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The 26S proteasome is the principal protease for regulated intracellular proteolysis. This multi-subunit complex is
also pivotal for clearance of harmful proteins that are produced throughout the lifetime of eukaryotes. Recent
structural and kinetic studies have revealed a multitude of conformational states of the proteasome in substrate-
free and substrate-engaged forms. These conformational transitions demonstrate that proteasome is a highly
dynamic machinery during substrate processing that can be also controlled by a number of proteasome-associated
factors. Essentially, three distinct family of deubiquitinases—USP14, RPN11, and UCH37-are associated with the
19S regulatory particle of human proteasome. USP14 and UCH37 are capable of editing ubiquitin conjugates
during the process of their dynamic engagement into the proteasome prior to the catalytic commitment. In contrast,
RPN11-mediated deubiquitination is directly coupled to substrate degradation by sensing the proteasome’s

conformational switch into the commitment steps.

proteasome proteolysis deubiquitinase USP14 UCH37 RPN11

small-molecule inhibitors Ul capzimin

| 1. Introduction

The ubiquitin-proteasome system (UPS) represents a crucial cellular mechanism for highly regulated proteolysis
and protein quality control process in eukaryotes 12, The 26S proteasome is a large multi-subunit protease of
~2.5 MDa for selective degradation of intracellular proteins that are tagged by ubiquitins B4, Recent findings
indicate that proteasome is actively adapted to a large network of protein interactions for discrete degradation
events, and such adaptability may also be controlled through a multitude of proteasome’s conformational
transitions BIEIEIR Notably, deubiquitinases (DUBs), which exclusively reverse the ubiquitination process in the
UPS, are also critically associated with the proteasome LUEUL2 |n mammals, the regulatory particle (RP) of the
26S proteasome contains three major classes of DUBs—USP14 (Ubp6 in budding yeast), RPN11 (also known as
PSMD14), and UCH37 (also known as UCH-L5) (Eigure 1) [BIL1I2]118] ySP14/Ubp6 is a reversible interactor with
the proteasome, and its activity can be highly enhanced by association with the proteasome 2214115116 ysSP14 s
capable of sparing the substrates from degradation prior to the proteasome’s commitment step and shows
remarkable preference for multi-chain bearing ubiquitin conjugates 26171181 By contrast, RPN11 is an integral
subunit of the proteasome, and this metalloprotease is essentially coupled to substrate degradation in an ATP-
dependent manner LU0 Although USP14 and RPN11 may mediate opposite proteolytic consequences, both

of the enzymes apparently share a similar en bloc or proximal cleavage mechanism L7 The function of UCH37
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on the proteasome remains to be further established because this DUB may distally trim the ubiquitin chains for
rescuing the substrates from degradation but also can selectively debranch the K48-linkage among a complex
mixture of bifurcate ubiquitin conjugates for enhanced substrate degradation 2221122l DUBs are emerging as
attractive therapeutic targets because they may control the turnover rate of a number of intracellular proteins,
including ones that might be highly deregulated in the disease states 2324l The isopeptidase activities of DUBs
can be selectively inhibited by catalytic site-directed drug-like compounds. Moreover, recent advances in
developing robust screening technologies with more refined chemical libraries have successfully yielded promising
small-molecule DUB antagonists of active site-directed inhibitors as well as allosteric inhibitors [2411251[26]127]
Specific DUB inhibition on the proteasome is particularly appealing because each proteasome-associated DUB can
exert distinct influence over the proteolytic outputs (Figure 1A). Therefore, it is not surprising that considerable
efforts from academia and industry have also been put towards developing drug-like molecules for targeting
proteasome-associated DUB activities [23124128]  Sych specific DUB inhibitors at the proteasome not only offer
exciting degradation-based therapeutic strategies but also serve as valuable chemical tools to reveal novel

deubiquitination biology for dynamic proteasome function.
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Figure 1. Proposed working mechanisms of proteasomal deubiquitinase inhibitors and their comparison to
proteasome inhibitor and PROTAC. (A) (Top) USP14’s multi-chain specific cleavage activity can be selectively
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targeted by USP14 inhibitors (e.g., IU1 is shown as an example), resulting in induced degradation of substrates.
(Middle) Degradation-coupled RPN11 activity can be selectively inhibited such as by capzimin as shown. RPN11
inhibition can strongly suppress the proteasome-mediated substrate degradation. (Bottom) UCH37 specific
inhibitors—which have not been developed yet—-may exert differential effects on proteolysis depending on the type
of ubiquitin conjugates. Unbranched or poorly ubiquitinated substrates might be highly subject to UCH37’s trimming
activity, and its specific inhibition may lead to induced protein degradation. By contrast, degradation of branched
ubiquitin conjugates is likely to be attenuated by UCH37 inhibition. (B,C) Proteasome inhibitor (e.g., bortezomib as
shown) and PROTAC are depicted as examples of proteolysis suppressor and inducer, respectively. Color-coded
circles in proteasome at B indicate each pair of proteasome’s active sites. PROTAC is a chimeric compound
closely linking E3 and target substrate, thus facilitating the ubiquitination process. Inh, inhibitor. See the text for

more details.

| 2. Proteasomal Deubiquitinases as Therapeutic Targets

For the past decades, the UPS has been clearly recognized among the most important drug targets because of its
critical contribution to protein homeostasis, signaling pathways, and cellular physiology; its deregulation or genetic
alteration is intimately associated with human pathogenesis [22BABLB2IE3] The success story of proteasome
inhibitors for cancer therapy highlights the clinical importance of the UPS as valid targets that can be even further
expanded into various aspects of the proteolytic system and other types of pathophysiology B433 |n fact, a
recently emerging novel paradigm of “induced proteolysis”, such as by PROteolysis TArgeting Chimera (PROTAC),

can chemically harness the endogenous ubiquitination machinery for targeted protein degradation (Eigure 1B) 8]
)

As opposed to proteasome inhibition, this new concept defines the UPS as yet another class of extraordinary drug
target for effectively disposing of the conventionally intractable or “undruggable” disease-associated proteins
(Eigure 1) [24I38] |n the similar context, deubiquitylation reactions may offer exciting opportunities for developing
promising drug candidates due to their key roles in the proteolytic pathways as well as other biological processes
[23124] Although the development of specific DUB inhibitors is challenging per se and still in its early stage, recently
performed a series of elegant works have produced nice examples of highly selective small-molecule inhibitors for
targeting USP7 and USP30 [24][39][40][41][42][43][44]

Targeting DUBs on the proteasome may also represent unique therapeutic strategies for actively regulating the
proteasome-mediated proteolysis in a dynamic manner. Individual or ensemble of deubiquitination activities can
exert distinct and multiple impacts on the proteasome before or throughout substrate processing (Eigure 1A); such
DUB-imposed regulation may render the proteasomal activities to be highly versatile, and in this sense, the
proteasome acts as a critical hub as well as a rate limiting step for the ubiquitin-dependent degradation pathways
(11121 Recent high resolution cryo-electron microscopy (cryo-EM) studies also have identified a number of
conformational states of substrate-free and substrate-bound proteasomes, in which the proteasome-associated

DUBs are likely to actively and differentially modulate the degradation events by sensing those conformational
dynamics 4IEIA2],
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Among three major proteasomal DUBs, USP14 or its yeast ortholog Ubp6 is a thiol protease that is only transiently
associated with the proteasome; thus, this enzyme may favor the specific conformational states of the proteasome

(14][15][16][45][46][47] Earlier genetic studies have revealed that USP14/Ubp6 is a sensitive responder to ubiquitin and

proteasome stress, and also to proteotoxic stress, although in general its deficiency is tolerable for cell survival 48

(290512153154, puring the mouse development, however, this isopeptidase is critically involved in the motor

neuron function partially through the noncatalytic mechanism BYE6I7E8] As g therapeutic target, USP14 has been
best studied in neurological disorders and cancers [23l33, USP14 and its inhibitors (as discussed in Section 3) have
been reported to regulate several pathological targets, such as Tau, ATXN3, TDP-43, GFAP, and PrP that are
highly implicated in neurodegenerative diseases WEIEA6L62] |ntriguingly, apart from its inhibitory role on the
proteasome, USP14 was also found to negatively regulate autophagy in mammalian cells and basal mitophagy in
fly models [63l841 USP14 expression is upregulated in several cancers including lung adenocarcinoma, ovarian
cancers, esophageal squamous cell carcinoma, and pancreatic ductal adenocarcinoma, in which this enzyme is
often positively correlated with tumor recurrence, metastasis, and poor patient survival B2IEEI67I68I6I  Alpeit
seemingly a promising clinical target, the underlying mechanisms of how USP14 participates in those disease

processes still remain to be elucidated.

In contrast to USP14, RPN11/PSMD14 (also known as POHL1) is an essential subunit of the proteasome that
belongs to JAMM/MPN metalloprotease class of DUB L2070 Recent cryo-EM studies provide the structural
basis of how RPN11's DUB activity can be coupled to substrate translocation and degradation in an ATP-
dependent fashion [[BILULSIAAIIZ2ZE] - Along with other RP components, this metalloprotease undergoes
noticeable structural changes during the transitions from the substrate-free state to the substrate-processing states
of the proteasome. This conformational switch drives RPN11 to be catalytically productive for the committed
substrates in both repositioning on the proteasome and reshaping the local structure of its featured Ins-1 loop. Due
to its strict requirement for proteasomal degradation, the genetic depletion or catalytic mutation of RPN11 causes
the lethality [22I[4BL7AZSI76]  Therefore, the successful targeting strategy for cancer therapy by proteasome
inhibitors might be also similarly applied to RPN11-mediated inhibition of proteasomal degradation 2. The key
difference here, however, is that in contrast to the core particle (CP)-directed catalytic inhibition, RPN11 inhibition
will occur on the RP, and thus is likely to show more specific effects. Besides, RPN11 has been implicated in
oncogenesis as a potential drug target; its expression level is positively correlated with tumor formation and
metastasis, while the genetic depletion or pharmacological inhibition showing the opposite effects—such as in

hepatocellular carcinoma, multiple myeloma, breast cancer, esophageal cancer, colorectal cancer, and prostate
cancer [Z8[79][80][81][82][83]

Like USP14, UCH37/UCH-L5 is a thiol protease class of DUB that is reversibly associated with the 19S RP of the
proteasome; its binding is mediated by RPN13/ADRM1, a ubiquitin receptor which can also markedly enhance the
UCH37's activity [84183186] A intriguing feature of UCH37 is that this enzyme belongs to both the proteasome and
the INO80 chromatin-remodeling complex in a mutually exclusive manner; its DUB activity can be selectively
activated only when bound to the proteasome B7Z[E8I8I yYCH37 was reported to trim the distal ubiquitin from
erroneously ubiquitinated proteins for their rescue [, or it does so to release proteasome-occupying unanchored
chains for the productive round of substrate loading 29, Interestingly, a recent study demonstrated that UCH37 on
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the proteasome can selectively cleave the K48-linked branched chains to promote the degradation of substrates
(12122 |n any case, the exact physiological functions of UCH37 remain largely elusive. Like USP14 and RPN11,
several lines of studies have reported that UCH37 expression is elevated in a number of cancers including
esophageal squamous cell carcinoma, hepatocellular carcinoma, epithelial ovarian cancer, endometrial cancer, and

lung adenocarcinoma, in which this protease is associated with tumor progression and poor patient survival 2122
[93][94][95][96]

| 3. Proteasomal Deubiquitinase Inhibitors

3.1. USP14 Inhibitors

In 2010, Finley and colleagues have identified U1, the first highly selective inhibitor of proteasome-bound USP14
by ubiquitin-7-amido-4-methylcoumarin (Ub-AMC) hydrolysis assay-based high-throughput screening (Table 1) 16,
Because Ub-AMC is preferentially cleaved by UCH37 over USP14, the assay was performed by reconstituting
ubiquitin-vinyl sulfone (Ub-VS)-pretreated human proteasome with recombinant USP14—to quench the basal
UCH37 activity by Ub-VS and isolate the authentic USP14 activity on the proteasome 818197 U1 specifically
inhibits the proteasome-bound form of USP14 with an ICsq of 4-5 pM and shows good selectivity against a panel
of eight other DUBs. A subsequent medicinal chemistry led to identification of more potent IU1 derivatives, such as
IU1-2, 1U1-33, and 1U1-47 (IC5ps = 1.7 uM, 1.1 yM, and 0.6 puM, respectively against USP14), all of which exhibited
better selectivity over IsoT (Table 1) 82, From this structure-activity relationship (SAR) study, some key functional

moieties in the parental compound were revealed to further improve the inhibitory activity.

Table 1. Representative examples of the reported proteasomal deubiquitinase inhibitors.

Target Compound Name Structure Notes Reference
UsP14 e ICso: 4.7 M
U1 @);* Lee et al., 2010 18]
(Ub-AMC)
. O ICs0: 1.7 uM Boselli et al., 2017
IU1-2 F_@_N e [62]
(Ub-AMC)
. 0 |C50: 1.1 |JM
IU1-33 ad 3T
(Ub-AMC)
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Target Compound Name Structure Notes Reference
. O ICs0: 0.6 M
U1-47 @)}j“
(Ub-AMC)
IU1-206 e );)Uj N/A
Wang et al., 2018
98
o ICs0: 0.83 uM =
U1-248 e o
(Ub-AMC)
1B10 {}J)j‘vo N/A
Palmer et al., 2018
[E]
1D18 i _Qnij)bg N/A
o O IC50: <0.5 uM
Compound 162 ne—{_ )
(Ub-AMC)
WO/2015/073528
{100}
Compound 335 O,o.. ICs0: <0.5 uM
w{})@
(SB1-B-57) (Ub-AMC)
ICs0: <0.5 uM
. e e aaa W0/2020/006269
ompoun -0y ))j)v [101]
(Ub-AMC)
e = IC50: <0.05 uM
Oy "%, WO/2020/006296
Compound 2B i
(Ub-AMC)
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Target Compound Name Structure Notes Reference

/A 74% inhibition at WO/2012/012712
~N

8 uM (03],
U2-6 %
| N
S

N (Ub-AMC) Kemp, 2016 [194]

WO/2013/112651
\"/A lCSO 0.5 |JM [105].
Compound 3 %u ° '
M’r’ (Ub-AMC)
Kemp, 2016 104]
ICs0: 2.4 UM
8-TQ* N
SH (Ub,-pepOG) Li et al., 2017 [108]:
Perezet a:., 2017
o . IC50: 0.34 UM 107
Capzimin "/\)Q
i (Uby-pepOG)
ICs0: 0.53 uM
o 20 . Lauinger et al.,
Thiolutin *

2017 (208l

RPN11 (Uby-pepOG)

(Fluorescent
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o ICs0: 3.8 UM
Q\u"’
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Li et al., 2018 [109]

|C50: 1.3 |JM
[=]
SOP11 * Eﬁk
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Target Compound Name Structure Notes Reference
b-AP15 19S RP ICsg: D‘Arcy et al., 2011
° [110].
(UsPL4 Y esum
Wang et al., 2015
UCH37) (Ub-Rho) [111]
VLX1570 19S RP ICsg:
(USP14/ Eagges 6.4 UM R
fku
UCH37) (Ub-Rho)
WP1130 ICs0S: <5~10 UM
(USPOX/USPS/ - % (Ub-AMC Kapuria et al., 2010
Promiscuous
USP14/UCH37) & Ub-VS)
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inhibitors
chem.
19S RP |C50:
AC17 o o . |
- i ° Zhou et al., 2013
- 4.23 uM 113 . Nature
(19S RP)
(Ub-AMC)
Annu.
TrxR system
inhibition at ~1 Liuetal, 2014 1, 96,
114].
Auranofin ** A '
0 oo ay (HCT-116 cell) Stafford et al d Spring
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0~ ° 115].
. ~ 2018 113
at higher dosage than U oL
ToeR) Reduced 19S RP
X i
labeling at 5 uM Zhang et al., 2019 ne from
[116] 3—41.
Ub-VS .
{ ) /ith
8. Davis, C.; Spaller, B.L.; Matouschek, A. Mechanisms of substrate recognition by the 26S
proteasome. Curr. Opin. Struct. Biol. 2020, 67, 161-169.
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