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Abstract

Ubiquitin signaling is a sequence of events driving the fate of a protein based on the type of ubiquitin modifications attached.
In the case of neurodegenerative diseases, ubiquitin signaling is mainly associated with degradation signals to process
aberrant proteins, which form aggregates often fatal for the brain cells. This signaling is often perturbed by the aggregates
themselves and leads to the accumulation of toxic aggregates and inclusion bodies that are deleterious due to a toxic gain of
function. Decrease in quality control pathways is often seen with age and is a critical onset for the development of
neurodegeneration. Many aggregates are now thought to propagate in a prion-like manner, where mutated proteins acting
like seeds are transitioning from cell to cell, converting normal proteins to toxic aggregates. Modulation of ubiquitin
signaling, by stimulating ubiquitin ligase activation, is a potential therapeutic strategy to treat patients with

neurodegeneration diseases.

Facts

e Neurodegenerative diseases (NDs) affect millions of
people worldwide

e Protein misfolding and aggregation is inherently asso-
ciated with neurodegenerative diseases

e Misfolded proteins can be removed through various
proteolytic systems

e Mutations in E3 ubiquitin ligases can lead to neurode-
generative disorders

Open questions

e Why does the ubiquitin machinery fail to eliminate
aggregates?
e How do some misfolded proteins self-propagate?
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e Are protein aggregates in proteinopathies protective
or toxic?

e Can ubiquitin ligases
strategies in NDs?

be targeted as therapeutic

Introduction

NDs are characterized by the aggregation of a vast popu-
lation of proteins that would normally undergo degradation
via the two main catabolism pathways, the ubiquitin-
proteasome system (UPS) and the autophagy-lysosomal
pathway (ALP). Ubiquitin signaling is a cascade reaction of
tagging a ubiquitin residue on a substrate to modulate its
function or promote its degradation. Building blocks of
ubiquitin onto other ubiquitin molecules forms ubiquitin
chains that will modulate the fate of the substrate by
forming K48 or K63 ubiquitin chains for UPS or ALP
degradation, respectively. Aggregated proteins often impair
these two quality control pathways (QCPs) and promote a
toxic gain of function that leads to neuronal death. NDs
generally have a late onset, and the visible aggregates seen
in the brains of postmortem patients are generally the end
stage of the disease. Factors contributing to protein aggre-
gates vary from ageing to genetic to environmental triggers.
Although the vast majority of NDs are sporadic, a few
early-onset and late-onset patients are linked to genome
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mutations notably Parkinson’s disease (PD) (PINKI1, Par-
kin, DJ-1, LRRK2, a-synuclein), Alzheimer’s disease (AD)
(APP, PSEN1, PSEN?2,) or frontotemporal dementia (FTD)
and Amyotrophic lateral sclerosis (ALS) (C9orf72, SODI,
TDP-43, FUS) [1]. However, toxic aggregates are not
always observed in familial PD autopsy brains, and thus
will not be developed further in this review. Other muta-
tions can affect E3 ligases that have prominent functions in
neurodevelopmental functions. UBE3A, ITCH, CHIP,
PARKIN, TRAF-6, and many more have been implicated in
neurodegeneration and neurodevelopmental diseases like
Angelman syndrome or PD [2], or simply having neuro-
protection effects. Furthermore, mitochondrial dysfunction
has been implicated in NDs, notably in PD and AD, not as
the initial cause but as an aggravating neurodegenerative
process related to age [3]. However, the scope of this review
is to focus on the cause of protein aggregation, as well as
the signals and failure of ubiquitin-mediated degradation of
aggregates.

Ubiquitin signaling in neurons
The ubiquitin machinery

One of the hallmarks of aging is diminished proteostasis in
the brain. Protein homeostasis is tightly regulated by con-
trolling protein synthesis, folding as well as degradation
through its two main pathways, the UPS and ALP. These
two QCPs are interconnected and rely on ubiquitin signal-
ing to target proteins either to the proteasome or to the
lysosome [4]. Ubiquitin is a small protein of 8.5 kDa that is
covalently attached to proteins post-translationally in order
to modulate substrate protein fate. This reversible process
has been implicated in multiple functions, from substrate
stability and activity to cellular localization and as a
determinant for interaction with partners. Ubiquitination is
tightly controlled by an enzymatic cascade reaction starting
by activation by an El enzyme, conjugation to an E2
enzyme on its active-site cysteine and finally placement on
its substrate via an E3 ligase enzyme that facilitates the
covalent linkage of ubiquitin to amino groups on a lysine
residue or an N-terminal methionine of the substrate. While
only two El enzymes are found in human cells, about 40 E2
enzymes and over 600 E3 enzymes have been reported.
Deubiquitinating enzymes (DUBs) ensure the reversibility
of this process by specifically removing ubiquitin from
substrates. The specificity of the signaling is driven by the
E3 enzymes to synthesize various ubiquitin modifications
on ubiquitin itself on any of its seven lysine residues
creating chains of several molecules. Consequently, a sub-
strate can be mono-ubiquitinated, multi-ubiquitinated
(multiple mono-ubiquitination), or polyubiquitinated,
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where eight types of chains can be formed (see other
reviews on this issue for further details). K48 and K63
chains are by far the best characterized ubiquitin chains and
are the most relevant for the scope of this review. Linear
ubiquitin linkages on N-terminal methionines also exist and
function in innate immune signaling pathways [5].

The ubiquitin-proteasome system

The proteasome is a multicatalytic proteolytic system that
degrades polyubiquitinated unfunctional or misfolded pro-
teins into peptides. The 26S proteasome is comprised of two
different subcomplexes arranged in a barrel-like structure,
the 20S core particle (CP) and the 19S regulatory particle
(RP). Proteasomal degradation of proteins can be divided
into several steps; substrate recognition, deubiquitynation,
and unfolding of the substrate that occurs at the RP before
threading the substrate into the proteolytic channel and
degradation inside the proteolytic chamber of the CP [6].
The proteasome can efficiently degrade soluble ubiquiti-
nated proteins but is highly inefficient in degrading aggre-
gated proteins due to the failure to unfold them before
sliding the protein into the 20S CP. Under protein aggre-
gation stress, or when the proteasome is otherwise over-
whelmed, autophagy has been shown to compensate for the
burden, illustrating the collaboration between the two QCPs
[7, 8]. The peptides released after proteolysis are further
degraded by amino and carboxypeptidases, while ubiquitin
can be recycled for further rounds of ubiquitination.
Although a decline in proteasomal degradation is associated
with ageing [9], the downregulation of the proteasome is
also a hallmark of many NDs [10]. Likewise, although
challenging, the characterization of the molecular mechan-
isms underlying aberrant proteasomal degradation in a
variety of NDs is opening new possible avenues to ther-
apeutic strategies based on their specific modulations [11].

The autophagosome-lysosome pathway

Autophagy is a selective or nonselective cellular degrada-
tion pathway with high flexibility [12]. It can be triggered
anywhere in the cell to sequester defective organelles or
aggregated proteins within a double-membraned vesicle
called an autophagosome. Autophagy can be divided into
several steps, starting with the initiation of the phagophore,
the elongation of a double membrane structure around the
cargo, and the closure, forming an autophagosome encap-
sulating cytosolic substrates needed during starvation or to
degrade defective or superfluous cytosolic structure(s) [13].
The autophagosome then fuses with lysosomes, forming an
autophagolysosome that hydrolyzes its content [14]. The
degraded content is then released in the form of amino
acids, lipids, and glycosides that can be recycled.
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Autophagy in neurons is compartmentalized due to the
spacial organization of neurons with autophagosome bio-
genesis observed in the somea as well as in distal axons.
When formed in the axon, acidified vesicles are subse-
quently retrogradely transported toward the soma [15].
Evidence that autophagy is essential for the survival of
neuronal cells was highlighted by the observation of neu-
rodegeneration in mice with autophagy defects [16].
Although the proteasome mainly degrades soluble unfolded
proteins, autophagy is able to engulf and degrade large
protein aggregates in a selective process called aggrephagy
[17]. Degradation of aggregated proteins is assisted by
autophagy receptors (e.g., SQSTMI) that recognize the
ubiquitin tag on aggregated proteins and mediate their
association with the autophagosome via binding with the
autophagosome-associated proteins mATGS8 [18-22]. Cha-
perone mediated autophagy (CMA) is a noncanonical
selective autophagy pathway targeting proteins that contain
a specific motif in their sequence without any need for
ubiquitination. The chaperone HSC70 binds this motif and
delivers the substrate to the lysosome for degradation [23].
Although CMA cannot mediate the degradation of aggre-
gated proteins, it acts as a first responder in case of protein
misfolding. Similarly to observations with the UPS,
autophagy declines with ageing [24] rendering it less

Fig. 1 Degradation of A
misfolded proteins by UPS and
ALP. A Newly synthesized
proteins are folded by
chaperones. Misfolded proteins
that cannot be re-folded by
chaperones can aggregate in
ubiquitinated inclusions due to
genetic and environmental
factors. B Not-yet toxic
aggregates can be targeted early

¢\,€\ Genetic
Environmental

efficient at clearing toxic protein aggregates found in the
brain of patients suffering of neurodegeneration. Further-
more, the modulation of autophagy to clear aggregated
proteins is a potential therapeutic target [25, 26].

Protein aggregates driving
neurodegeneration diseases

Protein misfolding

Although perturbation of the ubiquitin-signaling pathways
can lead to mis-localization of proteins, oxidative stress,
defects in DNA repair, mitochondrial dysfunction, and
many more deleterious events that have consequences for
the development of neurodegenerative diseases, we focused
here on protein aggregate turnover via the UPS and the ALP
pathways.

Aberrant protein folding is kept in constant check via
chaperones which try to refold proteins post-translationally,
or if unsuccessful will activate cellular programs that aim to
eliminate the misfolded protein [27] (Fig. 1A). Misfolded
proteins are particularly detrimental in the nervous system
due to the postmitotic nature of neurons that cannot mitigate
cytotoxic proteins by way of dilution during cell division.
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Progressive accumulation of protein aggregates in well-
ordered structures is a hallmark of many NDs, and these
protein aggregates are often ubiquitin-positive, highlighting
the importance of understanding the involvement of UPS
and ALP in NDs (Fig. 1B). One defining feature of most if
not all characterized NDs is aggregation of one key protein,
that can be used as a biomarker for the disease.

a-synuclein

Lewy bodies (LB) are large aggregates found in patients
diagnosed with PD. These large aggregates are mainly
comprised of a-synuclein (a-Syn) [28], a small (14 kDa)
acidic protein normally lacking a defined secondary struc-
ture that has functions implicated in vesicle trafficking and
neurotransmitter release [29, 30] (Fig. 2A). Current models
hold that LB spread from cell to cell via secretion and
uptake of a-Syn (called the Braak hypothesis), resulting in
propagation throughout the nervous system [31]. Clinically,
PD is characterized by motor dysfunction including move-
ment disability, muscular rigidity, rest tremor, and postural
instability [32]. The principal pathological feature is a loss
of dopaminergic neurons in the substantia nigra pars com-
pacta (SNpc), which results in depletion in striatal dopa-
mine. Studies in postmortem brains of PD patients showed
ubiquitinated o-Syn accumulating in LBs with mainly
mono-ubiquitinated and some partial polyubiquitinated
residues [33]. The mode of clearance of a-Syn is still
unclear and under heavy scrutiny as several reports revealed
both proteasome and lysosome involvement, depending on
localization and pathological state of a-Syn [34]. Recent
evidence strongly implicates the UPS in PD pathogenesis
[35, 36]. Interplay between aggregated a-Syn and the UPS
has been reported, with selective interaction of a-Syn with

the 19S RP, ultimately inhibiting proteasomal degradation
[37]. Patients with PD dementia and LB disease were found
to display a reduction of RPT6, a subunit of the 19S RP,
further implicating dysfunction of the UPS in PD [38].
Another study, using a reporter consisting of a short degron
fused to GFP showed that the ability of a-Syn to inhibit
proteasome degradation was dependent on its ability to
assemble into filaments [39]. In vivo work with rat dopa-
minergic neurons confirmed early-onset functional impair-
ment of the UPS [40]. To understand the mechanisms
involved in ubiquitin signaling, ubiquitylome analysis
aimed at deciphering the conjugation of ubiquitin chains to
a-Syn and its signaling consequences [41, 42]. Other efforts
concentrated on the profiling of the ubiquitylome in SNpc in
a pre-symptomatic PD mouse model in order to better
understand the contribution of abnormally ubiquitinated
proteins to dopaminergic neuron death [43]. As the site of
ubiquitination on a-Syn seems to have different effects on
proteasome turnover or aggregation and fibril formation
[44—46], a number of E3 ubiquitin ligases were found to
ubiquitinate a-Syn and prevent cell—cell propagation, hence
counteracting LB formation (Table 1) [47-50]. However, it
was shown that another PTM, SUMOylation, facilitated o-
Syn aggregation by counteracting the pro-degradation role
of ubiquitination, resulting in its accumulation [51]. Due to
their polarized and terminally differentiated nature, neurons
are likely to be especially sensitive to autophagy impair-
ment. Furthermore, these postmitotic cells are unable to
dilute damaged proteins by way of cell division. mATGS8
homolog function was shown to be impaired by LBs
sequestration of LC3 and SQSTMI preventing a proper
autophagy response [52]. Furthermore, a-Syn aggregates
have been implicated in negatively regulating the retrograde
transport of autophagosomes [53]. Another demonstration

Fig. 2 Exam.ple of aggregate_: Role Folded Aggregated
prone proteins. A a-synuclein, . - o
involved in synapse function, in the cell protein protein
can aggregate into LB, g N
subsequently inhibiting UPS and A C@i UPS impairment > 3N
ALP responses, progressing into /<j * \ { \ LT < o
PD. B Amyloid-p can "o Lower USPaX -
) . . Autophagy impairment ‘
degenerate into amyloid plaques Lysosome damage
as it inhibits the UPS response. \ Synapse function a-Synuclein /
C Tau can become e N\
phosphorylated and B
ubiquitinated, leading to aatslhee s, UES i pelineit
neurofibrillary tangles and cross- FRNNARY o (et 178 Lower UBe3 levels
talk with a-f, impairing ALP \§
and UPS, leading to AD. \___Cell surface function Amyloid-B Amyloid plaques J
G 3
Phosphorylation
PTM crosstalk
mono-ubiquitination
ALP late stage impairment
Stress granules
\__microtubule stabilization Tau Neurofibrillary Tangles J
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Table 1 E3 ligases and DUBs modifiying aggregation-prone proteins.

Protein E3 ligase DUB

Ub site Branched form

a-synuclein SCF™XBL [47]

CHIP [48]
USPOX [49]
UCH-LI [163]
USPS [164]
OTUBI [165]
Nedd4 [50]

SIAH [166]

Amyloid-p UCHLI [167]
USP25 [168]
Tau USP14 [169-171]
OTUBI [172]
USP10 [65]
UCHLI [173]
CHIP [73]
TRAFG6 [74]
MARCH7 [75]
UBE3A [77]
SODI Ataxin-3 [174]
DORFIN [107]
NEDLI [108]
MITOL [109]
PARKIN [110]
TDP-43 UBPY [175]
USP14 [176]
RNF112 [90]
AR CHIP [131]
HTT USPI12 [178]
USP19 [179]
TRAF6 [117]
UBE3A [118, 122]
WWPI [119]
Ube2W [121]
UBRS [180]
CHIP [123]
ATXNI1 CHIP [144]
ATXN3 USP19 [179]

K6, K10, K12, K21, K23, K32, K34,
K43, K96 [166]

K264, K311, K353 [66]

28 sites [70]
K6, K11, K48 [66]
M1 [69]

M1, K48, K63 [88]
K102, 114,145,181 [177]

K6, K27, K29 [117]

K63 [119]
K6, K9, K15, K132, K337, K631,
K804, K837, and K2097 [181]
K444 [182]
K589 [143]
K8, K117, K190, K200, K291 [148]
K48 [148]

of the involvement of the autophagy machinery in NDs
stems from the immunohistochemical examination of
postmortem human brains showing the presence of the

autophagy receptor NBR1 in LBs [54]. Exosomes are
thought to facilitate transmission of a-Syn to other neuronal
cells. Fibrillar a-Syn was shown to impair autophagy by
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upregulating the E3 ubiquitin ligase PELI1 in microglia,
resulting in ubiquitin-mediated degradation of lysosome-
associated membrane glycoprotein 2 through UPS and
transmission of toxic o-Syn to healthy neurons [55].
Another study reported fibrillar a-Syn engulfment and
subsequent damage of lysosomes in microglial cells
resulting in recruitment of autophagy receptors in an
attempt to control the damage done to the lysosome [56].
Exosome secretion was shown to be a compensatory
mechanism when macroautophagy was impaired [57].
Microglia were reported to engulf and clear neuron-released
non-aggregated a-Syn through a selective autophagy type
called synucleinphagy mediated by Toll like receptor 4-
NFk-B signaling, p62 upregulation, and ubiquitin [58].
Recent evidence thus tend to show that the proteasome is
inhibited by a-Syn and that its ubiquitination by E3 ligases
seems to drive this function. Furthermore, a-Syn prevents a
proper autophagy response by sequestering important
players or upregulating proteins with a negative impact on
autophagy.

Amyloid-f and Tau

Intracellular neurofibrillary tangles (NFT) and amyloid
plaques are pathological hallmarks of the brains of patients
with AD. AD is a progressive ND characterized by the
presence of insoluble aggregates as well as the loss of
neurons and synapses. Amyloid plaques consist of aggre-
gated amyloid-p (Ap) peptide. AP is formed from sequential
cleavage of the amyloid precursor protein (APP), generating
peptides of various sizes ranging between 39 and 43 amino
acid residues. The longest peptide tends to aggregate,
leading to their accumulation in amyloid plaques (Fig. 2B).

NFTs are mainly composed of hyperphosphorylated Tau
(p-TAU) [59]. Tau is a microtubule-associated protein that
normally stabilizes the microtubule network within axons,
facilitating transport of organelles and synaptic vesicles.
Hyperphosphorylation of Tau attenuates its binding to
microtubules, promoting its self-aggregation into NFTs, and
resulting in impairment of neuron functions (Fig. 2C).
Similar to observations made with a-Syn, Tau aggregates
can be excreted and internalized into other cells, inducing
fibrillization of normal Tau and transfer of NFTs [60, 61].
One aspect of the current research on AD is the investiga-
tion of which of these protein aggregation pathologies
appears first. Evidence of a cross-talk between AP and Tau
is exemplified by the finding that AP oligomers impair
proteasome activity, contributing to the accumulation of Ap
and Tau [62]. UPS impairment is an important issue in AD
pathogenesis, exemplified by the finding that a frameshift
mutant of ubiquitin, UBB™! is a dose dependent inhibitor of
the UPS and has been found to accumulate in the brains of
AD patients [63]. Stress granules (SG) have been suggested
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to promote Tau aggregation, and autophagy as well as the
ubiquitin machinery were shown to have an important role
in Tau aggregation through SG formation [64, 65]. A
number of studies aimed at identifying ubiquitin linkages in
aggregated proteins of AD brains identified not only K48-
linked polyUb chains, but also K6, K11, and K63-linked
forms in NFTs [66—69]. Mapping the brain ubiquitylome of
postmortem AD patients contributed toward understanding
the changes associated with AD neuropathology. Ubiquiti-
nation sites were found to be increased on Tau, notably
around its phosphorylation sites suggesting a cross-talk
between these two PTMs [70]. Furthermore, perturbation of
the proteasome in AD brain is thought to prevent degra-
dation of oxidized proteins, contributing to the pathology of
AD [71]. Other studies investigated the influence of ubi-
quitin linkages on Tau aggregation and the influence it has
on the fate of the aggregates [72]. Several E3 ligases
including CHIP, TRAF6, and MARCH?7 have been impli-
cated in targeting Tau for degradation via the UPS (Table
1), and phosphorylation was shown to influence Tau ubi-
quitination [73-75]. This cross-talk between phosphoryla-
tion and ubiquitination PTMs is gaining traction and is
thought to influence Tau filament structure [76]. The
expression level of the E3 ligase Ube3A is decreased in
neurons presenting with elevated AP oligomers, hinting at a
role of this E3 ligase in AD pathogenesis [77]. An early
immuno-electron microscopy study identified an accumu-
lation of immature autophagosomes in AD brains, sug-
gesting an impairment of the later steps of autophagy as a
feature of AD pathobiology [78]. Consistent with this result,
an accumulation of LC3 as well as the lysosomal protein
LAMPI was detected in postmortem AD brain patients,
proposed to contribute to the development of tauopathies
[79]. In accordance with the model of decreased autophagy
in AD brains, Beclin-1 was found to be cleaved by caspase
3, with its cleavage product accumulating in plaque regions
as well as within NFTs [80]. NUBI, a negative regulator of
ubiquitin-like modifier 1, was shown to reduce the levels of
phosphorylated and aggregated tau by modulating the
autophagy lysosome pathway via SQSTMI1 when degra-
dation through the UPS was impaired [81]. In light of these
recent studies, ubiquitination of Tau at specific sites seems
to drive its pathological state. Furthermore, a decrease in
autophagy is observed postmortem in AD patient brains.

Superoxide dismutase (SOD1), transactive response
DNA-binding protein-43 (TDP-43) and fused in
sarcoma (FUS)

FTD and ALS, also known as Lou Gehrig’s disease, are
neurodegenerative disorders characterized by progressive
degeneration of both upper and lower motor neurons lead-
ing to spasticity and paralysis, among other symptoms [82].
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Pathological overlap between ALS and a subset of FTD
suggests they represent two sides of the same ND. They are
both linked to other genetic mutations of apparently unre-
lated proteins that show aggregation properties leading to
intracellular inclusion bodies [83]. Under physiological
conditions, transactive response DNA-binding protein-43
(TDP-43) is mainly localized in the nucleus, where it per-
forms functions including gene repression or mRNA spli-
cing. However, TDP-43 was found to be depleted from the
nucleus and accumulated in cytoplasmic insoluble and
ubiquitinated inclusions in postmortem brain of ALS
patients and is considered a hallmark of ALS [84]. Cyto-
plasmic insoluble TDP-43 is found to be phosphorylated as
well as ubiquitinated ultimately changing its structure,
localization, and promoting its aggregation [85]. Further-
more, cross-talk between the two post-translational mod-
ifications seems to drive the neuropathology of aggregated
TDP-43 [86]. The reasons behind the neurotoxicity of TDP-
43 aggregation are still not clear. TDP-43’s solubility has
been classified into six distinct pools, ranging from soluble
monomer to undegradable macroaggregates. Clearance of
TDP-43 via the UPS versus the ALP was found to be
determined by its oligomerization status, with soluble TDP-
43 cleared by the UPS and oligomeric TDP-43 cleared by
the ALP. Macroaggregates, however, were found to be
stable and difficult to clear by either pathway [87]. Immu-
nohistochemical studies using linkage selective poly-
ubiquitin chain antibodies identified linear polyubiquitin
chains, K63-linked and K48-linked chains, with K63 and
linear ubiquitin chains labeling the thicker TDP-43 aggre-
gates, together with the autophagy receptor OPTN recruit-
ment, hinting for a role of ALP in degradation of aggregates
[88]. A study in a Drosophila model showed reduced UPS
function upon TDP-43 accumulation, contributing to the
progression of ALS-like dysfunctions [89]. Identifying the
E3 ubiquitin ligases involved in ubiquitination of TDP-43 is
still under scrutiny and only RNF112 has been identified to
date [90]. Defects in autophagy have been associated with
pathological mutations of several ALS-linked genes such as
OPTN, TBK1, VCP, UBQLN2, and SQSTM1 [91-95].
Furthermore, SQSTM1 was shown to colocalize with
aggregated TDP43 and to mediate its degradation [96].
Mutation in the RNA-binding proteins, fused in sarcoma
(FUS) and TDP-43, are associated with ALS, but one main
question is whether the neuron loss is due to the toxic gain
of function of cytosolic aggregates or due to a loss of
nuclear RNA-binding function. The mutated and disease-
associated forms of TDP-43 and FUS become incorporated
into SG. The formation of SG results from intrinsically
disordered  proteins  coalescing  together  through
liquid-liquid phase separation to form a membraneless
organelle [97]. UBQLN2 was shown to colocalize with SGs
and to undergo a ubiquitin-mediated modulation that

disrupts UBQLN2 liquid-liquid phase separation to mediate
trafficking of ubiquitinated substrate to the proteasome for
degradation [98]. This suggests a possible link between
ALS related proteins localized in SGs and their degradation
through the UPS or ALP. Indeed, UBQLN2 maintains the
solubility of FUS, resulting in the negative regulation of
SGs. Furthermore, an ALS-linked mutation of UBQLN2
had a negative effect on its association with FUS and in
regulating SGs [99]. The autophagy proteins ULK1/2,
essential for initiation of canonical autophagy, were shown
to regulate the disassembly of SGs by phosphorylating
VCP. ULK1/2 disruption in mice promoted the formation of
inclusions, thought to be composed of protein aggregates,
positive for ubiquitin and TDP-43 [100]. Though FUS is
less studied than TDP-43, a few studies revealed that
pathological mutations in FUS promote its cytoplasmic
localization, and its mis-localization to the cytoplasm was
sufficient to induce ubiquitin and SQSTMI1 positive
aggregates [101]. Furthermore, mutated FUS promotes
defects in autophagy in neuronal cells [102]. Although
mutated FUS is mis-localized to the cytoplasm, mass
spectrometry analysis showed it still retained its ability to
bind to proteins involved in RNA metabolism, suggesting
that the pathology of FUS-linked ALS does not rely only on
cytosolic toxic gain of function but potentially on its
inability to perform its nuclear functions [103].

The Cu, Zn-superoxide dismutase (SODI1) protein has
been extensively characterized for its role in ALS, with a
variety of mutations leading to its aggregation with ubiquitin
deposits, ultimately causing motor neuron degeneration by a
toxic gain of function [104]. ALP and UPS were shown to
both participate comparably in the degradation of mutant and
WT SOD1 [105]. Sequestration of ubiquitin into neurotoxic
inclusions is thought to reduce the availability of free ubi-
quitin. SOD1 mutants were implicated in alteration of the
homeostasis of ubiquitin, ultimately inhibiting the proteasome
and perturbing cellular functions [106]. In contrast with TDP-
43, several E3 ligases have been identified to localize in
inclusion bodies with SOD1 (Table 1). Dorfin ubiquitinates
mutant SOD1, promoting its degradation through the UPS
and thus has a protective effect [107]. The HECT ubiquitin
ligase NEDL1 binds and ubiquitinates mutant SOD1 and
targets it for degradation [108]. Mutant SOD1 has been
shown to localize to mitochondria and induce mitochondrial
dysfunctions. Consequently MITOL, a mitochondrial outer
membrane E3 ligase was found to interact with ubiquitinated
SOD1, promoting its degradation [109]. Furthermore, another
E3 ligase involved in mitochondrial homeostasis, Parkin, was
reported to mediate K63-linked polyubiquitination of SOD1
mutants and promote pathology of SODI through the ALP
[110]. An siRNA screen identified DCAF4, a substrate
receptor of the E3 ligase CUL4-DDBI, to facilitate ubiquiti-
nation of OPTN leading to the autophagic degradation of
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mutant SOD1 [111]. ALS and FTD thus seem to originate
from post-translational modification of key proteins, trigger-
ing their mis-localization, toxic gain of function, and ulti-
mately reducing proteasome activity as well as
inhibiting ALP.

Polyglutamine expansions in androgen receptor
(AR), huntingtin (HTT), and ataxins (ATXN)

Polyglutamine (PolyQ) diseases encompass nine fatal NDs
characterized by protein misfolding and aggregation, leading
to neuronal dysfunction and death. They include Huntington’s
Disease (HD), spinal and bulbar muscular atrophy (SBMA),
dentatorubral-pallidoluysian atrophy (DRPLA), and six forms
of spinocerebellar ataxia (SCA). Clinical features differ for
each disorder due to a specific subset of neurons affected, but
they are all hereditary neurodegenerative disorders caused by
abnormal expansion of PolyQ tracts in the N-terminal region
of widely differing mutant proteins. The threshold for the
expansion to become aggregation prone and pathogenic is
around 40 repeats. The polyQ expansion mutation is mainly
seen as a toxic gain of function, but whether micro-aggregates
and inclusions are toxic or protective was earlier seen as
controversial [112].

The huntingtin gene (HTT) possesses a polyQ repeat of
between 10 and 35 residues in a normal individual. However,
repeats exceeding 35 residues cause HD. PolyQ expanded
HTT, or mutant HTT (mHTT) confers to the protein its
aggregation propensity resulting in cytotoxicity and molecular
dysfunction in neuronal cells. This translates into motor dis-
abilities, cognitive decline, and psychiatric problems [113].
mHTT is ubiquitinated in inclusion bodies suggesting a role
in the ubiquitin system in its degradation [114]. Although
mHTT was initially thought to impair proteasome activity,
in vitro and in vivo studies did not show global impairment of
the UPS [115, 116]. Inclusion bodies contain aggregated
mHTT and ubiquitin ligases, hinting for a role of aggregates
to inhibit ubiquitination that would normally target mHTT for
proteasomal degradation. For example, TRAF6 was found to
interact with and ubiquitinate WT and mHTT, promoting
atypical K6, K27, and K29 ubiquitin chains, leading to
increased aggregation [117]. Similarly, the HECT ligase
Ube3A was shown to be strongly recruited to ubiquitinated
mHTT aggregates, resulting in its loss of Ube3A function and
inability to mediate mHTT degradation [118]. On the other
hand, the E3 ligase WWP1 was reported to be upregulated in
HD and to mediate K63-linked polyubiquitinated chains,
which promoted mHTT protection from proteasomal degra-
dation [119]. Furthermore, core components of the SCF
complex (Skipl-Cull-F-box protein) are downregulated in
HD animal models, possibly participating in aggravating the
pathology of HD [120]. The noncanonical E2 conjugating
enzyme Ube2W is the only E2 known to initiate
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ubiquitination of the a-amino group of proteins containing
disordered N-termini. The relatively disordered nature of the
N-terminal domain of mHTT due to its polyQ extension,
makes polyQ expanded forms of HTT targets of Ube2W and
the HECT ligase Ube3A, promoting its oligomerization by
ubiquitination and aggregation [121, 122]. Whereas the above
described E2 and ubiquitin ligases seems to promote mHTT
aggregation, another E3 ligase, CHIP were shown to be
protective in HD by reducing polyQ aggregation [123].

Extensive studies have implicated autophagy in clear-
ance of mHTT. HTT regulates the transport of various
organelles, including autophagosomes. However, mHTT
was found to prevent this transport, leading to accumulation
of autophagosomes, ultimately resulting in autophagy dys-
function [124]. Furthermore, normal, non-pathologic HTT
was identified as a scaffold protein for selective autophagy
by interacting with p62 and facilitating its binding to K63-
linked cargo [125]. The polyQ expansion is thought to
impair HTT’s role in autophagy by preventing HTT to bind
to autophagy receptors as well as release of ULK1 from the
mTORCI1 complex [126].

SBMA is a disease associated with a polyQ extension in
the N-terminus of the androgen receptor (AR) protein,
similar to HTT in HD [127]. SBMA is characterized by
motor neuron loss in the bulbar region of the brain and in
the anterior horns of the spinal cord. The toxicity of the
mutant AR (mAR) is dependent on binding to its ligand
testosterone. Under basal conditions, AR is located in the
cytoplasm in a complex with heat shock proteins (HSPs).
Binding to testosterone induces AR conformational chan-
ges, dissociation from HSPs, dimerization and translocation
to the nucleus where AR participates in gene regulation.
Misfolded and aggregated mAR when activated by testos-
terone translocates to the nucleus where it exerts a toxic
gain of function [128]. Included in mAR aggregates are
chaperons and components of the UPS that are heavily
ubiquitinated, suggesting an impairment of the UPS [129].
However, a report suggested that testosterone-mediated
aggregation of mAR is thought to be protective by
sequestering toxic proteins into insoluble cytoplasmic
aggregates and preserving the UPS from over-loading while
neurotoxicity seems to be associated with nuclear aggre-
gates [130]. The E3 protein CHIP was shown to interact
with AR to promote its degradation [131] and its over-
expression reduced nuclear mAR aggregates as well as
improved motor symptoms in a mouse model [132].
Autophagy involvement in AR pathology was reported by
work studying depletion and overexpression of SQSTM1 in
a mouse model of SBMA. Depletion of p62 increased mAR
aggregates while overexpression promoted cytoplasmic
aggregates that were less toxic in the spine and muscle of
mice, improving their overall condition [133]. Studies
investigating the neurotoxicity of nuclear localized mAR
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discovered that cytoplasmic localized mAR does not dis-
play cytotoxicity and is cleared by autophagy. Furthermore,
this group uncovered a critical role of androgens in pro-
moting the pathology of SBMA in the nucleus, as targeted
localization of mAR without associated testosterone in the
nucleus is not sufficient for neurotoxicity [134]. The
expression of the HSP HspB8 was shown to be induced in
motoneurons of SBMA patients, where it seems to partici-
pate with the stress response. HspB8 was found to facilitate
autophagic clearance of protein aggregates [135]. Later,
investigation in muscle cells found BAG3 to be upregulated
and work in concert with HspB8 and CHIP for SQSTM1
recognition of ubiquitinated substrates [136, 137]. Finally,
AR promoted transcription factor EB (TFEB) transactiva-
tion, while mAR did not. Since TFEB activation leads to
upregulation of autophagy-related genes, the failure of
mAR to do so suggests a potential mechanism for SMBA
pathology to spread [138].

SCAs are a group of heterogeneous NDs unified by being
autosomal dominant and causing ataxia, due to cerebellar
degeneration. They contain over 40 subtypes, including
DRPLA. The pathogenesis of SCAs correlates with the
aggregation of mutant ataxin proteins containing a polyQ,
namely SCA1, SCA2, SCA3, SCA6, SCA7, and SCA17.
SCA diseases are characterized by progressive dis-
equilibrium of motor coordination and cerebellar atrophy
[139]. SCAL is caused by a polyQ expansion in the Ataxinl
(ATXNI1) protein, leading to aberrant aggregated proteins
and toxic gain of function. Phosphorylation at S776 by PKA
promotes ATXN1 stabilization mediated by the chaperone
14-3-3, leading to its aggregation [140, 141]. Yeast two
hybrid analysis identified the E2 conjugating enzyme
UbcH6 to interact with and modulate ATXNI stability
[142]. A later study identified K589 of ATXNI to be ubi-
quitynated [143]. The E3 ligase CHIP mediates non-
extended and polyQ-extended ATXNI1 ubiquitination for
UPS degradation [144]. Surprisingly, CHIP promoted
aggregation of ATXNI, and its action was impaired by
mutation of S776. These observations contrast those seen
with HTT and suggest that CHIP’s role in polyQ diseases
varies greatly [145]. Intranuclear inclusions of mutant
ATXN3 is a hallmark of Machado—Joseph disease (MJD), or
SCA3. PolyQ stretches in ATXN3 promote its aggregation
in nuclear inclusions that are positive for ubiquitin. ATXN3
is a DUB preferentially cleaving polyubiquitin chains of four
or more ubiquitin units [146] and ubiquitination enhances its
DUB activity [147]. Mass spectrometric analysis identified
an altered ubiquitination site in mutant ATXN3 but no
alteration in linkage pattern, potentially impacting MJD
pathogenesis [148]. These alterations may compromise its
DUB function, and thus promote UPS activity. For example,
loss of ATXN3 DUB function affected important processes
for neuronal development and function [149]. The ubiquitin-

Box 1 Therapeutic strategies to mitigate aggregated proteins

Although most NDs are ultimately fatal for the patient and no cure
has yet been found, different strategies have been adopted to clear
deleterious aggregates. Focus on the UPS by refolding misfolded
proteins or dissipation of an aggregate by overexpressing
chaperones is an avenue currently prospected [183]. Likewise,
given their importance in the aggregated state of ND-prone
proteins, modulation of ubiquitin E3 ligases [184] and DUBs [185]
to specifically target aggregates is under study. Specifically, the
dual co-chaperone and E3 ubiquitin ligase CHIP could be
modulated for ND treatment because of its specific degradation
of toxic a-Syn, p-Tau, mHTT, and other polyQ aggregates [186].
Either overexpression of the E3 ubiquitin ligase via transfection or
its modulation using small molecules agonists are potential
therapeutic endeavors. Similarly, modulation of ubiquitin
carboxyl-terminalhydrolase L1 (UCHL1), a DUB abundantly
expressed in the neurons could be considered in order to treat
PD and AD patients. However, contradicting reports may render its
modulation challenging as overexpression was shown to regulate
af} production [167], while its inhibition was shown to prevent
proteasomal impairment by Tau aggregates [173] as well as
activating ALP [163]. Small molecules modulating UPS activity is
also under current investigation. Another recently described
strategy is the development of proteolysis-targeting chimeras
(PROTAC), where E3 ligases specifically targets aggregates in
order to direct them for UPS degradation. On the other hand, ALP,
the other major degradation pathway besides UPS, can be
modulated to specifically degrade aggregates. Small molecules
are the major way to modulate autophagy, acting in various steps
in the autophagy activation. Small molecules have a mechanism of
action that is either m-TOR dependent or independent [187]. The
autophagy counterparts of PROTACs are autophagy-targeting
chimeras (AUTACs) and are currently under investigation
[188, 189].

binding site 2 domain of ATXN3 can bind to the proteasome
shuttle Rad23, to regulate proteasomal degradation of
ATXN3. The binding between Rad23 and ATXN3 seems to
be important to its autoprotective function as disturbing the
interaction decreased the levels of mutant ATXN3 but,
counterintuitively enhanced its toxicity [150]. Scaglione
et al. showed the regulation of the neuroprotective E3 ligase
CHIP by the E2 Ube2W and the DUB ATXN3, and how
mutated ATXN3 contributes to the pathogenesis of SCA3 by
increased affinity toward CHIP, resulting in its decreased
neuroprotective effect [151]. Evidence of an alteration of the
autophagy machinery in the brains of MJD patients was in
the form of increased autophagy-related proteins, increased
numbers of autophagosomes, and decreased beclin-1 levels
[152, 153]. The Rubinsztein group later showed that
ATXN3 interacts and deubiquitinates beclin-1 via its WT
polyQ and protects it from UPS degradation, enabling
autophagy to take place. However, a polyQ stretch was
shown to compete and impair autophagy initiation, poten-
tially contributing to late-onset polyQ disease [154]. Fur-
thermore, two LIR domains were found in ATXN3 specific
for LC3C and GABARAP. As ATXN3 was shown to
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Fig. 3 Therapeutic strategies to mitigate aggregates: targeted
protein degradation. A Different strategies including modulating E3
ubiquitin ligases and DUBs, modulating the UPS and ALP using small
molecules as well as PROTACs and AUTAC: are currently explored
to prevent toxic aggregate formation and development of NDs. B
PROTAC is a bifunctional-hybrid compound that possess a ligand to
the target protein, a ligand to an E3 ubiquitin ligase and a linker in
between these two ligands. By spacially connecting an E3 ligase and
the target protein, the E3 ligase will ubiquitinate the target protein and

localize to early autophagosomes but not with autolyso-
somes, the proposed role for ATXN3 is to regulate autop-
hagy. It is noteworthy to point out that this regulation seems
independent from the polyQ-dependent regulation of beclin-
1 [155]. Contrary to other NDs, HD thus does not seem to
inhibit the proteasome but displays a defect in ubiquitination
by modulating E3 ligases. Similarly to events observed with
other NDs, HD presents a defect in autophagy by mod-
ulating its initiation steps. Toxic gain of function also seems
to be an important factor in PolyQ diseases.

Concluding remarks

In the light of recent developments, it seems that there is no
all-encompassing paradigm for the neurotoxic mechanisms
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direct it to UPS degradation. PROTAC can then be recycled back for
subsequent rounds of degradation. C AUTAC can come in two dif-
ferent flavors, the first one possessing one end consisting of a ligand to
the target protein and the other end consisting of S-guanylation. The
target protein will then be directed for selective autophagy degrada-
tion. S-guanylation is a standalone tag for ALP degradation. The
second technology is based on small molecule screening that specifi-
cally recognize the polyQ stretch of mHTT and LC3, specifically
targetting mHTT to the autophagosome.

caused by protein aggregates. Some aggregates, like o-
synuclein show toxicity by impairing UPS function as well
as propagating through neuronal cells. Some other aggre-
gates however, like AR seem to protect the UPS from
overload by segregating inclusion bodies in the cytosol.
These aggregates have nevertheless been reported to be
toxic when in the nucleus, showing that protein aggregates
are differentially toxic, depending on their subcellular
localization. The specific brain region, as well as the type of
cells affected by the toxic aggregates, seems to contribute in
the efficiency of protein clearance pathways. Disruption of
ubiquitin signaling was recently highlighted as a factor
promoting ND. Indeed, loss of function mutations in CHIP
were shown to be responsible for Gordon Holmes Syn-
drome and spinocerebellar autosomal recessive 16, resulting
in its loss of ubiquitin ligase function [156, 157],
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demonstrating that disordered ubiquitination is a con-
tributing factor leading to ND. There are still unanswered
questions regarding the recent advances in protein aggregate
spreading across the brain. This concept, while widely
accepted in the prion disease field is now thought to occur
in PD, AD, and many other in a transmissible misfolded
protein paradigms [158]. However, the factors triggering
protein misfolding, the mechanisms of spreading, the cel-
lular pathways involved, and the specificity of the brain
cells are still under investigation. Furthermore, the specifi-
city of the ubiquitin branched chain of proteins associated
with ND still warrants further investigation. Likewise,
recent proteomics studies aimed at determining ubiquitina-
tion sites and the mechanisms of ubiquitination of
aggregation-prone proteins, but many efforts are still needed
in order to fully uncover the mechanisms of ubiquitin sig-
naling involved in ND. In light of recent understanding of
the mechanisms of protein aggregate modulation of ubi-
quitin signaling, many groups have proposed to modulate
UPS function or autophagy to improve aggregate degrada-
tion (Box 1). Other groups proposed to overexpress E3
ligases to increase ubiquitin-mediated aggregate turn-over
[159] (Fig. 3A). Caution will however be needed against
modulating expression of an E3 ligase or a DUB for the
purpose of therapy as some protein may have different
functions in different cellular contexts. This is particularly
the case of the E3 ligase CHIP, that is often cited as a
candidate because of its reported neuroprotection effects in
many NDs, except in SCA1 where it seems to act nega-
tively. Similarly, while modulation of autophagy seems to
be a great candidate to degrade aggregates, different stra-
tegies will be needed to avoid the side effects of autophagy
modulation. Another interesting perspective is the possibi-
lity to disturb the native conformation of a protein by site-
specific ubiquitination, leading to its proteasomal degrada-
tion [160]. Granting that some efforts would be necessary to
apply this strategy for aggregated substrates, this would be
an ideal way of specifically destabilizing and degrading
toxic aggregates. Another aspect gaining traction recently is
the development of PROTAC and AUTACS to selectively
remove protein aggregates [161, 162] (Fig. 3B, C).
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