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Abstract: Ubiquitin–proteasome-mediated proteolysis post-translationally regulates the
amounts of many proteins that are critical for the normal physiology of the central nervous
system. Research carried out over the last several years has revealed a role for components
of the ubiquitin–proteasome pathway (UPP) in many neurodegenerative diseases such
as Parkinson’s disease and Huntington’s disease. Studies have also shown a role for the
UPP in mental disorders such as schizophrenia and autism. Even though dysregulation of
protein degradation by the UPP is a contributory factor to the pathology underlying many
nervous system disorders, the association between the components of the UPP and these
diseases is far from simple. In this review, we discuss the connections between the UPP
and some of the major mental disorders and neurodegenerative diseases.

Keywords: proteolysis; mental disorders; neurodegenerative; pathology; E3 ligases; deu-
biquitinating

1. Introduction
Advancing the knowledge of the normal workings of the central nervous system (CNS)

as well as its diseases and disorders can be greatly aided by a mechanistic understanding
of molecular pathways. Over the years, much has been learned regarding the synthesis
of macromolecules, followed by discoveries regarding the roles of protein degradation.
Specifically, ubiquitin–proteasome-mediated proteolysis has been shown to function in
regulating many physiological processes in the body [1,2], including those of the CNS.

Many studies also have implicated ubiquitin-mediated protein degradation in the
development of maladies such as cancer [3] as well as diseases of the nervous system [4].
Even before the discovery of its role in normal cellular physiology, ubiquitin was found to
be associated with brain pathology [5], leading to the idea that ubiquitin is important for the
degradation of abnormal proteins. Subsequently, investigations on the degradation of cell
cycle-regulating proteins [6] suggested that ubiquitin–proteasome-mediated degradation
plays a critical role in post-translationally managing the amounts of proteins available in the
cell. Detailed understanding of ubiquitin–proteasome-mediated degradation has resulted
in insights into disease processes such as cancer. For example, the tumor suppressor protein
BRCA1 is a ligase that ubiquitinates cyclin B and Cdc25C, which are mitotic cyclins critical
for the G2/M transition [7]. Therefore, mutations in BRCA1 that hinder this function
prime the cell for tumor formation. A second example is that of Cockayne Syndrome (CS)
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(named after English physician Edward Cockayne). CS is a neurodevelopmental disorder
caused by mutations in three types of proteins: CSA, CAB, and CSC. It has been shown that
CSA localizes to the centrosome in the prometaphase and metaphase stages and attaches
ubiquitin to cyclin B1. The lack of this function causes caspace-3 activation and apoptosis,
which are likely to contribute to the development of CS [8]. Subsequent to the early studies
on the role of protein degradation in the cell cycle, regulated proteolysis mediated by the
ubiquitin–proteasome pathway (UPP) was found to play a role in synaptic plasticity as
well as in the development of the nervous system.

Although much of the early research focused on the link between ubiquitin–
proteasome-mediated proteolysis and neurodegenerative diseases, later investigations
found associations between protein degradation and mental disorders [9–11]. It appears
that impairment of proteolysis can not only cause overt brain pathology and neurodegen-
eration, but also abnormalities of nervous system physiology, which manifest as mental
disorders [12]. We first describe the components of the UPP and their roles in protein
degradation and then describe some of the diseases and disorders of the nervous system
with which molecules of the UPP have been associated.

2. The Ubiquitin–Proteasome Pathway
The process of proteolysis through the ubiquitin–proteasome pathway (UPP) is highly

coordinated. Proteins destined for degradation are marked by covalent attachments of
ubiquitin, a small 76-amino-acid protein.

The regulation of degradation by the UPP occurs both spatially and temporally. The
process of tagging a protein substrate with ubiquitin is carried out by three enzymes: E1,
E2, and E3. First, ubiquitin is activated by the enzyme E1. Once activated, ubiquitin is
transferred to an enzyme from a family called E2s, which then associates with E3 ubiquitin
ligases. The E3 enzymes ligate the ubiquitin molecule to a lysine (Lys) residue on the
protein substrate. A second ubiquitin is then covalently attached to the first, forming a
polyubiquitin chain. This polyubiquitinated substrate is recognized by the proteasome,
which then degrades the protein into smaller peptides and amino acids. The proteasome
responsible for degrading polyubiquitinated proteins is known as the 26S proteasome, a
name derived from its sedimentation coefficient. Only the protein substrates are degraded,
whereas the polyubiquitin chains are disassembled by enzymes called deubiquitinating
enzymes (DUBs) and recycled (Figure 1).

The polyubiquitin chain that marks substrates for degradation is typically formed
through linkage at Lys-48 of the ubiquitin molecule. However, polyubiquitin chains can
also form in other lysine residues in the ubiquitin molecule, such as Lys-6, Lys-11, Lys-27,
Lys-29, Lys-33, Lys-48, and Lys-63, and these alternative linkages serve other functions,
including signaling for endocytosis [1,13].

2.1. Ubiquitin Conjugation

Ubiquitin attachment to a substrate protein occurs through a series of enzymatic steps
known as ubiquitin conjugation (ubiquitination). The initial step in this process is the
activation of ubiquitin by the enzyme E1, a reaction that requires ATP. Hydrolysis of ATP
results in the formation of AMP, which forms a high-energy thiol–ester bond between
ubiquitin and AMP. Ubiquitin, thus activated, is then transferred to E2, which is also
known as the ubiquitin carrier protein. From E2, the ubiquitin molecule is passed on to
E3, which ligates the ubiquitin to the ε-amino group of a lysine residue on the substrate
protein. A second ubiquitin molecule is then attached to an internal lysine residue on the
first ubiquitin, leading to the formation of a polyubiquitin chain.
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Figure 1. The ubiquitin-proteasome pathway. In this protein degradation pathway, ubiquitin (de-
picted as a single ubiquitin molecule represented by open circles with straight tails) is specifically 
and covalently attached to the substrate. The enzymatic process through which ubiquitin is attached 
to substrates is referred to as ubiquitination or ubiquitin conjugation, which is dependent on the 
activities of three distinct enzyme classes: E1, E2, and E3. Initially, ubiquitin is activated by E1 to 
form a ubiquitin–AMP intermediate. This activated ubiquitin (shown as closed circles with straight 
tails) is then transferred to E2, which serves as a ubiquitin carrier enzyme. E2 subsequently passes 
the activated ubiquitin to E3, a ubiquitin ligase, which catalyzes the attachment of ubiquitin to the 
substrate. Additional ubiquitin molecules are then added to the ubiquitin attached to the substrate, 
leading to the formation of a polyubiquitin chain through successive ubiquitin linkages. Polyubiq-
uitinated substrates are degraded by the 26S proteasome, a proteolytic complex, in an ATP-depend-
ent manner. Although the polyubiquitin chain is disassembled and recycled by deubiquitinating 
enzymes (DUBs), ubiquitin itself is not degraded. Ubiquitination is reversible prior to degradation 
by the proteasome, and DUBs can dismantle the polyubiquitin chain if an error in ubiquitination 
occurs, preventing the substrate from being degraded (Figure modified from Hegde 2004 and re-
printed with permission from Elsevier© 2004) [1,2]. 
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Figure 1. The ubiquitin-proteasome pathway. In this protein degradation pathway, ubiquitin (de-
picted as a single ubiquitin molecule represented by open circles with straight tails) is specifically
and covalently attached to the substrate. The enzymatic process through which ubiquitin is attached
to substrates is referred to as ubiquitination or ubiquitin conjugation, which is dependent on the
activities of three distinct enzyme classes: E1, E2, and E3. Initially, ubiquitin is activated by E1 to form
a ubiquitin–AMP intermediate. This activated ubiquitin (shown as closed circles with straight tails) is
then transferred to E2, which serves as a ubiquitin carrier enzyme. E2 subsequently passes the acti-
vated ubiquitin to E3, a ubiquitin ligase, which catalyzes the attachment of ubiquitin to the substrate.
Additional ubiquitin molecules are then added to the ubiquitin attached to the substrate, leading
to the formation of a polyubiquitin chain through successive ubiquitin linkages. Polyubiquitinated
substrates are degraded by the 26S proteasome, a proteolytic complex, in an ATP-dependent manner.
Although the polyubiquitin chain is disassembled and recycled by deubiquitinating enzymes (DUBs),
ubiquitin itself is not degraded. Ubiquitination is reversible prior to degradation by the proteasome,
and DUBs can dismantle the polyubiquitin chain if an error in ubiquitination occurs, preventing the
substrate from being degraded (Figure modified from Hegde 2004 and reprinted with permission
from Elsevier© 2004) [1,2].

2.2. Ubiquitin-Conjugating Enzymes: E1, E2, and E3

Among the three classes of ubiquitin-conjugating enzymes, E1 is the least regulated at
the physiological level. In contrast, E2 enzymes are more selective, believed to interact with
specific E3s. The specificity of the ubiquitin-conjugation reaction is largely determined by
E3 enzymes. Initially, it was thought that E2 enzymes only functioned as carriers for the
activated ubiquitin by transferring it to the E3s. However, later studies found that certain
E2s can also directly conjugate ubiquitin to substrates. E2 enzymes exhibit structural and
functional diversity. In simple eukaryotes such as yeast (S. cerevisiae), there are potentially
13 genes encoding E2 enzymes, while mammals have an estimated 25–30. The diversity of
E2 enzymes contributes to the specificity of the ubiquitin conjugation reaction, as E2s bind
selectively to E3s. Since the number of E3 enzymes is even greater than that of E2s, the
combination of different E2s and E3s allows for a high degree of substrate specificity [1].

E3s are the enzymes that specifically recognize substrates. There are about 600 ubiq-
uitin ligases in human cells. These enzymes can be single proteins or protein complexes.
Single-subunit E3s can accept ubiquitin from E2 in a thioester linkage and directly ligate it
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to the substrate. In contrast, multi-subunit E3s generally function by bringing the E2 and
substrate together, facilitating the transfer of ubiquitin to the substrate. E3 enzymes are the
most diverse among the ubiquitin-conjugating enzymes. There are two major classes of
E3s: (1) HECT (homologous to E6-AP carboxyl-terminus) domain E3s and (2) RING (really
interesting new gene) finger E3s [2] (Figure 2).
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conjunction with the E6 protein and one of two E2 enzymes (UbcH5 or UbcH7), facilitates the at-
tachment of ubiquitin to the p53 tumor suppressor protein. (II(A)) Single-subunit RING finger E3. 
Mdm2, with the assistance of an E2 enzyme, catalyzes the ubiquitination of PSD 95. (II(Bi)) Multi-
subunit RING finger E3. SCF ligases feature the substrate recognition site on an F box protein. Skp1 

Figure 2. Classes of ubiquitin ligases (E3s). (I) HECT-Domain E3. The E6-AP ubiquitin ligase,
in conjunction with the E6 protein and one of two E2 enzymes (UbcH5 or UbcH7), facilitates the
attachment of ubiquitin to the p53 tumor suppressor protein. (II(A)) Single-subunit RING finger
E3. Mdm2, with the assistance of an E2 enzyme, catalyzes the ubiquitination of PSD 95. (II(Bi))
Multi-subunit RING finger E3. SCF ligases feature the substrate recognition site on an F box protein.
Skp1 acts as an adaptor, linking the F box protein to Cul1, and the ring finger domain is located on
Rbx1. The E2 partner is Ubc3. The activity of the ligase complex is enhanced by the modification of
Cul1 by Rub1, another ubiquitin-like protein. The substrate, IκBα, is phosphorylated (represented by
diamonds). (II(Bii)) Multi-subunit RING finger E3. The APC complex represents a more intricate
example of multi-subunit RING finger E3s and has a subunit composition distinct from that of
SCF. In the APC complex, the Cdc20 protein serves as the substrate recognition site for cyclin. The
RING finger domain is located on APC11. The E2 enzymes Ubc11 or UbcX can work with the APC
ligase. Several adaptor proteins, some of which are labeled (Cdc27, Cdc23, APC1, Cdc16) and others
unlabeled, interact with Cdc20 and APC11. Phosphorylation is indicated by diamonds on the adaptor
subunits. Polyubiquitin chains are shown attached to the substrates in each panel (Figure modified
from Hegde 2004 and reprinted with permission from Elsevier© 2004) [2,14–16].

2.2.1. HECT Domain E3s

A well-known example in the class of HECT domain E3s is the ubiquitin ligase E6-AP
(later renamed Ube3a), which attaches ubiquitin to the tumor suppressor protein p53. The
viral protein E6 binds to a cellular protein known as E6-AP (E6-associated protein). The
catalytic domain of the ubiquitin ligase resides in the C-terminal region of E6-AP. This ligase
can function with E2 enzymes UbcH5 or UbcH7. Subsequent research revealed that a family
of ubiquitin ligases, homologous to the catalytic domain of E6-AP, exists. These enzymes
are referred to as HECT domain E3s. Along with the HECT domain, many E3s also contain
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another domain called the WW domain. Furthermore, the WW domain-containing E3s
frequently possess a C2 domain. The presence of the C2 domain is particularly significant
in the context of the nervous system because it responds to increased intracellular calcium
(Ca2+) levels and aids in translocation to the plasma membrane. Therefore, the inclusion
of this domain in neuronal HECT E3s may play a crucial role in the ubiquitination of
neurotransmitter receptors or the proteins associated with them [2,14] (Figure 2I).

2.2.2. RING Finger E3s

These E3 enzymes are called RING finger E3s because they contain a RING finger
domain, a structural feature composed of seven cysteine residues and one histidine residue,
which together form a folded domain that binds two zinc ions. Over time, several other
ubiquitin ligases with the RING finger domain have been identified. The RING finger
motif in these ligases is essential for transferring ubiquitin either to substrates or to RING
finger proteins themselves. RING finger E3s can be further classified into two categories:
(1) single-subunit RING finger E3s and (2) multi-subunit RING finger E3s.

Single-Subunit RING Finger E3s

This subclass of E3s possesses both the RING finger domain and the substrate recogni-
tion site within the same protein. One of the most well-characterized single-subunit RING
finger E3s is Mdm2, which ubiquitinates the protein p53 in normal cells. As previously
mentioned, E6-AP, a HECT ubiquitin ligase, also ubiquitinates p53 in cells infected with
human papillomavirus (HPV). It has been shown that in HPV-infected cells, E6-AP is
responsible for ubiquitinating p53. Although Mdm2 is present in HPV-infected cells, it
does not mediate the ubiquitination of p53 in these cells. Further studies using antisense
oligonucleotides targeted at E6-AP revealed that E6-AP is essential for the degradation
of p53 in HPV-positive cells but not in HPV-negative cells. Conversely, reducing the ex-
pression of Mdm2 or introducing peptides that inactivate Mdm2 led to decreased p53
degradation in HPV-negative cells, but had no effect in HPV-positive cells. The structural
determinants recognized by E6-AP and Mdm2 on p53 differ from one another. For instance,
in p53 targeted by E6-AP, asparagine is found at position 268, while in p53 recognized by
Mdm2, aspartate is located at the same position [14] (Figure 2II(A)).

Multi-Subunit RING Finger E3s

(i) SCF Complex (SKP1-Cullin-F-Box Protein Complex): The SCF complex is composed
of at least four proteins: Skp1, Cul1, Roc1/Rbx1/Hrt1, and an F-box protein. At the core
of this complex is Rbx1, which contains the RING finger domain. SCF-type ligases also
include a protein called cullin, which interacts with linker proteins like Skp1 to recruit
substrate-interacting proteins, such as F-box proteins. There are five different cullins in
mammals, and a number of F-box proteins. In budding yeast, the genome encodes 17 F-box
proteins, while the human genome contains 69. Therefore, just the combination of cullins
and F-box proteins alone makes it theoretically possible to create hundreds of distinct E3
ligases with varying specificities. The activity of SCF ligases is regulated by two types
of post-translational modifications. The first is the covalent attachment of the ubiquitin-
like protein Rub1 to cullin. The second is through the regulation of F-box protein levels
by autocatalytic ubiquitin-mediated degradation. One well-studied substrate of the SCF
complex is IκBα (Figure 2II(Bi)).

(ii) Anaphase Promoting Complex (APC): Although the APC contains a subunit with a
RING finger domain (APC 11), it is distinct from the SCF ligase in terms of overall subunit
composition. For instance, unlike SCF ligases, which have a single adaptor protein like
Skp1, the APC includes multiple subunits that act as adaptors. Additionally, while substrate
phosphorylation plays a key role in specific substrate recognition by SCF ligases, it does not
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appear to be a significant factor for APC substrate recognition. Instead, substrate specificity
in the APC is modulated by the incorporation of ‘specificity factors’ into the ligase complex.
For example, the protein Cdc20 enables the APC to degrade substrates at the onset of
anaphase, such as the anaphase inhibitor Pds1p. Conversely, substituting Cdc20 with a dif-
ferent specificity factor, called Hct1, enables the APC to degrade a distinct set of substrates,
such as mitotic cyclins, later in anaphase. The APC functions in conjunction with the E2
enzymes Ubc11 or UbcX. One of the well-characterized substrates of the APC is mitotic
cyclin, which contains a short sequence of nine amino acids known as the ‘destruction box’
that is crucial for recognition by the APC ubiquitin ligase [16] (Figure 2II(Bii)).

In addition to the E3 ligase classes described above, it is possible that other types
of ligases exist in nature. After the discovery of above-mentioned categories of ligases,
RBR (RING-between-RING) ligases were described which also ligate ubiquitin to lysine
residues [17,18]. These ligases use a combination of already described catalytic activities [18]
and therefore are not truly novel.

The discovery of a new class of ligases had to await the development of new chemical
probes that target the key amino acid (cysteine) in the catalytic domain of ubiquitin-
conjugating enzymes. Such chemicals are called activity-based probes (ABPs). Using an
ABP targeted against a protein named MYCBP2 in SH-SY neuroblastoma cell extracts, Pao
et al. discovered a hitherto unknown catalytic activity for an E3 enzyme [19]. This activity
requires two cysteine residues unlike the previously classified ubiquitin ligases, which
require just one cysteine. In addition, MYCBP2 covalently links ubiquitin to the β hydroxyl
group in the side chain of threonine instead of lysine [19]. This type of ligase has been
designated RING-Cys-relay (RCR) [19] and appears to be the sole member of this class.
MYCBP2 functions as a key signaling center in the nervous system, regulating synaptic
growth and development as well as neuronal connectivity [20].

2.3. The Proteasome

The term “proteasome” refers to two types of multi-subunit proteolytic complexes,
namely the 26S and 20S, categorized based on their sedimentation coefficient. The 26S
proteasome is responsible for degrading ubiquitinated protein substrates. It consists of a
cylindrical catalytic 20S core and regulatory “caps” at each end, forming a structure that
resembles a dumbbell. Each cap of the 26S proteasome is known as the 19S regulatory
complex (19S RC). The 19S RC functions to channel the ubiquitinated substrates into the
20S core which degrades them [20] (Figure 3).

2.3.1. The Catalytic 20S Core

Our understanding of how the proteasome is put together has been derived from the
studies on the crystal structures of the proteasome in the archaebacterium Thermoplasma
acidophilum and the yeast Saccharomyces cerevisiae. Evidence suggests that the proteasome
predates ubiquitin, as archaebacteria possess proteasomes but not ubiquitin. T. acidophilum
has two genes that encode α and β subunits. These subunits are arranged in four stacked
rings to form the catalytic cylinder, with the two middle rings composed of β subunits,
positioned between two rings of α subunits. In the T. acidophilum proteasome, both the α

and β subunits are present in seven copies each, arranged symmetrically as α7β7β7α7. This
overall structure is conserved in eukaryotes, though the α and β subunits have diverged
into seven different subunits for each. In yeast, the 20S core is composed of two outer rings
with seven α subunits (α1 to α7) in each ring, and two inner rings made up of seven β

subunits each (β1 to β7) (Figure 3).
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Figure 3. The proteasome. This proteolytic complex is composed of a 20S core particle and two
19S regulatory complexes (19S RCs), which are attached to each side of the core particle. The 20S
proteasome houses the catalytic sites and consists of four stacked rings. The inner two rings are
composed of seven β subunits (β1–β7), while the outer rings contain seven α subunits (α1–α7). The
19S RC is comprised of a base and a lid, each containing eight subunits (Figure modified from Hegde
2004 and reprinted with permission from Elsevier© 2004) [1,2,20].

The catalytic core of the proteasome functions as a threonine protease. The 20S
proteasome can exist not only as part of the 26S complex but also as a separate entity that
cannot degrade ubiquitinated proteins. Nonetheless, the 20S proteasome on its own exhibits
chymotrypsin-like, trypsin-like, and postglutamyl peptidase activities, which cleave after
hydrophobic, basic, and acidic residues, respectively. The peptide hydrolyzing activity of
the 20S proteasome can be further modulated by an alternative regulatory cap, known as
the 11S [2,20].

2.3.2. The 19S Regulatory Complex (RC)

The 19S RC is responsible for recognizing polyubiquitinated substrates and guiding
these substrates into the catalytic 20S core of the proteasome. Additionally, it plays a role in
regulating the activity of the catalytic core and determining the nature of the degradation
process. Typically, one 19S RC is attached to either end of the catalytic core. Certain
subunits of the 19S RC facilitate the entry of the substrate into the catalytic chamber for
degradation.

The 19S RC is composed of a base and a lid (Figure 3). The base includes six ATPase
subunits (Rpt1–Rpt6) and two non-ATPase subunits (Rpn1, Rpn2, and Rpn13). The lid
consists of ten non-ATPase subunits (Rpn2, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, Rpn10, Rpn11,
Rpn12, and Rpn15) [20].

2.4. Deubiquitinating Enzymes (DUBs)

Ubiquitination is a reversible process before the ubiquitinated protein is committed to
degradation by the proteasome. Ubiquitin is removed from substrates by enzymes known
as deubiquitinating enzymes (DUBs). DUBs can be classified into two general categories
based on their protein sequence and molecular size: (1) low-molecular-weight (20–30 kDa)
ubiquitin C-terminal hydrolases (UCHs), and (2) high-molecular-weight (approximately
100 kDa) ubiquitin-specific proteases (UBPs, also called USPs). The UBP family is large,
containing diverse genes, while the UCH family is smaller. For instance, in Saccharomyces
cerevisiae, there are seventeen UBPs and one UCH. In humans, sixty-three genes encode
UBPs, while four genes encode UCHs. UCHs and UBPs perform distinct roles within
eukaryotic cells. While the name “deubiquitinating enzymes” emphasizes their role in
removing ubiquitin from substrates, certain DUBs, especially UCHs, process linearly linked
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ubiquitin precursors to generate monoubiquitin. DUBs are crucial for generating free
ubiquitin at various stages of the ubiquitin–proteasome pathway. Ubiquitin is encoded by
a tandemly linked polyubiquitin gene. Based on the evidence available in the literature, it
appears that polyubiquitin is processed by UCHs or other DUBs to produce monoubiquitin.
Besides the polyubiquitin gene, ubiquitin is also encoded through fusion with two riboso-
mal subunits, L40 and S27. These gene products are also processed by DUBs. The cleavage
of isopeptide bonds in the ubiquitin chains, linked through Lys-48, Lys-63, or other lysine
residues in ubiquitin, serves two primary purposes: One function is to recycle ubiquitin
after its use in the ubiquitination of a substrate. Another function is to “edit” errors made
by the ubiquitin-conjugating enzymes, reversing the ubiquitination reaction so that the
substrate does not undergo its targeted process, such as degradation or endocytosis [1,2].

3. Association Between the UPP and the Disorders of the Nervous System
The molecules of the UPP are linked to several mental disorders and neurodegenera-

tive diseases. Of the mental disorders, we focus on Angelman Syndrome, autism, major
depressive disorder, and schizophrenia. Among the neurodegenerative diseases, we have
chosen to describe the UPP’s connection to amyotrophic lateral sclerosis, Huntington’s
disease, Parkinson’s disease, and spinocerebellar ataxia.

3.1. Angelman Syndrome (AS)

Angelman Syndrome (AS) is named after Harry Angelman, an English physician who
first described the condition. The symptoms of AS include intellectual disability, a notably
cheerful disposition, a high susceptibility to epileptic seizures, and an abnormal gait [21].
The condition is known to affect approximately 1 in every 15,000 births. In approximately
65–75% of individuals with AS, a deletion of genetic material on the maternal chromosome
15q11-q13 is observed. Other genetic abnormalities, such as uniparental disomy and
imprinting mutations, are also found in AS patients, each contributing to about 3–5% of
cases. These genetic defects occur in a gene known as UBE3A [9,10]. Point mutations in
UBE3A are seen in around 4–6% of AS cases [11]. UBE3A is a maternally imprinted gene,
with expression in the brain coming exclusively from the maternal allele [22,23]. The gene
encodes a ubiquitin ligase, previously identified as E6-AP ubiquitin ligase. Early studies
focused on the action of E6-AP in attaching ubiquitin to p53, but it is also known to attach
ubiquitin to at least three other substrates: (i) RAD23, a human counterpart of a yeast DNA
repair protein [24]; (ii) multi-copy maintenance protein 7 (MCM7), which is thought to play
a role in chromosome replication [25]; and (iii) E6-AP itself [26].

The intellectual disability observed in AS patients suggests a malfunction at the
synaptic level. Supporting this hypothesis, mice with a deficiency of the Ube3a maternal
allele show impairments in long-term potentiation (LTP) and contextual learning. Early
research demonstrated an indirect effect of Ube3a on calcium/calmodulin-dependent
protein kinase II (CaMKII), a molecule critical for synaptic plasticity. In the hippocampus
of AS model mice, an increase in inhibitory autophosphorylation of CaMKII at Thr305
and Thr306 leads to a reduction in kinase activity and causes the dissociation of CaMKII
from the postsynaptic density [27]. Additionally, reducing inhibitory autophosphorylation
of CaMKII in AS mice has been shown to rescue neurological deficits in these model
mice [28]. However, it remains unclear how mutations in Ube3a lead to alterations in
CaMKII. Another molecule crucial for synaptic plasticity, Arc, has been identified as a
substrate for Ube3a, and it has been proposed that Ube3a regulates the development of
excitatory synapses by targeting Arc [29].

Recent studies showed that in AS model mice, endocytosis of small conductance
potassium channel (SK2) is impaired resulting in higher number of postsynaptic SK2
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molecules. This causes reduction in NMDA receptor activation and impairment of LTP.
The deficit in LTP could be rescued by pharmacological inhibition of SK2 channels [30].

The other molecular target of Ube3a with a role in synaptic plasticity is p18 (aka
LAMTOR1). This protein is part of a pentameric complex called the Ragulator, which
maintains lysosomal localization of Rag GTPase dimers (consisting of Rag A and B). In
the presence of amino acids, binding to Rag A/B dimers activates mammalian target of
rapamycin complex 1 (mTORC1). Abnormal mTORC1 activation is linked to AS. Ube3a
ubiquitinates p18 and targets it for degradation by the proteasome. Deficiency of Ube3a
causes increases p18 amounts, which in turn causes the overactivation of mTORC1 and
deficits in synaptic plasticity. Knockdown of p18 improves LTP in AS model mice [31].

Ube3a is also known to regulate the levels of Pbl/Ect2 and Ephexin5 guanine nu-
cleotide exchanges factors for RhoA GTPases, which are critical for regulating the develop-
ment of axons and dendrites [32]. Therefore, Ube3a deficiency during the development of
the nervous system might have severe adverse effects on the formation of neural circuitries.
This could be an explanation for some of the neurological symptoms of AS. Consistent with
this idea, reactivation of the maternal allele of Ube3a in conditional AS model mice early in
development rescues anxiety, repetitive behavior, and epilepsy [33].

3.2. Autism

The UPP is linked to autism/autism spectrum disorder (ASD) in many ways. For
example, a study of postmortem brains of 13 subjects with ASD (and 13 control subjects)
found that GABAA α-1 protein (but not mRNA) is decreased in middle frontal gyrus of
subjects with ASD. This study also observed that an endoplasmic reticulum (ER)-associated
degradation (ERAD) E3 ubiquitin ligase named SYVN1 is associated with GABAA α-1
protein. In addition, knocking down the expression of Syvn1 in cortical neurons of CD-1
mice increased the expression of GABAA α-1 protein [34].

Another protein that links the UPP to autism is post-synaptic density protein 95 (PSD-
95). One broad explanation for the mechanism underlying autism is defective activity-
or experience-dependent synapse elimination during the development of the nervous
system. Ubiquitination of PSD-95 is mediated by a ligase called Mdm2. A protein called
protocadherin 10 (Pcdh10), which is linked to autism spectrum disorder, interacts with
polyubiquitinated PSD-95 and facilitates its delivery to the proteasome for degradation [35].

A genome-wide study of 849 children with ASD and 1049 healthy ones looked at
copy number variation (CNV; difference in segments of DNA) and found several new ASD
susceptibility genes and genes implicated in neuronal function, such as the neuronal cell
adhesion molecules NLGN1 and ASTN2. This study also found that CNVs in genes of the
UPP such as UBE3A, PARK2, RFWD2, and FBXO40 were present in ASD cases but not in
controls [36].

Regulation of the proteasome has been linked to autism through a deletion mutation
in a protein called UBLPC1 (ubiquitin-like domain-containing C-terminal domain phos-
phatase 1). Even though this was reported from one Lebanese family, it is instructive in
terms of understanding how proteolysis by the UPP might contribute to development of
autism. In fibroblasts derived from affected individuals, a truncated UBLPC1 is expressed
which was found to increase proteasome activity. The action of truncated UBLPC1 can
be explained by understanding the function of the full-length, wild-type UBLCP1. Nor-
mally, wild-type UBLP1 dephosphorylates Serine-361 of the proteasome lid subunit Rpn1,
which is required for assembly of the 26S proteasome. It also dephosphorylates multiple
phosphorylation sites of an ATPase subunit in the base called Rpt1 and impairs its ATPase
activity. Overall, these phosphorylation events contribute to a decrease in proteasome
activity. Because truncated UBLCP1 does not have a functioning phosphatase domain
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owing to the deletion mutation, it is unable to dephosphorylate Rpn1 and Rpt6, which
leads to increased proteasome activity. In addition, haploinsufficiency of the PSMD12
(RPN5) gene, which encodes a non-ATPase subunit of the 19S RC, is found in subjects with
autistic features [37].

Duplication, triplication, and gain-of-function mutation in the UBE3A gene have been
linked to autism [38]. One of the missense mutations (T485A) prevents phosphorylation
of Ube3a by cAMP-dependent protein kinase resulting in increased ubiquitin ligase ac-
tivity [39,40]. This mutation also leads to an increase in the number of dendritic spines,
which could be a contributing factor to development of the autism phenotype. Another
ubiquitin ligase TRIP12 has also been linked to intellectual disability with or without ASD.
Whole-exome sequencing revealed nine different alterations in the TRIP12 gene in patients
relative to controls and the changes in the gene amounted to haploinsufficiency [41].

3.3. Major Depressive Disorder (MDD)

MDD, also called clinical depression, is characterized by persistently depressed mood
and a lack of interest in joyous activities. It might also be accompanied by disturbances in
sleep, loss of appetite, and inability to think clearly.

Some studies have found an association between the components of the UPP and MDD.
A gene expression study of 48 individuals with MDD found that genes encoding proteasome
subunits were upregulated in the hippocampus, striatum, and Brodmann area 46 of brains
of subjects with MDD. For this study, the researchers identified 37 genes based on genome-
wide association studies using a large data set (135,458 cases and 344,901 controls). It
appears that subunits of the 20S catalytic core, as well as those of 19RC, were among the
upregulated genes [42].

Another case-control study (622 MDD patients, of whom 390 had treatment-resistant
depression) conducted an association study for the proteasome subunit PSMD13 and ana-
lyzed peripheral blood samples. This study found that subjects carrying the homozygous
GG genotype of PSMD13 rs3817629 had a twofold greater risk of developing treatment-
resistant depression compared to those carrying the A allele of PSMD13. The same subjects
also had lower levels of PSMD13 mRNA in fibroblasts [43].

A study on mice found a role for MAGE-D1(melanoma antigen gene-D1) in depression-
like behaviors. MAGE-D1 associates with RING E3 ubiquitin ligases and functions to ubiq-
uitinate the serotonin transporter protein. Deficiency of MAGE-D1, created by knockout or
knockdown, causes depression-like symptoms such as decreased exploratory behavior, a
decrease in social interaction, and a reduction in sucrose preference. These symptoms could
be reversed by acute administration of the antidepressants sertraline and imipramine [44].

SNPs in a DUB called USP46 are associated with MDD in the Japanese population
(432 MDD patients and 792 controls) [45].

3.4. Schizophrenia

One of the possible causes of schizophrenia is the improper arrangement of synaptic
connections during development of the brain. A molecule that plays multiple roles in the
nervous system called DISC1 (disrupted in schizophrenia 1) is associated with schizophre-
nia. DISC1 was originally identified through genetic studies of a Scottish family prone
to psychiatric diseases. In this case, the abnormal DISC1 resulted from chromosomal
translocation [46]. It has been suggested that the full-length DISC1 protein, when post-
translationally modified, can contribute to the development of some sporadic forms of
schizophrenia because of aberrant multimerization, which converts the protein into an
insoluble form prone to aggregation [47].
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DISC1 functions as a scaffolding protein that helps organize protein complexes and be-
cause of this, the protein has multiple functions in the nervous system. For example, DISC1
is part of a protein complex at the centrosome and plays a role in regulating the cytoskeletal
processes, which in turn control neuronal migration and neurite outgrowth [48].

DISC1 itself is a substrate for ubiquitin–proteasome-mediated degradation. It is
targeted for ubiquitination by an SCF-type ligase. The substrate-specific part of this SCF
has been shown to be an F-Box protein called FBXW7 [49]. A key step in rendering an SCF-
substrate susceptible to ubiquitination is phosphorylation. Analysis of consensus motifs for
phosphorylation suggested that glycogen synthase kinase-3 (GSK3) is the putative kinase
that phosphorylates DISC1. DISC1 and GSK3 appear to regulate each other. It has been
demonstrated that DISC1 directly binds GSK and negatively regulates its function, leading
to an increased concentration of β-catenin, which in turn boosts the proliferation of neural
progenitor cells [50]. It has been shown that blocking the DISC1–FBXW7 interaction can
stabilize DISC1, which can be a potential therapeutic strategy to boost the levels of DISC1
in cases of DISC1 haploinsufficiency where one copy of the gene is absent because of some
genetic abnormality [49].

A protein that interacts with DISC1 is FEZ1 (fasciculation and elongation protein
Zeta-1). Many studies have shown that FEZ1 plays a role in neuronal development and
the formation of synapses in the central nervous system as well as the peripheral nervous
system. In the mouse hippocampus, Fez1 synergistically functions with Disc1 to regulate
dendritic development in newborn neurons in the dentate gyrus. Fez1 is targeted for
ubiquitination by the anaphase-promoting complex (Cdc20) ligase [51].

Defective development of neural circuits as relevant to schizophrenia could also be
potentially mediated by other molecules linked to the UPP. A study on induced pluripotent
stem cells derived from patients with exon 8 mutations and a 4 bp deletion in exon 12
showed that impaired neurite outgrowth is attributable to a decrease in a netrin receptor
called UNC5D [52]. Although so far there has not been any direct connection to the UPP,
another netrin receptor UNC-40 was shown to be a substrate for ubiquitin–proteasome-
mediated degradation [53].

Several studies on postmortem brains of schizophrenia patients and matched con-
trols investigated the expression of components of the UPP. Some studies have found a
decrease in mRNAs of ubiquitin ligases such as UBE3B [54] and FBXW7 [55], while other
studies of ubiquitin ligase proteins found decreases in the amounts of UBE3B, FBXL21,
and MDM2 [54,56] in the dorsolateral prefrontal cortex of subjects with schizophrenia. A
recent exome-sequencing study of four families with schizophrenia found five missense
mutations in the TULP4 gene which encodes a novel ubiquitin ligase. Knockdown of Tulp4
in mice causes delayed neuronal migration in the cerebral cortex and leads to impairment
of sensory-motor gating and spatial learning in adult mice [57]. Among the DUBs, UCHL1
UCHL5, USP14, and USP9 were found to be decreased in the prefrontal cortex of subjects
with schizophrenia [56,58–60].

Other investigations focused on a possible association between proteasome sub-
units and schizophrenia. A study on postmortem brain samples of elderly subjects with
schizophrenia found decreased expression of three subunits of the 19S regulatory complex
of the proteasome, namely Rpt1, Rpt2, and Rpt6. This study also found decreased levels of
the α subunit of an alternative 11S regulatory complex that regulates the degradation of
small peptides [61].

Another study carried out transcriptome analysis on the superior temporal gyrus
and found a downregulation of 12 proteasome subunits. These data were replicated
in six cohorts overall with 267 schizophrenia and 266 control samples. It is interesting
to note that half of the downregulated genes encode subunits of the catalytic core of
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the proteasome. The other half is equally split between the ATPase and non-ATPase
subunits of the regulatory cap of the proteasome. Therefore, it appears that in a subtype of
schizophrenia, the channeling of polyubiquitinated substrates into the catalytic core and
the degradation of channeled substrates are both impaired [62].

Levels of ubiquitinated proteins appear to be altered in the brains of subjects
with schizophrenia as well. An investigation of the postmortem orbitofrontal cortex of
38 schizophrenia patients and 38 matched controls found increased levels of ubiquitinated
proteins. The same study also found that erythrocytes from patients with treatment-
resistant schizophrenia also had increased levels of ubiquitinated proteins [63]. In contrast,
a previous study on the postmortem superior temporal gyrus found decreased levels of
K-48-linked polyubiquitination [64], which is the one that marks substrate proteins for
proteasome-mediated degradation. A simple explanation for these disparate findings might
be that the two studies tested different brain regions, although a more likely explanation is a
technical one. Bousman et al.’s (2019) study [63] did not test for different types of polyubiq-
uitin conjugates such as K48- and K63-linked polyubiquitination. Rubio et al.’s study [64]
does not provide enough methodological details. Therefore, it is not clear whether their
experiments indeed were discriminating between K48- and K63-linked polyubiquitination.

It is possible that dysregulation of proteasome function varies between intracellular
compartments. A study on postmortem superior temporal gyrus of 25 schizophrenia
and 25 control subjects measured proteasome activity using fluorescent substrates. The
researchers found that trypsin-like activity was decreased in the nucleus and chymotrypsin-
like activity was lower in the cytosolic fraction in the schizophrenia samples relative to
controls [65]. A caveat for this study is that the catalytic activities assessed reflect the
activity of the 20S catalytic core and not degradation of the polyubiquitinated substrates by
the 26S proteasome, which is a more meaningful measure with respect to degradation of
cellular proteins.

Some genetic studies have shown an association between single-nucleotide polymor-
phisms between schizophrenia and some genes that encode components of the UPP. In Irish
families with high incidence of schizophrenia (814 cases and 625 controls), single-nucleotide
polymorphisms (SNPs) in the FBXL21 gene at two loci (rs1859427 and rs6861170) were
found [66]. The FBXL21 gene encodes an F-Box protein, which is the substrate-binding
protein in an SCF ligase. The FBXL2 protein targets NMDA receptors for ubiquitination
and degradation [67]. A case-control study of the Chinese Han population (296 cases,
320 controls) showed an association of the pathogenesis of schizophrenia with SNPs of
the NEDD4 gene at two loci (rs3088077 and rs2303579), while cognitive dysfunctions were
associated with SNPs in the NEDD4 gene at two other loci (rs2303579 and rs62043855) [68].
The NEDD4 protein targets the AMPA receptor for ubiquitination [69]. Another investiga-
tion (392 cases, 572 controls) observed that combinations of SNPs in the RNF4 (RING finger
protein 4) gene (rs1203860 and rs2282765) and in the SART3 (squamous cell carcinoma
antigen recognized by T cells 3) gene (rs2287550) were associated with an increased risk of
schizophrenia [70]. The RNF4 and SART3 proteins have a role in the growth and develop-
ment of the nervous system and alterations in them might contribute to development of
schizophrenia through the defective development of cortical circuits [70].

3.5. Amyotrophic Lateral Sclerosis (ALS)

ALS affects motor neurons, which leads to a decrease in mobility among people with
this condition. As the disease progresses, motor neurons degenerate, causing muscle
atrophy, further exacerbating the impaired movement of patients. Mutations in SOD1
(Copper-zinc superoxide dismutase 1) [71], TDP-43 (the gene encoding transactive response DNA
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binding-protein 43 kDa) [72,73] and FUS (fused in sarcoma) [74,75] have been linked to
ALS [76–88].

Mutations in SOD1 are linked to certain instances of autosomal dominant familial ALS
as well as some cases of sporadic ALS. Numerous studies have suggested a connection
between the ubiquitin–proteasome pathway (UPP) and the turnover of SOD1, though
the findings have not provided a definitive explanation. Some research has reported that
mutant SOD1 proteins are degraded more quickly than wild-type SOD1 by the UPP [78,79].
In support of this, the ubiquitin ligases dorfin and NEDL1 have been shown to ubiquitinate
mutant SOD1, but not wild-type SOD1. On the other hand, another study found that metal-
free SOD1 is degraded by the 20S proteasome in vitro without the need for ubiquitination.
This study showed that both wild-type and mutant SOD1 in their monomeric forms
were susceptible to degradation by the proteasome [80]. Other reports have indicated
that both wild-type and mutant SOD1 proteins undergo similar degradation through
macroautophagy and the proteasome [81].

Overexpression of dorfin, a putative E3 ligase for SOD1, has been shown to reduce cell
death induced by the mutant SOD1 protein [78]. Gene expression profiling of spinal cord
tissue from patients with sporadic ALS suggested that genes that encode the components
of the UPP, such as dorfin and ubiquitin-like protein 5, as well as genes related to oxidative
damage, transcription, neuronal differentiation, and inflammation, may play a role in the
pathogenesis of sporadic ALS [82]. It is possible that the expression of dorfin is increased
because of a cellular response to improve the clearance of mutant SOD1. Additionally,
other studies have indicated that heat-shock proteins like Hsp70 or Hsc70, along with CHIP,
contribute to the proteasomal degradation of mutant SOD1 [83]. Furthermore, research has
shown that oxidative damage enhances the ubiquitination of mutant SOD1 and decreases
proteasome activity after one week of expression of a mutant SOD1 gene in cultured
cells [83].

The toxicity of mutant SOD1 protein aggregates remains a subject of debate. Some
researchers have found that aggregates of mutant SOD1 do not lead to cell death [84],
and other studies observed no difference in the viability of motor neurons from wild-
type animals and those from transgenic mice expressing mutant SOD1 [85]. However,
some studies have demonstrated that inhibiting the proteasome results in increased cell
death in human cells expressing mutant SOD1 [86,87]. One study also suggested that
SOD1 mutations may impair the proteasome function. In transgenic mice with the G93A
mutation in the SOD1 gene, the expression of proteasome subunits is reduced, leading to
impaired UPP function in spinal motor neurons [88]. Despite these findings, the role of
protein aggregates in familial ALS remains unclear. Like other neurodegenerative diseases,
the precise relationship between SOD1 protein aggregates, the UPP, and the progression of
the disease is still to be fully understood.

SOD1 is also a target for ubiquitination for other E3 ligases. In studies using HEK293
cells, researchers showed that mutant SOD1 is a substrate for an endoplasmic reticulum-
associated E3 ubiquitin ligase called glycoprotein 78 (Gp78). Ubiquitination by Gp78 targets
mutant SOD1 for degradation by the proteasome, which represses aggregate formation and
protects the cells from cell death induced by mutant SOD1 [89]. Another E3 ligase called
Smurf1 (Smad ubiquitination regulatory factor 1) was shown to promote K63-type ubiquitin
attachment to SOD1, which enhanced aggresome formation and eventual autophagic
degradation of misfolded SOD1 in a mouse neuroblastoma cell line (Neuro-2a, aka N2a)
and a human neuroblastoma cell line SH-SY5Y [90]. A mitochondrial ligase (named MITOL)
localized to the outer membrane of mitochondria ubiquitinates mutant SOD1 but not wild-
type SOD1 in Neuro-2a cells. This action of MITOL was shown to reduce accumulation of
mutant SOD1 in mitochondria and suppress generation of reactive oxygen species [91].
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TDP-43 (transactive response DNA-binding protein 43 kDa) was initially identified in
the ubiquitinated aggregates in the postmortem hippocampus, neocortex, and spinal cord
tissues obtained from subjects with ALS. A few E3 ubiquitin ligases such as parkin [92],
Rnf220 [93], Znf179 [94], and Praja1 [95], and an E2 called UBE2E [96], have been shown to
ubiquitinate TDP-43. Evidence for possible causative roles for deficient ubiquitination in
ALS has been recently obtained. Mice with haploinsufficiency of ubiquitin ligase RNf220
exhibited ALS-like symptoms such as decreased mobility. These mice also showed accu-
mulation of TDP-43 in spinal motor neurons, muscle denervation, and atrophy, which are
hallmarks of ALS pathology [97]. Therefore, it is possible that impairment of the UPP might
play a role in neurodegeneration caused by TDP-43 dysfunction, as has been suggested
previously [98,99].

Links between FUS and UPP in the context of ALS have also been investigated. When
mutant forms of FUS commonly seen in ALS are expressed in a mouse motor neuron-like
hybrid cell line (NSC-34), dysfunction of UPP was observed, as evidenced by accumulation
of ubiquitinated FUS aggregates and reduction in free ubiquitin pool [100].

3.6. Huntington’s Disease (HD)

Huntington’s disease (HD) is a condition caused by mutations in the huntingtin
gene [101]. Specifically, it arises from an abnormal expansion of CAG repeats, which code
for long sequences of glutamine (polyglutamine or polyQ) [101–103].

Early research into HD suggested that the UPP may be compromised in this disease.
For instance, when huntingtin with a 103-glutamine stretch was expressed in human
embryonic kidney (HEK) 293 cells, it led to the formation of aggregates, the accumulation of
ubiquitinated proteins, and cell cycle arrest. In contrast, expressing a shorter polyglutamine
stretch (25 glutamines) resulted in significantly less impact on these outcomes [104]. Further
evidence of UPP dysfunction came from a study utilizing mass spectrometry techniques to
specifically identify polyubiquitin chains formed through the Lys-48 linkage of ubiquitin.
This study revealed an accumulation of polyubiquitin chains in HD. Additionally, it was
found that Lys-48 linked ubiquitin chains accumulated in the brains of R6/2 transgenic
mice (a commonly used HD mouse model), a knock-in mouse model (Q150/Q150) of HD,
and in the brains of individuals with HD [103].

Recent research showed that in HD, several enzymes of the UPP are associated with
mutant huntingtin (mHTT). We particularly focus on a few ubiquitin ligases here because
this class of enzymes targets substrates specifically for ubiquitination and subsequent
degradation by the proteasome. A HECT domain ligase called Ube3a targets mHTT
for K-48-linked ubiquitination, as shown by experiments using HEK293 cells [104]. In
addition, Ube3a was also found to be associated with mHTT in the striatum of a knock-in
mouse model of HD [104]. Ube3a knockdown exacerbated the HD phenotype in mice and
reduced their life span [105]. Other studies on cell lines stably expressing mHTT with
150-polyglutamine showed that Ube3a can target these proteins for proteasome-mediated
degradation [106].

Another HECT domain ligase called UBR5 has been linked to age of onset of HD in
genome-wide association studies [107]. Since HTT is degraded by the proteasome, UBR5
is likely to mark HTT for degradation through Lys-48 ubiquitin linkages. In induced
pluripotent stem cells (iPSCs) from HD patients, UBR5 is expressed at high levels and
knockdown of its expression increases the levels of HTT [108]. Experiments on a C. elegans
model of polyQ expansion (containing 35 polyQ repeats) showed that knockdown of Ubr5
increased polyQ aggregation and neurotoxicity [108].

An ER-associated ubiquitin ligase called HRD1 interacts with wild-type HTT as well
as mutant HTT (mHTT) and ubiquitinates them [109]. The ubiquitinated HTTs are then
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pulled out of the ER by VCP/p97 and delivered to the proteasome for degradation. HRD1
preferentially ubiquitinates mHTTs with expanded polyQ and the overexpression of the
ligase reduces mHTT aggregates [109].

Overall, it appears that mHtTT can be a substrate for the UPP and thus proteolysis can
potentially keep the mutant protein in check. Given that the disease progression still occurs
in the presence of ubiquitin ligases, it is possible that the UPP is not able meet the increased
need for proteolysis. Therefore, improving ubiquitination of mHTT and its degradation by
the proteasome could be a potential therapeutic strategy.

3.7. Parkinson’s Disease (PD)

The majority of the PD cases are sporadic in nature. About 15% of the cases are familial.
The UPP is linked to both sporadic and familial types of PD. Because the familial type of PD
has a clearly identifiable genetic connection, the role of UPP has been extensively studied
in this type of heritable disease. Mutations in SNCA [110], PARK2 [111], PARK7 [112],
LRRK2 [113], PINK1 [114], and ATP13A2 [115] genes are linked to PD. The proteins encoded
by all these genes are associated with the UPP in one way or another.

SNCA encodes a protein called α-synuclein, which is part of the Lewy bodies, the
intracellular inclusions seen in the brains of Parkinson’s disease patients. Lewy bodies
contain high amounts of ubiquitinated proteins, including ubiquitinated α-synuclein [116].
PARK2 encodes parkin, which is an RBR-type ubiquitin ligase. The parkin protein also has
a ubiquitin-like domain at its N-terminus [117].

PARK 7 is also known as DJ-1, the protein product of which is a target for SUMO-1
(small ubiquitin-like modifier 1). Conjugation to SUMO-1 is essential for the neuroprotec-
tive activity of DJ-1 [118].

Dominant mutations of leucine-rich repeat kinase-2 (LRRK2) are the most predominant
causes of inherited form of late-onset PD. LRRK2 protein is targeted for ubiquitination by
the E3 ligase carboxyl terminus of HSP70-interacting protein (CHIP) [119,120].

Mutations in PINK1 (PTEN-induced putative kinase 1) are the second most common
(after those of Parkin) cause of autosomal recessive early-onset type of PD. Studies have
shown that PINK1 protein is functionally linked to the action of parkin. The element that
links the two causes of PD is a transcription repressor Zinc-finger protein 746 (Znf746),
which is also known as a parkin-interacting substrate (PARIS) [121]. PINK1 phosphorylates
two serine residues (322 and 613) in Znf746 which facilitates its ubiquitination by parkin.
Many mutations in PINK1 abolish its kinase activity. Therefore, it is likely that PINK1
mutations lead to an accumulation of Znf746. Given that Znf746 represses the promoter
of proliferator-activated receptor gamma coactivator-1-alpha (PGC-1α), a protein critical
for survival of dopaminergic neurons, prevention of its degradation thus causes loss of
dopaminergic neurons in substantia nigra. This has been borne out by experiments showing
that conditional knockout of PINK1 in adult mice leads to progressive loss of dopaminergic
neurons in a Znf746-dependent manner [121].

ATP13A2 is expressed in lysosomes and functions as a polyamine and metal ion
transporter. One of its roles is reduction of abnormal α-synuclein. In experiments on
SH-SY5Y cells, reduction of α-synuclein multimerization was dependent on the activity of
the UPP [122].

Another gene implicated in both familial and sporadic PD is UCH-L1 [123], which
encodes a deubiquitinating enzyme called ubiquitin C-terminal hydrolase. UCH-L1 protein
co-aggregates with α-synuclein in Lewy bodies, where it is modified by S-nitrosylation,
leading to its destabilization and consequent α-synuclein aggregation [124]. A mutation
I193M is linked to familial PD and the mutated UCH-L1 has reduced enzymatic activ-
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ity. In mouse models, this mutated form causes PD-like symptoms and degeneration of
dopaminergic neurons [125].

A key feature of PD is neurodegeneration. Among the proteins linked to PD, parkin
has been shown to be a key regulator of the aggresome–autophagy pathway [126–128].
Parkin targets several misfolded proteins to the aggresome–autophagy pathway through
Lys-63 linked polyubiquitination. In addition, parkin and Pink1 regulate mitophagy, which
is the removal of mitochondria, particularly damaged ones. Parkin aids in mitophagy by
ubiquitinating several mitochondrial outer membrane proteins that play a role in mitochon-
drial fusion and dynamics such as Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2), Miro1, Miro2,
and Tom20v [129]. Parkin marks these proteins by attaching polyubiquitin chains with link-
ages through Lys-48, Lys-63, Lys-6, and Lys-11 residues in the ubiquitin molecule [130–138].

Parkin plays a role in promoting the ubiquitination and degradation of polyglutamine-
expanded ataxin-3, thereby reducing its cellular toxicity [131,132]. Ataxin-3, which is
associated with Machado–Joseph disease (MJD) or spinocerebellar ataxia-3 (SCA3), func-
tions as a deubiquitinating enzyme (DUB) that primarily cleaves Lys-63 linkages. The DUB
activity of ataxin-3 is enhanced by its own ubiquitination [134]. Both parkin and ataxin-3
are linked to the formation of aggresomes, structures that help remove misfolded proteins
via autophagy. It would be of interest to explore the potential role of ubiquitination and
deubiquitination activities of these proteins in regulating their own turnover, as well as their
role in the early synaptic failure observed in PD or MJD/SCA3. Such investigations could
also offer insights into the parkinsonian symptoms that are observed in MJD patients [136].

A connection between proteasome dysfunction and neurodegeneration in PD was
demonstrated using a sophisticated mouse model, which involved the targeted conditional
depletion of the 26S proteasome by inactivating a 19S proteasome subunit, Psmc1 (also
known as Rpt2/S4). In this model, the depletion of the 26S proteasome resulted in neu-
rodegeneration and the formation of Lewy body-like inclusions. These inclusions, found
in the brain of the mice, contained both ubiquitin and α-synuclein, and their appearance
closely resembled Lewy bodies found in the brains of human PD patients [137]. Further
evidence linking the proteasome to PD was provided by a genetic study of German PD
patients, which revealed that variations in intron 5 of the gene encoding the proteasome
subunit S6 ATPase (now called Rpt3) were more frequently found in early-onset PD patients
compared to those with late-onset PD [138]. Support for the role of another ATPase subunit,
Rpt2, in PD came from the Drosophila model, in which Rpt2 knockdown in the CNS causes
a decrease in proteasomal activity, increases the amount of insoluble ubiquitinated pro-
tein, and induces motor and non-motor phenotypes, which are believed to be Parkinson’s
disease-like symptoms in the fly model [139].

3.8. Spinocerebellar Ataxia (SCA)

There are several types of SCA, but the common types are SCA1, SCA2, SCA3, and
SCA6, and we focus on SCA3 because of its connection to the UPP. SCA3 is also known
as Machado–Joseph disease and is inherited in an autosomal dominant manner. SCA3
is caused by a CAG expansion in a gene called ATAXIN3 [140]. The normal ATAXIN3
contains 13 to 36 CAG repeats whereas the mutant contains 68 to 79 repeats. Thus, the
mutant ATAXIN3 protein contains an expanded poly glutamine (polyQ) tract. The normal
ATAXIN3 protein functions as a deubiquitinating enzyme. Consistent with this idea, knock-
out of the Ataxin3 gene in mice leads to accumulation of polyubiquitinated proteins [141].

Several substrates for the deubiquitinating activity of Ataxin3 are known, including
the E3 ligase parkin, but a connection between these substrates and SCA has not been
convincingly established. The substate of Ataxin3 highly relevant to SCA is valosin-
containing proteins or ATPase p97 belonging to the super family of ATPases associated with
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diverse cellular activities (VCP/p97) [142]. The VCP/p97 protein functions in proteasome-
mediated degradation as well as endoplasmic reticulum-associated degradation (ERAD).
In the case of ERAD, the function of VCP/p97 appears to be in aiding the removal of
misfolded proteins from the ER and their subsequent degradation. The mutant Ataxin3
with polyQ expansion causes accumulation of ERAD substrates. In the Drosophila model,
the interaction of mutant Ataxin3 with VCP/p97 exacerbates its aggregation and toxicity,
and disrupting this interaction ameliorates SCA phenotype in the eyes of flies [143].

An additional DUB, known as ubiquitin-specific protease 14, has also been associated
with ataxia. Mice with homozygous recessive mutations in Usp14 begin to exhibit ataxia
and pronounced tremors by 2–3 weeks of age. This is followed by hindlimb paralysis
and death, typically occurring between 6 and 10 weeks of age [144]. These mutations
drastically reduce Usp14 expression to approximately 5–10% of the levels observed in
wild-type mice. The primary function of Usp14 is thought to be the recycling of ubiquitin
by breaking down polyubiquitin chains into their monomeric form. Supporting this, the
brains of Usp14 mutant mice show reduced levels of monomeric ubiquitin [145]. However,
unlike other neurodegenerative diseases, such as Parkinson’s disease and SCA1 in humans
or gad in mice, these mutant mice do not display ubiquitin-positive protein aggregates
or neuronal cell loss in the CNS. Instead, these mice experience disruptions in synaptic
transmission both in the central and peripheral nervous systems. The growth defects and
lethality associated with the mutation can be rescued by neuron-specific expression of
Usp14 [146]. While this transgene expression also partially rescues motor defects, some
issues with motor coordination persist. The incomplete rescue of motor defects has been
attributed to the absence of Usp14 transgene expression in cerebellar Purkinje cells [146].
Further research has shown that Usp14 plays a vital role in maintaining synaptic ubiquitin
levels at neuromuscular junctions [147].

4. Conclusions and Future Directions
A key challenge for future research is to elucidate the precise mechanistic connection

between alterations in the UPP and development of a specific CNS disorder. In some cases,
the path to a mechanistic understanding seems straightforward. For example, proteolysis
of DISC1 during development of the nervous system can contribute to its insufficiency and
result in the aberrant formation of neural circuitry, which is a contributory factor to the
development of schizophrenia. Similarly, deficient ubiquitination and proteolysis of the
serotonin transporter protein, caused by low levels of MAGE-D, perhaps contributes to
depression-like symptoms in mice through the excessive removal of serotonin from the
synaptic cleft.

One way to advance our understanding of the pathological processes of CNS disorders
is through the development of animal models, because such models allow researchers to
establish cause-and-effect relationships. Ideally, studies carried out with animal models
should be complemented with research on postmortem brain samples and studies on
induced pluripotent stems cells obtained from patient populations. A thorough under-
standing of the role of the UPP in specific mental disorders and neurodegenerative diseases
can lead to the discovery of small molecules for therapeutic purposes.
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