Drug Discovery Today: Technologies

Editors-in-Chief

Vol. 31, 2019

Kelvin Lam — Simplex Pharma Advisors, Inc., Boston, MA, USA
Henk Timmerman — Vrije Universiteit, The Netherlands

DRUG DISCOVERY

TECHNOLOGIES

Protein degradation for drug discovery

Structurally-defined deubiquitinase
inhibitors provide opportunities to
investigate disease mechanisms

Ingrid E. Wertz"*>*

, Jeremy M. Murray™

L))

Check for

IDepartment of Discovery Oncology, Genentech, Inc. | DNA Way, South San Francisco, 94080, USA updates
Department of Early Discovery Biochemistry, Genentech, Inc. | DNA Way, South San Francisco, 94080, USA
3Department of Structural Biology, Genentech, Inc. | DNA Way, South San Francisco, 94080, USA

The Ubiquitin/Proteasome System comprises an es-
sential cellular mechanism for regulated protein deg-
radation. Ubiquitination may also promote the
assembly of protein complexes that initiate intracellu-
lar signaling cascades. Thus, proper regulation of sub-
strate protein ubiquitination is essential for
maintaining normal cellular physiology. Deubiquiti-
nases are the class of enzymes responsible for removing
ubiquitin modifications from target proteins and have
been implicated in regulating human disease. As such,
deubiquitinases are now recognized as emerging drug
targets. Small molecule deubiquitinase inhibitors have
been developed; among those, inhibitors for the deu-
biquitinases USP7 and USP14 are the best-character-
ized given that they are structurally validated. In this
review we discuss the normal physiological roles of the
USP7 and USP14 deubiquitinases as well as the patho-
logical conditions associated with their dysfunction,
with a focus on oncology and neurodegenerative dis-
eases. We also review structural biology of USP7 and
USP14 enzymes and the characterization of their re-

spective inhibitors, highlighting the various molecular
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mechanisms by which these deubiquitinases may be
functionally inhibited. Finally, we summarize the cellu-
lar and in vivo studies performed using the structurally-
validated USP7 and USP 14 inhibitors.
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Introduction

The ubiquitin/proteasome system (UPS) is a highly regulated
protein modification pathway whereby the covalent attach-
ment of one or more ubiquitin proteins promotes proteolysis,
or other non-proteolytic fates, of substrate proteins [1-6]).
Three distinct biochemical activities, represented by E1, E2
and E3 enzymes, are required to conjugate the C-terminus of
ubiquitin to the target protein Lys or Thr residues or the
amino terminus (Fig. 1) [7-10]. Polyubiquitin chains may be
linked via one of the seven ubiquitin Lys residues or via the
ubiquitin amino terminus. The various chain linkages confer
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Fig. I. The ubiquitin/proteasome system. See text for more details.
Modified from Ref. [12].

unique chain topologies that in turn dictate different cellular
fates of ubiquitin-modified proteins. For example non-degra-
dative polyubiquitin chains, including those comprised of
linear or Lys-63 (K63) linkages, promote protein complex
formation whereas K11- and K48-linked polyubiquitin chains
promote protein degradation [4]. Substrates that are destined
for degradation by the proteasome are recognized, unfolded
and proteolyzed in a ubiquitin-dependent manner [11]. The
regulatory particle (RP) of the proteasome contains a diverse
set of ubiquitin receptors that recognize and process the
ubiquitinated substrate before proteolysis by the core particle
(CP) of the proteasome (Fig. 1) [12]. Deubiquitinating
enzymes (DUBs) represent checkpoints in the UPS pathway
by removing ubiquitin independent of, or in accordance
with, subsequent proteolysis by the proteasome or lysosomal
proteases [13]. Improper function of the UPS has been linked
to a number of human pathologies including autoimmunity
and inflammation, neurodegeneration, and cancer [14]. Tar-
geting protein degradation is now recognized as a promising
therapeutic strategy for a number of disease indications [15-
18]. Due to recent advances in screening technologies and
structural biology, DUBs are increasingly recognized as at-
tractive targets for therapeutic intervention in the treatment
of these pathologies [6,19-26].

In humans, DUBs are classified into seven gene families
based on sequence and structural similarities: ubiquitin-spe-
cific proteases (USPs, 56 members), ovarian tumor proteases
(OTU, 14 members), ubiquitin C-terminal hydrolases (UCHs,
4 members), Machado-Joseph disease protein proteases (M]D,
4 members), the motif interacting with ubiquitin (MIU)-
containing novel DUB family (MINDY, 4 members), Zinc
Finger ubiquitin-specific protease (ZUP/ZUFSP, 1 member),
and JAMM/MPN motif proteases JAMM, 12 members). The
USP, OTU, UCH, MJD, MINDY, and ZUP families are all
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cysteine proteases, containing a catalytic triad of Cys, His
and Asp/Asn; in contrast, the JAMMs are zinc-dependent
metalloproteases [6,27-33]. Although DUBs represent a di-
verse group of enzymes, they all contain at least one ubiquitin
binding site, the S1 site, that functions to position the con-
jugated C-terminus of ubiquitin into the catalytic cleft for
concomitant hydrolysis.

This common feature of the catalytic mechanism of DUBs
forms the basis of DUB activity-based reagents. More specifi-
cally, ubiquitin-based fluorogenic substrates are typically
comprised of fluorescent dyes, such as Rhodamine-110 or
7-amino-4-methylcoumarin (AMC), conjugated to the C-ter-
minus of ubiquitin [34-36]. Similarly, ubiquitin-based activi-
ty probes contain C-terminally conjugated Cys-reactive
warheads such as vinyl sulfone or vinyl methyl ester [37].
The fluorogenic substrates enable high-throughput screens of
compound libraries to identify small molecule DUB inhibi-
tors, and both activity-based probes and fluorogenic sub-
strates facilitate selectivity profiling of promising leads (for
excellent reviews see Refs. [25,26,38,39]). This review will
focus on the pathophysiological roles of USP7 and USP14 in
oncology and neurology, as well as in-depth structural anal-
ysis of potent and specific USP7 and USP14 inhibitors as
paradigms for selectively targeting DUBs.

USP7 biology

USP7 in oncology

USP7 (also known as Herpesvirus Associated Ubiquitin-Spe-
cific Protease, or HAUSP) is a key regulator of Murine Double
Minute-2 (MDM?2), a ubiquitin ligase that promotes degrada-
tion of the p53 tumor suppressor protein. Interestingly, USP7
has been reported to deubiquitinate and stabilize both p53
and MDM2 [40]. This dual function could result in a futile
cycle of p53 ubiquitination and de-ubiquitination. However,
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genetic studies indicate that MDM2 is the primary USP7
substrate in unstressed, cycling cells: in USP7-null cells and
embryos, p53 accumulates due to MDM2 destabilization [41-
43]. Furthermore, USP7 substrate specificity switches upon
DNA damage, whereby ATM Kinase activation promotes
phosphorylation of MDM2 and the related p53 inhibitory
protein MDMX. Phospho-MDM2 and -MDMX dissociate
from USP7, resulting in their destabilization, subsequent
pS3 accumulation, and pS53-mediated DNA repair or cell
death [44]. Thus, USP7 substrates are carefully regulated
and context-dependent.

N-Myc, a member of the MYC oncoprotein family, drives
neuroblastoma tumorigenesis [45] and is another genetically-
validated USP7 substrate. Tavana et al. engineered Nes-Cre;
Hausp™™ mice to conditionally express truncated and inac-
tive USP7 in the brain. Upon USP7 functional depletion, N-
Myc levels were decreased at the protein, but not the mRNA
level [46]. Importantly N-Myc levels were also reduced upon
USP7 knockout in the Trp53-null background, indicating that
USP7 regulates N-Myc independently of the p53 tumor sup-
pressor. Furthermore, USP7 regulation was specific for N-Myc,
as c-Myc protein and mRNA levels were unchanged in USP7-
deleted cells. The authors also showed that USP7 interacts
with N-Myc in cellular and recombinant protein systems, and
that USP7 deubiquitinates N-Myc in cells, thus implicating N-
Myc as a bona fide USP7 substrate. USP7 ablation in N-Myc-
amplified neuroblastoma lines attenuated cellular prolifera-
tion, and analysis of patient databases revealed that glioblas-
toma patient samples having elevated USP7 mRNA levels
correlated with an N-Myc gene signature and shorter overall
patient survival [46].

A number of additional USP7 substrates, that are primarily
tumor promoters, have been reported. We refer our readers to
recent reports for more comprehensive reviews [47,48]. Here
we highlight histone H2B given the association of decreased
histone H2B ubiquitination (H2B-Ub) with advanced cancers
and the multifaceted evidence supporting regulation of H2B-
Ub by USP7 [49]. More specifically, the regulation of H2B-Ub
by USP7 in collaboration with the guanosine
5'monophosphate synthetase (GMPS) cofactor is evolution-
arily conserved, having first been described in Drosophila [50].
Furthermore USP7/GMPS regulation of H2B-Ub is co-opted
by the Epstein-Barr virus to enhance transcription from latent
origins of replication [51], and structural insights to the
allosteric regulation of USP7 by GMPS are reported [52].
Interestingly, sequencing of 633 epigenetic regulatory pro-
teins across 1000 pediatric tumors revealed that inactivating
USP7 mutations are associated with pediatric leukemias.
Cellular studies confirmed that exogenous expression of
the USP7 mutants failed to promote H2B-Ub deubiquitina-
tion, however H2B-Ub levels were not evaluated in the
tumors [53]. Thus the role of USP7 in regulating oncogenesis
via H2B-Ub requires further investigation.
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USP7 in neurology

The most definitive data pointing to the essential role of USP7
in regulating neuronal physiology are studies performed on
mice in which USP7 is deleted in the brain (hausp AZ*¢/4£x6)
[43]. Hausp AB**/2EX6 mice are born at expected Mendelian
ratios but die shortly after birth due to neurological deficits.
The neurodevelopmental deficiencies were primarily, but not
exclusively, caused by p53-mediated apoptosis because inac-
tivation of pS53 failed to completely rescue the neonatal
lethality of the hauspA™®4E¥¢ mice. Thus USP7 is critical
for murine brain development due to both p53-dependent
and p53-independent roles [43].

USP7 also regulates the TRIM27/MAGE-L2 complex. The
Melanoma Antigen-L2 (MAGE-L2) protein is often deleted or
mutated in the related Prader-Willi and Schaaf-Yang neuro-
developmental syndromes and also regulates the Tripartite
Motif-27 (TRIM-27) ubiquitin ligase. Functional disruption of
the TRIM27/MAGE-L2 complex impairs recycling of endoso-
mal proteins to the plasma membrane, leading to their
lysosomal degradation [54]. USP7 regulates the stability of
the TRIM27/MAGE-L2 complex and thereby modulates pro-
tein trafficking through the endocytic pathway [55]. Impor-
tantly, USP7 haploinsufficiency results in similar symptoms
observed in Prader-Willi and Schaaf-Yang syndrome patients
[54]. Whole exome sequencing and chromosome microarray
studies have also revealed that patients bearing USP7 muta-
tions present with a related spectrum of neurodevelopmental
deficits (for more information, visit https://www.usp7.org/).
The collective data suggest that defective membrane protein
recycling in the brain due to dysfunction of the TRIM27/
MAGE-L2/USP7 complex contributes to neurological and
cognitive impairment.

In sum, somatic USP7 inactivation is associated with tu-
morigenesis, whereas germline USP7 haploinsufficiency is
associated with neurodevelopmental disorders. These find-
ings, as well as other mechanisms by which USP7 inhibition
attenuates disease [56], have prompted a number of institu-
tions to develop USP7 inhibitors for therapeutic benefit.

Mechanisms of USP7 inhibitors

USP7 structural biology

Ubiquitin-specific protease-7 (USP7) has a modular domain
architecture, with an N-terminal TRAF domain (residues 54-
208), a catalytic domain (residues 209-560), a series of 5
ubiquitin-like (UBL) domains (residues 561-1083), and a C-
terminal regulatory domain (residues 1084-1102). Crystal
structures of the isolated domains, structures of domain
combinations, and structures of engineered chimeras have
provided a wealth of structural insight into the roles of the
peripheral domains and how these domains might work
together to bind substrate and regulate catalytic activity
[57-59,52,60-62].
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The crystal structure of USP7 catalytic domain helped to
define the structural features of the Ubiquitin Specific Prote-
ase (USP) subgroup of DUBs, with the catalytic domain
resembling an open hand containing Fingers, Thumb, and
Palm subdomains, an architecture that is conserved in all USP
domains [57,27,28,29,6] (Fig. 2a). The Fingers subdomain of
USP7 is comprised of four B-strands (B1, B2, B4, and B7) and
two at the tip of the fingers (35 and B6). The Thumb sub-
domain consists of eight a-helices (a1-a6, a9, and «10). The
Palm subdomain consists of eight stranded B-sheet (B3, B8-
B14), two a-helices (a7 and «8) and several surface loops. A
deep cleft around the active site is formed by the packing of
six B-strands from the Palm (38, 310-314) against the globu-
lar Thumb, with the catalytic triad located at the base of the
cleft with catalytic Cys223 in the Thumb subdomain and the
catalytic His464/Asp481 dyad located in the Palm subdo-
main.

A number of unexpected details emerged from the crystal
structure analysis of the isolated USP7 catalytic domain in its
apo-form [57,63]. First is the mis-aligned catalytic triad, with
N&1 atom of the catalytic histidine (His464) 9.7 A away from
Sy atom of the catalytic cysteine (Cys223). Second is the
conformation of two surface loops, termed blocking loop 1
(BL1; residues 407-429) and blocking loop 2 (BL2; residues
459-462) sterically occluding the catalytic cleft. Third is the
loop connecting a4 and a5 helices, termed the switching
loop, (residues 284-296) partially occluded access to the
catalytic Cys223 (Fig. 2). These three structural details pro-
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vided insight into why the isolated catalytic domain of USP7
is 120-fold less active than the full-length protein [52,62,64].
The crystal structure of USP7 catalytic domain in complex
with ubiquitin aldehyde established the ubiquitin binding
site (S1 site), comprised of the Fingers, Palm and a1 and o5
from the Thumb subdomains (Fig. 2c). The C-terminus of
ubiquitin sits in the deep cleft between the palm and thumb
sub-domains. The covalent interaction between the C-termi-
nal aldehyde and the catalytic Cys223 aligns the catalytic
triad and results in the rearrangement of BL1 and BL2 with
the Phe409 sidechain moving over 5 A to accommodate the
ubiquitin C-terminus. The switching loop region also under-
goes a large conformational change that places the Asp295
sidechain within H-bond distance of the Tyr514 sidechain
and the backbone —NH of Val296 makes a H-bond interac-
tion with Tyr465 sidechain [57]. The extent of the differences
between the inactive and active conformations of USP7 seem
to be unique to USP7 suggesting that USP7 catalytic activity is
highly regulated (Fig. 2e & f).

USP7 inhibitor structural biology

Given that all DUBs contain at least one ubiquitin binding
site, the S1 site, efficiently developing potent and selective
small molecule inhibitors against a particular USP, such as
USP7, from a screening hit without a detailed molecular
understanding of the binding mode is very challenging.
Thus, lack of potency and selectivity were among the pro-
blems that plagued the first reported USP7 inhibitors (Fig. 3).

Drug Discovery Today: Technologies

Fig. 2. Crystal structures of USP7 catalytic domain in the inactive (PDB-ID 4M5W) and active conformation with ubiquitin aldehyde (PDB-ID INBF). (a) The
Fingers, Palm and Thumb sub-domains of inactive USP7 are colored pink, blue and orange respectively. (b) The active site cleft of inactive USP7 with important
residues labeled and the catalytic triad colored green. (c) Crystal structure of USP7 catalytic domain in complex with ubiquitin aldehyde. Ubiquitin aldehyde is
shown in a surface representation and colored yellow. (d) Active site cleft of USP7 in complex with ubiquitin with important residues labeled and the catalytic triad
colored green. (e) Superposition of the inactive and active forms reveals the large conformational changes that occur in a5, the switching loop, BL1, BL2, and the
catalytic triad. (f) Comparison of the active site cleft of USP7 in the inactive conformation and in complex with ubiquitin.

112 www.drugdiscoverytoday.com



Drug Discovery Today: Technologies | Protein degradation for drug discovery

Vol. 31, 2019

HBX28258

F

P22077

(b)

O polar = * sidechain acceptor
O acidic  + sidechain donor
O basic  **backbone acceptor
O greasy = backbone donor
e, Proximity ligand
“ contour exposure

o
OH
N
o
f o]
HBX19818 /fl\ "
O Ab -
\M N/) N o, N\N/ F
196

P5091 B @ ‘
/ N

/ 7

g N

! ) '
P50429 [Eiu m%\(\g o

O solvent residue
O metal complex
"""" solvent contact
"""" metal/ion contact

receptor
O

f OH
S.
Compound 1 S\jf:" Ab‘\”/\/Q ALM2
N
o o

ALM4

FT671

ALM6

GNE6640

XL188

GNE6776

()

©© arene-arene
©H arene-H
©+ arene-cation

exposure

Drug Discovery Today: Technologies

Fig. 3. Chemical structures of small molecule USP7 inhibitors and their representative binding interactions (a) Chemical structures of known USP7 inhibitors
(names of the compounds appear to the right of their associated structures). The boxed regions highlight the common chemical sub-structures (continued)
continued. (b) 2-D diagram highlighting the common interactions between USP7 and the 4-hydroxypiperidine core (highlighted by the pink box) using PDB-ID
5NO9T (c) 2-D diagram highlighting the common interactions between USP7 and non-active site binding compounds (highlighted by the blue box) using PDB-ID

5UQVv.

The reversible uncompetitive cyano-indenopyrazine deriva-
tive, HBX41108, was initially described as a selective USP7
inhibitor with an IC50 value of 424 nM [65]. However subse-
quent studies from the same group, suggested HBX41108 was
a more potent USP8 inhibitor with an IC50 of 96 nM against
USP8 [66]. Similarly, P5091, and other 2-(phenylthio)thio-
phene-based derivatives such as P22077 and P50429, are dual
USP7 and USP47 inhibitors with IC50 values of 4.2/4.3 uM,

and 8.2/8.7 pM and 0.42/1.0 uM against USP7/USP47, respec-
tively [67]. The 9-chloro derivatives of amidotetrahydroacri-
dine, HBX19818 and HBX28259 appeared to be more
selective for USP7, however, their weak biochemical potency,
with IC50 values of 28.1 and 22.6 uM, respectively, covalent
mechanism of action, and almost 5-fold greater cellular
potency than biochemical potency (HCT116 IC50 ~2 pM),
suggested the liabilities in this series [68]. Interestingly, the
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same group described a related series of USP7 selective non-
covalent inhibitors based on a quinazolin-4-one core and
containing a 4-hydroxypiperidine substituent, with a poten-
cy range of 25-50 uM [69,70].

Despite the intensive efforts to develop potent and selec-
tive small molecule USP7 inhibitors, a structural insight into
the binding interactions has hindered the ability to fully
understand the potency and selectivity determinants of these
inhibitors. However, six recent publications from four differ-
ent research groups have provided a unique structural insight
into potent and selective small molecule inhibitors that
sterically block ubiquitin binding by targeting the active site
cleft of USP7 [71-74]) and an allosteric site [75,76]. Structural
analysis of the active site inhibitors, bound to USP7 catalytic
domain, reveals that they all bind to the inactive conforma-
tion of USP7 and contain a number of pharmacophoric
features that are shared across the different scaffolds (Fig. 3
and Fig. 4). All of the inhibitors contain the 4-hydroxypiper-
idine substituent, which makes interactions across the active
site cleft. The 4-OH group makes two H-bond interactions
with the Asp295 sidechain and the backbone amide nitrogen
of Val296. In addition, the crystal structures reveal that the
acetyl carbonyl makes a H-bond interaction with Y465 side-
chain, the common pyrimidinone core engages a donor
acceptor interaction with the GIn297 sidechain, and the
carbonyl interacts with the backbone amide nitrogen of
Phe409. These common interactions are highlighted in
Fig. 3b. The USP7 residues that mediate interactions with

the 4-hydroxypiperidine containing inhibitors (Asp295,
Val296, GIn297, Phe409 and Tyr465) are highly conserved
in most USP enzymes [28]. Instead the unique feature of USP7
is the conformation of the switching loop region. The speci-
ficity of the 4-hydroxypiperidine containing series of com-
pounds is derived from their ability to interact with and
stabilize the unique switching-loop conformation of USP7.

Structural understanding of FI827 and FT671

CRUK/FORMA Therapeutics developed a series of pyrazolo
[3,4-d]pyrimidin-4-one-piperidine compounds into potent
and selective USP7 inhibitors that work through either cova-
lent interaction with the catalytic Cys223 (FT827, kinact/
Ki=66M~'s™!), or through a non-covalent mechanism
(FT671, IC50 =52 nM). Both compounds show a high selec-
tivity towards USP7 when screened against a panel of 38 DUBs
at 50 uM and incubation of MCF7 breast cancer cells and cell
extracts with FT827 and FT671 demonstrates that both com-
pounds show high selectivity towards USP7 in cells [74]. Co-
crystal structure analysis of both FI827 (PDB-ID SNGF) and
FT671 (PDB-ID SNGE) reveals that both compounds bind
across the catalytic cleft and stabilize the inactive conforma-
tion of USP7. The 4-hydroxypiperidine moiety engages the
Asp295 sidechain and the backbone —NH of Val296. The N7
and the acidic proton at C6 of the pyrimidinone moiety are
involved with H-bond interactions with GIn297 sidechain
and the C=0 of the pyrimidinone makes a H-bond with the
backbone —NH of Phe409. The pyrazole of the pyrazolo[3,4-

(c)C.
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Fig. 4. Crystal structures of USP7 catalytic domain in complex with small molecule inhibitors that target the substrate binding cleft. All inhibitors stabilize the
inactive conformation of USP7 and block the access of ubiquitin C-terminal to the catalytic Cys233. (a) USP7 in complex with FT827 (PDB-ID 5NGF) (b) USP7 in
complex with FT67| (PDB-ID 5NGE) (c) USP7 in complex with XL 188 (PDB-ID 5VS6) (d) USP7 in complex with ALM2 (PDB-ID 5N9R) (e) USP7 in complex with

ALM4 (PDB-ID 5N9T) (f) USP7 in complex with ALMé (PDB-ID 6F5H).
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d]pyrimidin-4-one ring system lays on top of the Met407
sidechain and the different substituents at the N1 position
directed towards the GIn351 sidechain but do not make a
direct interaction. The para-fluorophenyl of FT671 extends
over the palm sub-domain and is in van der Waals distance of
the methylene atoms of the GIn351 sidechain. Another key
feature that both structures reveal is the H-bond interaction
between the C=0 of the acetyl and the Y465 sidechain.

FT827 and FT671 have different binding interactions with
BL1, BL2, the switching loop, and the catalytic Cys223. FT827
stabilizes BL1 and BL2 in similar conformations as those
observed in the apo structure of inactive USP7. However,
the biphenyl of FT827 pushes up against the switching loop
resulting in a slight change in its conformation with the
Met292 sidechain from the switching loop lying on top of
the terminal phenyl ring. These interactions, together with
the interactions between BL2 and the sulfonamide, likely
influence the trajectory of the vinylsulfone, facilitating the
covalent interaction with the catalytic Cys223 (Fig. 4a). In
contrast, the non-covalent analog, FT671, stabilizes signifi-
cantly different conformations of BL1 and BL2 with the
Phe409 sidechain moving over 5 A to allow the 3-fluoropyr-
azole to hook back into the hydrophobic Phe409 pocket that
is created by the conformational change of Phe409. BL2
adopts a conformation that encircles the difluoromethyl with
the His461 sidechain from BL2 stacking onto the alkyl linker
(Fig. 4b).

Structural understanding of ALM2, ALM4, and ALM6

Fragment-based screening methods coupled with scaffold
hopping using published USP7 inhibitors were used to iden-
tify the starting points for the development of the potent and
selective USP7 inhibitors ALM2, ALM3 and ALM4 with
IC50=0.3 pM, 0.022 pM and 0.09 pM, respectively, with
high selectivity against a panel of 38 DUBs at 100 uM
[71,72]. Scaffold morphing of the thieno[3,2-d]pyrimidin-4
(3H)-one fragment hit with Compound 1 confirmed that the
bicyclic pyrimidinone core can be replaced with furano,
pyrazolo, and thiazolo-pyrimidinone analogues without loss
in binding potency. Combining substitutions at the C-7 and a
chiral methyl group (R stereochemistry) at the benzylic posi-
tion of the phenethylamide chain led to the identification of
ALM?2 (for simplicity the compounds reported from Almac
Discovery have been prefixed with ALM and numbered
according to the order of publication and the crystal struc-
tures and do not relate to the numbers in their respective
publications). The co-crystal structure of USP7 catalytic do-
main in complex with ALM2 (PDB-ID SN9R reveals that the
binding interactions of ALM2 are very similar to both FT671
and XL188 with the 4-hydroxypiperidine moiety interacting
with the Asp295 sidechain and the backbone —NH of Val296.
The N1 and the acidic proton at C2 of the pyrimidinone
moiety are involved with H-bond interactions with GIn297

sidechain and the C=0 of the pyrimidinone makes a H-bond
with the backbone —NH of Phe409. The 7-Br points towards
GIn351, with the SAR and structural analysis suggesting a
wide range of substituents can be tolerated in this region
(Fig. 4d). Scaffold hopping from the thienopyrimidinone to
the N-methyl pyrazolopyrimidinone core led to improve-
ments in physicochemical properties. Substitution at the
C-3 position with phenylmethanamine led a 50-fold potency
gain. The co-crystal structure of ALM4 (PDB-ID SN9T) reveals
that the phenyl ring lies on top the GIn351 sidechain while
the methylamine engages GIn351 sidechain in a H-bond
interaction (Fig. 4e).

Further scaffold hopping demonstrated that monocyclic
pyrimidinones are also tolerated with substitution at the C-6
position of the pyrimidinone ring improving the potency,
leading to the identification of ALM6. The co-crystal structure
of USP7 catalytic domain in complex with ALM6 (PDB-ID
6FSH) reveals a similar binding mode to ALM2 and ALM4,
with the N-4 of the pyrimidinone ring engaging the GIn297
and the C=0 forming a H-bond interaction with the back-
bone —NH of Phe409. The potency gain from the C-6 substit-
uent in this series is explained by the bidentate H-bond
interaction between Asp295 and the protonated nitrogen
of the pyrrolidine side-chain of ALM6 [71] (Fig. 4f).

Structural understanding of XL188

The patent literature was the starting point for the structure-
guided design of the potent and highly selective non-cova-
lent USP7 inhibitor XL188 [69,73]. XL188 has IC50=90 nM
against full-length USP7 and at 10 uM is highly selective
against a panel of 40 diverse DUBs. The co-crystal structure
of USP7 catalytic domain in complex with XL188 (PDB-ID
5VS6) reveals that the core recapitulates the binding inter-
actions of the pyrazolo[3,4-d]pyrimidin-4-one-piperidine se-
ries, and similar to the 3-fluoropyrazole of FI671, the
terminal phenyl of XL188 is accommodated in the Phe409
hydrophobic pocket due to the large conformational change
of the Phe409 sidechain and the change in conformation of
BL2 (Fig. 4c). The structure-guided approach used in the
development of XL188 provides an insight into the potency
gain from the additional modifications to the 3-((4-hydroxy-
1-(3-phenylpropanoyl)piperidin-4-yl)methyl)quinazolin-4
(3H)-one starting point. The co-crystal structure of USP7
catalytic domain in complex with XL1 (7-chloro-3-((4-hy-
droxy-1-(3-phenylpropanoyl)piperidin-4-yl)methyl)quina-
zolin-4(3H)-one (PDB-ID 5VSB) reveals that XL1 and XL188
have the same binding mode and make very similar interac-
tions with the inactive conformation of USP7. The 100-fold
potency gain observed in the development from XL1 to
XL188 can be attributed to methyl group of XL188 present
at the benzylic position of the phenethylamide chain that
stabilizes the bioactive ‘“hook-like” conformation and makes
multiple intra- and intermolecular van der Waals interactions
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and the edge to face pi-pi interactions with Phe409. In addi-
tion, the N-methyl-3-(4-methylpiperazin-1-yl)propenamide
moiety of XL188 lies on top of the Met407 sidechain with
the methylpiperazine sidechain extending out across the
palm sub-domain and is solvent exposed. The crystal struc-
ture of XL8 (PDB-ID 5VSK) shows a flipped binding mode and
the interactions are not consistent with other compounds in
this series.

Structural understanding of non-active site USP7 inhibitors

Fragment-based screening methods, coupled with scaffold
hopping, were used to identify the starting points for the
development of the potent USP7 inhibitors, GNE6776 and
GNE6640 with IC50=1.34 pM and 0.75 pM against full-
length USP7 respectively, and high selectivity against a panel
of 36 DUBs at 100 uM [75,76]. The crystal structures of USP7
in complex with GNE-6776 and GNE-6640 (PDB-ID 5UQX
and S5UQYV respectively) demonstrate that both compounds
bind to a novel allosteric pocket that is at the interface of the
thumb, fingers and palm subdomains and sterically block
ubiquitin binding (Fig. 5a). Structural analysis suggests that
this allosteric pocket only exists in the inactive conformation
of USP7, due to the cleft created by the movement of residues
on the a5, a6 helices and B6 sheet. The structures reveal that
the phenol moiety of both compounds bind into the hydro-
phobic cleft with the hydroxy making H-bond interactions
with His403 and GIn405. The central aminopyridine ring sits
orthogonal to the plane of the phenol with the 4-ethyl
directed towards the interior of the cleft, making van der
Waals interactions with Leu304 and Phe324, while the 6-
amino group is directed towards solvent and picks up a weak
H-bond interaction with Asp349. The sidechain of Arg301 lies
over the top of the central aminopyridine ring making pi-
cation interactions. The amide nitrogen of GNE6776 engages
the Asp305 sidechain in a H-bond interaction while the
indazole nitrogen of GNE6640 is 42A away from the side-
chain atoms of this residue. However, the indazole of GNE-
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6640 is involved in extensive edge to face interactions with
the Phe324 sidechain while the edge-face interactions be-
tween the pyridine of GNE-6776 and the Phe324 sidechain
are more restrictive (Fig. 5b & ¢).

Cellular studies with USP7 inhibitors

Studies with USP7 inhibitors have primarily focused on their
efficacy in promoting tumor growth inhibition. In cellular
studies, FT671 regulated the MDM2/p53 axis as well as other
USP7 substrates including N-Myc, UHRF1, and DNMT1. Ad-
ditionally, FT671 increased pS3 protein levels and promoted
tumor growth inhibition of the MM.1S multiple myeloma
xenograft model [74]. XL188 also modulated the MDM2/p53
axis in cellular studies and ALM-34 (also described as Com-
pound-4) promoted MDM2 ubiquitination, stabilized p53,
and promoted tumor cell death in vitro [71-73]. Similarly,
GNE-6640 and GNE-6776 modulated the MDM2/p53 axis
and promoted USP7-dependent death in cellular studies.
Interestingly cell death was not p53-dependent in a panel
of 441 cell lines, pointing to additional USP7-regulated path-
ways in cells. In the EOL-1 xenograft model, GNE-6776
promoted modest tumor growth inhibition, increased p53
and p21 protein levels, and activated caspases [75,76].

USP14 biology

USP14 in oncology

Human USP14, the yeast Ubp6 ortholog, is a proteasome-
associated DUB. USP14 activity is enhanced upon proteasome
binding, that in turn suppresses global proteasome function
via multiple allosteric mechanisms that will be discussed in
greater detail below [77-79]. The mechanisms by which
USP14 contributes to tumorigenesis are still being elucidated,
with most studies focused on evaluating USP14 expression
profiles in tumor tissues. More specifically, USP14 overexpres-
sion was confirmed by immunohistochemical analysis in
lung, breast, and pancreatic adenocarcinomas relative to
matched normal tissues. Mechanistically, USP14 knockdown

Q405 Switching looy
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Fig. 5. Crystal structures of USP7 catalytic domain in complex with small molecule inhibitors that bind to an allosteric site in the palm region. All inhibitors
stabilize the inactive conformation of USP7 and sterically block ubiquitin binding. (a) The allosteric binding site in the palm region of USP7 with the small molecule
inhibitor shown as a surface representation (b) Close in view of GNE-6640 binding (PDB-ID 5UQYV) (c) Close in view of GNE-6776 binding (PDB-ID 5UQYV).
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in cell lines expressing high endogenous USP14 levels slowed
in vitro proliferation and promoted tumor growth inhibition
in xenograft studies, whereas exogenous USP14 expression in
cell lines having low endogenous USP14 levels accelerated
proliferation [80]. Overexpression of USP14 was also reported
in esophageal squamous cell carcinoma, that was significant-
ly associated with distant metastasis and was related to poorer
overall patient survival [81]. In gastric cancer, elevated USP14
expression was also an independent prognostic factor for
patient survival. Interestingly USP14 knockdown inactivated
Akt and ERK signaling pathways and triggered cisplatin-in-
duced apoptosis [82]. The link between USP14 and AKT may
therefore be multifaceted, because AKT-induced phosphory-
lation activates USP14 and thereby attenuates degradation of
short-lived proteins, that may in turn promote tumor cell
proliferation [83]. The collective data thus point to USP14 as a
potential target in a variety of cancers.

USP14 in neurology

As mentioned above, USP14 regulates proteasome activity
and is therefore critical for general protein homeostasis.
Ataxia (ax’) mice harbor an insertion in the Uspl4 gene to
result in nearly complete loss of USP14 expression and pro-
vide a useful experimental model of USP14 function. Ataxia
mice have resting tremors, hind-limb paralysis, and die peri-
natally due to synaptic transmission defects in their central
and peripheral nervous systems [84]. Rescue of the ataxia
mutants with neuronal-targeted expression of Usp14 restored
viability and motor system function [85]. Additional studies
revealed reduced numbers of vesicles in synapses from ataxia
mice, that likely contribute to compromised synaptic trans-
mission. Interestingly, over-expression of catalytically inac-
tive USP14 in ataxia mice restores synaptic vesicle number
and corrects hippocampal synaptic transmission deficits
[86,87], and transgenic expression of catalytically inactive
USP14 in the nervous system of wild-type mice corrected the
decreased lifespan that was also observed in ataxia mice but
not the neuromuscular deficits [88]. Thus, USP14 noncataly-
tic functions are also important for maintaining normal
physiology. This function appears to be conserved since
Ubp6, the yeast ortholog of USP14, also regulates conforma-
tional dynamics and substrate degradation of the yeast pro-
teasome [89]. Intriguingly, monomeric ubiquitin levels are
reduced in ataxia mice [90]. Transgenic complementation
with neuronally-expressed ubiquitin prevents the perinatal
lethality and corrects neuromuscular deficits of ataxia mice,
indicating that dysregulation of ubiquitin homeostasis due to
decreased USP14 expression also contributes to pathogene-
sis [91].

USP14 is also reported to regulate autophagy, another
major system for intracellular protein degradation. This as-
sociation was first reported in 2016 when Xu and colleagues
found that Akt-mediated phosphorylation of USP14 also
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negatively regulates autophagy. Mass spectrometry studies
revealed that USP14 removes K63-linked ubiquitin chains
from Beclin-1, a positive regulator of autophagy. More spe-
cifically, inhibition of Akt or USP14 function enhanced K63-
modified Beclin-1 and autophagic flux in H4 neuroglioma
and HEK293 cell lines [92]. These findings were corroborated
by Kim and colleagues, who showed that protein degradation
is accelerated in USP14 null murine embryonic fibroblasts
(MEFs) via both proteasome- and autophagy-regulated path-
ways [79]. Interestingly another study confirmed that knock-
down or deletion of USP14 enhanced cellular proteasome
activity, but impaired autophagy flux at the autophagosome/
lysosome fusion step. Thus, the role of USP14 in regulating
autophagy merits additional study [93]. Chakraborty and
colleagues recently reported that USP14 knockdown
enhances mitochondrial autophagy (mitophagy) and cor-
rects a Drosophila model of Parkinson’s disease [94]. Given
the potential therapeutic applications, USP14 inhibitors have
been developed with the goal of accelerating cellular protein
degradation for oncology, neurodegeneration, and other
indications such as infectious disease [95].

Mechanisms of USP 14 inhibitors

USP14 structural biology

Ubiquitin-specific protease-14 (USP14) is a DUB that revers-
ibly associates with 19S regulatory particle of the proteasome
[96]. Full-length human USP14 consists of two structural
domains: a 9-kDa N-terminal ubiquitin-like (UBL) domain
(residues 1-80) and a 45-kDa C-terminal DUB domain (resi-
dues 96-494) [97]. When associated with the proteasome,
USP14 removes ubiquitin chains from the proteasome bound
substrates, which negatively regulates the activity of the
proteasome [77,78,96,98]. USP14 has a high affinity for the
proteasome, determined to be around 4 nM [77]. Interesting-
ly, in the proteasome-free state, the catalytic domain of
USP14 exhibits a low level of deubiquitinase activity, but
when bound to the proteasome, the Ub-AMC hydrolysing
activity of USP14 is increased 800-fold over that of isolated
USP14 and shows a preference for substrates that are ubiqui-
tinated at more than one site [77,78].

The catalytic domain of USP14 has the same architecture as
USP7, resembling an extended hand with Fingers, Thumb
and Palm subdomains [57,97] (Fig. 6a). The Fingers subdo-
main comprise five B-strands (32-B4, B6, and B7), the Thumb
subdomain contains 6 o«-helices (al-a6) and one short
B-strand (B1), and the Palm subdomain consists of a six-
stranded B-sheet (B5, B8, B10-B13), three «-helices (a7-
a9), one short B-strand (B9), and several surface loops. In
contrast to the crystal structure of USP7 catalytic domain, the
residues that form the catalytic triad of USP14 (Cys114,
His435, and Asp451) are aligned in a catalytically competent
conformation. However, similar to USP7, the two surface
loops close to the active site, blocking loops 1 and 2 (BL1,
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Fig. 6. Crystal structures of USP 4 catalytic domain in the inactive (PDB-ID 2AYN) and active conformation with ubiquitin aldehyde (PDB-ID 2AYO). (a) The
Fingers, Palm and Thumb sub-domains of inactive USP14 are colored pink, blue and orange respectively. (b) The active site cleft of inactive USP14 with important
residues labeled and the catalytic triad colored green. (c) Crystal structure of USP14 catalytic domain in complex with ubiquitin aldehyde. Ubiquitin aldehyde is
shown in a surface representation and colored yellow. (d) Active site cleft of USP14 in complex with ubiquitin with important residues labeled and the catalytic
triad colored green. (e) Superposition of the inactive and active forms reveals the large conformational changes that occur in a5, the switching loop, BLI, BL2, and
the catalytic triad. (f) Comparison of the active site cleft of USP7 in the inactive conformation and in complex with ubiquitin.

resides 254-279 and BL2, residues 429-433), partially occlude
the active site cleft that binds the C-terminus of ubiquitin
(Fig. 6b). These two surface loops are thought to be responsi-
ble for the auto-inhibited state of USP14 in the proteasome-
free form since the sidechain of Phe331 on BL1 and the H-
bond interaction between Ser431 sidechain on BL2 and
Asp199 on the switching loop sterically occlude the substrate
binding cleft (Fig. 6b). Comparison of the structures of USP14
catalytic domain and the USP14-Ubiquitin complex reveal
that BL1 and BL2 undergo significant conformational
changes to accommodate the C-terminal tail of ubiquitin,
with only small changes in the conformation of the switching
loop [97] (Fig. 6d & f). The activity of USP14 has also been
shown to be regulated by post-translational modification of
Ser432, which is located within BL2, when this residue is
phosphorylated USP14 activity is significantly increased [83].

USP14 inhibitor structural biology

Due to the low level of catalytic activity of free USP14,
researchers developed an elegant procedure for isolating
USP14 free proteasomes in which the endogenous DUB ac-
tivity is irreversibly inhibited by ubiquitin vinylsulfone (Ub-
VS) and then reconstituting the DUB activity of VS-protea-
somes with recombinant USP14. A high throughput screen of
63,052 compounds against recombinant USP14 bound to the
VS-proteasome using Ub-AMC as the assay substrate led to the
identification IU1, with an IC50 = 4-5 uM against USP14, and
good selectivity against a panel of 8 human DUBs [77]
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(Fig. 7a). The chemical structure of IU1 suggested a covalent
mechanism of inhibition, subsequent optimization of IU1
using traditional medicinal chemistry techniques led to the
identification of IU1-47, with an IC50 = 0.6 pM against USP14
and good selectivity over IsoT/USPS [99]. As in the case of
USP7, a structural insight into the binding interactions has
hindered the ability to develop more potent and selective
USP14 inhibitors. However, recent crystal structures of USP14
catalytic domain in complex with IU1, IU1-47, IU1-206, [U1-
248 reveal that compounds in this series bind across the
catalytic cleft of USP14 and inhibit USP14 activity by non-
covalently blocking access of the C-terminal tail of ubiquitin
to the active site residues [100] (Fig. 7b-d).

Other small molecule inhibitors of USP14 have been iden-
tified from a cell-based screen conducted to identify modu-
lators of the lysosomal apoptosis pathway [101]. The
chalcone-based dual USP14/UCHLS inhibitor, named b-
AP15, is thought to inhibit by a covalent mechanism. Al-
though this compound series was ultimately developed into a
clinical candidate VLX1570 [102], the mechanism and bind-
ing mode of these inhibitors is unknown and therefore will
not be discussed further.

Structural understanding of IUI, IU1-47, 1U1-206 and
1U1-248

The crystal structures of USP14 catalytic domain in complex
with that IU1 (PDB-ID 6IIK), IU1-47 (PDB-ID 6IIL), IU1-206
(PDB-ID 61IM), and 1U1-248 (PDB-ID 6IIN) reveal that all
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Fig. 7. SAR and structures of IU| based inhibitors of USP14. (a) SAR trends of [lU| analogs, adapted from Boselli et al. [99] (b) Crystal structure of USP 14 catalytic
domain in complex with IU| (PDB-ID 6lIK) (c) Crystal structure of USP14 catalytic domain in complex with [U[-47 (PDB-ID 6lIL) (d) Crystal structure of USP14
catalytic domain in complex with 1U1-206 (PDB-ID 61IM) (e) Crystal structure of USP|4 catalytic domain in complex with IU1-248 (PDB-ID 6lIN).

these compounds have very similar interactions with USP14
[100] (Fig. 7b—e). The phenyl A ring of IU1 binds into the
Phe331 pocket and makes pi-pi stacking interactions with the
sidechain of His426 and edge to face interactions with
Phe331 and Tyr476. The halogen in the 4-position of 1U1,
1U1-47 and IU1-206 makes van der Waals interactions with
the methylene atoms of K341. The dimethlypyrrole is orthog-
onal to the plane of the A-ring with the 2-methyl directed
into the Phe331 hydrophobic pocket and the 5-methyl point-
ing up and making van der Waals contacts with the Phe331
sidechain, this Phe331 pocket is equivalent to the Phe409
pocket observed in USP7. The pyrrole is involved in stacking
interactions with the Asp199 sidechain on the switching
loop. Interestingly, the keto group does not appear to be
making any specific interactions with the protein and likely
serves to enforce planarity. The tertiary amide is likely in-
volved in a H-bond interaction with the backbone C=0 of
GIn197 on the switching loop, which explains the impor-
tance of the alkyl chain length. The H-bond interaction
between the tertiary amide is not observed in all the crystal
structures since the conformations of the pyrrolidine (IU1)
and piperidine rings (IU1-47, IU1-206 and [U1-248) are dif-
ferent in the different molecules in the asymmetric units. The
improved potency of [U1-47 compared to IUl can be
explained by improved interactions of the larger 4-Cl in
IU1-47 and improved van der Waals interactions with resi-
dues on the switching loop and Ser432 on BL2 as a result of
the bulkier piperidine C-ring. In the crystal structure of
USP14 in complex with IU1-206 and 1U1-248 the hydroxyl
group of the 4-hydoxypiperidine is in different conforma-

tions in each of the two molecules in the asymmetric units
and this group does not make any specific interactions in
either. Wang et al. report the activity and the structure of the
benzonitrile derivative of 1U1-206, with an IC50=0.83 puM
suggesting that the polar nitrile group makes less favorable
interactions compared to the 4-Cl in IU1-47, in the hydro-
phobic Phe331 pocket [100].

Cellular studies with USP 14 inhibitors

The first USP14 inhibitor, IU1, was evaluated in cellular
studies in which proteotoxic proteins, such as tau, TDP-43,
ATXN3, and glial fibrillary acidic protein (GFAP), were exog-
enously expressed in MEFs. IU1 enhanced proteotoxic pro-
tein turnover, that was attenuated in USP14-null MEFs
indicating a USP14-selective effect. IU1 treatment also in-
creased proteasomal clearance of damaged proteins and en-
hanced the viability of HEK293 cells challenged with
oxidizing agents that promote pathogenic protein aggrega-
tion [77]. Boselli et al. confirmed that the more potent IU1
derivative IU1-47 promoted endogenous tau degradation in
murine primary neurons and in human iPSC-derived neurons
[99]. Consistent with these findings, [U1 treatment reduced
protein aggregates and enhanced proteasome functionality
in a murine cerebral ischemia/reperfusion injury model, that
correlated with reduced infarct volume, decreased neuronal
loss, and increased survival in IUl-treated mice [103]. Fur-
thermore, VerPlank et al. reported increased levels of protea-
some-associated USP14 in a model of hereditary peripheral
neuropathy, and that both IU1 and IU1-47 enhanced protein
turnover and degradation of unfolded protein response me-
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diator proteins in peripheral nerves [104]. IU1 treatment also
mimicked USP14 knockdown or knockout in the above-men-
tioned studies performed by the Goldberg and Lee labs. More
specifically, IU1 treatment enhanced turnover of both pro-
teasome- and autophagy-regulated proteins in the Goldberg
lab studies [79]. In the Lee lab studies clearance of tau, a
proteasome-degraded protein, was enhanced but degradation
of HTT-Q97, an autophagy-cleared protein, was impeded by
IU1 treatment [93]. IU1 treatment corroborated USP14
knockdown to enhance mitophagy and correct mitochondri-
al dysfunction and locomotion behavior of a Drosophila
model of Parkinson’s disease, as reported by Chakraborty
and colleagues [94]. I[U1 and analogs are also reported to
enhance degradation of cellular oncoproteins including the
androgen receptor (AR) and estrogen receptor (ER) [105,106].
Thus USP14 inhibitors, like USP14 knockdown or knockout
studies, enhance turnover of proteasome-directed substrates
and may also enhance clearance of autophagy-regulated
substrates.

Conclusions/summary

Here we have reviewed the physiological and pathologic
functions of the USP7 and USP14 deubiquitinases, the struc-
tural characterization of the apo enzymes and their associated
inhibitors, and cellular and in vivo studies utilizing these
inhibitors with a focus on oncology and neurodegenerative
diseases. Somatic amplification of either USP7 and USP14 is
generally associated with tumorigenesis whereas inactivating
germline mutations or haploinsufficiency of either USP7 or
USP14 is generally associated with neurodevelopmental dis-
orders. Furthermore, cellular and in vivo studies indicate that
functional inhibition of USP7 has therapeutic benefit in
oncology indications whereas USP14 inhibition may benefit
oncology and neurodegenerative disorders. Structural char-
acterization of USP7 and USP14 catalytic domains suggest
that in the apo form both DUBs adopt unique autoinhibited
conformations. The structures in complex with small mole-
cule inhibitors reveal that the inhibitors bind to and stabilize
these inactive conformations. The structural understanding
of how these inhibitors achieve their effects has definitively
confirmed that it is possible to design potent and selective
inhibitors of deubiquitinases. Importantly, both USP7 and
USP14 inhibitors have shown therapeutic benefit in neuro-
degeneration and in oncology in vivo models. It is our hope
that these promising pre-clinical studies will rapidly translate
to benefit patients in need.
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