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Abstract: Ubiquitination (the covalent attachment of ubiquitin molecules to target proteins) is one of
the main post-translational modifications of proteins. Historically, the type of polyubiquitination,
which involves K48 lysine residues of the monomeric ubiquitin, was the first studied type of ubiq-
uitination. It usually targets proteins for their subsequent proteasomal degradation. All the other
types of ubiquitination, including monoubiquitination; multi-monoubiquitination; and polyubiq-
uitination involving lysine residues K6, K11, K27, K29, K33, and K63 and N-terminal methionine,
were defined as atypical ubiquitination (AU). Good evidence now exists that AUs, participating in
the regulation of various cellular processes, are crucial for the development of Parkinson’s disease
(PD). These AUs target various proteins involved in PD pathogenesis. The K6-, K27-, K29-, and
K33-linked polyubiquitination of alpha-synuclein, the main component of Lewy bodies, and DJ-1
(another PD-associated protein) is involved in the formation of insoluble aggregates. Multifunctional
protein kinase LRRK2 essential for PD is subjected to K63- and K27-linked ubiquitination. Mitophagy
mediated by the ubiquitin ligase parkin is accompanied by K63-linked autoubiquitination of parkin
itself and monoubiquitination and polyubiquitination of mitochondrial proteins with the formation of
both classical K48-linked ubiquitin chains and atypical K6-, K11-, K27-, and K63-linked polyubiquitin
chains. The ubiquitin-specific proteases USP30, USP33, USP8, and USP15, removing predominantly
K6-, K11-, and K63-linked ubiquitin conjugates, antagonize parkin-mediated mitophagy.

Keywords: ubiquitin–proteasome system; atypical ubiquitination; deubiquitinase inhibitors; Parkinson’s
disease

1. Introduction

Ubiquitination is a type of common post-translational modification of cellular pro-
teins. Ubiquitin is a protein of 76 amino acids with a molecular mass of about 8.5 kDa.
Its molecules are covalently attached to the target proteins by the process of formation
of a peptide bond between the carboxyl group of C-terminal residue of ubiquitin (G76)
and the side chain amino group of a lysine residue of the protein substrate [1]. Different
types of ubiquitination have been recognized. These include monoubiquitination (the
attachment of one ubiquitin molecule to a target protein); multiple monoubiquitination, or
multi-monoubiquitination (the attachment of several ubiquitin molecules); and polyubiq-
uitination (the attachment of ubiquitin chains consisting of several ubiquitin monomers
forming linear or branched polyubiquitin chains). Ubiquitin molecules may form polyu-
biquitin chains when they are linked by one of seven lysine residues (K6, K11, K27, K29,
K33, K48, and K63) or by the N-terminal methionine residue (Met1) [2–4]. Protein ubiq-
uitination is a versatile process: different types of ubiquitin chains in a compact or an
open conformation (depending on the type of ubiquitin linkage) may be formed [5–7].
Polyubiquitin chains of the compact conformation are formed via K6, K11, and K48, while
the formation of the chains of the open conformation involves K63 and M1. In the former
case, a distal (C-terminal) ubiquitin molecule and a proximal ubiquitin molecule (linked
via the lysine side chain amino group) require intramolecular contact sites. In the case
of the open conformation, the ubiquitin molecules contact only at the linkage site. Other
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conformations of ubiquitin chains can also be formed, especially due to the interaction of
hydrophobic isoleucine residues I36 and I44 [2,8].

The K48-linked polyubiquitination usually targets proteins for their subsequent degra-
dation in proteasomes (Figure 1). Historically, it was the first type of ubiquitination
studied [1]. All the other types of ubiquitination were called atypical ubiquitination (AU).
Ikeda and Dikic proposed a classification of atypical ubiquitin chains including all varia-
tions of multimeric ubiquitin structure, except classical K48 polyubiquitination [9]. The
polyubiquitin chains formed via the same lysine residues (K6, K11, K27, K29, K33, or K63)
are known as homotypic chains. The conjugation of ubiquitin monomers via different
lysine residues forms the heterotypic ubiquitin chains. They can be linear or branched with
specific branch points (“forks”) (Figure 2). The linear ubiquitin chains can also be generated
through the alpha-amino group of the N-terminal methionine residue [10,11].
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Figure 1. Examples of crystal structures of homotypic (a,d) and heterotypic (b,c) tri-ubiquitin
chains available in the Protein Data Bank (PDB). (a) K27-linked tri-ubiquitin (PDB DOI:
10.2210/Pdb5jby/pdb; deposited: 14 April 2016; released: 20 July 2016; deposition authors: Pan, M.,
Gao, S., Zheng, Y.); (b) branched K11/K48-linked tri-ubiquitin (PDB DOI: 10.2210/PDB6OQ1/PDB;
deposited: 25 April 2019; released: 23 October 2019; deposition authors: Boughton, A.J., Fush-
man, D.); (c) unbranched mixed tri-ubiquitin chain containing K48 and K63 linkages (PDB DOI:
10.2210/pdb5o44/pdb; deposited: 26 May 2017; released: 8 November 2017; deposition authors:
Padala, P., Isupov, M.N., Wiener, R.); (d) K6-linked tri-ubiquitin (PDB DOI: 10.2210/pdb3zlz/pdb;
deposited: 4 February 2013; released: 10 April 2013; deposition authors: Hospenthal, M.K., Freund,
S.M.V., Komander, D.).

Ubiquitination requires three types of enzymes: ubiquitin-activating enzyme E1,
ubiquitin-conjugating enzyme E2, and ubiquitin-protein ligase E3. The diversity of the
polyubiquitin chains explains the recognition of corresponding structures by target proteins
containing specific ubiquitin-binding domains [12], as well as the diversity of ubiquitin lig-
ases (E3) and deubiquitinases cleaving the bonds between ubiquitin molecules or between
the ubiquitin molecule and the target protein [13–15]. It appears that various combinations,
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including E2 and E3 enzymes and specific chaperones, are needed for linkage-specific
ubiquitination [16].

Although all types of ubiquitination, except K48, are still defined as AUs, there is
accumulating evidence that AUs participate in the regulation of various cellular processes,
including DNA reparation, signal transduction, and immune response [17–19]. Moreover,
not only K48 but also some types of AU can target proteins for their proteasomal degra-
dation. In vitro studies have shown that purified 26S proteasomes can bind and degrade
K48- and K63-ubiquitinated substrates [20]. The kinetic studies of the binding of protein
substrates by the proteasome revealed that three subunits of the 19S regulatory proteasome
particle (known as the ubiquitin receptors) recognized protein substrates polyubiquitinated
in a versatile manner [21]. Proteins with K48-linked ubiquitin chains were recognized
almost exclusively by the Rpn10 subunit (Figure 3), whereas proteins targeted for degra-
dation by atypical ubiquitin chains (K63 and certain other types) were degraded through
binding to Rpn13 and Rpn1 subunits [21].

The mammalian proteasome can also bind heterotypic polyubiquitinated chains con-
taining K11 and K48 linkages (but not homotypic K11 chains) and thus stimulate the
proteasomal degradation of certain proteins [22]. However, in cells, soluble factors may
selectively bind to K63 chains and inhibit/prevent their association with proteasomes [20].
Moreover, some nonubiquitinated proteins shared high affinity to regulatory protein sub-
units with ubiquitinated proteins [23]. Recent proteomic profiling revealed many proteins
associated with the rabbit brain and liver 26S and 20S proteasomes [24,25]. The high
abundance of these proteins, exceeding the abundance of intrinsic proteasomal (regulatory
and core particle) proteins, suggests that the identified nonproteasomal proteins obviously
represent the proteasomal subinteractome rather than contaminations [24,25]. This obvi-
ously explains altered routes of AU proteins in the cell and their destination to the cell
compartments other than proteasomes.

Convincing evidence exists that participation of AU in various cellular processes has
a significant impact on the target proteins, implicated in the development of different
serious diseases, including immune imbalance, cancer, and neurological problems [26–28].
Idiopathic or hereditary Parkinson’s disease (PD) [29] is one of the most frequent neu-
rodegenerative disorders. It is characterized by rigidity, bradykinesia, tremor, balance
problems, loss of automatic movements, and speech changes. Although most cases of
PD are sporadic, gene mutations play an important role in the development of this dis-
ease. More than 20 gene mutations are associated with PD [30,31], and the list of these
genes has not been completed yet [32]. Among these genes, classified as PARK-designated
genes [30,31], the genes encoding proteins targeted to ubiquitination or UPS components
involved in ubiquitination are especially important. These include the following: (i) the
gene encoding the main components of Lewy bodies (intracellular aggregates, diagnostic
markers of PD), alpha-synuclein (encoded by SNCA, also known as Park1); (ii) protein DJ-1
(encoded by DJ-1, also known as Park7); (iii) the gene encoding leucine-rich repeat kinase
2 (cytoplasmic protein known as dardarin) (LRRK2, Park8); (iv) the gene of deubiquitinase
typical of brain neurons, ubiquitin C-terminal hydrolase L1 (UCH-L1, Park5); (v) the genes
encoding E3 ubiquitin ligase parkin (PRKN, Park2) and phosphatase and tensin homolog
(PTEN)-induced kinase 1 (PINK1, Park6) [30,31,33,34]. Mutations of most of these proteins,
affecting the processes of AU, influence pathogenic mechanisms of PD (Table 1).

Different types of AU and their role in health and disease were analyzed in our
previous review [35]. Since that time, significant progress has been achieved in this field
through the development of new methods of investigation [19,28,36]. In this review, we
have further summarized existing information about various types of AU of proteins with
an emphasis on their importance for PD.
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Figure 2. The human 26S proteasome. (a) Electron microscopy (PDB DOI: 10.2210/pdb5LN3/pdbEM
Map EMD-4089: EMDB EMDataResource; deposited: 3 August 2016; released: 22 March 2017;
deposition authors: Schweitzer, A., Beck, F., Sakata, E., Unverdorben, P. (2017) Mol Cell Proteomics
16: 840–854). (b) The scheme of the proteasome structure. One or two regulatory particles (the
sedimentation coefficient 19S) may be attached to the core particle (the sedimentation coefficient 20S).
The core particle consists of four rings, each of which contains seven protein subunits. The outer rings
consist of alpha subunits promoting substrate insertion into the inner cavity, formed by beta subunits
possessing proteolytic activity. The regulatory particle of the proteasome consists of two complexes:
the lid and the base. The Rpn subunits without ATPase activity (regulatory particle non-ATPase),
marked as N, form the lid. The base consists of two types of subunits. Rpt subunits of the AAA
superfamily (regulatory particle triple-A ATPase) are marked as small orange ovals (Rpt1–Rpt6).
Rpn subunits (marked as N) do not possess ATPase activity. The subunits N1, N10, and N13 are
responsible for the recognition of the ubiquitinated substrates.
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ubiquitination of IGF1R 
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* AD, autosomal dominant; ** AR, autosomal recessive. 

Figure 3. The scheme of ubiquitination and the role of different types of ubiquitination in PD.
S—protein substrate, E1—ubiquitin-activating enzyme, E2—ubiquitin-conjugating enzyme, E3—
ubiquitin ligase. Ubiquitin molecules are shown as green circles. Adapted from [35].

Table 1. Some PARK-designated genes and their protein products involved in inherited forms of
Parkinson’s disease (modified from [30,31] and supplemented).

Symbol Gene Protein Product Relation to UPS Type of Disease Inheritance

PARK1 SNCA Alpha-synuclein Ubiquitination substrate Classical and early-onset PD AD *
PARK2 Parkin Parkin E3 ubiquitin ligase Early-onset PD AR **
PARK5 UCHL1 Ubiquitin C-terminal hydrolase L1 Deubiquitinase Classical PD AD

PARK6 PINK1 PTEN-induced kinase 1 Phosphorylates ubiquitination
substrate E3 ubiquitin ligase Early-onset PD AR

PARK7 DJ-1 DJ-1 Ubiquitination substrate Early-onset PD AR
PARK8 LRRK2 Leucine-rich repeat kinase 2 Ubiquitination substrate Classical PD AD
PARK10 USP24 Ubiquitin-specific peptidase 24 Deubiquitinase Late-onset PD Risk factor

PARK11 GIGYF2 Grb10-interacting GYF
protein-2

Could promote ligand-induced
ubiquitination of IGF1R Classical PD AD

* AD, autosomal dominant; ** AR, autosomal recessive.

2. Alpha-Synuclein and Histones: Monoubiquitination and
Multi-Monoubiquitination

A typical feature of many neurodegenerative diseases is the accumulation of protein
aggregates, and PD is not an exception [37]. The main component of Lewy bodies, alpha-
synuclein [38,39], was shown to be subjected to monoubiquitination before its proteasomal
degradation [40]. Although K48-linked polyubiquitination has been initially considered as
a canonical targeting of proteins for their consequent proteasomal degradation, it becomes
clear that about 40% of mammalian proteins, cleaved by proteasomes, are monoubiq-
uitinated [41,42]. Alpha-synuclein has been shown to be monoubiquitinated by the E3
ubiquitin ligase SIAH (seven in absentia homolog) both in vivo and in vitro [43–45]. The
ubiquitination at certain lysine residues induces structural changes in alpha-synuclein
aggregates in vitro [46]. Synphilin-1A, an isoform of synphilin-1 (another component of
Lewy bodies), inhibits alpha-synuclein monoubiquitination by SIAH and the formation of
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alpha-synuclein inclusions [47]. Rott et al. found that the deubiquitinase USP9X (down-
regulated in the PD substantia nigra) specifically deubiquitinates alpha-synuclein in vivo
and in vitro [40]. Moreover, site-specific monoubiquitination provides different levels of
alpha-synuclein degradation [48]. In contrast to monoubiquitinated alpha-synuclein, which
undergoes proteasomal degradation, deubiquitinated alpha-synuclein is eliminated by au-
tophagy [40]. Thus, USP9X regulates the degradation of alpha-synuclein [40,49]. Although
it remains unclear whether protein aggregates are the cause of neuronal toxicity or the adap-
tation of neurons to the accumulation of toxic proteins [50], therapy modulating activity of
the investigated enzymes may be a successful strategy to treat alpha-synucleinopathies.

In the context of (pathological) protein aggregate formation, it should be noted that
alpha-synuclein may form complexes with histones, protein components of chromatin,
which play a key role in many cellular events [51]. Jiang et al. demonstrated the formation
of such complexes and identified histones as proaggregant agents for alpha-synuclein
aggregation in postmortem brains with Lewy body pathology [52,53]. Jos et al. reported
that PD-specific alpha-synuclein bound histones H2A, H2B, H3, and H4 with higher affinity
than wild-type alpha-synuclein [54].

Moreover, it has long been known that histones may be also monoubiquitinated [55,56],
and histone monoubiquitination is essential for many biological pathways: transcriptional
regulation [57–60], differentiation [27], cell cycle regulation [61], and DNA damage re-
sponse [62,63]. Monoubiquitination of histone H2B is involved in almost all these pro-
cesses [64,65]. The role of dysregulation of histone monoubiquitination in cancer progres-
sion is well known [66], but its role in neurodegeneration is also important. Permanent
oxidative stress causes nuclear and mitochondrial DNA damage; PD and other neurode-
generative diseases are characterized by defective DNA repair [67,68]. Although various
post-translational modifications of histones (e.g., acetylation, demethylation, phosphoryla-
tion) are intensively studied in the context of neurodegeneration [69,70], researchers still
pay less attention to histone ubiquitination in these pathologies.

Monoubiquitination of histone H2A, one of the main components of chromatin and a
major histone modification in mammalian cells [71,72], is crucial for neurodevelopmental
disorders [59]. Histones are involved in the formation of inclusions, typical of neurode-
generative diseases, such as PD, Huntington’s disease, and Alzheimer’s disease [62,73].
Ubiquitin conjugates accumulate on the inclusion bodies, and this correlates with the
depletion of ubiquitin from the nucleus, deubiquitination of histones H2A and H2B, and
subsequent DNA damage [62]. Histones, typical nuclear proteins, were also discovered in
mitochondrial membranes [74,75]. The role of mitochondrial dysfunction and oxidative
stress in the dopaminergic neuron loss in PD is well known [76,77]. Mitochondrial toxins
such as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and rotenone, as well as
the pesticide paraquat, are used in classical experimental models of PD [52]. Navarro-
Yepes et al. demonstrated that MPTP and paraquat decreased protein ubiquitination in
dopaminergic cells [78]. These results are consistent with our data on the effect of MPTP
on the profile of ubiquitinated proteins of mouse brain mitochondria [79]. In addition to a
decrease in the total number of ubiquitinated proteins in the brain mitochondrial fraction
of MPTP-treated mice, we did not find ubiquitinated histones in this fraction. In contrast to
MPTP-treated mice, the brain mitochondrial fraction of control mice contained ubiquiti-
nated histone H2A. Both these fractions contained a histone-binding protein, histone-lysine
N-methyltransferase SETD7. This protein can specifically monomethylate histone H3 and
mediate the transcriptional activation of several genes [80,81]. SETD7 was ubiquitinated
only in the control fraction [79].

We have detected histone H2A and several other histones as the components of the
subproteome of the mouse brain mitochondrial Rpn10 binding proteins [23]. The brain
mitochondrial fraction of control mice contained significantly fewer histones than that of
MPTP-treated mice [23]. As Rpn10 is one of the ubiquitin-binding subunits of the regulatory
particle of proteasome, these results are consistent with the results reported in [79].
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3. Atypical Ubiquitination of the Components of Lewy Bodies: Alpha-Synuclein, DJ-1,
and Synphilin-1
3.1. E3 Ubiquitin Ligase TRAF6: K6, K27, and K29 Ubiquitination of Alpha-Synuclein

Besides monoubiquitination, atypical polyubiquitination is characteristic of alpha-
synuclein. It was shown that both mutant (PD-associated) and wild-type alpha-synucleins
specifically interacted with the E3 ubiquitin ligase TRAF6 (tumor necrosis factor-receptor
associated factor 6) and were subjected to AU via K6, K27, and K29 chains [82].

3.2. Concerted Action of the E3 Ubiquitin Ligase Parkin with the E2 Enzyme UbcH13/Uev1a:
K63-Linked Ubiquitination of Alpha-Synuclein and Synphilin-1 Promotes Lewy Body Formation

The heterodimer E2 complex UbcH13/Uev1a is known to mediate K63-linked polymer-
ization of ubiquitin. Doss-Pepe et al. have shown that parkin can function in cooperation
with UbcH13/Uev1a to assemble ubiquitin-K63 chain, and alpha-synuclein can stimu-
late the assembly of these chains [83]. The parkin-mediated K63-linked ubiquitination of
alpha-synuclein and another component of Lewy bodies, synphilin-1, contributed to the
formation of synuclein/synphilin-1 inclusions [84]. Thus, K63-linked ubiquitination of
alpha-synuclein and synphilin-1 could be considered as an important prerequisite for the
formation of Lewy bodies [85].

3.3. HECT E3 Ligase NEDD4: K63-Linked Ubiquitination of Alpha-Synuclein

The ubiquitin ligase Nedd4 catalyzes K63-linked ubiquitination of alpha-synuclein.
In vitro experiments with full-length alpha-synuclein and its recombinant fragments, lack-
ing either the N-terminal or C-terminal residues, have shown the importance of the C-
terminal residues (120–140) containing several prolines. The Nedd4 substrate interacting
domain, exhibiting affinity to proline-rich motifs, bound the C-terminal region of alpha-
synuclein and attached K63-linked ubiquitin chains [86]. Interestingly, the other three
purified recombinant E3 ligases, implicated in alpha-synuclein degradation (CHIP, SIAH2,
and parkin), were catalytically active but ineffective in alpha-synuclein ubiquitination in
this in vitro system, containing either UbcH5 or UbcH7 as the E2 component [86]. In cells
(over)expressing Nedd4, alpha-synuclein content decreased. The treatment of SH-SY5Y
cells with selective inhibitors of proteasomes, lysosomes, and autophagy caused a 2-fold
increase in alpha-synuclein content, thus suggesting several routes of alpha-synuclein
degradation. Mapping the subcellular distribution of alpha-synuclein, overexpressed in
neurons, revealed its association with the protein degradation pathway, including multi-
vesicular bodies in the axons and the lysosomes within neuronal cell bodies [87]. Later,
the endosomal pathway of alpha-synuclein sequestration, involving Lys-63-linked ubiq-
uitination by the E3 ubiquitin ligase Nedd4-1, was demonstrated not only for de novo
synthesized alpha-synuclein but also for internalized alpha-synuclein [88].

Using K63-specific alpha-synuclein antibodies, K63-linked ubiquitin conjugates were
detected in alpha-synuclein-positive inclusions in postmortem brains of PD patients [89].
These inclusions were reduced in dopaminergic neurons of the substantia nigra. In contrast
to K63-linked ubiquitin conjugates, the use of linkage-specific ubiquitin antibodies against
Lys48 revealed only occasional staining of inclusions in the examined brain regions [89].

RTP801, a proapoptotic PD-related protein involved in neuronal death induction in
cellular and animal models of PD, is another substrate for NEDD4-dependent K63-linked
ubiquitination [90]. In a cell-free system and in cellular cultures (PC12), NEDD4 performed
K63-linked ubiquitination of RTP801, thus targeting it for lysosomal degradation. The
levels of NEDD4 and RTP801 changed in opposite directions in the NGF-differentiated
PC12 cells treated with the neurotoxin 6-OHDA (used to model PD). The NEDD4 level
decreased, while the RTP801 level increased [90]. Overexpression of wild-type NEDD4
in the NGF-differentiated PC12 cells protected cells against 6-OHDA toxicity, while the
inactive mutant of NEDD4 was basically ineffective.

Immunostaining of postmortem substantia nigra sections from PD patients and non-
PD individuals (as controls) revealed loss of NEDD4 expression in remaining neurons
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of PD patients (but not in age-matched controls). This is consistent with the previous
reports on the increase in the RTP801 level in nigral neurons [91,92]. However, in the
study by Romani-Aumedes et al., RTP801 elevation was associated with the loss of parkin
functioning [92].

3.4. DJ-1: Monoubiquitination and K63-Linked Polyubiquitination. DJ-1 and Alpha-Synuclein:
K6-, K27-, and K29-Linked Polyubiquitination

DJ-1, also known as Parkinson disease protein 7, is a multifunctional protein ubiqui-
tously expressed in cells and tissues and exhibiting both catalytic (as protein deglycase, EC
3.5.1.124) and numerous noncatalytic activities [93–95].

In cells, DJ-1 normally exists as a dimer, while its mutant forms containing amino acid
substitutions, typical of PD, are characterized by impaired dimerization ability, stability, and
folding [96]. The amino acid substitution L166P has the most pronounced devastating effect
on the DJ-1 structure, folding, and homodimerization [97]. Being detected in the cytoplasm,
DJ-1 may be translocated into mitochondria and the nucleus. In mitochondria, DJ-1 interacts
with NADH dehydrogenase and ATP synthase subunits and plays an important role
in the functional integrity of the inner mitochondrial membrane. In the nucleus, DJ-1
functions as a histone deglycase [98] and interacts with (and sequesters) the Daxx protein,
thus preventing cell death [99]. DJ-1 has been also recognized as a coactivator of various
signaling pathways of the androgen receptor [100,101], Nrf2 [102], and p53 protein [103,104].
It is also essential for transcriptional activation of the tyrosine hydroxylase gene, encoding
the key enzyme of dopamine synthesis [105,106]. The biological activity of DJ-1 may be
regulated by small ubiquitin-like modifiers (SUMOs) [107,108]. In cells, wild-type DJ-1
undergoes sumoylation at the lysine residue (K130); in the case of the L166P mutation
associated with the development of PD, sumoylation occurred at other lysine residues with
the formation of misfolded insoluble forms of the protein [107].

In neuroblastoma cells and in human brain lysates, DJ-1 forms a complex with parkin
and PINK1 [109]. This complex has ubiquitin ligase activity, which ubiquitinates parkin
substrates (for example, synphilin-1) and parkin itself [109]. However, parkin does not
ubiquitinate wild-type DJ-1 [110]. Genetic depletion of DJ-1 or PINK1 decreased the ubiqui-
tination level of parkin and its substrates and caused the accumulation of aberrant proteins.

DJ-1 may also interact with another E3 ubiquitin ligase [111] known as a tumor
suppressor, VHL (von Hippel–Lindau) protein [112,113]. This interaction impairs VHL
interaction with the alpha subunit of the heterodimeric hypoxia-inducible transcription
factor 1 (HIF-1alpha) and prevents the ubiquitination of HIF-1alpha. DJ-1 deficiency leads
to a decrease in the HIF-1alpha level during hypoxia and oxidative stress. Lymphoblasts
of patients with PD, associated with DJ-1 mutations, are characterized by less stable HIF-
1alpha compared to that in healthy people. This suggests that DJ-1 protects neurons from
death by inhibiting the VHL ubiquitin ligase activity [111].

DJ-1 can serve as a regulator of the 20S proteasome. DJ-1 binding to the proteasome
inhibits its activity, and this prevents the degradation of partially unfolded proteins [114].
This protects some important protein substrates of the 20S proteasome (for example, alpha-
synuclein and p53) against proteasomal degradation, thus maintaining their steady-state
cellular level. Under oxidative stress, DJ-1 exhibits the opposite effect and activates the 20S
proteasome via the Nrf2 (nuclear factor erythroid 2-related factor 2)-dependent signaling
pathway, facilitating rapid removal of the damaged proteins from the cell [114]. In the
context of the functioning of the ubiquitin–proteasome system, DJ-1 is obviously involved in
a network interaction of ubiquitinated proteins [115]. A recent analysis of the mouse brain
mitochondrial ubiquitylome [115] has shown that the network interaction of ubiquitinated
proteins is formed by three functional horizontal layers linked by three proteins, including
DJ-1 [115].

In contrast to the wild-type protein, the mutant DJ-1, containing the amino acid substi-
tution L166P found in PD patients, may be ubiquitinated by several E3 ubiquitin ligases.
Parkin selectively recognizes and ubiquitinates L166P mutant DJ-1, but not wild-type
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DJ-1 [110]. Using several ubiquitin mutants (containing arginine substitutions of all its
lysine residues, except just one lysine at corresponding position 29, 48, or 63), the authors
demonstrated K63-linked polyubiquitination [110]. In vitro ubiquitination reactions, per-
formed using the ubiquitin mutants, revealed the accumulation of the monoubiquitinated
L166P mutant DJ-1. Since parkin overexpression has no impact on the steady-state level
of both L166P mutant and wild-type DJ-1, it appears that K63-linked polyubiquitination
targets L166P mutant DJ-1 for the pathways other than proteasomal degradation [110].

The E3 ubiquitin ligase TRAF6 (TNF receptor-associated factor 6) ubiquitinates mis-
folded mutant DJ-1 and mutant alpha-synuclein, the main component of Lewy bod-
ies [82,116]. Interestingly, TRAF6 performs atypical polyubiquitination of DJ-1 and alpha-
synuclein due to the lysine residues K6, K27, and K29 of the ubiquitin molecule. This
promotes the accumulation of insoluble aggregates of polyubiquitinated DJ-1 and alpha-
synuclein in the cytoplasm. In the postmortem brains of PD patients, TRAF6 was colocal-
ized with DJ-1 and alpha-synuclein [82].

The level of polyubiquitinated mutant DJ-1 (L166P) but not wild-type DJ-1 in cells
was sensitive to the proteasome inhibitor MG132 [117]. In the MG132-treated cells, the
steady-state level of the L166P mutant increased, thus suggesting mutant DJ-1 degradation
by the ubiquitin–proteasome system [117].

Parkin-mediated (in cooperation with the heterodimeric E2 UbcH13/Uev1a) K63-
linked polyubiquitination of misfolded DJ-1 serves as a signal for binding of histone
deacetylase (HDAC6) [110]. HDAC6 is involved in aggresome formation: it binds polyubiq-
uitinated (misfolded) proteins and the dynein motors, thus recruiting the misfolded protein
cargo to dynein motors transporting to aggresomes [118]. HDAC6-deficient cells cannot
clear misfolded protein aggregates from the cytoplasm and are hypersensitive to misfolded
protein accumulation [118]. In this context, HDAC6 did not bind nonubiquitinated L166P
mutant DJ-1, but it effectively interacted with K63-polyubiquitinated L166P mutant DJ-1 in
cells treated with the proteasome inhibitor MG132 [110].

The other DJ-1 mutant, with amino acid substitution T154A preventing phosphory-
lation of this protein by protein kinase A at the T154 residue, demonstrated much higher
sensitivity to proteasomal degradation than wild-type DJ-1 [119].

4. LRRK2: K63- and K27-Linked Ubiquitination

Leucine-rich repeat kinase 2 (LRRK2), a member of the leucine-rich kinase family, is a
multifunctional protein kinase containing a GTPase domain. Mutations in the correspond-
ing gene (LRRK2, also known as PARK8) are linked to the most common familial forms and
some sporadic forms of PD, and small-molecule inhibitors of LRRK2 attract much interest
in the context of PD therapy [120–122].

LRRK2 is a substrate for the carboxyl terminus of HSP70-interacting protein (CHIP)
known as CHIP E3 ligase, which regulates the steady-state level of LRRK2 via UPS degra-
dation [123]. The LRRK2 level was significantly (4-fold) higher in the soluble fraction of
the brains of CHIP knockout mice than in control wild-type mice [123]. The cells treated
with a CHIP siRNA exhibited a higher level of LRRK2 (by 20–25%), while the cells ex-
posed to the wild-type CHIP were characterized by a detectable decrease in the LRRK2
level (20–25%) [123]. Although the type of LRRK2 ubiquitination by CHIP has not been
investigated, studies with other protein targets indicate that CHIP enhances K63-linked
ubiquitination [124]. CHIP-dependent ubiquitination of LRRK2 involves interactions with
several heat shock proteins [123,124], particularly HSP90, which is one of the three key
players (together with DJ-1 and SOD2) forming a single network of brain ubiquitinated
proteins [115]. The 20S proteasome inhibitor, clasto-lactacystin beta-lactone, increased the
level of ubiquitinated LRRK2 in HEK293 cells, while CHIP overexpression in SH-SY5Y cells
attenuated the toxicity of G2019S and R1441C LRRK2 mutants [123].

The other E3 ubiquitin ligase WSB1 (WD repeat and SOCS box-containing protein 1)
could ubiquitinate LRRK2 through K27- and K29-linkage chains [125]. This was accom-
panied by LRRK2 aggregation and neuronal protection in primary neurons and LRRK2-
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G2019S transgenic Drosophila flies. Analysis of postmortem brains of PD patients revealed
colocalization of WSB1 and LRRK2 in the Lewy bodies. Moreover, almost all Lewy bodies
(97%), identified by alpha-synuclein staining, had WSB1 reactivity, and about 25% of Lewy
bodies contained LRRK2 [125]. This was specific for PD but not for Alzheimer’s disease, as
WSB1 reactivity was not detected in plaques [125].

Functional inhibition of the LRRK2 GTPase domain and kinase activity by GTP-
binding inhibitors (compounds 68- or Fx2149) increased G2019S-LRRK2 polyubiquitination
at K27- and K63-linkages in HEK293T cells cotransfected with LRRK2 constructs and
various HA-tagged ubiquitin constructs [126]. Both compounds increased G2019S-LRRK2-
linked ubiquitinated aggregates, thus underlying a critical role of the GTP-binding for
LRRK2-linked ubiquitination and formation of aggregates [126]. Treatment of C57BL/6J
mice with Fx2149 (10 mg/kg intraperitoneally twice daily for three days) significantly
increased endogenous ubiquitination of brain LRRK2 [126].

Table 2 summarizes current knowledge on AU of PD-related proteins.

Table 2. Atypical ubiquitination of proteins in PD and PD-related models.

Target Protein Type of
Ubiquitination

Enzymes Studied (E2,
E3, DUBs, etc.) Biological Effect References

Histones H2B, H2A Monoubiquitination Not studied

Deubiquitination of histones H2A and H2B
correlated with the accumulation of ubiquitin
conjugates on the inclusion bodies and DNA
damage.
In contrast to control, brain mitochondria of
MPTP-treated mice did not contain ubiquitinated
histone H2A.

[62,79]

Alpha-synuclein Multiple
monoubiquitination

E3 ligase SIAH
deubiquitinase USP9X

Alpha-synuclein monoubiquitination promoted
aggregate formation in vitro and in vivo.
Site-specific monoubiquitination provided
different levels of alpha-synuclein degradation.
USP9X regulated alpha-synuclein degradation.

[43–46,48,49]

Alpha-synuclein,
proapoptotic
PD-related protein
RTP801

K63-linked
polyubiquitination

HECT E3 ligase
NEDD4

Nedd4 catalyzed K63-linked ubiquitination of
alpha-synuclein in cells.
K63-linked ubiquitin conjugates were detected in
alpha-synuclein-positive inclusions in
postmortem brains of PD patients.
In cells (over)expressing Nedd4, alpha-synuclein
content decreased.
In the cell model of PD, 6-OHDA decreased
NEDD4 and increased RTP801.

[86–90]

Alpha-synuclein
and synphilin-1

K63-linked
polyubiquitination

E3 ligase parkin, E2
enzyme
UbcH13/Uev1a

K63-linked ubiquitination of alpha-synuclein and
synphilin-1 promoted Lewy body formation. [83–85]

Alpha-synuclein,
DJ-1

K6-, K27-, and
K29-linked
polyubiquitination

E3 TRAF6

TRAF6 interaction with mutant DJ-1 and
alpha-synuclein promoted the formation of
atypical ubiquitin chains and insoluble DJ-1
aggregates.

[82,116]

DJ-1
Monoubiquitination,
K63-linked
polyubiquitination

E3 ligase parkin,
PINK1,
E3 ubiquitin ligase
VHL

K63-linked polyubiquitination targets L166P
mutant DJ-1 for the pathways other than
proteasomal degradation.
Parkin overexpression had no impact on the
steady-state level of both L166P mutant and
wild-type DJ-1.

[110]

LRRK2
K63-, K27-, and
K29-linked
polyubiquitination

E3 ubiquitin ligase
CHIP (K63-)
E3 ubiquitin ligase
WSB1 (K27-, K29-)

LRRK2 is a substrate for CHIP, which regulates
the steady-state level of LRRK2 via UPS
degradation.
WSB1 ubiquitinates LRRK2 through K27- and
K29- linkage chains followed by LRRK2
aggregation and neuronal protection in primary
neurons.

[124–126]
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Table 2. Cont.

Target Protein Type of
Ubiquitination

Enzymes Studied
(E2, E3, DUBs, etc.) Biological Effect References

E3 ligase parkin.
Outer
mitochondrial
membrane
(OMM) proteins

Monoubiquitination.
K6-, K11-, K27-, and
K63-linked
polyubiquitination
and
deubiquitination

PINK1; E3 ligase
parkin; UBE2N;
UBE2L3; UBE2D2;
DUBs USP8, USP15,
USP30, USP33,
USP35, UCH-L1

In response to OMM depolarization, parkin
(phosphorylated by PINK1) was
autoubiquitinated (K63) and ubiquitinated
mitochondrial proteins with the
predominance of K11, K63, and K6 chains
(with subsequent mitophagy).
Deubiquitination of mitochondrial proteins
negatively regulated mitophagy.

[127–136]

Miro1 GTPase

Predominantly K27-
and some K11- and
K29-linked
polyubiquitination

PINK1,
parkin

Mitochondrial damage caused parkin
phosphorylation by PINK1, followed by
K27-linked ubiquitination of the outer
membrane Miro1, and retarded
proteasomal degradation of Miro1.

[137]

Mitochondrial
proteins

K63-linked
polyubiquitination

E3 ligase parkin, E2
Ubc13

Under moderate mitochondrial stress
conditions, parkin provides mitochondrial
connectivity causing mitochondrial fission
by catalyzing (together with E2 Ubc13) its
K63-linked ubiquitination.

[138]

Glycogen
synthase kinase 3
beta (Gsk3beta)

K63-linked
polyubiquitination

SCFFbxo7/PARK15
ubiquitin ligase

The ubiquitination of the enzyme Gsk3beta
negatively regulated its activity but not its
localization.

[139]

NEMO,
components of
the NF-κB
signaling
pathway, and
MAP kinases

M1-linked
ubiquitination,
K63-linked
polyubiquitination

E3 ligase LUBAC Increase in LUBAC-mediated M1-linked
(linear) ubiquitination of NEMO [140–144]

5. Concerted Mechanisms of Different Types of Ubiquitination and Deubiquitination
in Mitophagy (Monoubiquitination and K6-, K11-, K27-, and
K63-Linked Polyubiquitination)

Studies of postmortem brain samples of PD patients and experimental PD models
provided convincing evidence for the critical role of mitochondrial dysfunction and ox-
idative stress in the neuronal loss in PD [145–150]. Elimination of damaged mitochondria
(mitophagy) is of vital importance for both neighboring mitochondria and the whole
cell [151,152]. The proteins related to PD, PINK1 (serine/threonine protein kinase) and
parkin (E3 ubiquitin ligase), are the major players in mitophagy regulation. The mechanism
of mitophagy has been considered in several recent reviews [151,153,154]. The role of
post-translational modifications of proteins (particularly ubiquitination) in this cascade
cannot be overestimated [132]. Various mitochondrial proteins are subjected to monoubiq-
uitination and K6-, K11-, K27-, and K63-linked polyubiquitination by the E3 ligase parkin
and deubiquitination by the mitochondrial deubiquitinase USP30.

Under normal conditions (with the high value of mitochondrial membrane poten-
tial), PINK1 is translocated to the mitochondrial inner membrane via TOM (translocase of
outer membrane) and TIM (translocase of inner membrane) complexes [155] and degraded
after a series of proteolytic cleavages. This process represses mitophagy. Mitochondrial
depolarization induced by mitochondrial poisons (MPTP, the insecticide rotenone, or the
herbicide paraquat) blocks PINK1 import and triggers its accumulation on the outer mito-
chondrial membrane (OMM) [156]. Being accumulated on the OMM, PINK phosphorylates
both parkin (S65 of the N-terminal ubiquitin-like domain) [157] and ubiquitin moieties
of ubiquitin conjugates attached to certain ubiquitin-modified OMM proteins [158,159].
This phosphorylation activates parkin and stimulates its recruitment from the cytosol to
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mitochondria via direct binding of phosphoubiquitin conjugates on the mitochondrial sur-
face. Active parkin promotes polyubiquitination of various mitochondrial substrates; this
causes phosphorylation of their ubiquitin conjugates by PINK1, further parkin recruitment,
activation, and ubiquitination of protein substrates by a feed-forward mechanism [132,151].

The combination of techniques (cells expressing GFP-parkin, use of uncouplers causing
mitochondrial depolarization, antibodies specific for polyubiquitin species, Western blot
analysis, and mass spectrometry) has led to the identification of the protein substrates
ubiquitinated by parkin and the type of ubiquitination [127–133]. In the context of an
extraordinarily large number of parkin substrates, recognized in proteomic studies, parkin
is considered as a promiscuous E3 ligase; its flexible specificity is based more on the
presence of phosphoubiquitin on the surface of substrates rather than on the identity of the
substrates per se [132]. Moreover, parkin is even considered as “the first phospho-ubiquitin-
dependent E3” [132].

Only a part of the identified parkin substrates turned out to be ubiquitinated with
classical K48-linked ubiquitin chains (destined for proteasomal targeting), whereas most of
them were targeted with atypical K6, K11, and K63 ubiquitin chains [129,133–136,160–165].
These proteins are localized in the OMM and play a significant role in the regulation of
membrane transport and oxidative phosphorylation. They are responsible for the crosstalk
between mitochondria and the rest of the cell, apoptosis, mitochondrial membranes orga-
nization, cell differentiation, and fusion and fission of mitochondria (see Table 3). Parkin
self-ubiquitination also proceeded with the formation of not only K48, but also K6, K11,
and K63 ubiquitin chains [130].

Table 3. Atypical ubiquitination of mitochondrial proteins *.

Accession
(Swiss-Prot) Gene Description (Swiss-Prot) Function

Q9NZ45 CISD1 CDGSH iron sulfur domain-containing protein 1 Regulation of electron transport and
oxidative phosphorylation

Q14318 FKBP8 Peptidyl-prolyl cis-trans isomerase FKBP8 Apoptosis regulation, host–virus interaction

Q8TB36 GDAP1 Ganglioside-induced differentiation-associated
protein 1

Regulates the mitochondrial network by
promoting mitochondrial fission

GPKOW MOS2 G-patch domain and KOW motifs-containing
protein

RNA-binding protein involved in
pre-mRNA splicing

Q13505 MTX1 Metaxin-1 Transport of proteins into the mitochondrion

Q969V5 MUL1 Mitochondrial ubiquitin ligase activator of
NFKB 11

Control of mitochondrial morphology by
promoting mitochondrial fragmentation

Q9Y3E5 PTRH2 Peptidyl-tRNA hydrolase 2, mitochondrial Promotes caspase-independent apoptosis by
regulating AES and TLE1

Q15388 TOMM20 Mitochondrial import receptor subunit
TOM20 homolog

Central component of the receptor complex
responsible for import of protein precursors

into mitochondria

O96008 TOMM40 Mitochondrial import receptor subunit
TOM40 homolog

Channel-forming protein essential for import
of protein precursors into mitochondria

O94826 TOMM70 Mitochondrial import receptor subunit
TOM70 homolog

Recognizes and translocates mitochondrial
preproteins from the cytosol into

the mitochondria

Q9Y2W6 TDRKH Tudor and KH domain-containing protein Participates in the primary piRNA
biogenesis pathway

Q8IWA4 MFN1 Mitofusin-1 Mitochondrial outer membrane GTPases that
mediate mitochondrial clustering and fusionO95140 MFN2 Mitofusin-2
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Table 3. Cont.

Accession
(Swiss-Prot) Gene Description (Swiss-Prot) Function

P21796 VDAC1 Voltage-dependent anion-selective
channel protein 1

Isoforms of the outer membrane integral
pore-forming multifunctional protein.
Regulate the exchange of a variety of

metabolites (including ATP and ADP), thus
controlling crosstalk between mitochondria

and the rest of the cell

P45880 VDAC2 Voltage-dependent anion-selective
channel protein 2

Q9Y277 VDAC3 Voltage-dependent anion-selective
channel protein 3

Q8IXI2 RHOT1 Mitochondrial Rho GTPase 1 (Miro1) Mitochondrial GTPase involved in
mitochondrial trafficking

* Compiled from [127–137].

Some of the above-mentioned mitochondrial membrane proteins are subjected to less
common types of ubiquitination. For example, mitochondrial GTPase Miro1 undergoes not
only K11-, but also K27- and K29-linked polyubiquitination [137]. While ubiquitinating
VDAC1, one of the key proteins regulating mitochondrion function and the most abundant
protein of the outer mitochondrial membrane [166], parkin formed not only K6-, K11-, and
K63- [129] but also K27-linked ubiquitin chains [133].

Recently, using a Drosophila PD model, Ham et al. have shown that VDAC1 was
monoubiquitinated by parkin [135]. The authors emphasize the critical role of VDAC1
monoubiquitination by parkin in a PINK1-dependent manner in the regulation of mi-
tophagy and apoptosis and, therefore, in the pathogenesis of PD. Monoubiquitination
of VDAC1 decreases calcium entry into mitochondria, thus preventing apoptosis and
promoting mitophagy; the authors look forward to finding proper control of VDAC1
monoubiquitination to prevent and treat PD [135].

6. SCFFbxo7/PARK15 Ubiquitin Ligase: K63-Linked Ubiquitination

Fbxo7 (F-box only protein 7) is an F-box protein associated with PD. Mutations in
its gene FBXO7 (also known as PARK15) (Table 1) cause autosomal recessive, early-onset
PD [167,168]. The interaction of Fbxo7 with two PD-related proteins (PINK1 and parkin)
is essential for mitophagy [169]. In transfected HEK293T and SHSY-5Y KD cells, Fbxo7
catalyzed predominantly K63-linked ubiquitination [139]. The studies with the Fbxo7
substrate, Gsk3β, have shown that ubiquitination of this enzyme negatively regulated its
activity but not its localization. The level of Gsk3β in the cell remained basically unchanged
even under conditions of reduced Fbxo7 expression [139], thus suggesting an important
regulatory role, rather than elimination of the polyubiquitin-labeled protein.

7. UBE2N, UBE2L3, and UBE2D2/3 as Atypical Ubiquitin Chains Forming E2
Ubiquitin-Conjugating Enzymes

The parkin-mediated mitophagy requires particular E2 (ubiquitin-conjugating) en-
zymes. The heterodimer consisting of UBE2N and UBE2V catalyzes the formation of
K63-linked ubiquitin chains, while UBE2L3 forms predominantly K11-linked chains [170].
The simultaneous knockdown of three E2 enzymes (UBE2N, UBE2L3, and UBE2D2/3) sig-
nificantly impaired the ubiquitination of mitochondrial proteins and mitophagy [171]. This
suggests that UBE2N, UBE2L3, and UBE2D2/3 are the key regulators of parkin-depended
mitophagy and they function in a cooperative manner [171].

8. Deubiquitinases (USP8, USP15, USP30, USP33, USP35, UCH-L1) Removing Atypical
Ubiquitin Conjugates from PD-Related Proteins

Deubiquitinases (DUBs) are known to be another factor of mitophagy regulation [172–175].
There are more than 90 different human DUBs [176]. These include several enzymes cleaving
peptide bonds of atypical ubiquitin chains and thus regulating mitophagy [132,151,177].
Some of these enzymes deubiquitinate parkin itself, while the others act on the ubiqui-
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tinated protein substrates of parkin. USP8 regulates parkin autoubiquitination during
mitophagy [130]. The USP8 silencing impaired mitophagy: the U2OS-GFP-parkin cells
transfected with USP8 siRNA did not demonstrate a loss of mitochondrial staining of
parkin substrates. USP8 deubiquitinated parkin itself by selectively removing K6-linked
ubiquitin conjugates from it [130]. Interestingly, in contrast to mitophagy promotion, USP8
seems to play an opposite role in the context of autophagy: USP8 interacts with alpha-
synuclein and cleaves its K63 ubiquitin conjugates, preventing alpha-synuclein degradation
in lysosomes [89]. Thus, USP8 represents a rare example as a DUB that regulates mitophagy
positively, whereas most of the known deubiquitinases (USP33, USP15, USP35, USP30)
regulate it negatively [178–181].

Another DUB, USP33, deubiquitinated parkin mainly at Lys435, removing not only
K48, but also atypical K6-, K11-, and K63-linked ubiquitin conjugates. Moreover, USP33
silencing protected human neuroblastoma cells from MPTP-induced apoptotic death [178].
USP15 was identified as a DUB counteracting parkin-mediated ubiquitination of mitochon-
drial proteins [179]. Overexpression of this enzyme antagonized the clustering of both
K48- and K63-linked ubiquitin chains on depolarized mitochondria. Knockdown of USP15
prevented mitophagy of PD patient fibroblasts with mutations in the parkin-encoding gene
and decreased parkin levels [179].

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is genetically associated with PD [182]
(Table 1). UCH-L1, downregulated in PD patients [183] and found in Lewy bodies of
autopsy brains [184], is also involved in the deubiquitination of atypical ubiquitin chains.
McKeon et al. studied in vivo and in vitro UCH-L1 ubiquitination using mutant forms of
parkin and UCH-L1, SH-SY5Y or HeLa cells, and parkin knockout mice. They found that
parkin along with the ubiquitin-conjugating E2 complex Ubc13/Uev1a (typical of building
K63 ubiquitin chains) mediated K63-linked polyubiquitination of UCH-L1, thus promoting
UCH-L1 degradation through the autophagy–lysosomal pathway [185].

Meray et al. studied UCH-L1 ubiquitination using COS7 cells and transfection tech-
nique with plasmids encoding human UCH-L1 and human ubiquitin, Western blot, and
immunostaining [186]. They demonstrated reversible monoubiquitination of UCH-L1 in
cells at a lysine residue near the active site. The monoubiquitination inhibited the binding of
free ubiquitin or ubiquitinated targets in vitro, thus inhibiting UCH-L1 capacity to increase
free ubiquitin levels in the cells. The monoubiquitination of UCH-L1 was reversed by
its auto-deubiquitination, modulating the lifetime of this modification of the enzyme. In
addition to the hydrolase activity, UCH-L1 possesses an opposite enzyme activity, acting
as a ligase. This unusual function of UCH-L1 promotes K63-linked polyubiquitination
of alpha-synuclein and, as a result, alpha-synuclein accumulation in the cell [187]. Since
parkin-mediated K63-linked ubiquitination of synphilin-1 and alpha-synuclein results in
the formation of Lewy body-like inclusions [188], it has been suggested that the forma-
tion of inclusions typical of PD and other conformational diseases is enhanced under the
conditions promoting cellular K63-linked polyubiquitination [85].

9. M1-Linked Ubiquitination

The linear ubiquitin chain assembly complex (LUBAC), composed of heme-oxidized
IRP2 ligase-1 (HOIL-1L) acting as an E3 ligase, associated with HOIP (HOIL-1L-interacting
protein) and SHANK-associated RH domain interacting protein (SHARPIN), generates a
novel type of Met1 (M1)-linked linear polyubiquitin chain [144]. Certain evidence exists
that LUBAC is the only E3, linking linear polyubiquitin chains by peptide bonds between
the C-terminal G76 of ubiquitin and the α-NH2 group of M1 of another ubiquitin [144].

There is evidence that LUBAC assembles M1-linked ubiquitin preferentially on pre-
existing K63-linked ubiquitin and some other linkages [189,190]. LUBAC may be (perhaps
indirectly) implicated in PD. At least, it was found that parkin activated LUBAC-mediated
linear ubiquitination of essential modulator (NEMO) by modifying this modulator with K63-
linked ubiquitin [142]. Other scenarios include LUBAC-mediated M1 linear ubiquitination
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of multiple components of the NF-κB signaling pathway and mitogen-activated protein
kinases (NEMO, etc.) [141,143].

10. Conclusions

Many proteins undergoing atypical mono- and polyubiquitination (or implicated in
such ubiquitination) and involved in different biological pathways are related to PD. A
significant proportion of such proteins are the products encoded by the genes associated
with the familial forms of PD (Table 1). The results of numerous studies, considered in
this review, provide some hints for new therapeutic intervention of PD. For example,
the elimination of damaged mitochondria could involve the regulation of decision be-
tween mitophagy and apoptosis via VDAC1 monoubiquitination or polyubiquitination by
parkin [135].

Among the enzymes involved in the regulation of the ubiquitination/deubiquitination
process, the deubiquitinase USP30 attracts much interest as a promising therapeutic target. USP30
functions as an important negative regulator of mitophagy [129,134,136,175,180,181,191,192]. By
deubiquitinating K6- and K11-linked ubiquitin chains of parkin, USP30 delays mitophagy.
Studying a series of compounds as USP30 inhibitors, Kluge et al. [193] found the most
potent compound was MF094, N-(1-((5-(N-(tert-butyl)sulfamoyl)naphthalen-1-yl)amino)-1-
oxo-3-phenylpropan-2-yl)cyclohexanecarboxamide, which inhibited USP30 with the IC50
value of 120 ± 0.26 (nM). The effect of USP30 inhibition by MF094 was accompanied by
increased protein ubiquitination and accelerated mitophagy.

Some DUB inhibitors have been found among isatin O-acyl oximes [194]. These are
especially interesting because various components of the UPS (as well as some PD-related
proteins) have been identified earlier as isatin-binding proteins [195,196]. Isatin is an
endogenous indole exhibiting various biological and pharmacological activities [197]. By
interacting with numerous intracellular isatin-binding proteins, isatin can act as a regulator
of complex protein networks in normal and pathological states [93,115,197].

When administered in vivo, isatin attenuates manifestations of MPTP-induced parkin-
sonism in experimental animal models [23,79,195–197]. Considering its interaction with
various proteins of the UPS, it would be interesting to investigate various isatin analogs
for their possible activity as regulators of the UPS and AU and as potential antiparkinso-
nian agents.

Author Contributions: O.B. and A.M.: data analysis, original draft preparation, review, and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: The work was performed within the framework of the Program for Basic Research in the
Russian Federation for a long-term period (2021–2030) (No. 122030100170-5).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef] [PubMed]
2. Kulathu, Y.; Komander, D. Atypical ubiquitylation—The unexplored world of polyubiquitin beyond Lys48 and Lys63 linkages.

Nat. Rev. Mol. Cell Biol. 2012, 13, 508–523. [CrossRef]
3. Sadowski, M.; Suryadinata, R.; Tan, A.R.; Roesley, S.N.; Sarcevic, B. Protein monoubiquitination and polyubiquitination generate

structural diversity to control distinct biological processes. IUBMB Life 2012, 64, 136–142. [CrossRef] [PubMed]
4. Li, W.; Ye, Y. Polyubiquitin chains: Functions, structures, and mechanisms. Cell Mol. Life Sci. 2008, 65, 2397–2406. [CrossRef]

[PubMed]
5. Varadan, R.; Walker, O.; Pickart, C.; Fushman, D. Structural properties of polyubiquitin chains in solution. J. Mol. Biol. 2002, 6,

637–647. [CrossRef]
6. Varadan, R.; Assfalg, M.; Haririnia, A.; Raasi, S.; Pickart, C.; Fushman, D. Solution conformation of Lys63-linked di-ubiquitin

chain provides clues to functional diversity of polyubiquitin signaling. J. Biol. Chem. 2004, 279, 7055–7063. [CrossRef]
7. Hospenthal, M.K.; Freund, S.M.; Komander, D. Assembly, analysis and architecture of atypical ubiquitin chains. Nat. Struct. Mol.

Biol. 2013, 20, 555–565. [CrossRef]
8. Datta, A.B.; Hura, G.L.; Wolberger, C. The structure and conformation of Lys63-linked tetraubiquitin. J. Mol. Biol. 2009, 392,

1117–1124. [CrossRef]

http://doi.org/10.1146/annurev.biochem.67.1.425
http://www.ncbi.nlm.nih.gov/pubmed/9759494
http://doi.org/10.1038/nrm3394
http://doi.org/10.1002/iub.589
http://www.ncbi.nlm.nih.gov/pubmed/22131221
http://doi.org/10.1007/s00018-008-8090-6
http://www.ncbi.nlm.nih.gov/pubmed/18438605
http://doi.org/10.1016/S0022-2836(02)01198-1
http://doi.org/10.1074/jbc.M309184200
http://doi.org/10.1038/nsmb.2547
http://doi.org/10.1016/j.jmb.2009.07.090


Int. J. Mol. Sci. 2022, 23, 3705 16 of 22

9. Ikeda, F.; Dikic, I. Atypical ubiquitin chains: New molecular signals. ‘Protein Modifications: Beyond the Usual Suspects’ review
series. EMBO Rep. 2008, 9, 536–542. [CrossRef]

10. Walczak, H.; Iwai, K.; Dikic, I. Generation and physiological roles of linear ubiquitin chains. BMC Biol. 2012, 10, 23. [CrossRef]
11. Rittinger, K.; Ikeda, F. Linear ubiquitin chains: Enzymes, mechanisms and biology. Open. Biol. 2017, 7, 170026. [CrossRef]

[PubMed]
12. Kliza, K.; Husnjak, K. Resolving the Complexity of Ubiquitin Networks. Front. Mol. Biosci. 2020, 7, 21. [CrossRef] [PubMed]
13. Tenno, T.; Fujiwara, K.; Tochio, H.; Iwai, K.; Morita, E.H.; Hayashi, H.; Murata, S.; Hiroaki, H.; Sato, M.; Tanaka, K.; et al. Structural

basis for distinct roles of Lys63- and Lys48-linked polyubiquitin chains. Genes Cells 2004, 9, 865–875. [CrossRef] [PubMed]
14. Raasi, S.; Varadan, R.; Fushman, D.; Pickart, C.M. Diverse polyubiquitin interaction properties of ubiquitin-associated domains.

Nat. Struct. Mol. Biol. 2005, 12, 708–714. [CrossRef] [PubMed]
15. Di Fiore, P.P.; Polo, S.; Hofmann, K. When ubiquitin meets ubiquitin receptors: A signalling connection. Nat. Rev. Mol. Cell Biol.

2003, 4, 491–497. [CrossRef]
16. Samant, R.S.; Livingston, C.M.; Sontag, E.M.; Frydman, J. Distinct proteostasis circuits cooperate in nuclear and cytoplasmic

protein quality control. Nature 2018, 563, 407–411. [CrossRef]
17. Aguilar, R.C.; Wendland, B. Ubiquitin: Not just for proteasomes anymore. Curr. Opin. Cell Biol. 2003, 15, 184–190. [CrossRef]
18. Tracz, M.; Bialek, W. Beyond K48 and K63: Non-canonical protein ubiquitination. Cell Mol. Biol. Lett. 2021, 26, 1. [CrossRef]
19. Huang, Q.; Zhang, X. Emerging Roles and Research Tools of Atypical Ubiquitination. Proteomics 2020, 20, e1900100. [CrossRef]
20. Nathan, J.A.; Kim, H.T.; Ting, L.; Gygi, S.P.; Goldberg, A.L. Why do cellular proteins linked to K63-polyubiquitin chains not

associate with proteasomes? EMBO J. 2013, 32, 552–565. [CrossRef]
21. Martinez-Fonts, K.; Davis, C.; Tomita, T.; Elsasser, S.; Nager, A.R.; Shi, Y.; Finley, D.; Matouschek, A. The proteasome 19S cap and

its ubiquitin receptors provide a versatile recognition platform for substrates. Nat. Commun. 2020, 11, 477. [CrossRef] [PubMed]
22. Grice, G.L.; Lobb, I.T.; Weekes, M.P.; Gygi, S.P.; Antrobus, R.; Nathan, J.A. The Proteasome Distinguishes between Heterotypic

and Homotypic Lysine-11-Linked Polyubiquitin Chains. Cell Rep. 2015, 12, 545–553. [CrossRef] [PubMed]
23. Medvedev, A.E.; Buneeva, O.A.; Kopylov, A.T.; Tikhonova, O.V.; Medvedeva, M.V.; Nerobkova, L.N.; Kapitsa, I.G.; Zgoda, V.G.

Brain Mitochondrial Subproteome of Rpn10-Binding Proteins and Its Changes Induced by the Neurotoxin MPTP and the
Neuroprotector Isatin. Biochemistry 2017, 82, 330–339. [CrossRef] [PubMed]

24. Buneeva, O.; Kopylov, A.; Kaloshina, S.; Zgoda, V.; Medvedev, A. 20S and 26S proteasome-binding proteins of the rabbit brain: A
proteomic dataset. Data Brief. 2021, 38, 107276. [CrossRef]

25. Buneeva, O.A.; Kopylov, A.T.; Zgoda, V.G.; Gnedenko, O.V.; Kaloshina, S.A.; Medvedeva, M.V.; Ivanov, A.S.; Medvedev, A.E.
Comparative analysis of proteins associated with 26S and 20S proteasomes isolated from rabbit brain and liver. Biomed. Khim.
2022, 68, 18–31. (In Russian) [CrossRef]

26. van Huizen, M.; Kikkert, M. The Role of Atypical Ubiquitin Chains in the Regulation of the Antiviral Innate Immune Response.
Front. Cell Dev. Biol. 2020, 7, 392. [CrossRef]

27. Rape, M. Ubiquitylation at the crossroads of development and disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 59–70. [CrossRef]
28. French, M.E.; Koehler, C.F.; Hunter, T. Emerging functions of branched ubiquitin chains. Cell Discov. 2021, 7, 6. [CrossRef]
29. Puschmann, A. New Genes Causing Hereditary Parkinson’s Disease or Parkinsonism. Curr. Neurol. Neurosci. Rep. 2017, 17, 66.

[CrossRef]
30. Klein, C.; Westenberger, A. Genetics of Parkinson’s disease. Cold Spring Harb. Perspect. Med. 2012, 2, a008888. [CrossRef]
31. Kouli, A.; Torsney, K.M.; Kuan, W.L. Parkinson’s Disease: Etiology, Neuropathology, and Pathogenesis. In Parkinson’s Disease:

Pathogenesis and Clinical Aspects; Stoker, T.B., Greenland, J.C., Eds.; Codon Publications: Brisbane, Australia, 2018. [CrossRef]
32. Gialluisi, A.; Reccia, M.G.; Modugno, N.; Nutile, T.; Lombardi, A.; Di Giovannantonio, L.G.; Pietracupa, S.; Ruggiero, D.; Scala, S.;

Gambardella, S.; et al. Identification of sixteen novel candidate genes for late onset Parkinson’s disease. Mol. Neurodegener. 2021,
16, 35. [CrossRef] [PubMed]

33. Selvaraj, S.; Piramanayagam, S. Impact of gene mutation in the development of Parkinson’s disease. Genes Dis. 2019, 6, 120–128.
[CrossRef] [PubMed]

34. Steece-Collier, K.; Maries, E.; Kordower, J.H. Etiology of Parkinson’s disease: Genetics and environment revisited. Proc. Natl.
Acad. Sci. USA 2002, 99, 13972–13974. [CrossRef]

35. Buneeva, O.A.; Medvedev, A.E. The role of atypical ubiquitination in cell regulation. Biochem. (Moscow) Suppl. Ser. B 2017, 11,
16–31. [CrossRef]

36. Swatek, K.N.; Usher, J.L.; Kueck, A.F.; Gladkova, C.; Mevissen, T.E.T.; Pruneda, J.N.; Skern, T.; Komander, D. Insights into
ubiquitin chain architecture using Ub-clipping. Nature 2019, 572, 533–537. [CrossRef] [PubMed]

37. Le Guerroué, F.; Youle, R.J. Ubiquitin signaling in neurodegenerative diseases: An autophagy and proteasome perspective. Cell
Death Differ. 2021, 28, 439–454. [CrossRef]

38. Fouka, M.; Mavroeidi, P.; Tsaka, G.; Xilouri, M. In Search of Effective Treatments Targeting α-Synuclein Toxicity in Synucle-
inopathies: Pros and Cons. Front. Cell Dev. Biol. 2020, 8, 559791. [CrossRef]

39. Burré, J.; Sharma, M.; Südhof, T.C. Cell Biology and Pathophysiology of α-Synuclein. Cold Spring Harb. Perspect. Med. 2018, 8,
a024091. [CrossRef]

40. Rott, R.; Szargel, R.; Haskin, J.; Bandopadhyay, R.; Lees, A.J.; Shani, V.; Engelender, S. α-Synuclein fate is determined by
USP9X-regulated monoubiquitination. Proc. Natl. Acad. Sci. USA 2011, 108, 18666–18671. [CrossRef]

http://doi.org/10.1038/embor.2008.93
http://doi.org/10.1186/1741-7007-10-23
http://doi.org/10.1098/rsob.170026
http://www.ncbi.nlm.nih.gov/pubmed/28446710
http://doi.org/10.3389/fmolb.2020.00021
http://www.ncbi.nlm.nih.gov/pubmed/32175328
http://doi.org/10.1111/j.1365-2443.2004.00780.x
http://www.ncbi.nlm.nih.gov/pubmed/15461659
http://doi.org/10.1038/nsmb962
http://www.ncbi.nlm.nih.gov/pubmed/16007098
http://doi.org/10.1038/nrm1124
http://doi.org/10.1038/s41586-018-0678-x
http://doi.org/10.1016/S0955-0674(03)00010-3
http://doi.org/10.1186/s11658-020-00245-6
http://doi.org/10.1002/pmic.201900100
http://doi.org/10.1038/emboj.2012.354
http://doi.org/10.1038/s41467-019-13906-8
http://www.ncbi.nlm.nih.gov/pubmed/31980598
http://doi.org/10.1016/j.celrep.2015.06.061
http://www.ncbi.nlm.nih.gov/pubmed/26190103
http://doi.org/10.1134/S0006297917030117
http://www.ncbi.nlm.nih.gov/pubmed/28320274
http://doi.org/10.1016/j.dib.2021.107276
http://doi.org/10.18097/pbmc20226801018
http://doi.org/10.3389/fcell.2019.00392
http://doi.org/10.1038/nrm.2017.83
http://doi.org/10.1038/s41421-020-00237-y
http://doi.org/10.1007/s11910-017-0780-8
http://doi.org/10.1101/cshperspect.a008888
http://doi.org/10.15586/codonpublications.parkinsonsdisease.2018.ch1
http://doi.org/10.1186/s13024-021-00455-2
http://www.ncbi.nlm.nih.gov/pubmed/34148545
http://doi.org/10.1016/j.gendis.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/31193965
http://doi.org/10.1073/pnas.242594999
http://doi.org/10.1134/S1990750817010024
http://doi.org/10.1038/s41586-019-1482-y
http://www.ncbi.nlm.nih.gov/pubmed/31413367
http://doi.org/10.1038/s41418-020-00667-x
http://doi.org/10.3389/fcell.2020.559791
http://doi.org/10.1101/cshperspect.a024091
http://doi.org/10.1073/pnas.1105725108


Int. J. Mol. Sci. 2022, 23, 3705 17 of 22

41. Livneh, I.; Kravtsova-Ivantsiv, Y.; Braten, O.; Kwon, Y.T.; Ciechanover, A. Monoubiquitination joins polyubiquitination as an
esteemed proteasomal targeting signal. Bioessays 2017, 39, 1700027. [CrossRef]

42. Braten, O.; Livneh, I.; Ziv, T.; Admon, A.; Kehat, I.; Caspi, L.H.; Gonen, H.; Bercovich, B.; Godzik, A.; Jahandideh, S.; et al.
Numerous proteins with unique characteristics are degraded by the 26S proteasome following monoubiquitination. Proc. Natl.
Acad. Sci. USA 2016, 113, E4639–E4647. [CrossRef]

43. Liani, E.; Eyal, A.; Avraham, E.; Shemer, R.; Szargel, R.; Berg, D.; Bornemann, A.; Riess, O.; Ross, C.A.; Rott, R.; et al. Ubiquitylation
of synphilin-1 and alpha-synuclein by SIAH and its presence in cellular inclusions and Lewy bodies imply a role in Parkinson’s
disease. Proc. Natl. Acad. Sci. USA 2004, 101, 5500–5505. [CrossRef] [PubMed]

44. Rott, R.; Szargel, R.; Haskin, J.; Shani, V.; Shainskaya, A.; Manov, I.; Liani, E.; Avraham, E.; Engelender, S. Monoubiquitylation of
alpha-synuclein by seven in absentia homolog (SIAH) promotes its aggregation in dopaminergic cells. J. Biol. Chem. 2008, 283,
3316–3328. [CrossRef] [PubMed]

45. Lee, J.T.; Wheeler, T.C.; Li, L.; Chin, L.S. Ubiquitination of alpha-synuclein by Siah-1 promotes alpha-synuclein aggregation and
apoptotic cell death. Hum. Mol. Genet. 2008, 17, 906–917. [CrossRef] [PubMed]

46. Moon, S.P.; Balana, A.T.; Galesic, A.; Rakshit, A.; Pratt, M.R. Ubiquitination Can Change the Structure of the α-Synuclein Amyloid
Fiber in a Site Selective Fashion. J. Org. Chem. 2020, 85, 1548–1555. [CrossRef]

47. Szargel, R.; Rott, R.; Eyal, A.; Haskin, J.; Shani, V.; Balan, L.; Wolosker, H.; Engelender, S. Synphilin-1A inhibits seven in
absentia homolog (SIAH) and modulates alpha-synuclein monoubiquitylation and inclusion formation. J. Biol. Chem. 2009, 284,
11706–11716. [CrossRef]

48. Abeywardana, T.; Lin, Y.H.; Rott, R.; Engelender, S.; Pratt, M.R. Site-specific differences in proteasome-dependent degradation of
monoubiquitinated α-synuclein. Chem. Biol. 2013, 20, 1207–1213. [CrossRef]

49. Wong, Y.C.; Krainc, D. α-synuclein toxicity in neurodegeneration: Mechanism and therapeutic strategies. Nat. Med. 2017, 23,
1–13. [CrossRef]

50. Schmidt, M.F.; Gan, Z.Y.; Komander, D.; Dewson, G. Ubiquitin signalling in neurodegeneration: Mechanisms and therapeutic
opportunities. Cell Death Differ. 2021, 28, 570–590. [CrossRef]

51. Hogan, A.K.; Foltz, D.R. Reduce, Retain, Recycle: Mechanisms for Promoting Histone Protein Degradation versus Stability and
Retention. Mol. Cell Biol. 2021, 41, e0000721. [CrossRef]

52. Jiang, P.; Dickson, D.W. Parkinson’s disease: Experimental models and reality. Acta Neuropathol. 2018, 135, 13–32. [CrossRef]
[PubMed]

53. Jiang, P.; Gan, M.; Dickson, D.W. Apoptotic Neuron-Derived Histone Amyloid Fibrils Induce α-Synuclein Aggregation. Mol.
Neurobiol. 2021, 58, 867–876. [CrossRef] [PubMed]

54. Jos, S.; Gogoi, H.; Prasad, T.K.; Hurakadli, M.A.; Kamariah, N.; Padmanabhan, B.; Padavattan, S. Molecular insights into
α-synuclein interaction with individual human core histones, linker histone, and dsDNA. Protein Sci. 2021, 30, 2121–2131.
[CrossRef]

55. Busch, H.; Goldknopf, I.L. Ubiquitin-protein conjugates. Mol. Cell Biochem. 1981, 40, 173–187. [CrossRef] [PubMed]
56. Spencer, V.A.; Davie, J.R. Role of covalent modifications of histones in regulating gene expression. Gene 1999, 240, 1–12. [CrossRef]
57. Zhou, W.; Zhu, P.; Wang, J.; Pascual, G.; Ohgi, K.A.; Lozach, J.; Glass, C.K.; Rosenfeld, M.G. Histone H2A monoubiquitination

represses transcription by inhibiting RNA polymerase II transcriptional elongation. Mol. Cell 2008, 29, 69–80. [CrossRef]
58. Cao, J.; Yan, Q. Histone ubiquitination and deubiquitination in transcription, DNA damage response, and cancer. Front. Oncol.

2012, 2, 26. [CrossRef]
59. Srivastava, A.; McGrath, B.; Bielas, S.L. Histone H2A Monoubiquitination in Neurodevelopmental Disorders. Trends Genet. 2017,

33, 566–578. [CrossRef]
60. Stewart, M.D.; Zelin, E.; Dhall, A.; Walsh, T.; Upadhyay, E.; Corn, J.E.; Chatterjee, C.; King, M.C.; Klevit, R.E. BARD1 is necessary

for ubiquitylation of nucleosomal histone H2A and for transcriptional regulation of estrogen metabolism genes. Proc. Natl. Acad.
Sci. USA 2018, 115, 1316–1321. [CrossRef]

61. Lim, K.H.; Song, M.H.; Baek, K.H. Decision for cell fate: Deubiquitinating enzymes in cell cycle checkpoint. Cell Mol. Life Sci.
2016, 73, 1439–1455. [CrossRef]

62. Ben Yehuda, A.; Risheq, M.; Novoplansky, O.; Bersuker, K.; Kopito, R.R.; Goldberg, M.; Brandeis, M. Ubiquitin Accumulation on
Disease Associated Protein Aggregates Is Correlated with Nuclear Ubiquitin Depletion, Histone De-Ubiquitination and Impaired
DNA Damage Response. PLoS ONE 2017, 12, e0169054. [CrossRef] [PubMed]

63. Aquila, L.; Atanassov, B.S. Regulation of Histone Ubiquitination in Response to DNA Double Strand Breaks. Cells 2020, 9, 1699.
[CrossRef] [PubMed]

64. Bonnet, J.; Devys, D.; Tora, L. Histone H2B ubiquitination: Signaling not scrapping. Drug Discov. Today Technol. 2014, 12, e19–e27.
[CrossRef] [PubMed]

65. Wu, Y.; Chen, P.; Jing, Y.; Wang, C.; Men, Y.L.; Zhan, W.; Wang, Q.; Gan, Z.; Huang, J.; Xie, K.; et al. Microarray Analysis Reveals
Potential Biological Functions of Histone H2B Monoubiquitination. PLoS ONE 2015, 10, e0133444. [CrossRef]

66. Marsh, D.J.; Ma, Y.; Dickson, K.A. Histone Monoubiquitination in Chromatin Remodelling: Focus on the Histone H2B Interactome
and Cancer. Cancers 2020, 12, 3462. [CrossRef]

67. Madabhushi, R.; Pan, L.; Tsai, L.H. DNA damage and its links to neurodegeneration. Neuron 2014, 83, 266–282. [CrossRef]

http://doi.org/10.1002/bies.201700027
http://doi.org/10.1073/pnas.1608644113
http://doi.org/10.1073/pnas.0401081101
http://www.ncbi.nlm.nih.gov/pubmed/15064394
http://doi.org/10.1074/jbc.M704809200
http://www.ncbi.nlm.nih.gov/pubmed/18070888
http://doi.org/10.1093/hmg/ddm363
http://www.ncbi.nlm.nih.gov/pubmed/18065497
http://doi.org/10.1021/acs.joc.9b02641
http://doi.org/10.1074/jbc.M805990200
http://doi.org/10.1016/j.chembiol.2013.09.009
http://doi.org/10.1038/nm.4269
http://doi.org/10.1038/s41418-020-00706-7
http://doi.org/10.1128/MCB.00007-21
http://doi.org/10.1007/s00401-017-1788-5
http://www.ncbi.nlm.nih.gov/pubmed/29151169
http://doi.org/10.1007/s12035-020-02167-y
http://www.ncbi.nlm.nih.gov/pubmed/33048264
http://doi.org/10.1002/pro.4167
http://doi.org/10.1007/BF00224611
http://www.ncbi.nlm.nih.gov/pubmed/6275256
http://doi.org/10.1016/S0378-1119(99)00405-9
http://doi.org/10.1016/j.molcel.2007.11.002
http://doi.org/10.3389/fonc.2012.00026
http://doi.org/10.1016/j.tig.2017.06.002
http://doi.org/10.1073/pnas.1715467115
http://doi.org/10.1007/s00018-015-2129-2
http://doi.org/10.1371/journal.pone.0169054
http://www.ncbi.nlm.nih.gov/pubmed/28052107
http://doi.org/10.3390/cells9071699
http://www.ncbi.nlm.nih.gov/pubmed/32708614
http://doi.org/10.1016/j.ddtec.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25027370
http://doi.org/10.1371/journal.pone.0133444
http://doi.org/10.3390/cancers12113462
http://doi.org/10.1016/j.neuron.2014.06.034


Int. J. Mol. Sci. 2022, 23, 3705 18 of 22

68. Maynard, S.; Fang, E.F.; Scheibye-Knudsen, M.; Croteau, D.L.; Bohr, V.A. DNA Damage, DNA Repair, Aging, and Neurodegener-
ation. Cold Spring Harb. Perspect. Med. 2015, 5, a025130. [CrossRef]

69. Chen, K.; Bennett, S.A.; Rana, N.; Yousuf, H.; Said, M.; Taaseen, S.; Mendo, N.; Meltser, S.M.; Torrente, M.P. Neurodegenerative
Disease Proteinopathies are Connected to Distinct Histone Post-translational Modification Landscapes. ACS Chem. Neurosci. 2018,
9, 838–848. [CrossRef]

70. Cobos, S.N.; Bennett, S.A.; Torrente, M.P. The impact of histone post-translational modifications in neurodegenerative diseases.
Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 1982–1991. [CrossRef]

71. Vissers, J.H.; Nicassio, F.; van Lohuizen, M.; Di Fiore, P.P.; Citterio, E. The many faces of ubiquitinated histone H2A: Insights from
the DUBs. Cell Div. 2008, 3, 8. [CrossRef]

72. Scheuermann, J.C.; Gutiérrez, L.; Müller, J. Histone H2A monoubiquitination and Polycomb repression: The missing pieces of the
puzzle. Fly 2012, 6, 162–168. [CrossRef] [PubMed]

73. Peña-Altamira, L.E.; Polazzi, E.; Monti, B. Histone post-translational modifications in Huntington’s and Parkinson’s diseases.
Curr. Pharm. Des. 2013, 19, 5085–5092. [CrossRef] [PubMed]

74. Choi, Y.S.; Jeong, J.H.; Min, H.K.; Jung, H.J.; Hwang, D.; Lee, S.W.; Pak, Y.K. Shot-gun proteomic analysis of mitochondrial D-loop
DNA binding proteins: Identification of mitochondrial histones. Mol. BioSyst. 2011, 7, 1523–1536. [CrossRef] [PubMed]

75. Cascone, A.; Bruelle, C.; Lindholm, D.; Bernardi, P.; Eriksson, O. Destabilization of the outer and inner mitochondrial membranes
by core and linker histones. PLoS ONE 2012, 7, e35357. [CrossRef] [PubMed]

76. Luo, Y.; Hoffer, A.; Hoffer, B.; Qi, X. Mitochondria: A Therapeutic Target for Parkinson’s Disease? Int. J. Mol. Sci. 2015, 16,
20704–20730. [CrossRef] [PubMed]

77. Buneeva, O.; Fedchenko, V.; Kopylov, A.; Medvedev, A. Mitochondrial Dysfunction in Parkinson’s Disease: Focus on Mitochon-
drial DNA. Biomedicines 2020, 8, 591. [CrossRef]

78. Navarro-Yepes, J.; Anandhan, A.; Bradley, E.; Bohovych, I.; Yarabe, B.; de Jong, A.; Ovaa, H.; Zhou, Y.; Khalimonchuk, O.;
Quintanilla-Vega, B.; et al. Inhibition of Protein Ubiquitination by Paraquat and 1-Methyl-4-Phenylpyridinium Impairs Ubiquitin-
Dependent Protein Degradation Pathways. Mol. Neurobiol. 2016, 53, 5229–5251. [CrossRef]

79. Buneeva, O.; Kopylov, A.; Kapitsa, I.; Ivanova, E.; Zgoda, V.; Medvedev, A. The Effect of Neurotoxin MPTP and Neuroprotector
Isatin on the Profile of Ubiquitinated Brain Mitochondrial Proteins. Cells 2018, 7, 91. [CrossRef]

80. Chakrabarti, S.K.; Francis, J.; Ziesmann, S.M.; Garmey, J.C.; Mirmira, R.G. Covalent histone modifications underlie the develop-
mental regulation of insulin gene transcription in pancreatic beta cells. J. Biol. Chem. 2003, 278, 23617–23623. [CrossRef]

81. Kouskouti, A.; Scheer, E.; Staub, A.; Tora, L.; Talianidis, I. Gene-specific modulation of TAF10 function by SET9-mediated
methylation. Mol. Cell 2004, 14, 175–182. [CrossRef]

82. Zucchelli, S.; Codrich, M.; Marcuzzi, F.; Pinto, M.; Vilotti, S.; Biagioli, M.; Ferrer, I.; Gustincich, S. TRAF6 promotes atypical
ubiquitination of mutant DJ-1 and alpha-synuclein and is localized to Lewy bodies in sporadic Parkinson’s disease brains. Hum.
Mol. Genet. 2010, 19, 3759–3770. [CrossRef] [PubMed]

83. Doss-Pepe, E.W.; Chen, L.; Madura, K. Alpha-synuclein and parkin contribute to the assembly of ubiquitin lysine 63-linked
multiubiquitin chains. J. Biol. Chem. 2005, 280, 16619–16624. [CrossRef] [PubMed]

84. Lim, K.L.; Chew, K.C.; Tan, J.M.; Wang, C.; Chung, K.K.; Zhang, Y.; Tanaka, Y.; Smith, W.; Engelender, S.; Ross, C.A.; et al. Parkin
mediates nonclassical, proteasomal-independent ubiquitination of synphilin-1: Implications for Lewy body formation. J. Neurosci.
2005, 25, 2002–2009. [CrossRef] [PubMed]

85. Lim, K.L.; Dawson, V.L.; Dawson, T.M. Parkin-mediated lysine 63-linked polyubiquitination: A link to protein inclusions
formation in Parkinson’s and other conformational diseases? Neurobiol. Aging 2006, 27, 524–529. [CrossRef]

86. Tofaris, G.K.; Kim, H.T.; Hourez, R.; Jung, J.W.; Kim, K.P.; Goldberg, A.L. Ubiquitin ligase Nedd4 promotes alpha-synuclein
degradation by the endosomal-lysosomal pathway. Proc. Natl. Acad. Sci. USA 2011, 108, 17004–17009. [CrossRef]

87. Boassa, D.; Berlanga, M.L.; Yang, M.A.; Terada, M.; Hu, J.; Bushong, E.A.; Hwang, M.; Masliah, E.; George, J.M.; Ellisman, M.H.
Mapping the subcellular distribution of α-synuclein in neurons using genetically encoded probes for correlated light and electron
microscopy: Implications for Parkinson’s disease pathogenesis. J. Neurosci. 2013, 33, 2605–2615. [CrossRef]

88. Sugeno, N.; Hasegawa, T.; Tanaka, N.; Fukuda, M.; Wakabayashi, K.; Oshima, R.; Konno, M.; Miura, E.; Kikuchi, A.; Baba, T.; et al.
Lys-63-linked ubiquitination by E3 ubiquitin ligase Nedd4-1 facilitates endosomal sequestration of internalized α-synuclein. J.
Biol. Chem. 2014, 289, 18137–18151. [CrossRef]

89. Alexopoulou, Z.; Lang, J.; Perrett, R.M.; Elschami, M.; Hurry, M.E.; Kim, H.T.; Mazaraki, D.; Szabo, A.; Kessler, B.M.;
Goldberg, A.L.; et al. Deubiquitinase Usp8 regulates α-synuclein clearance and modifies its toxicity in Lewy body disease.
Proc. Natl. Acad. Sci. USA 2016, 113, E4688–E4697. [CrossRef]

90. Canal, M.; Martín-Flores, N.; Pérez-Sisqués, L.; Romaní-Aumedes, J.; Altas, B.; Man, H.Y.; Kawabe, H.; Alberch, J.; Malagelada, C.
Loss of NEDD4 contributes to RTP801 elevation and neuron toxicity: Implications for Parkinson’s disease. Oncotarget 2016, 7,
58813–58831. [CrossRef]

91. Malagelada, C.; Ryu, E.J.; Biswas, S.C.; Jackson-Lewis, V.; Greene, L.A. RTP801 is elevated in Parkinson brain substantia nigral
neurons and mediates death in cellular models of Parkinson’s disease by a mechanism involving mammalian target of rapamycin
inactivation. J. Neurosci. 2006, 26, 996–10005. [CrossRef]

http://doi.org/10.1101/cshperspect.a025130
http://doi.org/10.1021/acschemneuro.7b00297
http://doi.org/10.1016/j.bbadis.2018.10.019
http://doi.org/10.1186/1747-1028-3-8
http://doi.org/10.4161/fly.20986
http://www.ncbi.nlm.nih.gov/pubmed/22836728
http://doi.org/10.2174/13816128113199990355
http://www.ncbi.nlm.nih.gov/pubmed/23448464
http://doi.org/10.1039/c0mb00277a
http://www.ncbi.nlm.nih.gov/pubmed/21359316
http://doi.org/10.1371/journal.pone.0035357
http://www.ncbi.nlm.nih.gov/pubmed/22523586
http://doi.org/10.3390/ijms160920704
http://www.ncbi.nlm.nih.gov/pubmed/26340618
http://doi.org/10.3390/biomedicines8120591
http://doi.org/10.1007/s12035-015-9414-9
http://doi.org/10.3390/cells7080091
http://doi.org/10.1074/jbc.M303423200
http://doi.org/10.1016/S1097-2765(04)00182-0
http://doi.org/10.1093/hmg/ddq290
http://www.ncbi.nlm.nih.gov/pubmed/20634198
http://doi.org/10.1074/jbc.M413591200
http://www.ncbi.nlm.nih.gov/pubmed/15718234
http://doi.org/10.1523/JNEUROSCI.4474-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15728840
http://doi.org/10.1016/j.neurobiolaging.2005.07.023
http://doi.org/10.1073/pnas.1109356108
http://doi.org/10.1523/JNEUROSCI.2898-12.2013
http://doi.org/10.1074/jbc.M113.529461
http://doi.org/10.1073/pnas.1523597113
http://doi.org/10.18632/oncotarget.11020
http://doi.org/10.1523/JNEUROSCI.3292-06.2006


Int. J. Mol. Sci. 2022, 23, 3705 19 of 22

92. Romani-Aumedes, J.; Canal, M.; Martin-Flores, N.; Sun, X.; Perez-Fernandez, V.; Wewering, S.; Fernandez-Santiago, R.;
Ezquerra, M.; Pont-Sunyer, C.; Lafuente, A.; et al. Parkin loss of function contributes to RTP801 elevation and neurodegeneration
in Parkinson’s disease. Cell Death Dis. 2014, 5, e1364. [CrossRef] [PubMed]

93. Buneeva, O.A.; Medvedev, A.E. DJ-1 Protein and Its Role in the Development of Parkinson’s Disease: Studies on Experimental
Models. Biochemistry 2021, 86, 627–640. [CrossRef] [PubMed]

94. Dolgacheva, L.P.; Berezhnov, A.V.; Fedotova, E.I.; Zinchenko, V.P.; Abramov, A.Y. Role of DJ-1 in the mechanism of pathogenesis
of Parkinson’s disease. J. Bioenerg. Biomembr. 2019, 51, 175–188. [CrossRef] [PubMed]

95. Mencke, P.; Boussaad, I.; Romano, C.D.; Kitami, T.; Linster, C.L.; Krüger, R. The Role of DJ-1 in Cellular Metabolism and
Pathophysiological Implications for Parkinson’s Disease. Cells 2021, 10, 347. [CrossRef] [PubMed]

96. Ramsey, C.P.; Giasson, B.I. L10p and P158DEL DJ-1 mutations cause protein instability, aggregation, and dimerization impairments.
J. Neurosci. Res. 2010, 88, 3111–3124. [CrossRef] [PubMed]

97. Moore, D.J.; Zhang, L.; Dawson, T.M.; Dawson, V.L. A missense mutation (L166P) in DJ-1, linked to familial Parkinson’s disease,
confers reduced protein stability and impairs homo-oligomerization. J. Neurochem. 2003, 87, 1558–1567. [CrossRef] [PubMed]

98. Scumaci, D.; Olivo, E.; Fiumara, C.V.; La Chimia, M.; De Angelis, M.T.; Mauro, S.; Costa, G.; Ambrosio, F.A.; Alcaro, S.;
Agosti, V.; et al. DJ-1 proteoforms in breast cancer cells: The escape of metabolic epigenetic misregulation. Cells 2020, 9, 1968.
[CrossRef]

99. Junn, E.; Taniguchi, H.; Jeong, B.S.; Zhao, X.; Ichijo, H.; Mouradian, M.M. Interaction of DJ-1 with Daxx inhibits apoptosis
signal-regulating kinase 1 activity and cell death. Proc. Natl. Acad. Sci. USA 2005, 102, 9691–9696. [CrossRef]

100. Takahashi, K.; Taira, T.; Niki, T.; Seino, C.; Iguchi-Ariga, S.M.; Ariga, H. DJ-1 positively regulates the androgen receptor by
impairing the binding of PIASx alpha to the receptor. J. Biol. Chem. 2001, 276, 37556–37563. [CrossRef]

101. Niki, T.; Takahashi-Niki, K.; Taira, T.; Iguchi-Ariga, S.M.; Ariga, H. DJBP: A novel DJ-1-binding protein, negatively regulates the
androgen receptor by recruiting histone deacetylase complex, and DJ-1 antagonizes this inhibition by abrogation of this complex.
Mol. Cancer Res. 2003, 1, 247–261.

102. Clements, C.M.; McNally, R.S.; Conti, B.J.; Mak, T.W.; Ting, J.P. DJ-1, a cancer- and Parkinson’s disease-associated protein,
stabilizes the antioxidant transcriptional master regulator Nrf2. Proc. Natl. Acad. Sci. USA 2006, 103, 15091–15096. [CrossRef]
[PubMed]

103. Shinbo, Y.; Taira, T.; Niki, T.; Iguchi-Ariga, S.M.; Ariga, H. DJ-1 restores p53 transcription activity inhibited by Topors/p53BP3.
Int. J. Oncol. 2005, 26, 641–648. [CrossRef] [PubMed]

104. Kato, I.; Maita, H.; Takahashi-Niki, K.; Saito, Y.; Noguchi, N.; Iguchi-Ariga, S.M.; Ariga, H. Oxidized DJ-1 inhibits p53 by
sequestering p53 from promoters in a DNA-binding affinity-dependent manner. Mol. Cell. Biol. 2013, 33, 340–359. [CrossRef]

105. Zhong, N.; Kim, C.Y.; Rizzu, P.; Geula, C.; Porter, D.R.; Pothos, E.N.; Squitieri, F.; Heutink, P.; Xu, J. DJ-1 transcriptionally
up-regulates the human tyrosine hydroxylase by inhibiting the sumoylation of pyrimidine tractbinding protein-associated
splicing factor. J. Biol. Chem. 2006, 281, 20940–20948. [CrossRef] [PubMed]

106. Ishikawa, S.; Taira, T.; Takahashi-Niki, K.; Niki, T.; Ariga, H.; Iguchi-Ariga, S.M. Human DJ-1-specific transcriptional activation of
tyrosine hydroxylase gene. J. Biol. Chem. 2010, 285, 39718–39731. [CrossRef]

107. Shinbo, Y.; Niki, T.; Taira, T.; Ooe, H.; Takahashi-Niki, K.; Maita, C.; Seino, C.; Iguchi-Ariga, S.M.; Ariga, H. Proper SUMO-1
conjugation is essential to DJ-1 to exert its full activities. Cell Death Differ. 2006, 13, 96–108. [CrossRef]

108. Ariga, H.; Takahashi-Niki, K.; Kato, I.; Maita, H.; Niki, T.; Iguchi-Ariga, S.M. Neuroprotective function of DJ-1 in Parkinson’s
disease. Oxid. Med. Cell Longev. 2013, 2013, 683920. [CrossRef]

109. Xiong, H.; Wang, D.; Chen, L.; Choo, Y.S.; Ma, H.; Tang, C.; Xia, K.; Jiang, W.; Ronai, Z.; Zhuang, X.; et al. Parkin, PINK1, and DJ-1
form a ubiquitin E3 ligase complex promoting unfolded protein degradation. J. Clin. Investig. 2009, 119, 650–660. [CrossRef]

110. Olzmann, J.A.; Bordelon, J.R.; Muly, E.C.; Rees, H.D.; Levey, A.I.; Li, L.; Chin, L.S. Selective enrichment of DJ-1 protein in primate
striatal neuronal processes: Implications for Parkinson’s disease. J. Comp. Neurol. 2007, 500, 585–599. [CrossRef]

111. Parsanejad, M.; Zhang, Y.; Qu, D.; Irrcher, I.; Rousseaux, M.W.; Aleyasin, H.; Kamkar, F.; Callaghan, S.; Slack, R.S.; Mak, T.W.; et al.
Regulation of the VHL/HIF-1 pathway by DJ-1. J. Neurosci. 2014, 34, 8043–8050. [CrossRef]

112. Lisztwan, J.; Imbert, G.; Wirbelauer, C.; Gstaiger, M.; Krek, W. The von Hippel-Lindau tumor suppressor protein is a component
of an E3 ubiquitin-protein ligase activity. Genes Dev. 1999, 13, 1822–1833. [CrossRef] [PubMed]

113. Iwai, K.; Yamanaka, K.; Kamura, T.; Minato, N.; Conaway, R.C.; Conaway, J.W.; Klausner, R.D.; Pause, A. Identification of the von
Hippel-lindau tumor-suppressor protein as part of an active E3 ubiquitin ligase complex. Proc. Natl. Acad. Sci. USA 1999, 96,
12436–12441. [CrossRef] [PubMed]

114. Moscovitz, O.; Ben-Nissan, G.; Fainer, I.; Pollack, D.; Mizrachi, L.; Sharon, M. The Parkinson’s-associated protein DJ-1 regulates
the 20S proteasome. Nat. Commun. 2015, 6, 6609. [CrossRef] [PubMed]

115. Buneeva, O.A.; Medvedeva, M.V.; Kopylov, A.T.; Medvedev, A.E. Ubiquitin subproteome of brain mitochondria and its changes
induced by experimental Parkinsonism and action of neuroprotectors. Biochemistry 2019, 84, 1359–1374. [CrossRef]

116. Vilotti, S.; Codrich, M.; Dal Ferro, M.; Pinto, M.; Ferrer, I.; Collavin, L.; Gustincich, S.; Zucchelli, S. Parkinson’s disease DJ-1 L166P
alters rRNA biogenesis by exclusion of TTRAP from the nucleolus and sequestration into cytoplasmic aggregates via TRAF6.
PLoS ONE 2012, 7, e35051. [CrossRef]

117. Olzmann, J.A.; Brown, K.; Wilkinson, K.D.; Rees, H.D.; Huai, Q.; Ke, H.; Levey, A.I.; Li, L.; Chin, L.S. Familial Parkinson’s
disease-associated L166P mutation disrupts DJ-1 protein folding and function. J. Biol. Chem. 2004, 279, 8506–8515. [CrossRef]

http://doi.org/10.1038/cddis.2014.333
http://www.ncbi.nlm.nih.gov/pubmed/25101677
http://doi.org/10.1134/S000629792106002X
http://www.ncbi.nlm.nih.gov/pubmed/34225587
http://doi.org/10.1007/s10863-019-09798-4
http://www.ncbi.nlm.nih.gov/pubmed/31054074
http://doi.org/10.3390/cells10020347
http://www.ncbi.nlm.nih.gov/pubmed/33562311
http://doi.org/10.1002/jnr.22477
http://www.ncbi.nlm.nih.gov/pubmed/20806408
http://doi.org/10.1111/j.1471-4159.2003.02265.x
http://www.ncbi.nlm.nih.gov/pubmed/14713311
http://doi.org/10.3390/cells9091968
http://doi.org/10.1073/pnas.0409635102
http://doi.org/10.1074/jbc.M101730200
http://doi.org/10.1073/pnas.0607260103
http://www.ncbi.nlm.nih.gov/pubmed/17015834
http://doi.org/10.3892/ijo.26.3.641
http://www.ncbi.nlm.nih.gov/pubmed/15703819
http://doi.org/10.1128/MCB.01350-12
http://doi.org/10.1074/jbc.M601935200
http://www.ncbi.nlm.nih.gov/pubmed/16731528
http://doi.org/10.1074/jbc.M110.137034
http://doi.org/10.1038/sj.cdd.4401704
http://doi.org/10.1155/2013/683920
http://doi.org/10.1172/JCI37617
http://doi.org/10.1002/cne.21191
http://doi.org/10.1523/JNEUROSCI.1244-13.2014
http://doi.org/10.1101/gad.13.14.1822
http://www.ncbi.nlm.nih.gov/pubmed/10421634
http://doi.org/10.1073/pnas.96.22.12436
http://www.ncbi.nlm.nih.gov/pubmed/10535940
http://doi.org/10.1038/ncomms7609
http://www.ncbi.nlm.nih.gov/pubmed/25833141
http://doi.org/10.1134/S0006297919110117
http://doi.org/10.1371/journal.pone.0035051
http://doi.org/10.1074/jbc.M311017200


Int. J. Mol. Sci. 2022, 23, 3705 20 of 22

118. Kawaguchi, Y.; Kovacs, J.J.; McLaurin, A.; Vance, J.M.; Ito, A.; Yao, T.P. The deacetylase HDAC6 regulates aggresome formation
and cell viability in response to misfolded protein stress. Cell 2003, 115, 727–738. [CrossRef]

119. Ko, Y.U.; Kim, S.J.; Lee, J.; Song, M.Y.; Park, K.S.; Park, J.B.; Cho, H.S.; Oh, Y.J. Protein kinase A-induced phosphorylation at the
Thr154 affects stability of DJ-1. Parkinsonism. Relat. Disord. 2019, 66, 143–150. [CrossRef]

120. Hatcher, J.M.; Choi, H.G.; Alessi, D.R.; Gray, N.S. Small-Molecule Inhibitors of LRRK2. Adv. Neurobiol. 2017, 14, 241–264.
[CrossRef]

121. Tolosa, E.; Vila, M.; Klein, C.; Rascol, O. LRRK2 in Parkinson disease: Challenges of clinical trials. Nat. Rev. Neurol. 2020, 16,
97–107. [CrossRef]

122. Jeong, G.R.; Lee, B.D. Pathological Functions of LRRK2 in Parkinson’s Disease. Cells 2020, 9, 2565. [CrossRef] [PubMed]
123. Ko, H.S.; Bailey, R.; Smith, W.W.; Liu, Z.; Shin, J.H.; Lee, Y.I.; Zhang, Y.J.; Jiang, H.; Ross, C.A.; Moore, D.J.; et al. CHIP regulates

leucine-rich repeat kinase-2 ubiquitination, degradation, and toxicity. Proc. Natl. Acad. Sci. USA 2009, 106, 2897–2902. [CrossRef]
[PubMed]

124. Liu, Y.; Sun, Y.; Han, S.; Guo, Y.; Tian, Q.; Ma, Q.; Zhang, S. CHIP promotes the activation of NF-κB signaling through enhancing
the K63-linked ubiquitination of TAK1. Cell Death Discov. 2021, 7, 246. [CrossRef] [PubMed]

125. Nucifora, F.C., Jr.; Nucifora, L.G.; Ng, C.H.; Arbez, N.; Guo, Y.; Roby, E.; Shani, V.; Engelender, S.; Wei, D.; Wang, X.F.; et al.
Ubiqutination via K27 and K29 chains signals aggregation and neuronal protection of LRRK2 by WSB1. Nat. Commun. 2016, 7,
11792. [CrossRef]

126. Thomas, J.M.; Wang, X.; Guo, G.; Li, T.; Dai, B.; Nucifora, L.G.; Nucifora, F.C., Jr.; Liu, Z.; Xue, F.; Liu, C.; et al. GTP-binding
inhibitors increase LRRK2-linked ubiquitination and Lewy body-like inclusions. J. Cell Physiol. 2020, 235, 7309–7320. [CrossRef]
[PubMed]

127. Ordureau, A.; Sarraf, S.A.; Duda, D.M.; Heo, J.M.; Jedrychowski, M.P.; Sviderskiy, V.O.; Olszewski, J.L.; Koerber, J.T.; Xie, T.;
Beausoleil, S.A.; et al. Quantitative proteomics reveal a feedforward mechanism for mitochondrial PARKIN translocation and
ubiquitin chain synthesis. Mol. Cell 2014, 56, 360–375. [CrossRef] [PubMed]

128. Heo, J.M.; Ordureau, A.; Paulo, J.A.; Rinehart, J.; Harper, J.W. The PINK1-PARKIN Mitochondrial Ubiquitylation Pathway Drives
a Program of OPTN/NDP52 Recruitment and TBK1 Activation to Promote Mitophagy. Mol. Cell 2015, 60, 7–20. [CrossRef]

129. Cunningham, C.N.; Baughman, J.M.; Phu, L.; Tea, J.S.; Yu, C.; Coons, M.; Kirkpatrick, D.S.; Bingol, B.; Corn, J.E. USP30 and parkin
homeostatically regulate atypical ubiquitin chains on mitochondria. Nat. Cell Biol. 2015, 17, 160–169. [CrossRef]

130. Durcan, T.M.; Tang, M.Y.; Pérusse, J.R.; Dashti, E.A.; Aguileta, M.A.; McLelland, G.L.; Gros, P.; Shaler, T.A.; Faubert, D.; Coulombe,
B.; et al. USP8 regulates mitophagy by removing K6-linked ubiquitin conjugates from parkin. EMBO J. 2014, 33, 2473–2491.
[CrossRef]

131. Durcan, T.M.; Fon, E.A. USP8 and PARK2/parkin-mediated mitophagy. Autophagy 2015, 11, 428–429. [CrossRef]
132. Durcan, T.M.; Fon, E.A. The three ‘P’s of mitophagy: PARKIN, PINK1, and post-translational modifications. Genes Dev. 2015, 29,

989–999. [CrossRef] [PubMed]
133. Geisler, S.; Holmström, K.M.; Skujat, D.; Fiesel, F.C.; Rothfuss, O.C.; Kahle, P.J.; Springer, W. PINK1/Parkin-mediated mitophagy

is dependent on VDAC1 and p62/SQSTM1. Nat. Cell Biol. 2010, 12, 119–131. [CrossRef] [PubMed]
134. Sato, Y.; Okatsu, K.; Saeki, Y.; Yamano, K.; Matsuda, N.; Kaiho, A.; Yamagata, A.; Goto-Ito, S.; Ishikawa, M.; Hashimoto, Y.; et al.

Structural basis for specific cleavage of Lys6-linked polyubiquitin chains by USP30. Nat. Struct. Mol. Biol. 2017, 24, 911–919.
[CrossRef]

135. Ham, S.J.; Lee, D.; Yoo, H.; Jun, K.; Shin, H.; Chung, J. Decision between mitophagy and apoptosis by Parkin via VDAC1
ubiquitination. Proc. Natl. Acad. Sci. USA 2020, 117, 4281–4291. [CrossRef] [PubMed]

136. Gersch, M.; Gladkova, C.; Schubert, A.F.; Michel, M.A.; Maslen, S.; Komander, D. Mechanism and regulation of the Lys6-selective
deubiquitinase USP30. Nat. Struct. Mol. Biol. 2017, 24, 920–930. [CrossRef] [PubMed]

137. Birsa, N.; Norkett, R.; Wauer, T.; Mevissen, T.E.; Wu, H.C.; Foltynie, T.; Bhatia, K.; Hirst, W.D.; Komander, D.; Plun-Favreau, H.;
et al. Lysine 27 ubiquitination of the mitochondrial transport protein Miro is dependent on serine 65 of the Parkin ubiquitin ligase.
J. Biol. Chem. 2014, 289, 14569–14582. [CrossRef] [PubMed]

138. Norris, K.L.; Hao, R.; Chen, L.F.; Lai, C.H.; Kapur, M.; Shaughnessy, P.J.; Chou, D.; Yan, J.; Taylor, J.P.; Engelender, S.; et al.
Convergence of Parkin, PINK1, and α-Synuclein on Stress-induced Mitochondrial Morphological Remodeling. J. Biol. Chem.
2015, 290, 13862–13874. [CrossRef]

139. Teixeira, F.R.; Randle, S.J.; Patel, S.P.; Mevissen, T.E.; Zenkeviciute, G.; Koide, T.; Komander, D.; Laman, H. Gsk3β and Tomm20
are substrates of the SCFFbxo7/PARK15 ubiquitin ligase associated with Parkinson’s disease. Biochem. J. 2016, 473, 3563–3580.
[CrossRef]

140. Henn, I.H.; Bouman, L.; Schlehe, J.S.; Schlierf, A.; Schramm, J.E.; Wegener, E.; Nakaso, K.; Culmsee, C.; Berninger, B.; Krappmann,
D.; et al. Parkin mediates neuroprotection through activation of IkappaB kinase/nuclear factor-kappaB signaling. J. Neurosci.
2007, 27, 1868–1878. [CrossRef]

141. Wang, Y.; Shan, B.; Liang, Y.; Wei, H.; Yuan, J. Parkin regulates NF-κB by mediating site-specific ubiquitination of RIPK1. Cell
Death Dis. 2018, 9, 732. [CrossRef]

142. Dittmar, G.; Winklhofer, K.F. Linear Ubiquitin Chains: Cellular Functions and Strategies for Detection and Quantification. Front.
Chem. 2020, 7, 915. [CrossRef] [PubMed]

http://doi.org/10.1016/S0092-8674(03)00939-5
http://doi.org/10.1016/j.parkreldis.2019.07.029
http://doi.org/10.1007/978-3-319-49969-7_13
http://doi.org/10.1038/s41582-019-0301-2
http://doi.org/10.3390/cells9122565
http://www.ncbi.nlm.nih.gov/pubmed/33266247
http://doi.org/10.1073/pnas.0810123106
http://www.ncbi.nlm.nih.gov/pubmed/19196961
http://doi.org/10.1038/s41420-021-00637-3
http://www.ncbi.nlm.nih.gov/pubmed/34535633
http://doi.org/10.1038/ncomms11792
http://doi.org/10.1002/jcp.29632
http://www.ncbi.nlm.nih.gov/pubmed/32180220
http://doi.org/10.1016/j.molcel.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25284222
http://doi.org/10.1016/j.molcel.2015.08.016
http://doi.org/10.1038/ncb3097
http://doi.org/10.15252/embj.201489729
http://doi.org/10.1080/15548627.2015.1009794
http://doi.org/10.1101/gad.262758.115
http://www.ncbi.nlm.nih.gov/pubmed/25995186
http://doi.org/10.1038/ncb2012
http://www.ncbi.nlm.nih.gov/pubmed/20098416
http://doi.org/10.1038/nsmb.3469
http://doi.org/10.1073/pnas.1909814117
http://www.ncbi.nlm.nih.gov/pubmed/32047033
http://doi.org/10.1038/nsmb.3475
http://www.ncbi.nlm.nih.gov/pubmed/28945249
http://doi.org/10.1074/jbc.M114.563031
http://www.ncbi.nlm.nih.gov/pubmed/24671417
http://doi.org/10.1074/jbc.M114.634063
http://doi.org/10.1042/BCJ20160387
http://doi.org/10.1523/JNEUROSCI.5537-06.2007
http://doi.org/10.1038/s41419-018-0770-z
http://doi.org/10.3389/fchem.2019.00915
http://www.ncbi.nlm.nih.gov/pubmed/31998699


Int. J. Mol. Sci. 2022, 23, 3705 21 of 22

143. Degterev, A.; Ofengeim, D.; Yuan, J. Targeting RIPK1 for the treatment of human diseases. Proc. Natl. Acad. Sci. USA 2019, 116,
9714–9722. [CrossRef] [PubMed]

144. Tokunaga, F. Linear ubiquitination-mediated NF-κB regulation and its related disorders. J. Biochem. 2013, 154, 313–323. [CrossRef]
[PubMed]

145. Jenner, P.; Olanow, C.W. Understanding cell death in Parkinson’s disease. Ann. Neurol. 1998, 44 (Suppl. 1), S72–S84. [CrossRef]
146. Betarbet, R.; Sherer, T.B.; MacKenzie, G.; Garcia-Osuna, M.; Panov, A.V.; Greenamyre, J.T. Chronic systemic pesticide exposure

reproduces features of Parkinson’s disease. Nat. Neurosci. 2000, 3, 1301–1306. [CrossRef]
147. Dauer, W.; Przedborski, S. Parkinson’s disease: Mechanisms and models. Neuron 2003, 39, 889–909. [CrossRef]
148. Beal, M.F. Mitochondria, oxidative damage, and inflammation in Parkinson’s disease. Ann. N. Y. Acad. Sci. 2003, 991, 120–131.

[CrossRef]
149. Chen, C.; Turnbull, D.M.; Reeve, A.K. Mitochondrial Dysfunction in Parkinson’s Disease—Cause or Consequence? Biology 2019,

8, 38. [CrossRef]
150. Bose, A.; Beal, M.F. Mitochondrial dysfunction in Parkinson’s disease. J. Neurochem. 2016, 139 (Suppl. 1), 216–231. [CrossRef]
151. Liu, J.; Liu, W.; Li, R.; Yang, H. Mitophagy in Parkinson’s Disease: From Pathogenesis to Treatment. Cells 2019, 8, 712. [CrossRef]
152. Sedlackova, L.; Korolchuk, V.I. Mitochondrial quality control as a key determinant of cell survival. Biochim. Biophys. Acta Mol.

Cell Res. 2019, 1866, 575–587. [CrossRef] [PubMed]
153. Whitworth, A.J.; Pallanck, L.J. PINK1/Parkin mitophagy and neurodegeneration-what do we really know in vivo? Curr. Opin.

Genet. Dev. 2017, 44, 47–53. [CrossRef] [PubMed]
154. Iorio, R.; Celenza, G.; Petricca, S. Mitophagy: Molecular Mechanisms, New Concepts on Parkin Activation and the Emerging

Role of AMPK/ULK1 Axis. Cells 2022, 11, 30. [CrossRef] [PubMed]
155. Lazarou, M.; Jin, S.M.; Kane, L.A.; Youle, R.J. Role of PINK1 binding to the TOM complex and alternate intracellular membranes

in recruitment and activation of the E3 ligase Parkin. Dev. Cell 2012, 22, 320–333. [CrossRef]
156. Narendra, D.P.; Jin, S.M.; Tanaka, A.; Suen, D.F.; Gautier, C.A.; Shen, J.; Cookson, M.R.; Youle, R.J. PINK1 is selectively stabilized

on impaired mitochondria to activate Parkin. PLoS Biol. 2010, 8, e1000298. [CrossRef]
157. Kondapalli, C.; Kazlauskaite, A.; Zhang, N.; Woodroof, H.I.; Campbell, D.G.; Gourlay, R.; Burchell, L.; Walden, H.; Macartney, T.J.;

Deak, M.; et al. PINK1 is activated by mitochondrial membrane potential depolarization and stimulates Parkin E3 ligase activity
by phosphorylating serine 65. Open. Biol. 2012, 2, 120080. [CrossRef]

158. Kane, L.A.; Lazarou, M.; Fogel, A.I.; Li, Y.; Yamano, K.; Sarraf, S.A.; Banerjee, S.; Youle, R.J. PINK1 phosphorylates ubiquitin to
activate Parkin E3 ubiquitin ligase activity. J. Cell Biol. 2014, 205, 143–153. [CrossRef]

159. Wauer, T.; Swatek, K.N.; Wagstaff, J.L.; Gladkova, C.; Pruneda, J.N.; Michel, M.A.; Gersch, M.; Johnson, C.M.; Freund, S.M.;
Komander, D. Ubiquitin Ser65 phosphorylation affects ubiquitin structure, chain assembly and hydrolysis. EMBO J. 2015, 34,
307–325. [CrossRef]

160. Narendra, D.; Kane, L.A.; Hauser, D.N.; Fearnley, I.M.; Youle, R.J. p62/SQSTM1 is required for Parkin-induced mitochondrial
clustering but not mitophagy; VDAC1 is dispensable for both. Autophagy 2010, 6, 1090–1106. [CrossRef]

161. Chan, N.C.; Salazar, A.M.; Pham, A.H.; Sweredoski, M.J.; Kolawa, N.J.; Graham, R.L.J.; Hess, S.; Chan, D.C. Broad activation of
the ubiquitin–proteasome system by Parkin is critical for mitophagy. Hum. Mol. Genet. 2011, 20, 1726–1737. [CrossRef]

162. Okatsu, K.; Iemura, S.-I.; Koyano, F.; Go, E.; Kimura, M.; Natsume, T.; Tanaka, K.; Matsuda, N. Mitochondrial hexokinase HKI is a
novel substrate of the Parkin ubiquitin ligase. Biochem. Biophys. Res. Commun. 2012, 428, 197–202. [CrossRef] [PubMed]

163. Rakovic, A.; Shurkewitsch, K.; Seibler, P.; Grünewald, A.; Zanon, A.; Hagenah, J.; Krainc, D.; Klein, C. Phosphatase and Tensin
Homolog (PTEN)-induced Putative Kinase 1 (PINK1)-dependent Ubiquitination of Endogenous Parkin Attenuates Mitophagy. J.
Biol. Chem. 2013, 288, 2223–2237. [CrossRef] [PubMed]

164. Sarraf, S.A.; Raman, M.; Guarani-Pereira, V.; Sowa, M.E.; Huttlin, E.L.; Gygi, S.P.; Harper, J.W. Landscape of the PARKIN-
dependent ubiquitylome in response to mitochondrial depolarization. Nature 2013, 496, 372–376. [CrossRef] [PubMed]

165. Yoshii, S.R.; Kishi, C.; Ishihara, N.; Mizushima, N. Parkin mediates proteasome-dependent protein degradation and rupture of
the outer mitochondrial membrane. J. Biol. Chem. 2011, 286, 19630–19640. [CrossRef]

166. Camara, A.K.S.; Zhou, Y.; Wen, P.C.; Tajkhorshid, E.; Kwok, W.M. Mitochondrial VDAC1: A Key Gatekeeper as Potential
Therapeutic Target. Front. Physiol. 2017, 8, 460. [CrossRef]

167. Di Fonzo, A.; Dekker, M.C.; Montagna, P.; Baruzzi, A.; Yonova, E.H.; Correia Guedes, L.; Szczerbinska, A.; Zhao, T.; Dubbel-
Hulsman, L.O.; Wouters, C.H.; et al. FBXO7 mutations cause autosomal recessive, early-onset parkinsonian-pyramidal syndrome.
Neurology 2009, 72, 240–245. [CrossRef]

168. Lohmann, E.; Coquel, A.S.; Honoré, A.; Gurvit, H.; Hanagasi, H.; Emre, M.; Leutenegger, A.L.; Drouet, V.; Sahbatou, M.; Guven,
G.; et al. A new F-box protein 7 gene mutation causing typical Parkinson’s disease. Mov. Disord. 2015, 30, 1130–1133. [CrossRef]

169. Burchell, V.S.; Nelson, D.E.; Sanchez-Martinez, A.; Delgado-Camprubi, M.; Ivatt, R.M.; Pogson, J.H.; Randle, S.J.; Wray, S.; Lewis,
P.A.; Houlden, H.; et al. The Parkinson’s disease-linked proteins Fbxo7 and Parkin interact to mediate mitophagy. Nat. Neurosci.
2013, 16, 1257–1265. [CrossRef]

170. David, Y.; Ziv, T.; Admon, A.; Navon, A. The E2 ubiquitin-conjugating enzymes direct polyubiquitination to preferred lysines. J.
Biol. Chem. 2010, 285, 8595–8604. [CrossRef]

171. Geisler, S.; Vollmer, S.; Golombek, S.; Kahle, P.J. The ubiquitin-conjugating enzymes UBE2N, UBE2L3 and UBE2D2/3 are essential
for Parkin-dependent mitophagy. J. Cell Sci. 2014, 127 Pt 15, 3280–3293. [CrossRef]

http://doi.org/10.1073/pnas.1901179116
http://www.ncbi.nlm.nih.gov/pubmed/31048504
http://doi.org/10.1093/jb/mvt079
http://www.ncbi.nlm.nih.gov/pubmed/23969028
http://doi.org/10.1002/ana.410440712
http://doi.org/10.1038/81834
http://doi.org/10.1016/S0896-6273(03)00568-3
http://doi.org/10.1111/j.1749-6632.2003.tb07470.x
http://doi.org/10.3390/biology8020038
http://doi.org/10.1111/jnc.13731
http://doi.org/10.3390/cells8070712
http://doi.org/10.1016/j.bbamcr.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30594496
http://doi.org/10.1016/j.gde.2017.01.016
http://www.ncbi.nlm.nih.gov/pubmed/28213158
http://doi.org/10.3390/cells11010030
http://www.ncbi.nlm.nih.gov/pubmed/35011593
http://doi.org/10.1016/j.devcel.2011.12.014
http://doi.org/10.1371/journal.pbio.1000298
http://doi.org/10.1098/rsob.120080
http://doi.org/10.1083/jcb.201402104
http://doi.org/10.15252/embj.201489847
http://doi.org/10.4161/auto.6.8.13426
http://doi.org/10.1093/hmg/ddr048
http://doi.org/10.1016/j.bbrc.2012.10.041
http://www.ncbi.nlm.nih.gov/pubmed/23068103
http://doi.org/10.1074/jbc.M112.391680
http://www.ncbi.nlm.nih.gov/pubmed/23212910
http://doi.org/10.1038/nature12043
http://www.ncbi.nlm.nih.gov/pubmed/23503661
http://doi.org/10.1074/jbc.M110.209338
http://doi.org/10.3389/fphys.2017.00460
http://doi.org/10.1212/01.wnl.0000338144.10967.2b
http://doi.org/10.1002/mds.26266
http://doi.org/10.1038/nn.3489
http://doi.org/10.1074/jbc.M109.089003
http://doi.org/10.1242/jcs.146035


Int. J. Mol. Sci. 2022, 23, 3705 22 of 22

172. Amer-Sarsour, F.; Kordonsky, A.; Berdichevsky, Y.; Prag, G.; Ashkenazi, A. Deubiquitylating enzymes in neuronal health and
disease. Cell Death Dis. 2021, 12, 120. [CrossRef] [PubMed]

173. Swatek, K.N.; Komander, D. Ubiquitin modifications. Cell Res. 2016, 26, 399–422. [CrossRef] [PubMed]
174. Lim, K.H.; Joo, J.Y.; Baek, K.H. The potential roles of deubiquitinating enzymes in brain diseases. Aging Res. Rev. 2020, 61, 101088.

[CrossRef] [PubMed]
175. Wang, Y.; Serricchio, M.; Jauregui, M.; Shanbhag, R.; Stoltz, T.; Di Paolo, C.T.; Kim, P.K.; McQuibban, G.A. Deubiquitinating

enzymes regulate PARK2-mediated mitophagy. Autophagy 2015, 11, 595–606. [CrossRef]
176. Clague, M.J.; Urbé, S.; Komander, D. Breaking the chains: Deubiquitylating enzyme specificity begets function. Nat. Rev. Mol. Cell

Biol. 2019, 20, 338–352. [CrossRef]
177. Grumati, P.; Dikic, I. Ubiquitin signaling and autophagy. J. Biol. Chem. 2018, 293, 5404–5413. [CrossRef]
178. Niu, K.; Fang, H.; Chen, Z.; Zhu, Y.; Tan, Q.; Wei, D.; Li, Y.; Balajee, A.S.; Zhao, Y. USP33 deubiquitinates PRKN/parkin and

antagonizes its role in mitophagy. Autophagy 2020, 16, 724–734. [CrossRef]
179. Cornelissen, T.; Haddad, D.; Wauters, F.; Van Humbeeck, C.; Mandemakers, W.; Koentjoro, B.; Sue, C.; Gevaert, K.; De Strooper,

B.; Verstreken, P.; et al. The deubiquitinase USP15 antagonizes Parkin-mediated mitochondrial ubiquitination and mitophagy.
Hum. Mol. Genet. 2014, 23, 5227–5242. [CrossRef]

180. Rusilowicz-Jones, E.V.; Jardine, J.; Kallinos, A.; Pinto-Fernandez, A.; Guenther, F.; Giurrandino, M.; Barone, F.G.; McCarron, K.;
Burke, C.J.; Murad, A.; et al. USP30 sets a trigger threshold for PINK1-PARKIN amplification of mitochondrial ubiquitylation.
Life Sci. Alliance 2020, 3, e202000768. [CrossRef]

181. Ordureau, A.; Paulo, J.A.; Zhang, J.; An, H.; Swatek, K.N.; Cannon, J.R.; Wan, Q.; Komander, D.; Harper, J.W. Global Landscape
and Dynamics of Parkin and USP30-Dependent Ubiquitylomes in iNeurons during Mitophagic Signaling. Mol. Cell 2020, 77,
1124–1142.e10. [CrossRef]

182. Leroy, E.; Boyer, R.; Auburger, G.; Leube, B.; Ulm, G.; Mezey, E.; Harta, G.; Brownstein, M.J.; Jonnalagada, S.; Chernova, T.; et al.
The ubiquitin pathway in Parkinson’s disease. Nature 1998, 395, 451–452. [CrossRef] [PubMed]

183. Lee, Y.C.; Hsu, S.D. Familial Mutations and Post-translational Modifications of UCH-L1 in Parkinson’s Disease and Neurodegen-
erative Disorders. Curr. Protein Pept. Sci. 2017, 18, 733–745. [CrossRef] [PubMed]

184. Lowe, J.; McDermott, H.; Landon, M.; Mayer, R.J.; Wilkinson, K.D. Ubiquitin carboxyl-terminal hydrolase (PGP 9.5) is selectively
present in ubiquitinated inclusion bodies characteristic of human neurodegenerative diseases. J. Pathol. 1990, 161, 153–160.
[CrossRef] [PubMed]

185. McKeon, J.E.; Sha, D.; Li, L.; Chin, L.S. Parkin-mediated K63-polyubiquitination targets ubiquitin C-terminal hydrolase L1 for
degradation by the autophagy-lysosome system. Cell Mol. Life Sci. 2015, 72, 1811–1824. [CrossRef]

186. Meray, R.K.; Lansbury, P.T., Jr. Reversible monoubiquitination regulates the Parkinson disease-associated ubiquitin hydrolase
UCH-L1. J. Biol. Chem. 2007, 282, 10567–10575. [CrossRef]

187. Zu, T.; Duvick, L.A.; Kaytor, M.D.; Berlinger, M.S.; Zoghbi, H.Y.; Clark, H.B.; Orr, H.T. Recovery from polyglutamine-induced
neurodegeneration in conditional SCA1 transgenic mice. J. Neurosci. 2004, 24, 8853–8861. [CrossRef]

188. Bennett, E.J.; Shaler, T.A.; Woodman, B.; Ryu, K.Y.; Zaitseva, T.S.; Becker, C.H.; Bates, G.P.; Schulman, H.; Kopito, R.R. Global
changes to the ubiquitin system in Huntington’s disease. Nature 2007, 448, 704–708. [CrossRef]

189. Emmerich, C.H.; Ordureau, A.; Strickson, S.; Arthur, J.S.; Pedrioli, P.G.; Komander, D.; Cohen, P. Activation of the canonical IKK
complex by K63/M1-linked hybrid ubiquitin chains. Proc. Natl. Acad. Sci. USA 2013, 110, 15247–15252. [CrossRef]

190. Hrdinka, M.; Gyrd-Hansen, M. The Met1-Linked Ubiquitin Machinery: Emerging Themes of (De)regulation. Mol. Cell 2017, 68,
265–280. [CrossRef]

191. Bingol, B.; Tea, J.S.; Phu, L.; Reichelt, M.; Bakalarski, C.E.; Song, Q.; Foreman, O.; Kirkpatrick, D.S.; Sheng, M. The mitochondrial
deubiquitinase USP30 opposes parkin-mediated mitophagy. Nature 2014, 510, 370–375. [CrossRef]

192. Marcassa, E.; Kallinos, A.; Jardine, J.; Rusilowicz-Jones, E.V.; Martinez, A.; Kuehl, S.; Islinger, M.; Clague, M.J.; Urbé, S. Dual role
of USP30 in controlling basal pexophagy and mitophagy. EMBO Rep. 2018, 19, e45595. [CrossRef] [PubMed]

193. Kluge, A.F.; Lagu, B.R.; Maiti, P.; Jaleel, M.; Webb, M.; Malhotra, J.; Mallat, A.; Srinivas, P.A.; Thompson, J.E. Novel highly
selective inhibitors of ubiquitin specific protease 30 (USP30) accelerate mitophagy. Bioorg. Med. Chem. Lett. 2018, 28, 2655–2659.
[CrossRef] [PubMed]

194. Antao, A.M.; Tyagi, A.; Kim, K.-S.; Ramakrishna, S. Advances in Deubiquitinating Enzyme Inhibition and Applications in Cancer
Therapeutics. Cancers 2020, 12, 1579. [CrossRef] [PubMed]

195. Buneeva, O.; Gnedenko, O.; Zgoda, V.; Kopylov, A.; Glover, V.; Ivanov, A.; Medvedev, A.; Archakov, A. Isatin-binding proteins of
rat and mouse brain: Proteomic identification and optical biosensor validation. Proteomics 2010, 10, 23–37. [CrossRef]

196. Medvedev, A.; Kopylov, A.; Buneeva, O.; Kurbatov, L.; Tikhonova, O.; Ivanov, A.; Zgoda, V. A neuroprotective dose of isatin
causes multilevel changes involving the brain proteome: Prospects for further research. Int. J. Mol. Sci. 2020, 21, 4187. [CrossRef]

197. Medvedev, A.; Buneeva, O.; Gnedenko, O.; Ershov, P.; Ivanov, A. Isatin, an endogenous nonpeptide biofactor: A review of its
molecular targets, mechanisms of actions, and their biomedical implications. Biofactors 2018, 44, 95–108. [CrossRef]

http://doi.org/10.1038/s41419-020-03361-5
http://www.ncbi.nlm.nih.gov/pubmed/33483467
http://doi.org/10.1038/cr.2016.39
http://www.ncbi.nlm.nih.gov/pubmed/27012465
http://doi.org/10.1016/j.arr.2020.101088
http://www.ncbi.nlm.nih.gov/pubmed/32470641
http://doi.org/10.1080/15548627.2015.1034408
http://doi.org/10.1038/s41580-019-0099-1
http://doi.org/10.1074/jbc.TM117.000117
http://doi.org/10.1080/15548627.2019.1656957
http://doi.org/10.1093/hmg/ddu244
http://doi.org/10.26508/lsa.202000768
http://doi.org/10.1016/j.molcel.2019.11.013
http://doi.org/10.1038/26652
http://www.ncbi.nlm.nih.gov/pubmed/9774100
http://doi.org/10.2174/1389203717666160217143721
http://www.ncbi.nlm.nih.gov/pubmed/26899237
http://doi.org/10.1002/path.1711610210
http://www.ncbi.nlm.nih.gov/pubmed/2166150
http://doi.org/10.1007/s00018-014-1781-2
http://doi.org/10.1074/jbc.M611153200
http://doi.org/10.1523/JNEUROSCI.2978-04.2004
http://doi.org/10.1038/nature06022
http://doi.org/10.1073/pnas.1314715110
http://doi.org/10.1016/j.molcel.2017.09.001
http://doi.org/10.1038/nature13418
http://doi.org/10.15252/embr.201745595
http://www.ncbi.nlm.nih.gov/pubmed/29895712
http://doi.org/10.1016/j.bmcl.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/29935771
http://doi.org/10.3390/cancers12061579
http://www.ncbi.nlm.nih.gov/pubmed/32549302
http://doi.org/10.1002/pmic.200900492
http://doi.org/10.3390/ijms21114187
http://doi.org/10.1002/biof.1408

	Introduction 
	Alpha-Synuclein and Histones: Monoubiquitination and Multi-Monoubiquitination 
	Atypical Ubiquitination of the Components of Lewy Bodies: Alpha-Synuclein, DJ-1, and Synphilin-1 
	E3 Ubiquitin Ligase TRAF6: K6, K27, and K29 Ubiquitination of Alpha-Synuclein 
	Concerted Action of the E3 Ubiquitin Ligase Parkin with the E2 Enzyme UbcH13/Uev1a: K63-Linked Ubiquitination of Alpha-Synuclein and Synphilin-1 Promotes Lewy Body Formation 
	HECT E3 Ligase NEDD4: K63-Linked Ubiquitination of Alpha-Synuclein 
	DJ-1: Monoubiquitination and K63-Linked Polyubiquitination. DJ-1 and Alpha-Synuclein: K6-, K27-, and K29-Linked Polyubiquitination 

	LRRK2: K63- and K27-Linked Ubiquitination 
	Concerted Mechanisms of Different Types of Ubiquitination and Deubiquitination in Mitophagy (Monoubiquitination and K6-, K11-, K27-, and K63-Linked Polyubiquitination) 
	SCFFbxo7/PARK15 Ubiquitin Ligase: K63-Linked Ubiquitination 
	UBE2N, UBE2L3, and UBE2D2/3 as Atypical Ubiquitin Chains Forming E2 Ubiquitin-Conjugating Enzymes 
	Deubiquitinases (USP8, USP15, USP30, USP33, USP35, UCH-L1) Removing Atypical Ubiquitin Conjugates from PD-Related Proteins 
	M1-Linked Ubiquitination 
	Conclusions 
	References

