Ber-Abl-positive CML cells, and
inhibits the growth of Ber-Abl-T3151 xenografts in vivo. We
also found that AF downregulated the expression of both Ber-
Abl protein and mRNA. However, the degree of reduction in
mRNA is dramatically less than that in protein, suggesting
that AF-induced downregulation of Ber-Abl transcription is
likely partially responsible for the decreased Ber-Abl protein
levels. We observed that the pan-caspase inhibitor z-VAD-fink
could partially reverse AF-mediated Ber-Abl protein de-
creases, but did not attenuate ubiquitinated protein accumula-
tion. These results suggest that AF-induced caspase activation
by proteasomal DUB inhibition is also required for downreg-
ulation of Ber-Abl protein. Similar to our earlier observation
[119], we found that AF-mediated caspase activation and Ber-
Abl downregulation were attributed to proteasome inhibition
rather than ROS generation [125, 126]. Recently, we showed
that the combination of two clinical drugs, AF and DSF, syn-
ergistically enhanced the anticancer effect both in vitro and
in vivo. We demonstrated that the synergistic cytotoxicity of
the combination of AF and DSF is associated with UPS inhi-
bition, ER stress, and mitochondrial membrane potential loss-
triggered caspase activation and apoptosis [127].

4.3 Pyrithione-metal chelates

Pyrithione (PT) has excellent metal chelating properties.
Recently, we have used various metals including zinc, nickel,
and platinum (Fig. 2k), complexing with the same ligand PT
to compare their effects on the UPS. Zinc pyrithione (ZnPT)
has been widely used as a booster biocide in antifouling paints
and antidandruff shampoos [128—130], and has also been
demonstrated as a potential anticancer treatment [131, 132],
but the detailed molecular mechanisms remain unclear. We
reported that ZnPT, an FDA-approved pharmacological drug,
could target/inhibit proteasomal DUBs (USP14 and UCHLYS)
without inhibiting 20S proteasome activities [133]. We found
that ZnPT efficiently induced apoptosis in various cultured
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cancer cells and primary cancer cells from leukemia patients
and significantly suppressed tumor growth in nude mouse
xenografts. This clinically used metal-based complex might
have potential as a proteasomal DUB inhibitor for cancer ther-
apy. In addition, we synthesized two other metal complexes,
platinum pyrithione (PtPT) and nickel pyrithione (NiPT). We
found that the platinum-based agent PtPT targets proteasomal
DUBs (UCHLS and USP14) rather than DNA, which is dif-
ferent from cisplatin [134]. Cisplatin is highly reactive to-
wards DNA because there are two non-leaving groups
(NH3) and two fast-rate leaving groups (Cl) around the plat-
inum ion [135]. However, PtPT has two medium-rate leaving
groups (S and O) in PT, which allows it to react with protein
targets even before reaching the nucleus. We observed that
PtPT exhibited greater cytotoxicity than cisplatin in multiple
cancer cells and was also highly effective in cisplatin-resistant
A549 cells. Moreover, PtPT selectively induced cytotoxicity
and UPS inhibition in primary leukemia cells, but not in
mononuclear cells from healthy volunteers. PtPT also remark-
ably inhibited tumor growth in nude mice xenografts without
showing any adverse effects. Hence, we have discovered a
new platinum-based complex, PtPT, which targets
proteasomal DUBs and exhibits better anticancer activities
and lower toxicity than cisplatin. The other metal-based com-
plex we synthesized is nickel pyrithione (NiPT). This novel
nickel complex can also target proteasomal DUBs (UCHLS5
and USP14) and induce apoptosis in cancer cells [136].
Importantly, NiPT also induced UPS inhibition and apoptosis
in both IM-resistant and IM-sensitive CML cells.
Mechanistically, NiPT induced decreases in Ber-Abl proteins,
which were associated with the downregulation of Ber-Abl
transcription and the cleavage of Ber-Abl protein by activated
caspases [137]. To determine the contribution of metal ion or
of ligand to the observed pharmacological effects of NiPT, we
compared the effects of Ni2+, PT, and NiPT on proteasomal
DUB activities in vitro. We found that PT and NiPT, but not
Ni?*, potently inhibited DUB activity, suggesting that PT
plays the most essential role in NiPT-induced DUB inhibition.

Collectively, our data provide compelling support that
metal-PT complexes induce typical proteasome inhibition
via targeting proteasomal DUBs (USP14 and UCHLY), but
different metals may have different effects (Fig. 3). CuPT
inhibits 20S proteasome activity as well [107], but PtPT,
NiPT, and ZnPT do not [133, 134, 136]. Besides targeting
proteasomal DUBs, CuPT, NiPT, and ZnPT [107, 133, 136],
but not PtPT [134], also inhibit some other non-proteasomal
DUBs in the cytoplasm, which is possibly associated with
some non-proteasome related cytotoxicity. In addition, PtPT,
NiPT, and ZnPT are not DNA damage inducers [133, 134,
136], but CuPT induces DNA damage (unpublished data).
Future studies need to be performed to compare the effects
of other metal complexes on the activities of 20S proteasome
and proteasomal DUBs.
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Fig. 3 Different selectivities of
metal-PT complexes among
various enzymes and DNA
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5 Conclusions and outlook

Three 20S proteasome inhibitors, bortezomib, carfilzomib,
and ixazomib, have been approved by the FDA for treatment
of MM, supporting the idea that the components of UPS are
attractive targets for anticancer agents. Among susceptible
targets in the UPS, DUBs have unique biological functions,
tissue-specific expression, and substrate specificities. Thus,
DUB inhibitors are expected to be more specific and less
toxic. 20S proteasome inhibitors are known to lack efficacy
in solid tumors, and their clinical use is hampered by devel-
opment of resistance and clinical toxicities. Pharmacological
inhibition of DUBs has been shown to display powerful anti-
proliferative and proapoptotic effects in preclinical hemato-
logical and solid tumor models and may offer a strategy to
overcome bortezomib resistance [26, 73, 83]. Importantly, se-
lective degradation of oncoproteins can be achieved by
inhibiting respective DUBs. For instance, wild-type p53-ex-
pressing tumors could potentially respond to USP7 inhibitor
by affecting MDM?2 protein turnover [26]. Inhibition of
USP14 may be a highly effective therapy for prostate cancer
through degrading AR protein [52]. Based on high throughput
screening and structure-based drug design, a number of other
DUB inhibitor candidates are expected to be identified.
Considering that most DUBs have still not been well charac-
terized, more research is needed on the structural biology of
DUBEs, identification of their target proteins, and binding
modes of their specific inhibitors.

Most DUBs are cysteine proteases, including the
proteasomal DUBs UCHLS and USP14, which could be
targeted by metal-based agents. In this review, we have sug-
gested various metal complexes (copper, gold, zinc, etc.) as a
new class of potent proteasomal DUB inhibitors. However,
the precise mechanism for the specificity of different metal
compounds is not yet completely understood. The key to un-
derstanding drug specificity is to obtain further chemical anal-
ysis of metal-based DUB inhibitors and their binding modes
of proteasomal DUBSs. Ligands play an important role in mod-
ifying the general properties of metal complexes. The explo-
ration of well-chosen ligands endowed with various chemical
properties can lead to the improvement of selectivity of metal

Proteasomal DUBs

Cellular DUBs

o

DNA Damage

85

complexes toward DUBs. Several approaches allow us to
move drug development towards more targeted and rational
design of metal-based drugs. Metallomic approaches as
emerging research areas may contribute to revealing biomo-
lecular binding profiles and the fate of the metal complexes in
biological systems [138]. Additionally, proteomic screening
and gene expression analysis might lead to a better under-
standing of the action mechanisms of metal-based anticancer
drugs.

Metal complexes present some challenges. For orally ad-
ministered drugs, adequate absorption and bioavailability
must be achieved. Many metal complexes are given intrave-
nously due to their limited solubility in oral formulation and
the lack of stability on their passage through the digestive tract
[139]. Since excessive bioaccumulation of metals can be high-
ly toxic, the dosage of metal complexes is critical for thera-
peutic effectiveness and safety. An optimal concentration
should be toxic to tumor cells with minimum toxicity to nor-
mal cells. However, this is always difficult to achieve with
metal complexes [86]. Novel strategies can be developed for
the delivery of metal complexes and/or decrease their side
effects. Nanoparticles made of polymers (NPs) offers sequen-
tial release vectors for antitumor drugs. They allow modula-
tion of drug solubility and distribution, as well as targeting
specific cell receptors and reducing side effects of the drug
[140, 141]. In addition, an intriguing way to develop metal
complex peptide derivatives is based on improved intracellu-
lar drug transfer and delivery systems supported by transport
proteins. Peptide transporters are integral plasma membrane
proteins that seem to be upregulated in some types of tumor.
Some gold(IIT) complex peptidomimetics could preserve the
antitumor activities of the gold(IIl) complex, together with
reduced toxic side effects and increased tumor selectivity by
targeting the peptide transporters [142].

To our knowledge, thus far, only one proteasomal DUB
inhibitor (VLX1570) has successfully entered the clinical tri-
als. This is due to several reasons. Some proteasomal DUB
inhibitors (e.g., WP1130) show relatively poor selectivity,
targeting not only proteasomal DUBs but also cellular DUBs
or other cysteine proteases. Others like USP14 inhibitor (i.e.,
IU1) are proposed as a therapeutic approach for
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neurodegenerative diseases or specific tumors by promoting
the degradation of neurotoxic or cancer-causing proteins.
However, a recent study revealed that it fails to enhance
proteasomal degradation of Tau in neurons [81]; therefore,
its clinical application is worthy of further testing in animal
models. In addition, recently identified Rpnll inhibitors are
attractive anticancer drug candidates that require more preclin-
ical study to evaluate their efficacy and safety. Regarding met-
al complexes, development of water-soluble metal complexes
with potent DUB inhibition effects and metal-based inhibitors
of specific DUBs correlating to specific tumor types remain
challenging. We expect that novel metal-based complexes
could be developed as inhibitors of proteasomal DUBs and
be used for cancer therapeutics in the future.

Acknowledgements We thank Christine Heiner (Department of
Surgery, University of Pittsburgh) for her critical reading of the manu-
script. This work was supported by the National High Technology
Research and Development Program of China (2006AA02Z4B5) and
NSFC (81272451/H1609, 81472762/H1609) (to J. L.). D.T. was support-
ed by grants from the US National Institutes of Health (ROIGM 115366
and RO1CA160417), the Natural Science Foundation of Guangdong
Province (2016A030308011), the American Cancer Society (Research
Scholar Grant RSG-16-014-01-CDD), and the National Natural Science
Foundation of China (31671435).

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Eldridge, A. G., & O'Brien, T. (2010). Therapeutic strategies with-
in the ubiquitin proteasome system. Cell Death and
Differentiation, 17(1), 4-13. https://doi.org/10.1038/cdd.2009.82.

2. Hilt, W., & Wolf, D. H. (1996). Proteasomes: destruction as a
programme. Trends in Biochemical Sciences, 21(3), 96-102.

3. Fang, S., & Weissman, A. M. (2004). A field guide to
ubiquitylation. Cellular and Molecular Life Sciences, 61(13),
1546-1561. https://doi.org/10.1007/s00018-004-4129-5.

4. Adams, J. (2003). The proteasome: structure, function, and role in
the cell. Cancer Treatment Reviews, 29(Suppl 1), 3-9.

5. Van Drie, J. H. (2011). Protein folding, protein homeostasis, and
cancer. Chinese Journal of Cancer, 30(2), 124-137.

6. Anderson, D. J., Le Moigne, R., Djakovic, S., Kumar, B., Rice, J.,
Wong, S., et al. (2015). Targeting the AAA ATPase p97 as an
approach to treat cancer through disruption of protein homeosta-
sis. Cancer Cell, 28(5), 653—665. https://doi.org/10.1016/j.ccell.
2015.10.002.

7. Nicholson, B., Marblestone, J. G., Butt, T. R., & Mattern, M. R.
(2007). Deubiquitinating enzymes as novel anticancer targets.
Future Oncology, 3(2), 191-199. https://doi.org/10.2217/
14796694.3.2.191.

8. D'Arcy, P, Bmjic, S., Olofsson, M. H., Fryknas, M., Lindsten, K.,
De Cesare, M., et al. (2011). Inhibition of proteasome
deubiquitinating activity as a new cancer therapy. Nature
Medicine, 17(12), 1636-1640. https://doi.org/10.1038/nm.2536.

@ Springer

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cvek, B., Milacic, V., Taraba, J., & Dou, Q. P. (2008). Ni(I),
Cu(Il), and Zn(I) diethyldithiocarbamate complexes show vari-
ous activities against the proteasome in breast cancer cells.
Journal of Medicinal Chemistry, 51(20), 6256—6258. https://doi.
org/10.1021/jm8007807.

Schmitt, S. M., Frezza, M., & Dou, Q. P. (2012). New applications
of old metal-binding drugs in the treatment of human cancer.
Frontiers in Bioscience (Scholar Edition), 4, 375-391.

Liu, N., Huang, H., Dou, Q. P., & Liu, J. (2015). Inhibition of 19S
proteasome-associated deubiquitinases by metal-containing com-
pounds. Oncoscience, 2(5), 457-466. 10.18632/oncoscience.167.
Zhang, J. J., Ng, K. M., Lok, C. N., Sun, R. W., & Che, C. M.
(2013). Deubiquitinases as potential anti-cancer targets for
gold(Ill) complexes. Chem Commun (Camb), 49(45), 5153—
5155. https://doi.org/10.1039/c3cc41766b.

Fraile, J. M., Quesada, V., Rodriguez, D., Freije, J. M., & Lopez-
Otin, C. (2012). Deubiquitinases in cancer: new functions and
therapeutic options. Oncogene, 31(19), 2373-2388. https://doi.
org/10.1038/onc.2011.443.

D'Arcy, P., Wang, X., & Linder, S. (2015). Deubiquitinase inhibition
as a cancer therapeutic strategy. Pharmacology & Therapeutics,
147, 32-54. https://doi.org/10.1016/j.pharmthera.2014.11.002.
Borodovsky, A., Kessler, B. M., Casagrande, R., Overkleeft, H. S.,
Wilkinson, K. D., & Ploegh, H. L. (2001). A novel active site-
directed probe specific for deubiquitylating enzymes reveals pro-
teasome association of USP14. The EMBO Journal, 20(18),
5187-5196. https://doi.org/10.1093/embo;j/20.18.5187.

Hu, M., Li, P, Li, M., Li, W,, Yao, T., Wu, J. W, et al. (2002). Crystal
structure of a UBP-family deubiquitinating enzyme in isolation and
in complex with ubiquitin aldehyde. Cell, 111(7), 1041-1054.
Love, K. R., Catic, A., Schlieker, C., & Ploegh, H. L. (2007).
Mechanisms, biology and inhibitors of deubiquitinating enzymes.
Nature Chemical Biology, 3(11), 697-705. https://doi.org/10.
1038/nchembio.2007.43.

Liu, Y., Lashuel, H. A., Choi, S., Xing, X., Case, A, Ni, J., et al.
(2003). Discovery of inhibitors that elucidate the role of UCH-L1
activity in the H1299 lung cancer cell line. Chemistry & Biology,
1009), 837-846.

Li, Z., Melandri, F., Berdo, ., Jansen, M., Hunter, L., Wright, S.,
et al. (2004). Deltal2-Prostaglandin J2 inhibits the ubiquitin hy-
drolase UCH-L1 and elicits ubiquitin-protein aggregation without
proteasome inhibition. Biochemical and Biophysical Research
Communications, 319(4), 1171-1180. https://doi.org/10.1016/].
bbrc.2004.05.098.

Liu, H., Li, W., Ahmad, M., Miller, T. M., Rose, M. E., Poloyac, S.
M., etal. (2011). Modification of ubiquitin-C-terminal hydrolase-
L1 by cyclopentenone prostaglandins exacerbates hypoxic injury.
Neurobiology of Disease, 41(2), 318-328. https://doi.org/10.
1016/j.nbd.2010.09.020.

Chen, J., Dexheimer, T. S., Ai, Y., Liang, Q., Villamil, M. A,,
Inglese, J., et al. (2011). Selective and cell-active inhibitors of the
USP1/UAF1 deubiquitinase complex reverse cisplatin resistance in
non-small cell lung cancer cells. Chemistry & Biology, 18(11),
1390-1400. https://doi.org/10.1016/j.chembiol.2011.08.014.
Mistry, H., Hsieh, G., Buhrlage, S. J., Huang, M., Park, E., Cuny, G.
D., et al. (2013). Small-molecule inhibitors of USP1 target ID1 deg-
radation in leukemic cells. Molecular Cancer Therapeutics, 12(12),
2651-2662. https://doi.org/10.1158/1535-7163.MCT-13-0103-T.
Colland, F., Formstecher, E., Jacq, X., Reverdy, C., Planquette, C.,
Conrath, S., et al. (2009). Small-molecule inhibitor of USP7/
HAUSP ubiquitin protease stabilizes and activates p53 in cells.
Molecular Cancer Therapeutics, 8(8), 2286-2295. https://doi.
org/10.1158/1535-7163.MCT-09-0097.

Tian, X., Isamiddinova, N. S., Peroutka, R. J., Goldenberg, S. J.,
Mattern, M. R., Nicholson, B., et al. (2011). Characterization of
selective ubiquitin and ubiquitin-like protease inhibitors using a


http://doi.org/10.1038/cdd.2009.82
http://doi.org/10.1007/s00018-004-4129-5
http://doi.org/10.1016/j.ccell.2015.10.002
http://doi.org/10.1016/j.ccell.2015.10.002
http://doi.org/10.2217/14796694.3.2.191
http://doi.org/10.2217/14796694.3.2.191
http://doi.org/10.1038/nm.2536
http://doi.org/10.1021/jm8007807
http://doi.org/10.1021/jm8007807
http://doi.org/10.18632/oncoscience.167
http://doi.org/10.1039/c3cc41766b
http://doi.org/10.1038/onc.2011.443
http://doi.org/10.1038/onc.2011.443
http://doi.org/10.1016/j.pharmthera.2014.11.002
http://doi.org/10.1093/emboj/20.18.5187
http://doi.org/10.1038/nchembio.2007.43
http://doi.org/10.1038/nchembio.2007.43
http://doi.org/10.1016/j.bbrc.2004.05.098
http://doi.org/10.1016/j.bbrc.2004.05.098
http://doi.org/10.1016/j.nbd.2010.09.020
http://doi.org/10.1016/j.nbd.2010.09.020
http://doi.org/10.1016/j.chembiol.2011.08.014
http://doi.org/10.1158/1535-7163.MCT-13-0103-T
http://doi.org/10.1158/1535-7163.MCT-09-0097
http://doi.org/10.1158/1535-7163.MCT-09-0097

Cancer Metastasis Rev (2017) 36:655-668

665

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

fluorescence-based multiplex assay format. Assay and Drug
Development Technologies, 9(2), 165—173. https://doi.org/10.
1089/adt.2010.0317.

Reverdy, C., Conrath, S., Lopez, R., Planquette, C., Atmanene, C.,
Collura, V., et al. (2012). Discovery of specific inhibitors of human
USP7/HAUSP deubiquitinating enzyme. Chemistry & Biology,
19(4), 467-477. https://doi.org/10.1016/j.chembiol.2012.02.007.
Chauhan, D., Tian, Z., Nicholson, B., Kumar, K. G., Zhou, B.,
Carrasco, R., et al. (2012). A small molecule inhibitor of ubiquitin-
specific protease-7 induces apoptosis in multiple myeloma cells
and overcomes bortezomib resistance. Cancer Cell, 22(3), 345—
358. https://doi.org/10.1016/j.ccr.2012.08.007.

Daviet, L., & Colland, F. (2008). Targeting ubiquitin specific pro-
teases for drug discovery. Biochimie, 90(2), 270-283. https://doi.
org/10.1016/j.biochi.2007.09.013.

Colombo, M., Vallese, S., Peretto, 1., Jacq, X., Rain, J. C., Colland,
F., etal. (2010). Synthesis and biological evaluation of 9-ox0-9H-
indeno[1,2-b]pyrazine-2,3-dicarbonitrile analogues as potential
inhibitors of deubiquitinating enzymes. ChemMedChem, 5(4),
552-558. https://doi.org/10.1002/cmdc.200900409.

Leggett, D. S., Hanna, J., Borodovsky, A., Crosas, B., Schmidt, M.,
Baker, R. T., et al. (2002). Multiple associated proteins regulate
proteasome structure and function. Molecular Cell, 10(3), 495-507.
Qiu, X. B., Ouyang, S. Y., Li, C. J., Miao, S., Wang, L., &
Goldberg, A. L. (2006). hRpn13/ADRM1/GP110 is a novel pro-
teasome subunit that binds the deubiquitinating enzyme, UCH37.
The EMBO Journal, 25(24), 5742-5753. https://doi.org/10.1038/
sj.emb0j.7601450.

Stone, M., Hartmann-Petersen, R., Seeger, M., Bech-Otschir, D.,
Wallace, M., & Gordon, C. (2004). Uch2/Uch37 is the major
deubiquitinating enzyme associated with the 26S proteasome in
fission yeast. Journal of Molecular Biology, 344(3), 697-706.
https://doi.org/10.1016/j.jmb.2004.09.057.

Yao, T., & Cohen, R. E. (2002). A cryptic protease couples
deubiquitination and degradation by the proteasome. Nature,
419(6905), 403—407. https://doi.org/10.1038/nature01071.
Verma, R., Aravind, L., Oania, R., McDonald, W. H., Yates
3rd, J. R., Koonin, E. V., et al. (2002). Role of Rpnll
metalloprotease in deubiquitination and degradation by the
26S proteasome. Science, 298(5593), 611-615. https://doi.
org/10.1126/science.1075898.

Lam, Y. A., Xu, W., DeMartino, G. N., & Cohen, R. E. (1997).
Editing of ubiquitin conjugates by an isopeptidase in the 26S
proteasome. Nature, 385(6618), 737-740. https://doi.org/10.
1038/385737a0.

D'Arcy, P., & Linder, S. (2012). Proteasome deubiquitinases as
novel targets for cancer therapy. The International Journal of
Biochemistry & Cell Biology, 44(11), 1729—1738. https://doi.org/
10.1016/j.biocel.2012.07.011.

Koulich, E., Li, X., & DeMartino, G. N. (2008). Relative structural
and functional roles of multiple deubiquitylating proteins associated
with mammalian 26S proteasome. Molecular Biology of the Cell,
19(3), 1072-1082. https://doi.org/10.1091/mbc.E07-10-1040.
Gallery, M., Blank, J. L., Lin, Y., Gutierrez, J. A., Pulido, J. C.,
Rappoli, D., et al. (2007). The JAMM motif of human
deubiquitinase Pohl is essential for cell viability. Molecular
Cancer Therapeutics, 6(1), 262-268. https://doi.org/10.1158/
1535-7163.MCT-06-0542.

Rinaldi, T., Ricci, C., Porro, D., Bolotin-Fukuhara, M., & Frontali,
L. (1998). A mutation in a novel yeast proteasomal gene, RPN11/
MPR1, produces a cell cycle arrest, overreplication of nuclear and
mitochondrial DNA, and an altered mitochondrial morphology.
Molecular Biology of the Cell, 9(10), 2917-2931.

Spataro, V., Simmen, K., & Realini, C. A. (2002). The essential
26S proteasome subunit Rpnll confers multidrug resistance to
mammalian cells. Anticancer Research, 22(6C), 3905-3909.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

Nabhan, J. F., & Ribeiro, P. (2006). The 19 S proteasomal subunit
POHI contributes to the regulation of c-Jun ubiquitination, stabil-
ity, and subcellular localization. The Journal of Biological
Chemistry, 281(23), 16099-16107. https://doi.org/10.1074/jbc.
M512086200.

Song, Y., Ray, A., DAS, D. S., Chauhan, D., & Anderson, K. C.
(2015). Targeting 19S-proteasome deubiquitinase Rpn11/POH1/
PSMD14 in multiple myeloma. Blood, 126(23), 1811-1811.
Wicks, S. J., Haros, K., Maillard, M., Song, L., Cohen, R. E., Dijke,
P. T, et al. (2005). The deubiquitinating enzyme UCH37 interacts
with Smads and regulates TGF-beta signalling. Oncogene, 24(54),
8080-8084. https://doi.org/10.1038/sj.onc.1208944.

Ko, Y. M., Chang, C. Y., Chiou, S. J., Hsu, F. J., Huang, J. S.,
Yang, Y. L., et al. (2013). Ubiquitin C-terminal hydrolase-L5 is
required for high glucose-induced transforming growth factor-beta
receptor I expression and hypertrophy in mesangial cells. Archives
of Biochemistry and Biophysics, 535(2), 177-186. https://doi.org/
10.1016/j.abb.2013.03.003.

Fang, Y., Fu, D., Tang, W., Cai, Y., Ma, D., Wang, H., etal. (2013).
Ubiquitin C-terminal Hydrolase 37, a novel predictor for hepato-
cellular carcinoma recurrence, promotes cell migration and inva-
sion via interacting and deubiquitinating PRP19. Biochimica et
Biophysica Acta, 1833(3), 559-572. https://doi.org/10.1016/].
bbamcr.2012.11.020.

Chen, Z., Niu, X., Li, Z., Yu, Y., Ye, X., Lu, S., etal. (2011). Effect
of ubiquitin carboxy-terminal hydrolase 37 on apoptotic in A549
cells. Cell Biochemistry and Function, 29(2), 142—148. https://doi.
org/10.1002/cbf.1734.

Lee, B.H., Lee, M. J., Park, S., Oh, D. C., Elsasser, S., Chen, P. C.,
et al. (2010). Enhancement of proteasome activity by a small-
molecule inhibitor of USP14. Nature, 467(7312), 179-184.
https://doi.org/10.1038/nature09299.

Jin, Y. N., Chen, P. C., Watson, J. A., Walters, B. J., Phillips, S. E.,
Green, K., et al. (2012). Usp14 deficiency increases tau phosphor-
ylation without altering tau degradation or causing tau-dependent
deficits. PLoS One, 7(10), e47884. https://doi.org/10.1371/
journal.pone.0047884.

Jung, H., Kim, B. G., Han, W. H., Lee, J. H., Cho, J. Y., Park, W.
S., et al. (2013). Deubiquitination of Dishevelled by Uspl4 is
required for Wnt signaling. Oncogene, 2, e64. https://doi.org/10.
1038/oncsis.2013.28.

Wu, N, Liu, C., Bai, C., Han, Y. P., Cho, W. C., & Li, Q. (2013).
Over-expression of deubiquitinating enzyme USP14 in lung ade-
nocarcinoma promotes proliferation through the accumulation of
beta-catenin. International Journal of Molecular Sciences, 14(6),
10749-10760. https://doi.org/10.3390/ijms140610749.

Mialki, R. K., Zhao, J., Wei, J., Mallampalli, D. F., & Zhao, Y.
(2013). Overexpression of USP 14 protease reduces I-kappaB pro-
tein levels and increases cytokine release in lung epithelial cells.
The Journal of Biological Chemistry, 288(22), 15437-15441.
https://doi.org/10.1074/jbc.C112.446682.

Xu, D., Shan, B., Lee, B. H., Zhu, K., Zhang, T., Sun, H., et al.
(2015). Phosphorylation and activation of ubiquitin-specific pro-
tease-14 by Akt regulates the ubiquitin-proteasome system. eLife,
4, e10510. https://doi.org/10.7554/eLife.10510.

Liao, Y., Liu, N., Hua, X., Cai, J., Xia, X., Wang, X., et al. (2017).
Proteasome-associated deubiquitinase ubiquitin-specific protease
14 regulates prostate cancer proliferation by deubiquitinating and
stabilizing androgen receptor. Cell Death & Disease, §(2), €2585.
https://doi.org/10.1038/cddis.2016.477.

Chen, X., Wu, J., Chen, Y., Ye, D., Lei, H., Xu, H., et al. (2016).
Ubiquitin-specific protease 14 regulates cell proliferation and ap-
optosis in oral squamous cell carcinoma. The International
Journal of Biochemistry & Cell Biology, 79, 350-359. https://
doi.org/10.1016/j.biocel.2016.08.038.

@ Springer


http://doi.org/10.1089/adt.2010.0317
http://doi.org/10.1089/adt.2010.0317
http://doi.org/10.1016/j.chembiol.2012.02.007
http://doi.org/10.1016/j.ccr.2012.08.007
http://doi.org/10.1016/j.biochi.2007.09.013
http://doi.org/10.1016/j.biochi.2007.09.013
http://doi.org/10.1002/cmdc.200900409
http://doi.org/10.1038/sj.emboj.7601450
http://doi.org/10.1038/sj.emboj.7601450
http://doi.org/10.1016/j.jmb.2004.09.057
http://doi.org/10.1038/nature01071
http://doi.org/10.1126/science.1075898
http://doi.org/10.1126/science.1075898
http://doi.org/10.1038/385737a0
http://doi.org/10.1038/385737a0
http://doi.org/10.1016/j.biocel.2012.07.011
http://doi.org/10.1016/j.biocel.2012.07.011
http://doi.org/10.1091/mbc.E07-10-1040
http://doi.org/10.1158/1535-7163.MCT-06-0542
http://doi.org/10.1158/1535-7163.MCT-06-0542
http://doi.org/10.1074/jbc.M512086200
http://doi.org/10.1074/jbc.M512086200
http://doi.org/10.1038/sj.onc.1208944
http://doi.org/10.1016/j.abb.2013.03.003
http://doi.org/10.1016/j.abb.2013.03.003
http://doi.org/10.1016/j.bbamcr.2012.11.020
http://doi.org/10.1016/j.bbamcr.2012.11.020
http://doi.org/10.1002/cbf.1734
http://doi.org/10.1002/cbf.1734
http://doi.org/10.1038/nature09299
http://doi.org/10.1371/journal.pone.0047884
http://doi.org/10.1371/journal.pone.0047884
http://doi.org/10.1038/oncsis.2013.28
http://doi.org/10.1038/oncsis.2013.28
http://doi.org/10.3390/ijms140610749
http://doi.org/10.1074/jbc.C112.446682
http://doi.org/10.7554/eLife.10510
http://doi.org/10.1038/cddis.2016.477
http://doi.org/10.1016/j.biocel.2016.08.038
http://doi.org/10.1016/j.biocel.2016.08.038

666

Cancer Metastasis Rev (2017) 36:655-668

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wang, Y., Wang, J., Zhong, J., Deng, Y., Xi, Q., He, S., et al. (2015).
Ubiquitin-specific protease 14 (USP14) regulates cellular prolifera-
tion and apoptosis in epithelial ovarian cancer. Medical Oncology,
32(1), 379. https://doi.org/10.1007/s12032-014-0379-8.

Zhu, Y., Zhang, C., Gu, C., Li, Q., & Wu, N. (2016). Function of
deubiquitinating enzyme USP14 as oncogene in different types of
cancer. Cellular Physiology and Biochemistry, 38(3), 993—1002.
https://doi.org/10.1159/000443051.

Xu, X., Liu, J., Shen, C., Ding, L., Zhong, F., Ouyang, Y., et al.
(2017). The role of ubiquitin-specific protease 14 (USP14) in cell
adhesion-mediated drug resistance (CAM-DR) of multiple mye-
loma cells. European Journal of Haematology, 98(1), 4—12.
https://doi.org/10.1111/ejh.12729.

Ho, T. L., Ho, H. C., & Hamilton, L. D. (1978). Biochemical
significance of the hard and soft acids and bases principle.
Chemico-Biological Interactions, 23(1), 65-84.

Lopachin, R. M., Gavin, T., Decaprio, A., & Barber, D. S. (2012).
Application of the hard and soft, acids and bases (HSAB) theory to
toxicant—target interactions. Chemical Research in Toxicology,
25(2), 239-251. https://doi.org/10.1021/tx2003257.

Kapuria, V., Peterson, L. F., Fang, D., Bornmann, W. G., Talpaz,
M., & Donato, N. J. (2010). Deubiquitinase inhibition by small-
molecule WP1130 triggers aggresome formation and tumor cell
apoptosis. Cancer Research, 70(22), 9265-9276. https://doi.org/
10.1158/0008-5472.CAN-10-1530.

Peddaboina, C., Jupiter, D., Fletcher, S., Yap, J. L., Rai, A., Tobin,
R. P, et al. (2012). The downregulation of Mcl-1 via USP9X
inhibition sensitizes solid tumors to Bcl-x1 inhibition. BMC
Cancer; 12, 541. https://doi.org/10.1186/1471-2407-12-541.

Sun, H., Kapuria, V., Peterson, L. F., Fang, D., Bornmann, W. G.,
Bartholomeusz, G., et al. (2011). Ber-Abl ubiquitination and
Usp9x inhibition block kinase signaling and promote CML cell
apoptosis. Blood, 117(11), 3151-3162. https://doi.org/10.1182/
blood-2010-03-276477.

Kapuria, V., Levitzki, A., Bornmann, W. G., Maxwell, D., Priebe,
W., Sorenson, R. J., et al. (2011). A novel small molecule
deubiquitinase inhibitor blocks Jak2 signaling through Jak2
ubiquitination. Cellular Signalling, 23(12), 2076-2085. https:/
doi.org/10.1016/j.cellsig.2011.08.002.

Driessen, S., Berleth, N., Friesen, O., Loffler, A. S., Bohler, P.,
Hieke, N., et al. (2015). Deubiquitinase inhibition by WP1130
leads to ULK1 aggregation and blockade of autophagy.
Autophagy, 11(9), 1458-1470. https://doi.org/10.1080/15548627.
2015.1067359.

Pham, L. V., Tamayo, A. T., Li, C., Bornmann, W., Priebe, W., &
Ford, R. J. (2010). Degrasyn potentiates the antitumor effects of
bortezomib in mantle cell lymphoma cells in vitro and in vivo:
therapeutic implications. Molecular Cancer Therapeutics, 9(7),
2026-2036. https://doi.org/10.1158/1535-7163.MCT-10-0238.
Fu, P, Du, F,, Liu, Y., Yao, M., Zhang, S., Zheng, X., etal. (2017).
WP1130 increases cisplatin sensitivity through inhibition of usp9x
in estrogen receptor-negative breast cancer cells. American
Journal of Translational Research, 9(4), 1783-1791.

Liu, H., Chen, W., Liang, C., Chen, B. W., Zhi, X., Zhang, S., et al.
(2015). WP1130 increases doxorubicin sensitivity in hepatocellular
carcinoma cells through usp9x-dependent p53 degradation. Cancer
Letters, 361(2), 218-225. https://doi.org/10.1016/j.canlet.2015.03.001.
Maheshwari, R. K., Singh, A. K., Gaddipati, J., & Srimal, R. C.
(2006). Multiple biological activities of curcumin: a short review.
Life Sciences, 78(18), 2081-2087. https://doi.org/10.1016/j.1fs.
2005.12.007.

Jana, N. R., Dikshit, P., Goswami, A., & Nukina, N. (2004).
Inhibition of proteasomal function by curcumin induces apoptosis
through mitochondrial pathway. The Journal of Biological
Chemistry, 279(12), 11680—11685. https://doi.org/10.1074/jbc.
M310369200.

@ Springer

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Hasima, N., & Aggarwal, B. B. (2014). Targeting proteasomal
pathways by dietary curcumin for cancer prevention and treat-
ment. Current Medicinal Chemistry, 21(14), 1583-1594.
Milacic, V., Banerjee, S., Landis-Piwowar, K. R., Sarkar, F. H.,
Majumdar, A. P., & Dou, Q. P. (2008). Curcumin inhibits the
proteasome activity in human colon cancer cells in vitro and
in vivo. Cancer Research, 68(18), 7283—7292. https://doi.org/10.
1158/0008-5472.CAN-07-6246.

Mullally, J. E., & Fitzpatrick, F. A. (2002). Pharmacophore model
for novel inhibitors of ubiquitin isopeptidases that induce p53-
independent cell death. Molecular Pharmacology, 62(2), 351-358.
Zhou, B., Zuo, Y., Li, B., Wang, H., Liu, H., Wang, X, et al.
(2013). Deubiquitinase inhibition of 19S regulatory particles by
4-arylidene curcumin analog AC17 causes NF-kappaB inhibition
and p53 reactivation in human lung cancer cells. Molecular
Cancer Therapeutics, 12(8), 1381-1392. https://doi.org/10.1158/
1535-7163.MCT-12-1057.

Tian, Z., D'Arcy, P., Wang, X., Ray, A., Tai, Y. T., Hu, Y., et al.
(2014). A novel small molecule inhibitor of deubiquitylating en-
zyme USP14 and UCHLS5 induces apoptosis in multiple myeloma
and overcomes bortezomib resistance. Blood, 123(5), 706-716.
https://doi.org/10.1182/blood-2013-05-500033.

Wang, X., Stafford, W., Mazurkiewicz, M., Fryknas, M., Brjnic,
S., Zhang, X., et al. (2014). The 19S Deubiquitinase inhibitor b-
AP15 is enriched in cells and elicits rapid commitment to cell
death. Molecular Pharmacology, 85(6), 932-945. https://doi.org/
10.1124/mol.113.091322.

Coughlin, K., Anchoori, R., lizuka, Y., Meints, J., MacNeill, L.,
Vogel, R. L., et al. (2014). Small-molecule RA-9 inhibits
proteasome-associated DUBs and ovarian cancer in vitro and
in vivo via exacerbating unfolded protein responses. Clinical
Cancer Research, 20(12), 3174-3186. https://doi.org/10.1158/
1078-0432.CCR-13-2658.

Issaenko, O. A., & Amerik, A. Y. (2012). Chalcone-based small-
molecule inhibitors attenuate malignant phenotype via targeting
deubiquitinating enzymes. Cell Cycle, 11(9), 1804—1817. https://
doi.org/10.4161/cc.20174.

Brmjic, S., Mazurkiewicz, M., Fryknas, M., Sun, C., Zhang, X.,
Larsson, R., et al. (2014). Induction of tumor cell apoptosis by a
proteasome deubiquitinase inhibitor is associated with oxidative
stress. Antioxidants & Redox Signaling, 21(17), 2271-2285.
https://doi.org/10.1089/ars.2013.5322.

Wang, X., D'Arcy, P., Caulfield, T. R., Paulus, A., Chitta, K.,
Mohanty, C., etal. (2015). Synthesis and evaluation of derivatives
of the proteasome deubiquitinase inhibitor b-AP15. Chemical
Biology & Drug Design, 86(5), 1036—1048. https://doi.org/10.
1111/cbdd.12571.

Wang, X., Mazurkiewicz, M., Hillert, E. K., Olofsson, M. H.,
Pierrou, S., Hillertz, P, et al. (2016). The proteasome deubiquitinase
inhibitor VLX1570 shows selectivity for ubiquitin-specific protease-
14 and induces apoptosis of multiple myeloma cells. Scientific
Reports, 6,26979. https://doi.org/10.1038/srep26979.

Lee, M. J., Lee, B. H., Hanna, J., King, R. W., & Finley, D. (2011).
Trimming of ubiquitin chains by proteasome-associated
deubiquitinating enzymes. Molecular & Cellular Proteomics,
10(5), R110 003871. https://doi.org/10.1074/mcp.R110.003871.
Kiprowska, M. J., Stepanova, A., Todaro, D. R., Galkin, A., Haas,
A., Wilson, S. M., etal. (2017). Neurotoxic mechanisms by which
the USP14 inhibitor IU1 depletes ubiquitinated proteins and Tau
in rat cerebral cortical neurons: relevance to Alzheimer’s disease.
Biochimica et Biophysica Acta, 1863(6), 1157-1170. https://doi.
org/10.1016/j.bbadis.2017.03.017.

Min, J. W., Lu, L., Freeling, J. L., Martin, D. S., & Wang, H. (2017).
USP14 inhibitor attenuates cerebral ischemia/reperfusion-induced
neuronal injury in mice. Journal of Neurochemistry, 140(5), 826—
833. https://doi.org/10.1111/jnc.13941.


http://doi.org/10.1007/s12032-014-0379-8
http://doi.org/10.1159/000443051
http://doi.org/10.1111/ejh.12729
http://doi.org/10.1021/tx2003257
http://doi.org/10.1158/0008-5472.CAN-10-1530
http://doi.org/10.1158/0008-5472.CAN-10-1530
http://doi.org/10.1186/1471-2407-12-541
http://doi.org/10.1182/blood-2010-03-276477
http://doi.org/10.1182/blood-2010-03-276477
http://doi.org/10.1016/j.cellsig.2011.08.002
http://doi.org/10.1016/j.cellsig.2011.08.002
http://doi.org/10.1080/15548627.2015.1067359
http://doi.org/10.1080/15548627.2015.1067359
http://doi.org/10.1158/1535-7163.MCT-10-0238
http://doi.org/10.1016/j.canlet.2015.03.001
http://doi.org/10.1016/j.lfs.2005.12.007
http://doi.org/10.1016/j.lfs.2005.12.007
http://doi.org/10.1074/jbc.M310369200
http://doi.org/10.1074/jbc.M310369200
http://doi.org/10.1158/0008-5472.CAN-07-6246
http://doi.org/10.1158/0008-5472.CAN-07-6246
http://doi.org/10.1158/1535-7163.MCT-12-1057
http://doi.org/10.1158/1535-7163.MCT-12-1057
http://doi.org/10.1182/blood-2013-05-500033
http://doi.org/10.1124/mol.113.091322
http://doi.org/10.1124/mol.113.091322
http://doi.org/10.1158/1078-0432.CCR-13-2658
http://doi.org/10.1158/1078-0432.CCR-13-2658
http://doi.org/10.4161/cc.20174
http://doi.org/10.4161/cc.20174
http://doi.org/10.1089/ars.2013.5322
http://doi.org/10.1111/cbdd.12571
http://doi.org/10.1111/cbdd.12571
http://doi.org/10.1038/srep26979
http://doi.org/10.1074/mcp.R110.003871
http://doi.org/10.1016/j.bbadis.2017.03.017
http://doi.org/10.1016/j.bbadis.2017.03.017
http://doi.org/10.1111/jnc.13941

Cancer Metastasis Rev (2017) 36:655-668

667

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

9s.

96.

97.

98.

99.

Li, J., Yakushi, T., Parlati, F., Mackinnon, A. L., Perez, C., Ma, Y.,
et al. (2017). Capzimin is a potent and specific inhibitor of protea-
some isopeptidase Rpnl1. Nature Chemical Biology, 13(5), 486—
493. https://doi.org/10.1038/nchembio.2326.

Lauinger, L., Li, J., Shostak, A., Cemel, 1. A., Ha, N., Zhang, Y.,
et al. (2017). Thiolutin is a zinc chelator that inhibits the Rpn11
and other JAMM metalloproteases. Nature Chemical Biology.
https://doi.org/10.1038/nchembio.2370.

Rouffet, M., & Cohen, S. M. (2011). Emerging trends in
metalloprotein inhibition. Dalton Transactions, 40(14), 3445—
3454. https://doi.org/10.1039/c0dt01743d.

Chen, D., Milacic, V., Frezza, M., & Dou, Q. P. (2009). Metal
complexes, their cellular targets and potential for cancer therapy.
Current Pharmaceutical Design, 15(7), 777-791.

Dasari, S., & Tchounwou, P. B. (2014). Cisplatin in cancer thera-
py: molecular mechanisms of action. European Journal of
Pharmacology, 740, 364-378. https://doi.org/10.1016/j.ejphar.
2014.07.025.

Takahara, P. M., Rosenzweig, A. C., Frederick, C. A., & Lippard,
S. J. (1995). Crystal structure of double-stranded DNA containing
the major adduct of the anticancer drug cisplatin. Nature,
377(6550), 649—-652. https://doi.org/10.1038/377649a0.

Ho, Y. P, Au-Yeung, S. C., & To, K. K. (2003). Platinum-based
anticancer agents: Innovative design strategies and biological per-
spectives. Medicinal Research Reviews, 23(5), 633—655. https://
doi.org/10.1002/med.10038.

Bruijninex, P. C., & Sadler, P. J. (2008). New trends for metal
complexes with anticancer activity. Current Opinion in
Chemical Biology, 12(2), 197-206. https://doi.org/10.1016/j.
cbpa.2007.11.013.

Raju, K. S., Alessandri, G., Ziche, M., & Gullino, P. M. (1982).
Ceruloplasmin, copper ions, and angiogenesis. Journal of the
National Cancer Institute, 69(5), 1183—1188.

Hu, G. F. (1998). Copper stimulates proliferation of human endo-
thelial cells under culture. Journal of Cellular Biochemistry, 69(3),
326-335.

Rizk, S. L., & Sky-Peck, H. H. (1984). Comparison between con-
centrations of trace elements in normal and neoplastic human
breast tissue. Cancer Research, 44(11), 5390-5394.

Diez, M., Arroyo, M., Cerdan, F. J., Munoz, M., Martin, M. A., &
Balibrea, J. L. (1989). Serum and tissue trace metal levels in lung
cancer. Oncology, 46(4), 230-234.

Nayak, S. B., Bhat, V. R., Upadhyay, D., & Udupa, S. L. (2003).
Copper and ceruloplasmin status in serum of prostate and colon
cancer patients. Indian Journal of Physiology and Pharmacology,
47(1), 108-110.

Pan, Q., Kleer, C. G., van Golen, K. L., Irani, J., Bottema, K. M.,
Bias, C., et al. (2002). Copper deficiency induced by
tetrathiomolybdate suppresses tumor growth and angiogenesis.
Cancer Research, 62(17), 4854-4859.

Chen, D., Cui, Q. C., Yang, H., & Dou, Q. P. (2006). Disulfiram, a
clinically used anti-alcoholism drug and copper-binding agent, in-
duces apoptotic cell death in breast cancer cultures and xenografts
via inhibition of the proteasome activity. Cancer Research, 66(21),
10425-10433. https://doi.org/10.1158/0008-5472.CAN-06-2126.
Chen, D., Cui, Q. C., Yang, H., Barrea, R. A., Sarkar, F. H., Sheng,
S., et al. (2007). Clioquinol, a therapeutic agent for Alzheimer’s
disease, has proteasome-inhibitory, androgen receptor-suppress-
ing, apoptosis-inducing, and antitumor activities in human pros-
tate cancer cells and xenografts. Cancer Research, 67(4), 1636—
1644. https://doi.org/10.1158/0008-5472.CAN-06-3546.

Daniel, K. G., Chen, D., Orlu, S., Cui, Q. C., Miller, F. R., & Dou,
Q. P. (2005). Clioquinol and pyrrolidine dithiocarbamate complex
with copper to form proteasome inhibitors and apoptosis inducers
in human breast cancer cells. Breast Cancer Research, 7(6),
R897-R908. https://doi.org/10.1186/bcrl1322.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Zhai, S., Yang, L., Cui, Q. C., Sun, Y., Dou, Q. P, & Yan, B.
(2010). Tumor cellular proteasome inhibition and growth suppres-
sion by 8-hydroxyquinoline and clioquinol requires their capabil-
ities to bind copper and transport copper into cells. Journal of
Biological Inorganic Chemistry, 15(2), 259-269. https://doi.org/
10.1007/s00775-009-0594-5.

Daniel, K. G., Gupta, P., Harbach, R. H., Guida, W. C., & Dou, Q.
P. (2004). Organic copper complexes as a new class of proteasome
inhibitors and apoptosis inducers in human cancer cells.
Biochemical Pharmacology, 67(6), 1139-1151. https://doi.org/
10.1016/j.bcp.2003.10.031.

Adsule, S., Barve, V., Chen, D., Ahmed, F., Dou, Q. P., Padhye, S.,
et al. (2006). Novel Schiff base copper complexes of quinoline-2
carboxaldehyde as proteasome inhibitors in human prostate cancer
cells. Journal of Medicinal Chemistry, 49(24), 7242-7246. https:/
doi.org/10.1021/jm0607121.

Zhang, Z., Bi, C., Schmitt, S. M., Fan, Y., Dong, L., Zuo, J., et al.
(2012). 1,10-Phenanthroline promotes copper complexes into tu-
mor cells and induces apoptosis by inhibiting the proteasome ac-
tivity. Journal of Biological Inorganic Chemistry, 17(8), 1257—
1267. https://doi.org/10.1007/s00775-012-0940-x.

Tardito, S., Isella, C., Medico, E., Marchio, L., Bevilacqua, E.,
Hatzoglou, M., et al. (2009). The thioxotriazole copper(II) complex
A0 induces endoplasmic reticulum stress and paraptotic death in
human cancer cells. The Journal of Biological Chemistry, 284(36),
24306-24319. https://doi.org/10.1074/jbc.M109.026583.

Skrott, Z., & Cvek, B. (2012). Diethyldithiocarbamate complex
with copper: the mechanism of action in cancer cells. Mini
Reviews in Medicinal Chemistry, 12(12), 1184-1192.

Thomas, K. V., & Brooks, S. (2010). The environmental fate and
effects of antifouling paint biocides. Biofouling, 26(1), 73-88.
https://doi.org/10.1080/08927010903216564.

Liu, N., Liu, C., Li, X,, Liao, S., Song, W., Yang, C., et al. (2014).
A novel proteasome inhibitor suppresses tumor growth via
targeting both 19S proteasome deubiquitinases and 20S proteolyt-
ic peptidases. Scientific Reports, 4, 5240. https://doi.org/10.1038/
srep05240.

Mochida, K., Ito, K., Harino, H., Tanaka, H., Onduka, T., Kakuno,
A., etal. (2009). Inhibition of acetylcholinesterase by metabolites
of copper pyrithione (CuPT) and its possible involvement in ver-
tebral deformity of a CuPT-exposed marine teleostean fish. Comp
Biochem Physiol C Toxicol Pharmacol, 149(4), 624—630. https://
doi.org/10.1016/j.cbpc.2009.01.003.

Mochida, K., Amano, H., Onduka, T., Kakuno, A., & Fujii, K.
(2011). Toxicity and metabolism of copper pyrithione and its deg-
radation product, 2,2'-dipyridyldisulfide in a marine polychaete.
Chemosphere, 82(3), 390-397. https://doi.org/10.1016/j.
chemosphere.2010.09.074.

Zou, T., Lum, C. T., Lok, C. N., Zhang, J. J., & Che, C. M. (2015).
Chemical biology of anticancer gold(Ill) and gold(I) complexes.
Chemical Society Reviews, 44(24), 8786—8801. https://doi.org/10.
1039/¢5¢s00132c.

Milacic, V., Chen, D., Ronconi, L., Landis-Piwowar, K. R.,
Fregona, D., & Dou, Q. P. (2006). A novel anticancer gold(IIl)
dithiocarbamate compound inhibits the activity of a purified 20S
proteasome and 26S proteasome in human breast cancer cell cul-
tures and xenografts. Cancer Research, 66(21), 10478—10486.
https://doi.org/10.1158/0008-5472.CAN-06-3017.

Milacic, V., & Dou, Q. P. (2009). The tumor proteasome as a novel
target for gold(Ill) complexes: implications for breast cancer ther-
apy. Coordination Chemistry Reviews, 253(11-12), 1649-1660.
https://doi.org/10.1016/j.ccr.2009.01.032.

Nardon, C., Schmitt, S. M., Yang, H., Zuo, J., Fregona, D., & Dou,
Q. P. (2014). Gold(III)-dithiocarbamato peptidomimetics in the
forefront of the targeted anticancer therapy: preclinical studies

@ Springer


http://doi.org/10.1038/nchembio.2326
http://doi.org/10.1038/nchembio.2370
http://doi.org/10.1039/c0dt01743d
http://doi.org/10.1016/j.ejphar.2014.07.025
http://doi.org/10.1016/j.ejphar.2014.07.025
http://doi.org/10.1038/377649a0
http://doi.org/10.1002/med.10038
http://doi.org/10.1002/med.10038
http://doi.org/10.1016/j.cbpa.2007.11.013
http://doi.org/10.1016/j.cbpa.2007.11.013
http://doi.org/10.1158/0008-5472.CAN-06-2126
http://doi.org/10.1158/0008-5472.CAN-06-3546
http://doi.org/10.1186/bcr1322
http://doi.org/10.1007/s00775-009-0594-5
http://doi.org/10.1007/s00775-009-0594-5
http://doi.org/10.1016/j.bcp.2003.10.031
http://doi.org/10.1016/j.bcp.2003.10.031
http://doi.org/10.1021/jm060712l
http://doi.org/10.1021/jm060712l
http://doi.org/10.1007/s00775-012-0940-x
http://doi.org/10.1074/jbc.M109.026583
http://doi.org/10.1080/08927010903216564
http://doi.org/10.1038/srep05240
http://doi.org/10.1038/srep05240
http://doi.org/10.1016/j.cbpc.2009.01.003
http://doi.org/10.1016/j.cbpc.2009.01.003
http://doi.org/10.1016/j.chemosphere.2010.09.074
http://doi.org/10.1016/j.chemosphere.2010.09.074
http://doi.org/10.1039/c5cs00132c
http://doi.org/10.1039/c5cs00132c
http://doi.org/10.1158/0008-5472.CAN-06-3017
http://doi.org/10.1016/j.ccr.2009.01.032

668

Cancer Metastasis Rev (2017) 36:655-668

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

against human breast neoplasia. PLoS One, 9(1), e84248. https://
doi.org/10.1371/journal.pone.0084248.

Simon, T. M., Kunishima, D. H., Vibert, G. J., & Lorber, A.
(1979). Inhibitory effects of a new oral gold compound on HeLa
cells. Cancer, 44(6), 1965.

Roder, C., & Thomson, M. J. (2015). Auranofin: repurposing an
old drug for a golden new age. Drugs R D, 15(1), 13-20. https://
doi.org/10.1007/s40268-015-0083-y.

Marzano, C., Gandin, V., Folda, A., Scutari, G., Bindoli, A., &
Rigobello, M. P. (2007). Inhibition of thioredoxin reductase by
auranofin induces apoptosis in cisplatin-resistant human ovarian
cancer cells. Free Radical Biology & Medicine, 42(6), 872-881.
https://doi.org/10.1016/j.freeradbiomed.2006.12.021.

Fiskus, W., Saba, N., Shen, M., Ghias, M., Liu, J., Gupta, S. D.,
et al. (2014). Auranofin induces lethal oxidative and endoplasmic
reticulum stress and exerts potent preclinical activity against
chronic lymphocytic leukemia. Cancer Research, 74(9), 2520—
2532. https://doi.org/10.1158/0008-5472.CAN-13-2033.

Liu, N., Li, X., Huang, H., Zhao, C., Liao, S., Yang, C., et al.
(2014). Clinically used antirheumatic agent auranofin is a
proteasomal deubiquitinase inhibitor and inhibits tumor growth.
Oncotarget, 5(14), 5453-5471. 10.18632/oncotarget.2113.

Shi, X., Chen, X., Li, X., Lan, X., Zhao, C., Liu, S., et al. (2014).
Gambogic acid induces apoptosis in imatinib-resistant chronic
myeloid leukemia cells via inducing proteasome inhibition and
caspase-dependent Ber-Abl downregulation. Clinical Cancer
Research, 20(1), 151-163. https://doi.org/10.1158/1078-0432.
CCR-13-1063.

Gatto, S., Scappini, B., Pham, L., Onida, F., Milella, M., Ball, G.,
etal. (2003). The proteasome inhibitor PS-341 inhibits growth and
induces apoptosis in Ber/Abl-positive cell lines sensitive and re-
sistant to imatinib mesylate. Haematologica, 88(8), 853-863.
Albero, M. P, Vaquer, J. M., Andreu, E. J., Villanueva, J. J., Franch,
L., Ivorra, C., et al. (2010). Bortezomib decreases Rb phosphoryla-
tion and induces caspase-dependent apoptosis in Imatinib-sensitive
and -resistant Ber-Abll-expressing cells. Oncogene, 29(22), 3276~
3286. https://doi.org/10.1038/0onc.2010.81.

Nowell, P. C. (1962). The minute chromosome (Phl) in chronic
granulocytic leukemia. Blut, 8, 65-66.

Deininger, M. W., Vieira, S., Mendiola, R., Schultheis, B.,
Goldman, J. M., & Melo, J. V. (2000). BCR-ABL tyrosine kinase
activity regulates the expression of multiple genes implicated in
the pathogenesis of chronic myeloid leukemia. Cancer Research,
60(7), 2049-2055.

Shah, N. P. (2005). Loss of response to imatinib: mechanisms and
management. Hematology Am Soc Hematol Educ Program, 183—
187. https://doi.org/10.1182/asheducation-2005.1.183.

Chen, X., Shi, X., Zhao, C., Li, X., Lan, X,, Liu, S., et al. (2014).
Anti-rtheumatic agent auranofin induced apoptosis in chronic my-
eloid leukemia cells resistant to imatinib through both Ber/Abl-
dependent and -independent mechanisms. Oncotarget, 5(19),
9118-9132. 10.18632/oncotarget.2361.

Chen, X., Shi, X., Wang, X., & Liu, J. (2014). Novel use of old
drug: anti-rheumatic agent auranofin overcomes imatinib-
resistance of chronic myeloid leukemia cells. Cancer Cell
Microenviron, 1(6). 10.14800/ccm.415.

Huang, H., Liao, Y., Liu, N., Hua, X., Cai, J., Yang, C., et al.
(2016). Two clinical drugs deubiquitinase inhibitor auranofin
and aldehyde dehydrogenase inhibitor disulfiram trigger synergis-
tic anti-tumor effects in vitro and in vivo. Oncotarget, 7(3), 2796—
2808. 10.18632/oncotarget.6425.

Bailey, P., Arrowsmith, C., Darling, K., Dexter, J., Eklund, J.,
Lane, A., et al. (2003). A double-blind randomized vehicle-
controlled clinical trial investigating the effect of ZnPTO dose
on the scalp vs. antidandruff efficacy and antimycotic activity.

@ Springer

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

International Journal of Cosmetic Science, 25(4), 183—188.
https://doi.org/10.1046/j.1467-2494.2003.00183.x.

Guthery, E., Seal, L. A., & Anderson, E. L. (2005). Zinc pyrithione
in alcohol-based products for skin antisepsis: persistence of anti-
microbial effects. American Journal of Infection Control, 33(1),
15-22. https://doi.org/10.1016/.ajic.2004.07.012.
Pierard-Franchimont, C., Goffin, V., Decroix, J., & Pierard, G. E.
(2002). A multicenter randomized trial of ketoconazole 2% and
zinc pyrithione 1% shampoos in severe dandruff and seborrheic
dermatitis. Skin Pharmacology and Applied Skin Physiology,
15(6), 434-441 doi:66452.

Magda, D., Lecane, P., Wang, Z., Hu, W., Thiemann, P., Ma, X,
et al. (2008). Synthesis and anticancer properties of water-soluble
zinc ionophores. Cancer Research, 68(13), 5318-5325. https://
doi.org/10.1158/0008-5472.CAN-08-0601.

Rudolf, E., & Cervinka, M. (2010). Zinc pyrithione induces cel-
lular stress signaling and apoptosis in Hep-2 cervical tumor cells:
the role of mitochondria and lysosomes. Biometals, 23(2), 339—
354. https://doi.org/10.1007/s10534-010-9302-8.

Zhao, C., Chen, X., Yang, C., Zang, D., Lan, X,, Liao, S., et al.
(2017). Repurposing an antidandruff agent to treating cancer: zinc
pyrithione inhibits tumor growth via targeting proteasome-
associated deubiquitinases. Oncotarget, 8(8), 13942—13956. 10.
18632/oncotarget.14572.

Zhao, C., Chen, X., Zang, D., Lan, X., Liao, S., Yang, C., etal. (2016).
Platinum-containing compound platinum pyrithione is stronger and
safer than cisplatin in cancer therapy. Biochemical Pharmacology,
116, 22-38. https:/doi.org/10.1016/j.bcp.2016.06.019.
Marques-Gallego, P., Contaldi, S., den Dulk, H., Monari, M.,
Brouwer, J., Jachde, U., et al. (2009). Relevance of the leaving
group for antitumor activity of new platinum(Il) compounds con-
taining anthracene derivatives as a carrier ligand. Journal of
Inorganic Biochemistry, 103(12), 1602-1608. https://doi.org/10.
1016/j.jinorgbio.2009.08.009.

Zhao, C., Chen, X., Zang, D., Lan, X., Liao, S., Yang, C., et al.
(2016). A novel nickel complex works as a proteasomal
deubiquitinase inhibitor for cancer therapy. Oncogene, 35(45),
5916-5927. https://doi.org/10.1038/0nc.2016.114.

Lan, X., Zhao, C., Chen, X., Zhang, P., Zang, D., Wu, J., et al.
(2016). Nickel pyrithione induces apoptosis in chronic myeloid
leukemia cells resistant to imatinib via both Bcr/Abl-dependent
and Ber/Abl-independent mechanisms. Journal of Hematology
& Oncology, 9(1), 129. https://doi.org/10.1186/s13045-016-
0359-x.

Groessl, M., & Hartinger, C. G. (2013). Anticancer metallodrug
research analytically painting the “omics” picture—current devel-
opments and future trends. Analytical and Bioanalytical
Chemistry, 405(6), 1791-1808. https://doi.org/10.1007/s00216-
012-6450-4.

Mjos, K. D., & Orvig, C. (2014). Metallodrugs in medicinal inor-
ganic chemistry. Chemical Reviews, 114(8), 4540-4563. https://
doi.org/10.1021/cr400460s.

Sanchez-Cano, C., & Hannon, M. J. (2009). Novel and emerging
approaches for the delivery of metallo-drugs. Dalton Transactions,
48, 10702-10711. https:/doi.org/10.1039/b912708a.

Barry, N. P, & Sadler, P. J. (2013). Challenges for metals in med-
icine: how nanotechnology may help to shape the future. ACS
Nano, 7(7), 5654-5659. https://doi.org/10.1021/nn403220e.
Kouodom, M. N., Ronconi, L., Celegato, M., Nardon, C.,
Marchio, L., Dou, Q. P, et al. (2012). Toward the selective deliv-
ery of chemotherapeutics into tumor cells by targeting peptide
transporters: tailored gold-based anticancer peptidomimetics.
Journal of Medicinal Chemistry, 55(5), 2212-2226. https://doi.
org/10.1021/jm201480u.


http://doi.org/10.1371/journal.pone.0084248
http://doi.org/10.1371/journal.pone.0084248
http://doi.org/10.1007/s40268-015-0083-y
http://doi.org/10.1007/s40268-015-0083-y
http://doi.org/10.1016/j.freeradbiomed.2006.12.021
http://doi.org/10.1158/0008-5472.CAN-13-2033
http://doi.org/10.18632/oncotarget.2113
http://doi.org/10.1158/1078-0432.CCR-13-1063
http://doi.org/10.1158/1078-0432.CCR-13-1063
http://doi.org/10.1038/onc.2010.81
http://doi.org/10.1182/asheducation-2005.1.183
http://doi.org/10.18632/oncotarget.2361
http://doi.org/10.14800/ccm.415
http://doi.org/10.18632/oncotarget.6425
http://doi.org/10.1046/j.1467-2494.2003.00183.x
http://doi.org/10.1016/j.ajic.2004.07.012
http://doi.org/10.1158/0008-5472.CAN-08-0601
http://doi.org/10.1158/0008-5472.CAN-08-0601
http://doi.org/10.1007/s10534-010-9302-8
http://doi.org/10.18632/oncotarget.14572
http://doi.org/10.18632/oncotarget.14572
http://doi.org/10.1016/j.bcp.2016.06.019
http://doi.org/10.1016/j.jinorgbio.2009.08.009
http://doi.org/10.1016/j.jinorgbio.2009.08.009
http://doi.org/10.1038/onc.2016.114
http://doi.org/10.1186/s13045-016-0359-x
http://doi.org/10.1186/s13045-016-0359-x
http://doi.org/10.1007/s00216-012-6450-4
http://doi.org/10.1007/s00216-012-6450-4
http://doi.org/10.1021/cr400460s
http://doi.org/10.1021/cr400460s
http://doi.org/10.1039/b912708a
http://doi.org/10.1021/nn403220e
http://doi.org/10.1021/jm201480u
http://doi.org/10.1021/jm201480u

	Metal-based proteasomal deubiquitinase inhibitors �as potential anticancer agents
	Abstract
	Introduction
	DUBs and their inhibitors
	Proteasomal DUBs as drug targets for cancer therapy
	Compounds containing α-β-unsaturated ketone
	USP14 inhibitor IU1
	Rpn11 inhibitors

	Metal-based proteasomal DUB inhibitors
	Copper-based proteasome inhibitors
	Gold complexes
	Pyrithione-metal chelates

	Conclusions and outlook
	References


