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Post-translational modifications play major roles in the
stability, function, and localization of target proteins involved
in the nervous system. The ubiquitin-proteasome pathway
uses small ubiquitin molecules to degrade neuronal proteins.
Deubiquitinating enzymes (DUBs) reverse this degradation
and thereby control neuronal cell fate, synaptic plasticity,
axonal growth, and proper function of the nervous system.
Moreover, mutations or downregulation of certain DUBs
have been found in several neurodegenerative diseases, as
well as gliomas and neuroblastomas. Based on emerging
findings, DUBs represent an important target for therapeutic
intervention in various neurological disorders. Here, we
summarize advances in our understanding of the roles of
DUBs related to neurobiology.

Keywords: Alzheimer’s disease, deubiquitinating enzyme
inhibitors, epilepsy, neural stem cells, Parkinson’s disease

INTRODUCTION

Post-translational modifications (PTMs) play key regulatory
roles in development and function of the nervous system.
Ubiquitination is one of the most important PTMs mediated
by specific ligases for proteasomal degradation of target
proteins. Expression of intercellular proteins is tightly regu-
lated by a process of synthesis and degradation mediated
directly or indirectly by the proteasomal pathway. The small

regulatory protein ubiquitin (Ub) targets specific proteins for
degradation by the ubiquitin proteasome system (UPS) or the
lysosomal system. Conjugation of Ub to proteins, or ubiquiti-
nation, occurs through a series of events mediated by three
enzymes: E1 (Ub activating enzyme), E2 (Ub conjugating en-
zyme), and E3 (Ub ligase) (Fig. 1A). Covalent attachment of
one ubiquitin molecule to the lysine site of the target protein
residue (monoubiquitination) can regulate its subcellular lo-
calization, activity, and interacting affinity. Similarly, ubiquitin
molecules can bind to each other, forming an Ub-chain to a
substrate protein and leading to its degradation by polyubig-
uitination. Ubiquitin has seven lysine residues (K6, K11, K27,
K29, K33, K48, and K63), which together form numerous
branched or linear chains that are involved in determination
of the fate of target proteins (Kulathu and Komander, 2012;
Ye and Rape, 2009). Erroneous ubiquitination of a protein
could be detrimental for cells, as proteins may degrade pre-
maturely, leading to autophagy and unintended cell death.
Ubiquitin molecules are abundantly expressed in neurode-
generative disorders: as neurofibrillary tangles in Alzheimer’s
disease (AD), Lewy bodies in Parkinson’s disease (PD), and
intranuclear inclusions in hereditary polyglutamine diseases
(Lennox et al., 1988; Mori et al., 1987; Paulson et al., 1997).
Moreover, ubiquitin controls diverse neuronal processes
including cell survival, cell fate determination, neurite out-
growth, morphogenesis, synapse development, and synaptic
functions (DiAntonio et al., 2001; Ding and Shen, 2008;
Jason and Ehlers, 2007; Tai and Schuman, 2008). Ubiquitina-
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Fig. 1. The ubiquitin proteasome system. (A) Ubiquitination is catalyzed by organized events mediated by E1, E2, and E3 ligases which
promote the ligation of ubiquitin molecule to the lysine residues in the target protein substrates. Ubiquitin(s) attached proteins undergo
the 26s proteasome degradation. (B) Deubiquitinating enzyme can remove the poly-, multi-, mono-ubiquitin molecules attached to the

target substrate and inhibits its degradation and thereby stabilizes it.

tion of synaptic proteins can be controlled by acute or chronic
changes in synaptic activity (Chen et al., 2003; Ehlers, 2003).

Ubiquitination is antagonized by ubiquitin proteases, re-
ferred to as deubiquitinating enzymes (DUBSs), which coun-
teract the action of ligases by removing ubiquitin chains or
maintaining the cellular pool of free ubiquitin monomer (Fig.
1B). DUBs are categorized into seven subfamilies: ubiqui-
tin-specific proteases/ubiquitin-specific processing proteases
(USPs/UBPs), ubiquitin C-terminal hydrolases (UCHs), ovarian
tumor proteases, Josephin or Machado—Joseph disease pro-
tein domain proteases, Jab1/MPN domain-associated met-
alloisopeptidase JAMM) domain proteins, motif interacting
with Ub-containing novel DUB family (MINDY), and ZUFSP/
Coeorf113 (Abdul Rehman et al., 2016; Kwasna et al., 2018;
Nishi et al., 2014) (Fig. 1B). The role of DUBs in the nervous
system can be estimated by growing evidence on mouse (Sai-
goh et al., 1999; Wilson et al., 2002) and human (Kawaguchi
etal., 1994) neurological disorders associated with mutations
in certain DUBs. Several DUBs are involved in regulation of
proteins involved in nervous system functions, neurodegen-
erative diseases, and brain cancers. In this review, we focus
on DUBs that regulate intra-cellular processes for proper
function of the nervous system and are implicated in several
neurological disorders and brain tumors.

UBIQUITIN SPECIFIC PROTEASES

USP4

Ubiquitin-specific protease 4 (USP4) directly interacts with
and deubiquitinates a specific G-protein coupled receptor,
adenosine A2 (A2A), regulating the level of A2A receptors
through the endoplasmic reticulum-associated protein deg-
radation (ERAD) pathway. Overexpression of USP4 depletes
ubiquitinated A2A and increases the number of functional
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receptors in hippocampal neurons (Milojevi¢ et al., 2006).
Adenosine receptors mediate neuroprotection in the brain
and are important targets for treatment of chronic neuro-
degenerative diseases (Abbracchio and Cattabeni, 1999).
USP4, a deubiquitinase of A,,R, plays an important role in
regulating its subcellular localization for ligand binding and
signal generation (Toews, 2006). Therefore, pharmacological
manipulation of USPs (like USP4) to regulate the expression
of GPCRs could be a novel therapeutic strategy for various
ailments including neurological disorders (Toews, 2006) (Fig.
2F).

Neurological inflammation can be induced by the nu-
clear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) pathway upon activation of microglia, an active in-
ducer of secondary spinal cord injury. The level of microglia
is tightly maintained in the central nervous system (CNS);
however, during traumatic conditions, microglia are exces-
sively activated, inducing inflammatory cytokines and thereby
aggravating secondary neuronal injury and inflammation. Tu-
mor necrosis factor receptor associated factor 6 (TRAF6) is an
essential adaptor protein for NF-xB signaling and has a major
role in inflammation and immune response. In the microglial
cells of rats, the expression of USP4 decreases after spinal
cord injury (SCI). USP4 deubiquitinates TRAF6 and inhibits
the TRAF6-stimulated NF-xB reporter gene and regulates the
activation of NF-xB (Xiao et al., 2012) (Fig. 2F). USP4 might
participate in promoting the activation of microglial-medi-
ated neuronal inflammation by deubiquitinating TRAF6 via
regulating the NF-«xB signaling pathway (Jiang et al., 2017).
Additionally, USP4 is frequently expressed in glioblastoma
tissues and cell lines (Fig. 2E). Upon treatment with the an-
ti-glioblastoma drug Temozolomide, USP4 knockdown cells
undergo apoptosis in a p53 dependent manner (Qin et al.,
2019). Taken together, these reports highlight the dynamic
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Fig. 2. Deubiquitinating enzymes involved in the regulation of nervous system and neurological disorders. (A) USP9X is associated
with microtubule-associated protein DCX and USP33 regulates axonal guidance receptor Robo1 and Slit 1/2 pathway. (B) USP9X, USP12,
USP13, Ataxin-3, and UCH-L1 are directly or indirectly involved in the regulation of various neurodegenerative disorders. (C) USP8
interacts with synaptic protein SHANK3, USP14 stabilizes GABA,Rs to regulate NMJ & muscle development, USP46 regulates AMPARs
to modulate the synaptic plasticity and UCH-L1 is involved in regulation of synaptic development, synaptic function, synaptic plasticity
and synaptic transmission. (D) USP18 causes microglial quiescence and regulates IFN signaling via Stat 1. (E) USP4, USP7, USP9X, USP13,
USP22, USP39, and USP48 are highly expressed in human gliomas and regulates cell survival. USP17 expression is low in gliomas and
reduces tumorigenesis. (F) USP36 regulates Nedd 4-2, an E3 ligase of TrKA, involved in axonal growth and survival, whereas USP4
regulates GPCR and stabilizes TRAF6 in NF-xB pathway. CYLD is involved in the regulation of neuro-inflammation via NF-xB pathway.

role of USP4 and likely other DUBs in regulation of diverse
neurological pathways and disease pathologies.

USP7

USP7, or herpesvirus-associated ubiquitin-specific protease
(HAUSP), regulates various brain functions and neurode-
generative disorders. USP7 interacts with Ataxin-1, which is
associated with the spinocerebellar ataxia type 1 (SCA1), an
autosomal-dominant neurodegenerative disorder character-
ized by several neurological defects and symptoms (Hong et
al., 2002). Another important role of USP7 is maintenance of
the level of repressor element 1-silencing transcription factor
(REST), which is involved in inhibition of neural cell differenti-
ation (Huang et al.,, 2011). During proteasomal degradation
of REST, multiple E3 ligases are actively involved in maintain-
ing REST expression. B-TrCP, an E3 ligase of REST, is abun-
dantly expressed during neuronal differentiation, while the
levels of USP7 and REST are low, suggesting a critical role for

USP7 in neuronal differentiation and cell proliferation (Huang
etal., 2011) . Deletion of USP7 in neural cells causes neonatal
lethality, hypoplasia, and deficiencies in development, primar-
ily due to USP7-p53-mediated apoptosis (Kon et al., 2011).
USP7-mediated p53 stability is highly crucial for brain devel-
opment, while p53 dependent or independent functions of
USP7 contribute largely to mice lethality (Kon et al., 2011).
USP7 also deubiquitinates N-MYC proto-oncogene, which
is amplified in numerous advanced stage tumors such as neu-
roblastomas. Knockdown of USP7 in neuroblastoma cancer
cells and genetic manipulation of USP7 expression in mouse
brain inhibit the stability and activity of N-MYC, suggesting
USP7 as a potential therapeutic target for N-MYC-amplified
tumors (Tavana et al., 2016). Lysinespecific demethylase 1
(LSD1) and USP7 are frequently overexpressed in aggressive
brain tumors such as gliomas (Fig. 2E). USP7 inhibits the
ubiquitination of LSD1 and regulates its protein turnover in
A172 and T98G cells leading to rapid proliferation and inva-
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sion of glioblastoma cells (Yi et al., 2016). Thus, it could be
estimated that USP7 demonstrates a crucial prognostic mark-
er and potential therapeutic target for neuroblastomas and
gliomas (Tavana et al., 2016; Yietal., 2016).

USP8

PD is pathologically characterized by neuronal death and for-
mation of inclusions known as Lewy bodies (LBs). Misfolding
of a-synuclein is a common feature of PD (Spillantini et al.,
1997) which leads to cognitive dysfunction (Schneider et al.,
2012) as well as risk of dementia at an early age (Ross et al.,
2008). Recently, a-synuclein inclusion was found to contain
K63-linked ubiquitin chains, and USP8 present in Lewy bodies
controls the K63-linked ubiquitination of a-synuclein in do-
paminergic neurons to regulate PD state (Alexopoulou et al.,
2016). USPS8 also deubiquitinates LepRb, a receptor of leptin
that has been implicated in regulation of synapses, neuronal
plasticity, cognition, cortical volume, memory function, and
depression-related phenomena. Additionally, the abundance
of USP8 increases glutamatergic synapse formation in hippo-
campal structures (Bland et al., 2019).

Regulation of SHANK3 protein level is important to main-
tain synaptic density and levels of multiple synaptic proteins.
SHANK3 mutations or any alterations in its expression often
lead to neurodevelopmental disorders such as Phelan—-Mc-
Dermid syndrome, autism spectrum disorders, and schizo-
phrenia. USP8/UBPY enhances the protein levels of SHANK3
and SHANK1 and subsequently enhances dendritic spine
density in primary rat neurons (Kerrisk Campbell and Sheng,
2018) (Fig. 2C). USP8 also plays a key role in trafficking and
stabilization of B-site amyloid precursor protein-cleaving
(BACE1) enzyme, which is involved in the production of am-
yloid-p that accumulates in the brains of Alzheimer’s patients
(Yeates and Tesco, 2016).

The tropomyosin-related kinase (Trk) family of receptor
tyrosine kinases control synaptic plasticity, morphology, func-
tions, and neuronal cell survival. USP8 interacts with TrkA
receptor in a nerve growth factor (NGF)-dependent manner
and inhibits neuronal differentiation in PC12 cells. Addition-
ally, overexpression of USP8 blocks neurite outgrowth, which
highlights the importance of USP8 in brain development
(Ceriani et al., 2015). Considering the diverse role of USPS8 in
synaptic development and neurological disorders, USP8 could
be a key target for future research on neurobiology.

USP9X

Faf (fat facets) play a major role in maintaining synaptic span,
synaptic branching, and boutons in Drosophila (DiAntonio
et al.,, 2001) and deubiquitinates liquid facets (Lgf) that are
implicated in endocytosis (Cadavid et al., 2000; Chen et al.,
2002). USP9X is the mammalian ortholog of Faf and binds
to the Laf ortholog epsin-1 and regulates its function and
protein stability (Chen et al., 2003). USP9X is often overex-
pressed in glioblastomas, the most common primary brain
tumors (Fig. 2E). A recent study showed that inhibition of
USP9X by small-molecule inhibitor WP1130 decreases stem-
cell-like glioblastoma cells, patient-derived xenografts, and
cell viability of glioblastomas (Karpel-Massler et al., 2016),
suggesting that USP9X could be a potential therapeutic tar-
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get for glioblastomas.

USP9X is also correlated to lissencephaly, epilepsy (Frio-
court et al., 2005) (Fig. 2B), and an X-linked intellectual dis-
ability candidate gene (Tarpey et al., 2009). USP9X regulates
the stability of substrates involved in neurodevelopment
signaling pathways such as Notch (Chastagner et al., 2008;
Overstreet et al., 2004; Qiu et al., 2000), Wnt (Taya et al.,
1999), and transforming growth factor beta (TGF-) (Dupont
etal., 2009). USP9X regulates the stability of ubiquitin ligases
Mind Bomb1 (Choe et al., 2007; Yoon and Gaiano, 2005)
and intracellular domain E3 ligase, ltch in the Notch pathway
(Mouchantaf et al., 2006), which plays a major role in early
neurodevelopment, learning, memory, and certain neuro-
logical diseases in adults (Lasky and Wu, 2005). USP9X also
interacts with acute lymphoblastic leukemia-1 fusion partner
chromosome 6 (AF-6), which is involved in establishment of
adherens junctions and polarity in neural progenitor cells (lke-
daetal., 1999; Zhadanov et al., 1999).

USPIX is very important for development of the human
CNS due to its association with the microtubule-associated
protein doublecortin (DCX) (Friocourt et al., 2005) (Fig. 2A),
which is implicated in neuronal migration, protein sorting,
and trafficking of vesicles (Francis et al., 1999). Mutations in
PRICKLE genes often cause epilepsy-related seizures. USP9X
deubiquitinates PRICKLE and regulate PRICKLE-mediated
seizures (Paemka et al., 2015), delineating the significance
of USPIX in epilepsy. During the development of PD, USP9X
regulates the level of a-synuclein and activates SMAD4 by
stabilizing it at K519 and subsequently promoting the TGF-B
pathway (often correlated with several neurodegenerative
diseases) (Valderrama-Carvajal et al., 2002). Additionally, the
Huntington's disease protein has also been associated with
USPIX in mouse brain (Kaltenbach et al., 2007). Recently,
the expression of USP9X or Mcl-1 (an anti-apoptotic mem-
ber of the Bcl-2 family and a substrate of USP9X) has been
shown to cause rapid death in malignant peripheral nerve
sheath tumors (MPNSTs) (Bianchetti et al., 2018). Consider-
ing the diverse role of USP9X in nervous system, it could be
a promising therapeutic target in neurogenerative disorders
and malignancies (Li et al., 2017).

USP13

Glioblastoma harbors glioma stem cells (GSCs) are key play-
ers in tumor propagation and maintained by core transcrip-
tional factors such as SOX2 and C-MYC. USP13 stabilizes
C-Myc by inhibiting the E3 ligase and FBXL14-mediated
ubiquitination and thereby maintains GSC self-renewal and
tumorigenic potential (Fang et al., 2017) (Fig. 2E). Moreover,
MYC proteins, which include L-MYC, C-MYC, and N-MYC,
are also involved in development of the mid-, fore-, and
hind-brain (Wey and Knoepfler, 2010). USP13 is abundantly
expressed in the brain of PD patients (Fig. 2B), and deubig-
uitinates Parkin (an E3 ligase that targets certain neurological
protein for degradation) and a-synuclein to regulate their
metabolism in a-synucleinopathies (Liu et al., 2018). Mis-
sense mutations in the o-synuclein gene are common in PD,
Lewy body dementia, and multiple system atrophy (Spillantini
and Goedert, 2000). Thus, being a regulator of parkin and
a-synuclein, USP13 could be a novel therapeutic target in



a-synucleinopathies (Liu et al., 2018) (Fig. 2B).

USP14

USP14 is a key DUB involved in maintaining monoubiquitin
level at developing synapses and is indispensable for devel-
opment of synapses and proper function of neuromuscular
junctions (NMJs). Loss of USP14 causes developmental
defects at motor neurons. In ataxia (ax’) mice, the Purkin-
je cells in the cerebellum highly express GABA, receptors
(GABA4Rs), which undergo proteasomal degradation (Saliba
et al., 2007). GABA,Rs are one of the most studied neu-
rotransmitter receptors and contribute to regulation of var-
ious brain functions and brain-related disorders (Everington
et al., 2018). USP14 interacts with GABA,Rs and regulates
their stability and cell surface distribution (Lappe-Siefke et
al., 2009) (Fig. 2C). Moreover, depletion of USP14 in (ax))
mice not only results in perinatal lethality, reduced muscle
development, structural and functional defects at the NMJ;
but also leads to depletion of free ubiquitin in the brain and
spinal cord (Anderson et al., 2005; Chen et al., 2009). The
dominantly-negative, catalytically mutant USP14 in the mu-
rine nervous system mimics many defective phenotypes such
as NMJ structure defects, reduced muscle development, and
reduced motor performance (Vaden et al., 2015). However,
restoring free ubiquitin level in the USP14 catalytically-inactive
mice causes improvements in NMJ structure and reduction in
pJNK accumulation in the motor neurons as well as negative-
ly affects muscle development and motor functions (Vaden
et al., 2015), indicating a crucial role for USP14 in synaptic
development and functions.

USP46

USP46 was identified as the first DUB regulating glutamate
receptors (GLURs) by an RNAi-based screen in Caenorhabditis
elegans. USP46 inhibits proteasomal degradation of gluta-
mate receptor 1 (GLR-1) at synapses by deubiquitinating the
receptor and stabilizing it in the lysosome (Kowalski et al.,
2011). GLR-1 encodes a receptor subunit of a non-NMDA
excitatory ionotropic glutamate receptor subtype and has
40% homology with mammalian (a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) AMPA, which controls the
majority of excitatory transmissions in the brain, as well as
synaptic development and functions (Anggono and Huganir,
2012). Mammalian USP46 is expressed throughout the brain,
including the hippocampus, amygdala, cerebellum, and pre-
frontal cortex, and stabilizes AMPARs (GIuA1 and GLUA2)
(Huo et al., 2015) (Fig. 2C). Thus, it could be predicted that
USP46 might be involved in regulation of synaptic plasticity,
brain functions, and synaptic transmission by stabilizing glu-
tamatergic AMPARs (Huo et al., 2015). USP46 has also been
associated with regulation of the GABAergic system in mice,
which maintains fast-inhibitory transmission in the brain (To-
mida et al., 2009). Loss of USP46 results in depression-like
behaviors in mice (Imai et al., 2012) as well as reduction in
expression of GABA synthesis enzyme glutamic acid decar-
boxylase (GAD67) (Tomida et al., 2009). Taken together,
the involvement of USP46 in regulation of diverse synaptic
receptors, underscores the importance of USP46 in synaptic
formation and neuronal morphogenesis (Huo et al., 2015).
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CYLD

CYLD negatively regulates NF-«xB (Fig. 2F), which is involved
in neuroinflammation, by reducing NF-xB activity in ischemic
stroke (Kovalenko et al., 2003). NF-«xB transcription factors
are abundantly expressed in glial cells and cerebral blood ves-
sels and protect neurons against different injuries or neuronal
inflammatory reactions (Shih et al., 2015).

Other USPs

USP12 is a potent inducer of neuronal autophagy and regu-
lates neuronal proteostasis and mutant huntingtin (mHTT),
one of the main causes of the neurodegenerative disorder
Huntington’s disease (Aron et al., 2018) (Fig. 2B).

USP17 is downregulated in glioma tissues (Fig. 2E), but
overexpression of USP17 reduces tumorigenesis and cell pro-
liferation in gliomas by reducing Ras and MYC protein levels
(Huetal., 2016).

Tissue homeostasis in the CNS is usually controlled by
microglia, and dysregulation of microglia often leads to neu-
ropsychiatric, neurodegenerative, and neuroinflammatory
diseases known as microgliopathies. USP18 in the white mat-
ter of microglia contributes to microglial quiescence (Fig. 2D),
and activates Stat 1 or other interferon genes, controlling IFN
signaling (Goldmann et al., 2015). Moreover, USP18-deleted
mouse brains exhibit microglial clusters in white matter, simi-
lar to the state in several human microgliopathies (Schwaben-
land et al., 2019).

USP22 gene is highly expressed in human brain glioma
cells (Fig. 2E) and is associated with several neurological dis-
orders (Li et al., 2013; Melo-Cardenas et al., 2016). Knock-
down of USP22 effectively inhibits the cell viability of brain
glioma cells, resulting in apoptosis and cell cycle arrest (Li et
al., 2013).

USP33 is associated with the axonal guidance receptor
Roundabout (Robo) 1 (Fig. 2A), which plays a major role in
controlling axon crossing across the midline between brain
hemispheres and neuronal dendrites (Yuasa-Kawada et al.,
2009). USP33 protects the signal-competent Robo1 receptor
complex from degradation and promotes the Slit signaling
pathway (Yuasa-Kawada et al., 2009), which is essential for
axon pathfinding in the CNS (Guan and Rao, 2003; Tessi-
er-Lavigne and Goodman, 1996).

USP36 binds to one of the E3 ligases of TrkA neurotrophin
receptor Nedd 4-2 and thereby regulates the association of
Nedd 4-2 and TrkA (Anta et al., 2016). Nedd 4-2 has been di-
rectly implicated in the growth of peripheral neuropathic pain
(Laedermann et al., 2013).

In addition to its role on neuronal differentiation (Tang,
2009), REST also controls proliferation of medulloblastoma
cells (Das et al., 2013). REST expression downregulates CD-
KNIB/p27 (a cyclin-dependent kinase inhibitor) and promotes
the proliferation of medulloblastomas. REST transcriptionally
represses USP37 expression, whereas USP37 stabilizes p27
protein and block cell proliferation. Thus, REST and USP37
play an important role in regulating the stability of p27 and
thereby controlling the proliferation of medulloblastomas
(Das et al., 2013). Recently, USP37 has been reported to
have tumor-suppressive properties in neural cancers; the level
of USP37 was found to be downregulated in human medul-
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loblastoma specimens (Dobson et al., 2017). Moreover, G9a
(a histone methyltransferase) promotes USP37 depletion in
a REST-dependent manner and causes growth and prolifera-
tion of medulloblastoma cells (Dobson et al., 2017).

USP39 has been implicated in human glioma by regulating
the TAZ proteins in orthotopic xenografts (Fig. 2E). Knock-
down of USP39 causes downregulation of TAZ pre-mRNA
splicing efficiency in glioma cells, leading to depletion of TAZ
protein (Ding et al., 2019).

Gli1 is an important downstream target of the Hedgehog
(Hh) signaling pathway implicated in cell proliferation and
tumorigenesis. USP48 has been shown to stabilize Gli1,
whereas the Hh pathway has been shown to induce USP48
expression by transactivating Gli1, forming a reciprocal feed-
back loop. Depletion of USP48 inhibits glioma cell viability
and tumor generation by partially stabilizing Gli1, which in-
cidates a critical role of the USP48-Gli1 axis in glioblastoma
tumorigenesis (Zhou et al., 2017) (Fig. 2E).

UCH family

The carboxyl-terminal hydrolase UCH-L1 is highly expressed
in the brain and is often implicated in neurodegenerative
disorders in both mice and humans. UCH-L1 is abundantly
found in the protein aggregates and inclusion bodies associ-
ated with PD and AD (Lowe et al., 1990; Setsuie and Wada,
2007; Wilkinson et al., 1992) (Fig. 2B). UCH-L1 plays a sig-
nificant role in synaptic remodeling by maintaining synaptic
structure in hippocampal neurons and modulating level of
free monoubiquitin pools in an activity-dependent manner
(Cartier et al., 2009). Downregulation of UCH-L1 causes syn-
aptic defects such as decreased spine density, accumulation
of pre- and post-synaptic proteins, and increased spine size
(Cartier et al., 2009). Interestingly, pharmacological inhi-
bition of UCH-L1 increases spine size and pre-synaptic and
post-synaptic protein clusters and decreases spine density,
implying an important role of UCH-L1 in regulation of brain
functions (Setsuie and Wada, 2007). Moreover, UCH-L1 is
correlated with decrease in synaptic vesicle number, increases
in tubulovesicular structures in axons, and denervation of
muscles (Chen et al., 2010) (Fig. 2C). In a mouse model of
AD, reductions of monomeric ubiquitin and long-term po-
tentiation (LTP) were observed due to loss of UCH-L1 in the
brain (Gong et al., 2006).

Ap-UCH removes ubiquitin from polyubiquitinated sub-
strates during proteasomal degradation and thereby main-
tains synaptic activity in Aplysia (Hegde et al., 1997). Simi-
larly, in mammals, UCH-L3, an orthologue of AP-UCH, plays
a major role in maintaining synaptic plasticity. Deficiency of
UCH-L3 causes significant deficits in learning and memory in
homozygous mice without any developmental, histological,
or fertile abnormalities (Wood et al., 2005). Considering the
importance of UCH sub-family of DUBs in synaptic devel-
opment and regulation, further investigation is required to
understand their role in synaptic defects related neurodegen-
erative disorders.

Ataxin-3

Ataxin-3, a member of the MJD sub-family of DUBs, was first
implicated in the neurodegenerative disorder spinocerebellar
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ataxia type 3 (SCA3), also known as Machado-Joseph Dis-
ease (Fig. 2B). SCA3 is the most aggressive inherited ataxic
age-related disorder and often leads to difficulties in speech
and swallowing, impaired eye movements, neuropathy, and
sometimes dystonia or parkinsonism (Todi et al., 2007; Wil-
liams and Paulson, 2008). Several studies have associated
Ataxin-3 with several E3 ligases such as the carboxyl-terminus
of HSC70-interacting protein (CHIP) (Jana et al., 2005), ubig-
uitination factor E4B (E4B/Ufd2) (Matsumoto et al., 2004),
and parkin (Durcan et al., 2010). Parkin is a multifunctional
ubiquitin ligase associated with maintenance of neuronal sur-
vival. Loss of Parkin increases risks of certain neurodegenera-
tive diseases such as PD, AD, and amyotrophic lateral sclerosis
(ALS) (Zhang et al., 2016).

The development and integrity of the nervous system are
dependent on the balance between various components of
Ub-dependent pathways, particularly DUBs. The tight regu-
lation of ubiquitination and deubiquitination and the avail-
ability of mono-ubiquitins are critical for synapse structure
and function. Several studies have explored the importance
of DUBs in neurodevelopmental disorders and brain tumors.
However, the search for DUB-based therapies is still in its
infancy, and structural studies, enzymatic assays, and exten-
sive research into the DUBs involved in diverse neurological
ailments are needed to support drug development.

DUBs AS THERAPEUTIC TARGETS FOR
NEURODEGENERATIVE DISEASES

Over the past decade, therapies focusing on the proteasomal
pathway have shown huge promise due to their critical roles
in protein regulation and several signaling pathways. Among
post-translational regulators, DUBs offer several advantages
as therapeutic targets due to their cell-type or substrate spec-
ificity. Although DUBs exhibit strong similarities between the
active-enzyme site cysteine and histidine boxes, several DUBs
demonstrate critical differences in accessibility to the cata-
lytic pocket (Colland, 2010). Thus, developing DUB-specific
inhibitors may be an attractive alternative for design of novel
therapeutics to treat malignancies and neurodegenerative
disorders. Several specific-DUB inhibitors, including USP7 and
UCH-L1, have been developed to date (Colland, 2010; Todi
and Das, 2012). Moreover, inhibition of USP14 by 1-[1-(4-flu-
orophenyl)-2,5-dimethylpyrrol-3-yl]-2-pyrrolidin-1-yletha-
none (IU1) has been found to enhance the degradation of
several proteins related to neurodegenerative diseases (Lee
et al.,, 2010). A small-molecule inhibitor of USP9X, WP1130,
demonstrated anti-proliferative properties by attenuating the
growth of glioblastoma cells (Karpel-Massler et al., 2016).
Although DUBs are a promising target in neurobiology, phar-
macological inhibition of DUBs provides several challenges for
the scientific community.

CURRENT CHALLENGES IN DUB-BASED
THERAPEUTICS FOR NEUROBIOLOGY

DUB activity in cells is specific to the target substrates un-
dergoing mono-ubiquitination or poly-ubiquitination, which
comprise ubiquitin-chains bearing linkages or mixed chains



containing ubiquitin and UBLs (Hospenthal et al., 2015; Ko-
mander and Rape, 2012). Although proteasomal inhibition is
an important therapeutic strategy for various disorders relat-
ed to neurobiology, indiscriminate inhibition of DUB activity
might affect other cellular processes that rely on the 26S pro-
teasomal system. Several DUBs are involved in the regulation
of normal brain function as well as neurodegenerative disor-
ders. For instance, USP14 inhibitor has a significant effect in
regulating the level of proteins involved in neurodegenera-
tion (Lee et al., 2010), but also functions in synaptic develop-
ment and plasticity (Vaden et al., 2015; Wilson et al., 2002).
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Similarly, USP8 regulates the synapses by deubiquitinating
LepRb and SHANK3 (Kerrisk Campbell and Sheng, 2018), but
also stabilizes the BACE1 enzyme involved in AD (Yeates and
Tesco, 2016). Thus, full or near-complete pharmacological in-
hibition of DUBs to control a neurological condition may have
adverse effects.

Despite having druggable catalytic pockets, there are sev-
eral challenges to developing potent compounds for inhibit-
ing DUB expression. First, several DUBs share similar structure
and properties and there are several limitations to developing
classical small-molecule chemical inhibitors specifically tar-

Table 1. List of DUBs and their functions in neurobiology

DUBs Functions Reference
USPs
Biological functions Clinical significance
UskP4 Regulates the stability of G-protein cou- Abundantly expressed in glioblastoma (Jiang et al., 2017; Milojevi
pled receptor, adenosine A2 (A,,) Regulates the cell viability in glioblastomas etal, 2006; Qinetal.,
Regulates functional receptors in neurons  Involved in neuro-inflammation by deubig- 2019; Toews, 2006)
uitinatingTRAF6
UspP7 Involved in transcription of Ataxin-1 Deubiquitinates N-MYC and regulates neu-  (Hong et al., 2002; Huang
Regulates neuronal differentiation by sta- roblastomas etal., 2011; Konetal,,
bilizing REST Abundantly expressed in gliomas 2011; Tavana et al., 2016;
Regulates neonatal lethality, hypoplasia, Inhibits LSD1 to regulate glioblastomas Yietal, 2016)
and developmental defects
UsP8 Controls ubiquitination of a-synuclein Regulates the stability of SHANK3, involved  (Alexopoulou et al., 2016;
Deubiquitinates LepRb receptor in several neurodegenerative disorders Bland et al., 2019; Ceriani
Regulates glutamatergic synapse forma-  Stabilizes the BACE1 enzyme involved in etal., 2015; Kerrisk Camp-
tion in the hippocampus production of amyloid-g in the AD-affect- bell and Sheng, 2018;
Inhibits neuronal differentiation by inter- ed brain Yeates and Tesco, 2016)
acting with TrkA
Blocks neurite outgrowth
USPOX Regulates the stability of substrates in-  Highly expressed in glioblastomas (Abbracchio and Cattabe-
volved in neurodevelopment signaling Involved in lissencephaly, epilepsy and ni, 1999; Chastagner et
pathways (Notch, Wnt, TGF-p, and X-linked intellectual disability al., 2008; Dupont et al.,
[tch) Regulates cell death and apoptosis in glio- 2009; Friocourt et al.,
Interacts with AF-6, involved in develop- blastomas 2005; Karpel-Massler et
ment of neural progenitor cells Regulates seizures by deubiquitinating al., 2016; Mouchantaf et
Associated with neuronal protein DCX PRICKLE al., 2006; Paemka et al.,
Regulates a-synuclein, SMAD4 and TGF-B 2015; Tarpey et al., 2009)
pathway (involved in neurodegenerative
disorders)
USP13 Stabilizes C-MYC and maintains glioma  Overexpressed in the brain of PD patients (Fang et al., 2017; Liu et al.,
stem cells Stabilizes Parkin and a-synuclein (involved in 2018)
PD, dementia and neurological disorders)
UsP14 Maintains the synaptic structure and Inhibition of USP14 leads to degradation of  (Lee et al., 2010; Vaden et
function several proteins involved in neurodegen- al., 2015; Wilson et al.,
Interacts with neurotransmitter receptor, erative disorders 2002)
GABALRs
Mutations in USP14 lead to defects in
NMJ structure and reduction in motor
performance
USP46 Deubiquitinates GLR-1 at synapses Highly expressed throughout the brain (Huo et al., 2015; Imai et
Stabilizes AMPARs (GLUA1 and GLUA2) Depletion of USP46 leads to depression-like al., 2012; Kowalski et al.,
Involved in mice GABAergic system behaviors 2011; Tomida et al., 2009)
CYLD Negatively regulates NF-kB (involved in neu-  (Kovalenko et al., 2003)

roinflammation)
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Table 1. Continued

DUBs Functions Reference
Other USPs
USP12 Regulates neuronal autophagy and neu-  Regulates the expression of mHTT (involved  (Aron et al., 2018)
ronal proteostasis in Huntington’s disease)
USP17 Low expression in glioma cells (Hu etal., 2016)
Reduces tumorigenesis and proliferation of
gliomas
USP18 Causes microglial quiescence Associated with the formation of microglial  (Goldmann et al., 2015;
Activates Stat 1 or other interferons and clusters (like state in human microgliopa- Schwabenland et al.,
controls IFN signaling thies) 2019)
UskP22 Overexpressed in brain gliomas and regu-  (Lietal., 2013; Melo-Carde-
lates proliferation of gliomas nasetal., 2016)
Involved in various neurodegenerative dis-
orders
USP33 Associated with axonal guidance recep- (Yuasa-Kawada et al., 2009)
tor Robo
USP36 Interacts with E3 ligases of TrkA neuro- (Antaetal., 2016)
trophin receptor, Nedd 4-2
UspP37 Associated with the stabilization of p27 Associated with the suppression of growth  (Das et al., 2013; Dobson et
and proliferation of medulloblastomas al., 2017)
USP39 Regulates TAZ protein in human gliomas (Ding et al., 2019)
USP48 Stabilizes Gli1 (a downstream target of  Regulates the viability of gliomas (Zhou et al., 2017)
Hedgehog signaling pathway)
UCH family
UCH-L1 Regulates synaptic mono-ubiquitination Highly expressed in protein aggregates and  (Cartier et al., 2009; Gong
Maintains synaptic structure inclusion bodies associated with PD and etal, 2006; Lowe et al,
Maintains spine density and size AD 1988)
Regulates pre- and postsynaptic protein
levels
Regulates monomeric Ub an LTP
UCL-L3 Regulates memory and conditions related  (Wood et al., 2005)
to memory defects in mice
Ataxin-3 Implicated in Machado-Joseph Disease (Durcan et al., 2010; Jana et

Associated with E3 ligases (CHIP, E4B, Par-
kin) of proteins involved in the regulation
of several neurological conditions

al., 2005; Matsumoto et
al., 2004)

geting a particular DUB without affecting the expression of
other DUBs. Second, most of the standard assays used to
identify DUB inhibitors are prone to non-selective redox or al-
kylating false positives as DUB activity on ubiquitin molecules
is dependent on a reactive thiol group (Wrigley et al., 2011).
Additionally, the mode of action of several DUBs comprises
complex enzymatic activity via allosteric sites, substrate catal-
ysis, and involvement of both the active and non-active forms
of DUBs (Mevissen and Komander, 2017; Sahtoe and Sixma,
2015). Therefore, before targeting DUBs as a therapeutic
strategy, we need to address the limitations associated with
the development of DUB-based therapies.

CONCLUSION AND PERSPECTIVE

In nervous system, PTMs play critical roles in proteasomal
degradation and vesicular trafficking of intracellular pro-
teins. Degradation of proteins is critical for the structure,
function, and plasticity of synaptic connections (DiAntonio
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and Hicke, 2004). Ubiquitin protein-aggregates are found in
a wide spectrum of neurodegenerative diseases, including
AD, Huntington’s disease, and PD. Ubiquitin protease system
(UPS) components like E3 ligases, DUBs, chaperons, shuttling
factors, and various subtypes of proteasomes form complex
networks in neurons (Tai and Schuman, 2008). Moreover,
several neurodegenerative disorders are characterized by the
accumulation of misfolded proteins, which affects nerve cell
function and survival. DUBs have been reported to maintain
healthy nerve cells by regulating the degradation of toxic
proteins (Todi and Paulson, 2011). DUBs have also been im-
plicated in the regulation of synapses, synaptic plasticity, and
several neurodegenerative diseases such as AD, PD, and epi-
lepsy, as well as neuroblastoma and glioblastomas (Kowalski
and Juo, 2012; Ristic et al., 2014, Todi and Paulson, 2011).
Recently, several studies have identified the role of DUBs in
the regulation of various functions of the nervous system and
in neurological disorders (Anta et al., 2016; Aron et al., 2018;
Ding et al., 2019; Fang et al., 2017; Goldmann et al., 2015;



Hu et al., 2016; Melo-Cardenas et al., 2016; Schwabenland
etal., 2019; Zhou et al., 2017) (Fig. 2).

To date, several DUBs have been shown to regulate the
nervous system, which makes them an attractive therapeutic
target for disease intervention. However, there are several
questions that must be addressed before targeting the DUBs
involved in neurological disorders. For instance, neurons are
highly polarized cells and the DUB activity in neurons depends
on localization or re-localization of DUBs to different cellular
or sub-cellular compartments. Thus, before pharmacological-
ly targeting DUBSs, it is important to understand which DUBs
are shared among excitatory and inhibitory synapses as well
as between sensory and motor neurons (Todi and Paulson,
2011). Moreover, we lack information about the expression
pattern of DUBs during development and in adults, during
activity and resting, in different areas of the brain and spinal
cord, and in different types of neuronal and glial cells (Ristic
et al.,, 2014). Given the importance of DUBs in the nervous
system and in neurological disorders including cancers, fur-
ther investigation is needed to improve our understanding of
the role of DUBs and UPP in neuronal physiology and patho-
physiology (Ristic et al., 2014).

In this review, we summarized the roles of DUBs, which
regulate the stability and function of several neuronal pro-
teins (Table 1). Major advances have been made over the
past decade in identifying the critical roles of DUBs in ner-
vous system development, function, and disease. Given the
importance of PTMs in the nervous system, DUBs could be
an excellent target for treatments aimed at maintaining
appropriate function of the nervous system and controlling
brain-related disorders including cancers.
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