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Counteracting PINK/Parkin Deficiency in the Activation of Mitophagy:
A Potential Therapeutic Intervention for Parkinson’s Disease
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Abstract: Parkinson’s Disease (PD) related genes PINKI, a protein kinase [1], and Parkin, an E3
ubiquitin ligase [2], operate within the same pathway [3-5], which controls, via specific elimination of
dysfunctional mitochondria, the quality of the organelle network [6]. Parkin translocates to impaired
mitochondria and drives their elimination via autophagy, a process known as mitophagy [6]. PINK1
regulates Parkin translocation through a not yet completely understood mechanism [7, 8].
Mitochondrial outer membrane proteins Mitofusin (MFN), VDAC, Fisl and TOM20 were found to
be targets for Parkin mediated ubiquitination [9-11]. By adding ubiquitin molecules to its targets expressed on
mitochondria, Parkin tags and selects dysfunctional mitochondria for clearance, contributing to maintain a functional and
healthy mitochondrial network. Abnormal accumulation of misfolded proteins and unfunctional mitochondria is a
characteristic hallmark of PD pathology. Therefore a therapeutic approach to enhance clearance of misfolded proteins and
potentiate the ubiquitin-proteosome system (UPS) could be instrumental to ameliorate the progression of the disease.
Recently, much effort has been put to identify specific de-ubiquitinating enzymes (DUBs) that oppose Parkin in the
ubiquitination of its targets. Similar to other post-translational modifications, such as phosphorylation and acetylation,
ubiquitination is also a reversible modification, mediated by a large family of DUBs [12]. DUBs inhibitors or activators
can affect cellular response to stimuli that induce mitophagy via ubiquitination of mitochondrial outer membrane proteins
MFN, VDAC, Fisl and TOM20. In this respect, the identification of a Parkin-opposing DUB in the regulation of
mitophagy, might be instrumental to develop specific isopeptidase inhibitors or activators that can modulate the
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fundamental biological process of mitochondria clearance and impact on cell survival.
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THE NUMBERS OF PD

Parkinson’s disease (PD) is the second most common
neurodegenerative disease for which there is no cure. It is
characterized by selective loss of dopaminergic neurons (DA)
in the substantia nigra (SN) pars compacta and specific
hallmark include accumulation of aggregates and unfolded
proteins in the form of Lewy bodies. PD is a movement
disorders with patients developing resting tremors, bradikinesia,
muscle rigidity, postural instability and gait problems. It
affects 1-2% of the population over the age of 65 and this
percentage increases by approximately 4% in those older that
85 years [13]. Life expectancy has risen in developed countries
from about 47 at the beginning of the last century to about 80
today and it is likely to increase even more, thanks to
improving medical care and intervention. However, with the
increased life expectancy worldwide, an increasing number of
people will develop PD, which will socially and economically
impact public healthcare and the future of modern society.

Nowadays, most of the treatment strategies for PD are
based on the administration of dopamine, to compensate the
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lack of dopamine release from DA neurons [14]. However,
these treatment strategies can alleviate the symptoms of the
disease, but they can not stop or slow down the neuronal
degeneration.

FAMILIAR FORMS OF PD AND THEIR GENETICS

Although most PD cases are sporadic and the exact cause
for the disease onset is unknown, a small percentage of PD
cases is genetically linked and shows an earlier manifestation
[15]. Since the phenotypes of both sporadic and familiar
cases are indistinguishable at the level of DA degeneration,
the genetic cases, although rare, can provide the basis for a
better understanding of the molecular pathways underling
the disease and be instrumental to tackle the disease and
potentially find a cure [16].

After the identification of SNCA gene, encoding for o-
synuclein, that causes familiar forms of PD, many other
genes have been discovered, which cause inherited PD and
account for 10% of PD cases. Until now, several loci
responsible genes for PD have been identified, and for six of
them, the corresponding genes have been characterized. Four
loci (Park1/4, Park3, Park5 and Park8) have been associated
with autosomal dominant forms of PD, whereas Park2,
Park6, Park7 and Park9 have been associated with autosomal
recessive forms. Although no corresponding gene is known
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for loci Park3 and Park9, the other loci have been associated
to a-synuclein gene (Park1/4), Parkin (Park2), UCHL1
(Park5), PINK1 (Park6), DJ1 (Park7) and LRRK2 (Park8),
respectively [17].

Dominant Genes

Park1/4, one of the most common inherited forms of PD,
is linked to parkinsonism caused by missense mutations and
amplifications of a-synuclein and has been associated with
autosomal dominant forms of PD [18]. This protein is
expressed throughout the brain and is involved in learning,
synaptic plasticity, vesicle dynamics and dopamine
synthesis. The wild type protein is a potent inhibitor of
phospholipase D2, which is involved in signal transduction,
membrane vesicle trafficking and cytoskeletal dynamics.
Considering how neurons rely on vesicular trafficking for
their survival, functional a-synuclein is crucial for neuronal
survival. Interestingly, due to its hydrophobic central region,
this protein has naturally a high propensity to aggregate that
is accentuated in mutants. Mutant forms of these proteins
easily aggregate in neuronal cells in vitro and in vivo,
initially forming an intermediate annular structure, and
ultimately forming insoluble polymers or fibrils, which are
the main constituents of the Lewy bodies, one of the most
common histological hallmarks of PD.

Park8 has been identified as the leucine rich repeat kinase
2 gene (LRRK?2). This is the most common form of inherited
PD and the clinical features are similar to those of sporadic
PD, except for the earlier onset age [19]. Until now, 20
missense or nonsense mutations have been reported. This
gene encodes for an extremely large protein of 250 kDa,
containing many different functional domains and it is highly
expressed in the brain. It was reported to interact with Parkin
[20], but it also genetically interacts with PINK1 and DJ-1
[21]. The G2019S mutation in the LRRK2 gene has been
reported a number of times and appears to be one of the most
common LRRK?2 related mutations, accounting for 3-7%
familial PD and 1-1.6% of so-called ‘sporadic PD’.
Mutations in this gene inhibit an endogenous peroxidase
promoting dysregulation of mitochondrial function and
oxidative damage.

Recessive Genes

Recessive form of parkinsonism is known to be caused
by mutations in parkin (Park2), PINK1 (Park6) and DJ-1
(Park7) genes. These are all relatively rare loss-of-function
mutations that result in an early age of onset and slow
disease progression.

DJ-1 mutations were firstly found in an Italian and a
Dutch family and linked to autosomal-recessive forms of
PD. After that, only one other mutation in a Uruguayan
family has been identified [22]. DJ-I is almost ubiquitously
expressed in organs, and it is present in synaptic terminals,
mitochondria and membranous organelles [23]. The normal
function of DJ-1 and its role in dopamine cell degeneration is
unknown, but this protein is linked to oxidative stress
response and mitochondrial function [24]. It has also
reported that this gene has a role as tumor suppressor [25].
DJ-I protein was detected around Lewy bodies, but not as
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part of these. Several evidences suggested that DJ-1 function
as a dimer and analysis of the pathogenic Lys166Pro
mutation showed that the dimer is less stable and an ectopic
expression of this mutant is rapidly degraded [26].

Park6 gene was identified as PINK1 (PTEN induced
kinase 1), a serine/threonine protein kinase that contains a
Mitochondria Targeting Sequence (MTS) and localizes to
mitochondria [27]. Mutations in this gene are much less
common than mutations in the DJ1 or parkin gene. This
protein is ubiquitously expressed and contains a serine/
threonine kinase domain. Its function is to regulate
mitochondrial dynamics and respiratory functions [28].
Interestingly, mitochondrial shape and dynamic is affected in
PINK1 lacking cells, although literature does not always agree
on the effect of PINK1 downregulation or overexpression
upon mitochondria shape. Mutations in PINK1 have differential
effects on protein stability, localization and kinase activity
[29]. PINK1 associated cases of PD show a broad phenotypic
spectrum, spanning from an early manifestation with atypical
symptoms to late manifestation with the typical clinical PD
symptoms.

Mutations in the parkin gene (Park2) are the most
common among the three recessive forms of parkinsonism,
and this gene was the first associated with recessive form of
PD [30]. The gene codifies for an E3 ubiquitin ligase that is
normally expressed in the cytoplasm, but translocates to
mitochondria upon specific stimulation. More than 40
mutations have been identified, but only a weak correlation
between clinical manifestation and type of mutation has been
pointed out [31]. Of note, mutations in Parkin are not
typically associated with the formation of Lewy bodies and
a-synuclein aggregates.

PARKINSON’S DISEASE AND
DYSFUNCTION

MITOCHONDRIA

Most of the proteins encoded by Parkinson’s related
genes, are linked to mitochondria and they have a role in
protecting against some form of mitochondrial dysfunction
and oxidative stress [32]. Some of them, like PINKI1, are
expressed on mitochondria and actively regulates mitochondria
activity and fitness [1]. Others, like Parkin, are targeted to
mitochondria upon specific stimulation, and select a subset
of dysfunctional mitochondria for degradation [6]. DJ1
localizes to mitochondria during oxidative stress [33].
a-synuclein affects mitochondria function by interacting
with mitochondria and enhancing mitochondria susceptibility
to toxins, like rotenone, that interfere with electron transport
chain creating build-up of electrons in the matrix and
formation of reactive oxygen species (ROS) [34, 35].

Indeed, mitochondrial dysfunction is strongly implicated
in the etiology of the disease and impaired mitochondria are
found in animal and cellular models of PD. Body of
evidences suggests that mitochondria dysfunction and
subsequent oxidative stress causes the onset of PD.

Fission to Segregate; Fusion to Mitigate

Mitochondria are double membrane-bound organelles,
which are responsible for multiple cellular events, including
energy conversion [36, 37], Calcium (Ca®") signaling [38]
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and amplification of programmed cells death cascade [39].
The most intriguing thing about mitochondria is that they are
extremely dynamic and they frequently divide (mitochondria
fission) and fuse (mitochondria fusion), changing size and
shape and subcellular location [40]. Intuitively, mitochondria
undergo division to populate new cells with new organelles;
mitochondria fusion is on the other hands required to
preserve the mitochondria network and allow intermixing of
mitochondria matrix content (including mitochondria DNA)
to preserve mitochondria function [41].

Mitochondria shape and localization are not random and
directly correlated to mitochondria activity and fitness. In
this respect, regulation of mitochondria fission and fusion
events is required to respond to changes in metabolism. This
is supported by the observations that mitochondria elongate
in times of nutrient deprivation [42] or to boost oxidative
phosphorylation.

Mitochondria fission and fusion is particularly important
under stressful conditions: fusion between damaged
mitochondria blends oxidative stress into the mitochondrial
network and functionally compensate for potential damage
[43]; fission is required to facilitate the removal of
dysfunctional, damaged mitochondria. A pivotal study
demonstrated how mitochondria fission often generates an
asymmetric division where one daughter exhibits higher
membrane potential and has better probability to undergoes
fusion, while the other has lower membrane potential, does
not fuse and it is more likely to be eliminated via mitophagy
[41]. This work suggested that fission followed by selective
fusion segregates dysfunctional mitochondria for degradation.
In this respect, impairment of the fission machinery inhibits
mitophagy.

Core components of the fission and fusion machinery are
pro-fusion members dynamin related GTPases optic atrophy
1 (Opal) and Mitofusin (Mfn), and pro-fission members
dynamin like protein 1 (Drpl) and Fisl [44]. Mitochondria
fusion is achieved upon the coordinated activity of Mfn and
Opal [45]. Mfn is a transmembrane GTPase embedded in
the outer mitochondrial membrane, which is required on
adjacent organelles to mediate the fusion of outer
mitochondrial membrane. Opal is expressed on the inner
mitochondrial membrane and regulates inner membrane
fusion [46]. Mfn and Opal are eclectic proteins that have
broader functions, despite their involvement in mitochondria
fusion. For example, in mammals, while Mfn1 participates in
the mitochondrial fusion reaction, in coordination with
Opal, Mfn2 forms complexes that are capable of tethering
mitochondria to endoplasmic reticulum (ER), a structural
feature essential for lipid synthesis, mitochondrial energy
metabolism, Calcium (Caz+) transfer between the organelles
and Ca>" dependent cell death [47]. Opal also has genetically
distinguishable functions in mitochondria fusion and
mitochondria cristae remodeling [48, 49], an ultrastuctural
feature that allows the intramitochondrial redistribution of
cytochrome c that is contained inside the mitochondrial
cristae pockets. Opal functions as a molecular staple that
keeps the mitochondria cristae junctions tight and its activity
is required in the control of cristae junctions size upon
induction of apoptosis [48].
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To oppose fusion, Drpl, MFF (mitochondrial fission
factor) and Fisl have been found to be key components of
the mammalian mitochondrial fission machinery. The large
GTPase Drpl is a dynamin-related protein that is expressed
in the cytosol. A fraction of this protein is localized in spots
on mitochondria, and a subset of these spots mark future
fission sites in coordination with the endoplasmic reticulum.
Upon induction of mitochondria fission, intermolecular
oligomerization of Drpl into ring-like structures occurs at
membrane constriction sites [50]. Fisl and MFF operate as
Drpl receptor on mitochondria outer membrane [51-53].
of the Mitochondrial

Pathogenesis Disease: The

Hypothesis

The earliest hypothesis of PD pathogenesis was based on
the finding that chemical inhibition of mitochondrial
Complex I could reproduce Parkinsonism [54]. Indeed it
results in selective dopaminergic neuron loss and it is
widely used to create PD animal models. For instance,
mitochondrial toxin rotenone that inhibits electron transfer
from Complex I to ubiquinone, causes Parkinsonism [55].
Also, injection of MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), causes PD [56]: the product of
metabolized MPTP, MPP+, inhibits Complex I of the
electron transport chain and results in electron build up. The
inhibition of Complex I has two major consequences:
depletion of ATP and the generation of free radicals, with
subsequent ROS formation that is toxic for the cell.

Supporting the hypothesis of a network of pathways
converging to mitochondrial dysfunction, clear evidence of
oxidative stress in postmortem PD brain and a reduction of
Complex I activity has been described in organs of
idiopathic PD patients [54]. Moreover, a primary role of
mitochondrial respiratory chain impairment and consequent
oxidative stress has also emerged from the study of rare
familial forms of PD. PINK1 deficiency or disease-related
PINK1 mutations, affects Complex I activity resulting in
mitochondria depolarization and increased susceptibility to
apoptotic stimuli [57]. General impaired respiration has also
been observed in PINK1 deficient cells as a consequence of
impaired delivery of respiratory chain substrates due to ROS
dependent inhibition of glucose transporter [58]. Recently, a
direct interaction between PINK1 and Complex I activity
was described by Morais and co. workers, who showed that
PINK1 dependent phosphorylation of Complex I on Serine-
250 is a prerequisite for ubiquitinone reduction, thus
unrevealing the biochemical link between PINKI1
dysfunction and impaired respiration [59].

Of note, Parkin mutant fibroblasts from PD patients have
also shown to have lower mitochondrial Complex I activity
and ATP production, which was more markedly impaired
when cells were forced to rely on oxidative phosphorylation
rather than glycolysis to generate their ATP. These results
are consistent with those seen in PINK1 deficient models
and suggest that there might be a common pathway
mediating recessive parkinsonism in humans as has been
suggested from studies in Drosophila [60].

Interestingly, abnormalities
ultrastructure and subcellular

in mitochondria shape,
localization, have been
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described in models of both PINK1 and Parkin deficient
cells [9, 60, 61] and enlarged and swollen mitochondria have
been found in postmortem tissues from biopsy of PD
patients. However, it is still not clear whether mitochondria
structure abnormalities are a consequence of respiratory
chain impairment, perhaps to compensate for electron leak
and decreased ATP synthesis, or directly contribute to the
etiology of the disease and precede respiration impairment.
Of note, deficits in Complex I driven respiration and specific
Complex I activity impairment are observed before any
mitochondrial morphology alteration manifests, suggesting
that mitochondria morphology abnormalities are a
consequence of respiration defects [57]. Considering that
mitochondria respond to metabolism change by modulating
their shape and dynamics, it is plausible that to compensate
PINK1/Parkin respiratory defects and impaired ATP
production, mitochondria elongate to boost oxidative
phosphorylation. This might at least partially explain why
enlarged and hyperfused mitochondria are found in cellular
and animal models of PINK1/Parkin deficiency.

PINK1 AND PARKIN AND THE MITOCHONDRIA
QUALITY CONTROL PATHWAY: A HATE-LOVE
RELATIONSHIP

In 2006, by using the Drosophila Melanogaster fruit fly
model system, three independent groups showed that PD
related genes PINK1 and Parkin operate within the same
pathway, with PINK1 functioning upstream of Parkin [3-5].
These works highlighted the fruit fly as an extremely
powerful model system to gain insight into PD etiology. A
number of fly models have been developed (such as PINKI,
Parkin and OMI mutant flies), which show dopaminergic
neuronal loss, mitochondrial dysfunction and locomotor
deficits. In 2008, by using a fruit fly-based genetic interaction
screening, Poole er al. showed a strong genetic interaction
between PINK1/Parkin pathway and mitochondrial fission
and fusion machinery. In particular, in flies, loss of function
mutations of pro-fission protein Drpl is lethal in a PINK1 or
Parkin mutant background. Furthermore, PINK1 and Parkin
mutant phenotypes, such as muscle degeneration, locomotor
deficits and mitochondrial morphology alterations, are
suppressed by increased Drpl gene dosage or decreased pro-
fusion Mitofusin gene dosage [62]. This finding highlighted
for the first time a potential role for mitochondrial dynamics
in the PINK1/Parkin pathway and suggested that PINK1/
Parkin pathway might promote mitochondria fission (or
inhibit mitochondria fusion).

Recently, new insights have emerged into the function of
the PINK1/Parkin pathway. Upon prolonged mitochondrial
intoxication, using CCCP, Parkin is selectively recruited to
impaired mitochondria and promotes their elimination via
autophagy, a process known as mitophagy [6]. Further,
PINKI1 is required for Parkin translocation through a yet not
fully understood mechanism [8]. Extended studies to
elucidate the potential molecular mechanisms of this
pathway showed that in several cell model systems, upon
mitochondria intoxication by CCCP, Parkin is recruited to
impaired mitochondria where it selectively ubiquitinates pro
fusion protein Mfn [9, 10]. Lack of Parkin (or PINK1, which
acts upstream Parkin in a linear pathway) results in impaired
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Mfn ubiquitination and increased Mfn steady state levels in
several in vitro cellular systems and in vivo. This finding
provided a biochemical explanation for the in vivo genetic
interaction observations that show how decreased pro- fusion
Mitofusin gene dosage in flies could ameliorate PINKI or
Parkin mutant phenotype.

Extensive studies in recent years allowed the dissection
of this pathway and further details of the molecular
mechanism of action of PINK/Parkin in mitochondria quality
control have emerged. In healthy mitochondria, PINK1 is
sequentially imported to mitochondria through the TOM and
TIM complexes, and then it is released to span the inner
mitochondrial membrane [63]. It has been shown that the
proteases PARL and MPP [64] are responsible for its
cleavage and subsequent degradation in a proteasome
dependent manner [45]. However, upon CCCP induced
mitochondria depolarization, PINK1 fails to be cleaved, it is
exposed on the outer mitochondrial membrane, where it
drives the recruitment of Parkin [8]. Recent works suggest
that PINK1 both phosphorylates Parkin [65], Ubiquitin [66]
and Mfn [67]. PINKI-dependent phosphorylation of Parkin
regulates Parkin E3 ubiquitin ligase activity [65], although
phosphomimetic Parkin mutation does not bypass PINK1
requirement for Parkin recruitment. However, PINKI
dependent phosphorylation of Ubiquitin is a Parkin activator
and, in combination with PINK1-dependent phosphorylation
of Parkin, is sufficient to fully activate Parkin E3 activity
[66]. PINKI-dependent phosphorylation of Mfn is required
for Parkin translocation. In particular, phospho-Mfn works
as a molecular tag for the recruitment of Parkin that, once on
mitochondria, ubiquitinates its targets [67]. In 2013 the
complete repertoire of Parkin targets (Parkin-dependent
ubiquitylome) have been published, which includes Mfn,
VDAC, TOM20, Fisl, the authophagy adaptor p62 and Miro
[11]. Parkin dependent ubiquitination of Miro (a GTPase that
senses Ca’" and binds mitochondria to the cytoskeleton via
Milton) results in proteasome dependent degradation of Miro
and consequent disruption of mitochondrion mobility [68].
Also, Mfn ubiquitination has followed by chaperone-mediated
extraction of the protein from the outer mitochondrial
membrane and its degradation [10]. As a result of Parkin-
dependent ubiquitination of its targets on the outer
mitochondrial membrane, mitochondria both loose their
ability to fuse and to move along the microtubules of the
cytoskeleton. They are therefore isolated from the
mitochondrial network and targeted for degradation via
Parkin dependent recruitment of cytosolic factors, including
p62, that are required for the activation of mitophagy.

Recently a new pathway in the regulation of mitochondria
quality control has been described, that accounts for the
formation of mitochondria-derived vesicles (MDVs) that
bud off mitochondria. Depending on the cargoes, emerging
MDVs promote the degradation of their contents by either
fusing to a subpopulation of peroxisomes [69] or lysosomes
[70]. The latter is independent of autophagy, and it is
induced by oxidative stress. Latest works describe a role for
Parkin/PINK1 in the biogenesis of these vesicles, suggesting
an additional role for these two proteins in the control of
damaged mitochondrial proteins degradation [71]. These
data characterize a novel vesicles-based highway that direct
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damaged mitochondrial proteins to lysosomes. This
pathway is distinct from canonical mitophagy and it is
primarily activated upon oxidative stress. Thus, PINK1 and
Parkin promote mitochondrial quality control via at least
two distinct pathways, either by tagging the entire organelle
for autophagy-dependent degradation, or by shuttling
specific cargoes to lysosome in an LC3/ATG-independent
manner. The existence of an autophagy-independent
pathway in the activation of mitochondria quality control is
indeed supported by in vivo evidences [72].

UBIQUITINATION AND DE-UBIQUITINATION: A
REVERSIBLE MODIFICATION THAT REGULATES
SIGNALING PATHWAYS

Ubiquitination has recently emerged as a powerful tool to
modulate proteins activity, via regulation of their subcellular
localization and ability to interact with other proteins to form
signaling complexes. E1 (ubiquitin-activating), E2 (ubiquitin-
conjugating) and E3 (ubiquitin-ligase) enzymes can regulate
the activity of proteins, through conjugating Ubiquitin (Ub)
monomers. This event is called “ubiquitination” and consists
in the formation of an isopeptide bond between the carboxyl
group of the Ub C-terminus and the free amine group of a
lysine side-chain of a target protein. In some cases, “linear
ubiquitination” can also occur, that means the E1/E2/E3
cascade promotes the formation of a bond between Ub and
the first methionine of a target, without the formation of a
chain. However, Ub itself contain seven lysine residues, thus
allowing ubiquitin chains formation [73]. Ub can form
polyubiquitin chains of eight different linkages that mediate
distinct biological functions [74]. Thus, the biological
outcome of ubiquitin linkage can be modulated, depending
on the ubiquitin chain that is formed. The best-characterized
type of Ub conjugation is the Lys48 linked Ub chain that
typically leads to degradation of the target by the
proteasome. In contrast, chains linked via one of the other
six lysines in Ub can function as regulatory signal in a
variety of cellular pathways, including trafficking, signaling
and autophagy. In this context, a common regulatory
mechanism for many E3 ligases is the ability to self-catalyze
their own ubiquitination, by a so-called “auto-ubiquitination”
process.

Similar to other post-translational modifications, such as
phosphorylation and acetylation, ubiquitination is also a
reversible modification, mediated by a large family of
deubiquitinating enzymes (DUBs). Interestingly, a large set
of DUBs has opposite role of the E1/E2/E3 activity. Most
DUBs recognize and remove ubiquitin from conjugated
proteins and/or shorten ubiquitin chains, although some
DUBs can be cross-reactive for some Ubs. Clearly, this class
of enzymes not only can regulate E1/E2/E3 ubiquitinated
targets, but also auto-ubiquitinating proteins. Therefore,
DUBs have been found to play an important role in the
regulation of multiple processes, such as regulation of
receptor trafficking, cell cycle progression, regulation of cell
migration, regulation of intracellular signaling and
transcriptional control [12]. Two different DUB enzyme
mechanisms have been described: metalloproteases,
classified as the JAMN/MPN+ domain superfamily, and the
Cys-proteases. The Cys-proteases DUBs are further divided
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into four subclasses: the USP (ubiquitin-specific protease)
superfamily, the OUT (ovarian tumour) superfamily, the
UCH (ubiquitin C-terminal hydrolase) superfamily, and the
Machado-Joseph disease domain superfamily (MJDs) [75].
Accumulating evidences indicate that DUBs mutations are
involved with human diseases development.

Recent works identified DUBs interacting with and
regulating proteins associated with familial forms of PD, -
synucleinasuch as [76] and Parkin [77-84]. In more detail,
ataxin-3, USPS, USP15 and USP30 have been found to have
a role in modulating Parkin auto-ubiquitination and Parkin-
mediated mitophagy.

The MJDs superfamily member ataxin-3 is the first DUB
reported to have a role in Parkin deubiquitination and
stability. This enzyme, which mutations cause MJD, has
been found to deubiquitinate Parkin, but no evidences
indicated a role of wild-type ataxin-3 in Parkin stability
regulation. However, the MJF-associated form of ataxin-3
promotes Parkin degradation in a proteasome-independent
manner [78, 85]. Moreover, ataxin-3 resulted to be unable to
hydrolyze preassembled Ub-conjugates on Parkin. Ataxin-3
acts through an unusual mechanism, stabilizing the interaction
between Parkin and E2 that now cannot dissociate. When
ataxin-3 is present, it can also interact with E2-Ub complex
and redirect the Ub transfer from E2 onto itself, rather than
onto Parkin [77]. Patients with MJD can exhibit symptoms
similar to those with PD and show neurodegeneration in
many of the same brain region. The interaction between
ataxin-3 and Parkin could, at least partially, explain the
similarities between these diseases.

Although ataxin-3 came out as a regulator of Parkin
stability and turnover, its role on Parkin-mediated mitophagy
was not investigated. Furthermore, as E3s could be regulated
by multiple DUBs, the same research group performed an
RNAi-screen in U20S cells to identify other enzymes that
could be involved in Parkin deubiquitination and Parkin-
dependent mitophagy [79]. They report that Usp8, which
was known to be associated with endosomal trafficking, is
necessary for Parkin recruitment to mitochondria and
mitophagy. Knock-down of Usp8 delayed but not abolished
Parkin translocation to depolarized mitochondria, upon CCCP
treatment. Counterintuitively, Parkin steady-state levels were
increasing in Usp8 RNAi conditions, advocating the
hypothesis that Usp8 specifically acts on Parkin by functional
ubiquitination rather than degradative ubiquitination.
Of interest, they found that Usp8 specifically removes
K6-linked Ub conjugates, which in turns promotes Parkin
recruitment to mitochondria [80]. Therefore, by impinging
on the transcriptional levels of a Parkin-specific DUB, the
authors showed how mitophagy could be inhibited.

Another research group used a different approach to
reveal Parkin interacting protein. Tandem affinity purification
coupled to mass spectrometry identified Usp11 and Uspl5 as
DUBs binding Parkin [84]. Further experiments, confirmed
an interaction between UsplS5 and overexpressed Parkin.
Uspl5 has an opposite role on mitophagy compared to Usp8,
since Uspl5 knockdown enhanced mitochondria elimination
in SH-SYS5Y cells. Moreover, RNAi-mediated knockdown of
this DUB rescued mitophagy defects in fibroblasts both from
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PARK2 and PINKI1 mutant PD patients. However, Uspl5
does not act on Parkin protein itself, nor prevents Parkin
translocation to impaired mitochondria. The targets of Usp15
are the Parkin-ubiquitinated proteins on mitochondria.
Uspl5 impairs mitophagy through deubiquitinating Parkin
targets on depolarized mitochondria and in this respect, it
counteracts Parkin ubiquitination activity over Parkin
targets. These data were also confirmed in vivo in
Drosophila, where silencing of Uspl5 homolog rescued
parkin mutant phenotype, thus showing a genetic interaction
between the two genes [84].

Usp30 came out as a DUB inhibiting mitophagy during a
human cDNA library screening in a mitochondrial degradation
assay. Although more than 100 DUBs were tested, only two
DUBs were able to robustly block mitophagy (USP30 and
DUBA?2) [83]. However, only Usp30 was reported to be
localized in the outer mitochondrial membrane. Co-
expression of Usp30 did not alter Parkin expression levels or
its translocation to depolarized mitochondria, nevertheless it
was able to reduce CCCP-induced recruitment of autophagy
markers and ubiquitin signal on GFP-Parkin positive
mitochondria. The genuine target of Usp30 deubiquitinating
activity was found to be TOM20. Thus, Usp30 overexpression
opposes Parkin ubiquitination of TOM20, blocking mitophagy.
On the other hands, Usp30 downregulation enhances
mitochondrial degradation in neurons via stabilization of
ubiquitinated forms of TOM20, which work as mitophagy
signal. Fruit fly in vivo models of Parkinson disease showed
that knockdown of Usp30 was able to rescue defective
mitophagy caused by Parkin mutation. Moreover, it
improves mitochondrial integrity in Parkin- or PINKI-
deficient flies and protects flies against paraquat toxicity in
vivo. Parkin synthesizes Lys 6, Lys 11 and Lys 63 Ub chains
on depolarized mitochondria. Usp30 opposes the induction
of mitophagy through preferentially hydrolyzing Lys 6- and
Lys 11-linked Ub chains on Parkin target TOM20 [82]. Lys
6- and Lys 11-linked Ub chains are fundamental mitophagy
signals, since other DUBs targeted to mitochondria which
are able to specifically hydrolyze these Ub chains are
blocking mitochondrial degradation

All these studies, suggest a potential role for DUBs in
modulating mitochondrial quality control and impact on cell
survival. Specific DUBs inhibition or enhancement could,
for instance, compensate for PINKI1 or Parkin loss-of-
function mutations in PD patients.

DUBs AS THERAPEUTIC TARGETS

Due to their involvement in the regulation of important
signaling pathways, DUBs are emerging as attractive
druggable candidates [86]. Clinical trials for specific
inhibitors of the ubiquitin-proteasome system have already
been approved in cancer therapy for the treatment of multiple
myeloma [87-89]. Moreover, high-throughput screening of
small chemical libraries identified non selective DUBs
inhibitors as potent inducers of apoptosis in various cancer
cells. For example, G5, a small molecule inhibitor of DUBSs,
was recently identified as a strong inhibitor of NLRP3
signaling pathway, thus affecting the NLRP3-dependent
inflammatory response [90].
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Recently, a number of reports identified additional
syntetic small molecule as effective DUB inhibitors.
Chemically diverse molecules have been reported to inhibit
one or more of the UCH and USP family members.
However, drug discovery against the ubiquitin system is still
emerging and effective compounds are relatively limited.
Often, these compounds target more than one DUB and the
most promising chemicals showing selective inhibitions still
have not been tested for all full length human DUBs. Here,
we report the most promising inhibitors for DUBs of the
USP superfamily, which hopefully, in the next future, could
be used as therapy for different pathologies, including PD.
For detailed information about the biochemical mechanism
of action and other available inhibitors for DUBs, the reader
is referred to excellent previews [91, 92].

Usp7 is a deubiquitinase first identified as associated
with a herpes-virus, and it facilitates lytic growth. It has also
been shown as indirect regulator of p53, FOXO4 and PTEN
proteins, able to destabilize and compromise the effectiveness
of these tumor suppressor proteins [93]. Therefore, Usp7 can
be considered as an oncogenic pro-survival protein. Since it
was discovered, Usp7 antagonists have been deeply studied,
as its inhibition could block tumor progression. At now, an
high-throughput screening (HTS) identified HBX 19,818 and
the related HBX 28,258 as inhibitors for Usp7 [94]. Using
the same method, but in a parallel study, P5091 came out as
selective antagonist of this DUB. These molecules were
tested in multiple cell lines, thus proving their ability to
stabilize p53, to inhibit tumor growth and to promote
apoptosis in tumor cell lines. In vivo studies confirmed the
effect of P22077, an optimized derivative of P5091, in
several orthotopic neuroblastoma xenograft models [95].

Some DUBs have been found to have a role in DNA
damage response, this is the case of Uspl. When it is
associated to the co-factor UAF1 (USP1-associated factor 1),
Uspl deubiquitinates different targets involved in cell
damage response and related to different pathologies. Uspl
deubiquitinates FANCD2 and FANCI in the Falconi anemia
pathway, promoting DNA repair. This DUB participate in a
similar process also in the translesion synthesis pathway,
where deubiquitinates PCNA (proliferating cell nuclear
antigen) in order to prevent low-fidelity polymerases
recruitment and thereby preserve DNA integrity [96].
Through deubiquitinating inhibitors of DNA binding
transcription factors, Uspl has been found to maintain stem-
cell characteristics in osteosarcoma cells [97]. An HTS using
USP1/UAF1 complex identified different inhibitors for this
deubiquitinating enzyme complex [98], and pimozide
resulted to be the more efficient chemical against it.
However, other DUBs resulted to be inhibited by this same
compound, thus, the effects seen by using it in cells could
not be imputed to the specific inhibition of USP1/UAF1
complex. However, other two independent HTS revealed
other molecules that could be used as Uspl inhibitors:
ML323, and the two analogues SJB2-043 and SJB3-019A
[99, 100]. This compounds resulted to be more selective for
Uspl, interfering with the protein in the different pathways
in which it controls DNA integrity maintenance. Different
studies validated the potential therapeutic efficacy of Uspl
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inhibition in different pathologies, such as leukemia and
other cancers.

Uspl4 and UCHLS are two deubiquitinating enzymes
found to be associated with the proteasome. These two
proteins antagonize proteasomal degradation of substrate, by
hydrolyzing poly-Ub chains from the substrate distal end, a
process called trimming. Usp14 deletion is embryonic lethal
in mice, since this enzyme is important in general homeostasis.
Recently, IUl1 has been reported as Uspl4 inhibitor,
confirming its role in Ub chain trimming. Inhibition of
Uspl4 has beneficial effects on cell viability, promoting
proteasomal degradation of damaged proteins. On the other
hand, overexpression of Uspl4 is associated with cancer
progression [101]. Moreover, in vivo and in vitro evidences
showed the efficiency of inhibiting Uspl4 and UCHLS in
tumor models, using b-AP15 [102].

Besides some exceptions, most of these inhibitor
molecules are poorly characterized in terms of structure and
mechanism of action. Further biochemical studies together
with proteomic tools could better explain the features of
these molecules, thus allowing to better understand their
mechanism of action. Nevertheless, more DUBs inhibitors
are under development, with the aim to discover new
therapies for different human diseases.

AUREA MEDIOCRITAS: THE DESIRABLE MIDDLE
BETWEEN TWO EXTREMES

In recent years, much effort has been put in order to
identify specific DUBs that oppose Parkin in the
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ubiquitination of its targets. The identification of a Parkin-
opposing DUB, counteracting Parkin activity in the
regulation of mitophagy, might be instrumental to develop
specific isopeptidase inhibitors or activators that can
modulate the fundamental biological process of mitophagy
and impact on cell survival.

Since one of the hallmark of PD consists of accumulation
of misfolded proteins and unfunctional mitochondria as a
result of impaired mitophagy, chemical or genetic
intervention that suppress Parkin-opposing specific DUB,
can potentially be used to eliminate these toxic compounds
and improve viability (Fig. 1).

Overall, the enhancement of proteasome activity may
offer a strategy to reduce the levels of aberrant proteins in
cells and in the whole organism under stress.

Of note, interference with the proteasome machinery has
already been proved to be effective in cancer therapy and
recently, high throughput screening resulted in the discovery
of highly specific synthetic small molecules that target
selective components of the proteasome machinery via
enhancement or suppression of ubiquitin-conjugating
enzymes and DUBs.

In vivo evidences suggest that suppression of specific
DUBEs is sufficient to promote mitophagy in the absence of
Parkin or PINKI, via stabilization of the ubiquitinated forms
of Parkin substrates. Suppression or enhancement of specific
DUB activity might therefore be instrumental for the
activation of mitochondria clearance pathway downstream

62
p62 P62 P62 P62
Wi m =

= /

p62

Fig. (1). Counteracting Parkin. The cartoon illustrates the rational behind the potential therapeutic advantages of identifying DUBs that
oppose Parkin in the ubiquitination of its target. In vivo evidences suggest that suppression of specific DUBs is sufficient to promote
mitophagy in the absence of Parkin or PINK1, via stabilization of the ubiquitinated forms of Parkin substrates. Therefore, suppression of
specific DUB activity might be instrumental for the activation of mitochondria clearance pathway downstream PINK1/Parkin and can offer a

therapeutic approach to ameliorate PD phenotype.
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PINK1/Parkin and can potentially be beneficial in
ameliorating phenotypic deficits in PD.
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