®

Check for
updates

The Ubiquitin—Proteasome System
and Cerebellar Developmental Disease

Jerry Vriend and Xiaodan Jiao

Abstract A variety of developmental diseases of the cerebellum are associated
with the dysregulation of proteins regulated by the ubiquitin—proteasome system
(UPS). Dysfunction of the UPS is observed in several types of spinocerebellar atax-
ias associated with polyglutamine accumulation. Spinocerebellar ataxia type 3 is
caused by a genetic defect in the Atxn3 gene, which codes for a deubiquitinase
enzyme. Defects in the expression of a variety of ubiquitin ligases are associated
with Freidrich’s ataxia, Ataxia-Telangiectasia, and cerebellar hemangioblastoma.
Mutations in a number of genes for ubiquitin ligases are risk factors for autism.
Subtypes of medulloblastoma are associated with specific defects in proteasome
subunits and with deficiencies in components of the APC/C ubiquitin ligase com-
plex regulating the cell cycle. Targeting various components of the UPS system may
contribute to a future therapeutic approach that restores protein homeostasis in vari-
ous cerebellar diseases.
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ATM Ataxia telangiectasia mutated

ATXNI  Ataxin |

ATXN3  Ataxin 3

CAG Cytosine—adenine—guanine repeat

CHFR Checkpoint with forkhead and ring finger domains
DRPLA  Dentatorubropallidoluysian atrophy

DUB Deubiquitinase

E2 Ubiquitin-conjugating enzyme
E3 Ubiquitin ligase
EI Ubiquitin-activating enzyme

FRDA Freidrich’s ataxia

FXN Frataxin

HIF-1 Hypoxia-inducible factor 1

ITPR Inositol triphosphate receptor isoform
MB Medulloblastoma

MID Machado—Joseph disease

RNF Ring finger protein

SCA Spinocerebellar ataxia
UBR Ubiquitin Protein Ligase E3 Component N-Recognin 4
UPS Ubiquitin—proteasome system

USP Ubiquitin-specific protease
VEGF Vascular endothelial growth factor
VHL Von Hippel-Lindau protein

Introduction

In this chapter, we will discuss cerebellar diseases from the perspective of the ubiq-
uitin—proteasome system. In some of these diseases, the ubiquitin—proteasome sys-
tem (UPS) plays a key role in the disease, while in others the role of the
ubiquitin—proteasome system, if any, is not clear. In at least three types of spinocer-
ebellar ataxias, the protein product of the gene associated with the disease is an E3
ubiquitin ligase. We also discuss the role of the ubiquitin—proteasome system in
cerebellar hemangioblastoma, in autism, and in medulloblastomas in terms of defi-
ciencies of the ubiquitin—proteasome system.

The Ubiquitin—Proteasome System

The stability of most cellular proteins is controlled by the rate of their degradation
through the proteasome, a catalytic chamber. Prior to degradation, the proteins are
tagged with the ubiquitin molecule via a series of enzymes, a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3) [1].
An additional enzyme, a deubiquitinase (Dub), functions to remove ubiquitin [2—4].
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This provides a way of recycling ubiquitin. Deubiquitinases can also, together with
specific ubiquitin ligases, serve as on/off switch mechanisms for rapidly controlling
proteins that are required for a short, or defined, period of time. The subunits and
assembly of the proteasome have recently been described in detail [5]. Herein we
discuss the role of the ubiquitin—proteasome system in various developmental dis-
eases of the cerebellum.

Ataxia and Spinocerebellar Ataxia

Ataxia is a neurological condition in which a lack of coordination of muscle groups
leads to abnormal gait. Such neurological conditions are often associated with the
degeneration of parts of the cerebellum and the degeneration of neuronal pathways
between the cerebellum and spinal cord; hence, they are called spinocerebellar atax-
ias (SCAs). As genes for various SCAs were identified, they were sequentially num-
bered. Currently there are over 40 subtypes of SCAs identified. SCA type 41, for
example, is associated with a mutation in the TRPC3 gene [6]. A mouse model for
this disease, the moonwalker mouse, has a mutation of this gene [7]. A number of
SCAs are associated with defects in the ubiquitin—proteasome system. Tarlac and
Storey [8] have noted that proteasome components and ubiquitin are often found
co-localized with abnormal aggregates of proteins in neurons of SCA patients, par-
ticularly those with polyglutamine diseases.

Spinocerebellar Ataxia Type 1 (SCAI)

SCAL is a polyglutamine disease [9]. It is associated with a CAG (cytosine—ade-
nine—guanine) repeat in the Ataxin 1 gene (ATXN/) [10]. Loss of ATXNI1 function
is reported to contribute to the pathogenesis of SCA1 [11]. One protein to which the
ataxin 1 protein binds is ubiquilin 4 (aka ataxin-1 ubiquitin-like interacting protein,
A1UP) [12]. This protein also interacts with subunits of the proteasome, contribut-
ing to the mechanism by which misfolded proteins are degraded in this structure
[13]. The E3 ubiquitin ligase CHIP can ubiquitinate wild-type ataxin 1, as well as
its expanded polyQ form, and can protect against the toxicity of the expanded ataxin
1 protein [14]. Enhancing CHIP activity has been proposed as a therapy for polyQ
diseases [15].

In a mouse model of SCA1 gene expression in the cerebellum of the ATXNI,
polyQ mice were compared with wild type and ATXN1 knockout mice [11]. These
investigators analyzed the genes altered in the strains of mice by Kegg analysis. Two
sets of genes were expressed in opposite directions in ATXN1 knockout and ATN1
knockin mice, genes that could provide information concerning the mechanism of
SCAL pathogenesis. The two sets of genes, according to the Kegg analysis, were a
group including three genes of the TCA cycle and a second group of five genes
associated with the ubiquitin-mediated proteolysis (see their Supplemental Table 2).
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The five ubiquitin ligase genes in this table were ANAPC2, UBE2o, UBE3B,
WWP2, and MIDI1 (aka Trim18). It should be noted that WWP2 is also known as
atrophin interacting protein 2 (AIP2) (see below). Mutation of TRIM18 may result
in a variety of genetic defects, including the Dandy—Walker malformation [16] and
in some patients, agenesis of the cerebellar vermis [17].

Spinocerebellar Ataxia Type 2 (SCA2)

SCAZ2 is another polyglutamine disease. It is caused by a mutation in the ATXN2
gene [18, 19]. Mutation of this gene can also result in a Parkinson-like syndrome, as
well as in amyotrophic lateral sclerosis [20]. Although the ubiquitin and ubiquitin-
like conjugation database (UUCO) classifies the ATXN?2 protein as an E3 ligase of
the Ring family, most publications on SCA2 have not noted this.

Spinocerebellar Ataxia Type 3 (SCA3)/Machado-Joseph Disease
and Ataxin 3

Machado-Joseph disease (MJD), although rare, is one of the most common spino-
cerebellar diseases. It was named after two individuals who first described it [21] .
MID is also referred to as spinocerebellar ataxia type 3 (SCA3); however, early
investigators distinguished the two [22]. It is a progressive neurodegenerative dis-
ease leading to paralysis and death [23]. In addition to ataxia, the symptoms of this
disease included memory deficits, dysarthria, alterations in saccadic eye move-
ments, and dysphagia [24]. There is no current cure for this disease. SCA3/MJD, an
autosomal dominant disease, is associated with a genetic abnormality (CAG trinu-
cleotide repeats) of the ATXN3 (Ataxin 3) gene [25-28], a gene located on chromo-
some 14 (at 14q32.12). The Atxn3 gene codes for the protein ataxin-3. In SCA3/MIJD,
ataxin-3 accumulates in neurons as the disease progresses [29]. SCA3/MID is one
of the polyglutamine (polyQ; caused by expanded cytosine—adenine—guanine
(CAG) repeats) neurodegenerative diseases associated with protein aggregates in
neurons [30, 31]. The components of the ataxin-3 protein, including the polyQ
region, have been described and illustrated by Matos et al. [28].

Ataxin-3 has been identified as a deubiquitinase enzyme [28]. It has several ubiqg-
uitin interacting regions, which account for its binding to polyubiquitinated protein
chains [28]. Riess et al. [27] have illustrated a model of the normal function of
ataxin-3. In this model, ataxin-3 facilitates the transport of ubiquitinated proteins to
the proteasome for degradation. In SCA3/MJD, ubiquitinated proteins accumulate
and proteasome activity is inhibited [32]. There is some data suggesting that in end-
stage SCA3/MID there is a defect preventing the assembly of the two major com-
ponents of the proteasome, the proteolytic component and the regulatory component
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[33]. The presence of ubiquitin in neuronal inclusions in polyQ diseases has been
taken as evidence for the role of the ubiquitin—proteasome system in the pathogen-
esis of these disorders [32].

Ataxin-3 functions as a polyubiquitin editing enzyme rather than simply as an
enzyme that completely deubiquitinates its substrate [28, 34, 35]. According to
Windborn et al., it binds to both Lys [48] and Lys [63] ubiquitin linkages but pref-
erentially cleaves Lys [63] linkages [35].

In SCA3/MIJD, the soluble polyglutamine proteins are toxic [28] and probably
interfere with the normal function of ataxin-3 as a deubiquitinase. Ataxin-3 has been
shown to interact with several ubiquitin ligases including CHIP and Parkin [28, 36].
It regulates the activity of these ligases by removing ubiquitin from them. It has
been suggested that the activity of ataxin-3 is itself enhanced by ubiquitination [37,
38]. Its cellular role has been related to protein quality control [38]. Chai et al. [39]
showed that the proteasome suppresses polyglutamine aggregation in neurons of
SCA3/MID patients and suggested that the ubiquitin—proteasome pathway has a
key role in polyglutamine diseases including SCA3/MJD. However, data on the
precise role of the proteasome, or its subunits, in SCA3/MJD is lacking. Rat and
mouse models of SCA3/MJD have been developed [40, 41]. These models will
contribute to determining the role of ataxin-3 and its polyglutamine form in the
development and treatment of SCA3/MJD.

Spinocerebellar Ataxia 5 (SCAS)

Mutations in the SPTBN2 gene reportedly cause SCAS [42]. This gene codes for
one of the spectrin proteins, B-III-spectrin. Spectrin is an F-actin crosslinking pro-
tein composed of two chains, alpha and beta, making up a helix. It has a mechanical
role in maintaining the shape of the cell but is also involved in cell signaling [43].
The alpha chain is reported to have E2 ubiquitin conjugase activity as well as E3
ubiquitin ligase activity [44—46]. The role of the alpha chain E2/E3 activity in the
development of SCAS has not been studied.

Spinocerebellar Ataxia 6 (SCAG6)

SCAG is arare cerebellar ataxia with additional oculomotor symptoms. Both SCA6,
which is progressive, and an episodic non-progressive ataxia, subtype 2 (see below)
are associated with a mutation in the calcium channel subunit gene, CACNAIA. SCA6
is another polyglutamine disease caused by CAG repeats in the gene [47].
CACNAT1A, also known as SCAG, is associated with the E3 ubiquitin ligase BCL6
[48]. This association is not well characterized.
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Spinocerebellar Ataxia 7 (SCA7)

SCA7 is another disease caused by CAG nucleotide repeats. It is caused by a muta-
tion in a gene on Chromosome 3, Afxn7. It is a progressive disease that results in
ataxia and blindness. The ataxin-7 protein is part of a protein complex, the SAGA
complex, that acts as a DUB, which regulates the transcription of a number of genes
[49, 50]. The DUB protein that contributes to this complex is USP22 [51]. The
polyglutamine expansion of the ataxin-7 protein apparently interferes with the func-
tion of the USP22 as a gene silencer [51, 52].

Spinocerebellar Ataxia 8 (SCAS)

SCAS is associated with a trinucleotide repeat expansion in the two overlapping
genes ATXNS and ATXNSOS [53]. The latter codes for an antisense RNA for the
ubiquitin ligase KLHL1 [54]. Both genes are highly expressed in the cerebellum
and other brain tissues.

Spinocerebellar Ataxia 15 (SCA1S5)

SCAL1S5 is a cerebellar ataxia in which atrophy of parts of the vermis is reported [55].
Mutations of the IPTR1 gene are associated with this disorder. Mutations of this
gene are associated with abnormal regulation of calcium release by calmodulin and
UBR4 (aka p600), a ubiquitin E3 ligase [56]. Mutations of UBR4 are associated
with at least one subtype of episodic ataxias (see below).

Spinocerebellar Ataxia 17 (SCA17)

Scal7 is caused by a mutation in the gene (TBP) for the Tata-box binding protein.
In a model of Sermwittayawong and Tan [57], the SAGA complex interacts with
TBP to regulate transcription. These investigators, however, did not discuss the deu-
biquitinase activity of the SAGA complex in their model. If deubiquitinase activity
is generally associated with the SAGA complex, as suggested by others [58, 59], it
may also be important in regulating TBP in the cerebellum.
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Spinocerebellar Ataxia Type 19 (SCA19) and Type 22 (SCA22)

SCA19 and SCA22 have been associated with mutations in the gene for a potassium
channel component, KCND3 [60]. This protein has been classified as an E3 ubiqui-
tin ligase of the BTB family in a supplemental table of a recent publication [61].

CHIP and Gordon Homes Syndrome

It has been shown that mutations in the Stubl gene, which codes for the ubiquitin
ligase CHIP, are associated with a number of autosomal recessive cerebellar ataxias
[62, 63]. In Gordon Holmes syndrome (ataxia associated with hypogonadism),
mutations in the Strubl gene and loss of CHIP have been identified as the probable
cause of this disorder [64]. Ronnebaum et al. [65] concluded that CHIP is required
for the maintenance of normal cerebellar function.

Dentatorubropallidoluysian Atrophy

Dentatorubropallidoluysian atrophy (DRPLA) is another autosomal dominant neu-
rodegenerative disease associated with cerebellar ataxia [66, 67]. It is also referred
to Naito—Oyanagi disease [68]. Like SCA3/MJD, it is a genetic abnormality with
trinucleotide repeats and polyglutamine proteins [69-71]. In DRPLA, there is an
abnormality of the atrophin-1 gene (Aml), expansion of a CAG repeat [72]. The
abnormal form of the atrophin-1 protein accumulates in the brains of DRPLA
patients [72].

Several atrophin-interacting proteins including AIP1, AIP2, AIP3, AIP4, and
AIPS5 have been identified [73]. Three of them are E3 ubiquitin ligases. AIP2 is also
known as WWP2 (WW domain-containing protein ligase 2). AIP4 has been identi-
fied as a ubiquitin ligase homologous to the mouse E3 ligase Itch [74]. Among the
substrates of this E3 ligase are the proteins Notch [75] and JunB [76]. AIPS is also
known as WWP1 (WW domain-containing protein ligase 1). AIP1 and AIP3 have
not been described as E3 ligases. They are membrane-bound proteins with guanyl-
ate kinase-like regions [73].

Friedrich’s Ataxia and Ubiquitin-Competing Molecules

Friedrich’s ataxia (FRDA) is a hereditary protein disease. It is inherited as an auto-
somal recessive disease that initially presents itself in symptoms of gait disturbance
and lack of coordination. FRDA is a disease that progressively impairs the muscular
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system. Other systems involved may include vision, hearing, speech, carbohydrate
metabolism, and cardiac disorders. The pathology of FRDA has been reviewed by
Koeppen AH 2011 [77]. FRDA results from failed transcription of the frataxin
(FXN) gene [78, 79]. Gene silencing may contribute to this failure in transcription
[77]. A deficiency in the FXN protein leads to the degenerative conditions charac-
teristic of FRDA [80]. FXN has been located in the mitochondrial matrix. It is
thought to play a significant role in maintaining adequate levels of iron in mitochon-
dria [81].

Currently, there is no effective treatment for FRDA. However, the FRDA pheno-
type, in an in vitro mouse model, was partially reversed, using viral vectors encod-
ing for the FXN gene [82]. This model provided an incentive to use this approach in
humans. In humans, efforts have been made to reactivate the FXN gene using nico-
tinamide [83]. Underlying this research effort is the view that epigenetic regulation
of the FXN gene is possible.

Another approach to increasing FXN is to manipulate its degradation. FXN is a
protein that is degraded by the ubiquitin—proteasome system [84]. Theoretically,
proteasome inhibitors could be used to increase tissue concentrations of
FXN. However, this approach is limited to those inhibitors that cross the blood—
brain barrier. Another limitation is that proteasome inhibitors are not specific
enough. Rufini and colleagues have identified and tested a series of lead compounds
capable of interfering with FXN ubiquitination and degradation [84]. Recently, they
found that small molecules that bind to FXN compete with ubiquitin for binding to
FXN (at a specific site on the molecule, lysine 147) and lead to the accumulation of
FXN [85]. They named these molecules ubiquitin-competing molecules. Their
results provided a rationale for a therapeutic use of ubiquitin-competing molecules
in FRDA disease.

Episodic Ataxia and Ubiquitin Ligases

There are currently eight separate clinically recognized episodic ataxias (EA) [86].
In one form of EA, subtype 8, the UBR4 (Ubiquitin Protein Ligase E3 Component
N-Recognin 4) gene on chromosome 1 was reported as the likely source of genetic
variations causing this ataxia [56]. UBR4 (aka p600) is a ubiquitin E3 ligase [87,
88] that interacts with calmodulin, a calcium-binding protein. UBR4 also binds to
ITPR1 (inositol trisphosphate receptor isoform 1), which regulates calcium release
from the endoplasmic reticulum [56]. Conroy et al. [56] suggested the hypothesis
that interference with the normal binding of calmodulin and/or ITPR1 to UBR4
resulted in a dysfunctional calcium sensing system leading to ataxia.

One of the most common types of EA (subtype 1) is reportedly caused by varia-
tions in the gene KCNA 1, which codes for a potassium channel protein [§9]. KCNA
has been recently identified as having E3 ubiquitin ligase activity [61] (see
Supplemental Table 4 in this reference). AS noted above, EA subtype 2 is caused by
a mutation in the calcium channel subunit gene, CACNAIA.
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Ataxia Telangiectasia (AT) and the ATM Protein

Ataxia telangiectasia (AT), also known as Louis—Bar’s syndrome [90], is an autoso-
mal recessive disorder that results in various clinical symptoms including progres-
sive ataxia. AT patients have a defect in a gene associated with the repair response
to double-strand DNA breaks resulting from oxidative stress [91]. The ATM (ataxia
telangiectasia mutated) protein, a serine—threonine protein kinase, phosphorylates
several enzymes necessary for activation of the DNA damage checkpoint and repair
response after double-strand DNA breaks [92].

Other proteins involved in ATM activation include the ubiquitin ligases RNF8
(Ring Finger 8) and CHFR (Checkpoint with forkhead and ring finger domains)
[93]. Via phosphorylation, ATM can activate or inactivate many different proteins.
Its effect on the ubiquitin—proteasome system during activation of the response to
double-strand DNA breaks has been described by Shiloh and Ziv [93] as having
several phases: 1. recruitment of ATM to the site of double-strand breaks (partially
mediated by the E3 ubiquitin ligase SKP2); 2. a kinase cascade stimulating the
phosphorylation of many proteins including other kinases; 3. recruitment of protea-
somes to the site of DNA damage [94]; 4. modulation of ubiquitin ligases and DUBs
(deubiquitinases) by phosphorylation; and 5. phosphorylation of substrates of E3
ligases preparing them for ubiquitination. Thus, E3 ligases control the stability of
proteins such as p5S3 and NFkB. Among the E3 ligases listed by Shiloh and Ziv as
influenced by ATM include Copl (aka RFWD2), MDM2, MDMX, and SIAH1. The
deubiquitinase USP10 is also phosphorylated by ATM. Thus, it can be safely con-
cluded that the ubiquitin—proteasome system plays an important role in the ATM
response. Eventually, this information may be used to design therapeutic molecules
that can be used in the management of AT.

Cerebellar Hemangioblastoma and the Von Hippel-
Lindau Protein

Hemangioblastomas of the cerebellum are frequently associated with von Hippel-
Lindau (VHL) disease [95, 96]. In this disease, there is a deficiency in the gene for
the VHL tumor suppressor protein and overexpression of VEGF (vascular endothe-
lial growth factor) [96]. Hemangioblastomas probably originate from hemangio-
blast progenitor cells [97].

The molecular mechanisms by which loss of the VHL gene or VHL protein leads
to susceptibility to hemangioblastoma have been described [98]. The VHL protein
has been shown to be a ubiquitin ligase [99]. One of its substrates is the transcription
factor HIF-1a [100], a transcription factor for a number of proteins including VEGF
[101]. Under normal conditions (normoxia), HIF-1a is ubiquitinated by VHL and
degraded by the proteasome [102].



264 J. Vriend and X. Jiao
Autism-Associated Genes

The development of the cerebellum has been shown to differ in autistic patients
compared to controls [103]. MRI studies showed hypoplasia of the cerebellum in
autistic patients [104]. Postmortem studies showed significantly decreased numbers
of Purkinje neurons in the cerebellum of patients with autism spectrum disorders
(ASDs) [103]. Among the genes associated with ASD is the gene for the ubiquitin
ligase UBE3A [105]. It was reported as upregulated in cells from individuals with
autism [106]. The UBE3A gene is better known as the gene which, when deficient,
causes Angelman syndrome [107]. It is a maternally expressed gene. The protein
encoded by this gene is the E6-AP protein [108]. It is named for its association with
the papillomavirus protein E6.

Recently, Louros and Osterweil [105] have noted that mutations in a number of
genes of the ubiquitin—proteasome system have been identified as risk factors for
ASD. In addition to UBE3A, ten other ubiquitin ligases were documented as risk
factors for ASD (UBE3B, UBE3C, PARK?2, FBX040, RFWD2, Cullin 3, Cullin 7,
HECW2, HERC2, and HUWE) in this review. The genes coding three deubiquitin-
ases (USP9Y, USP45, and USP7) and the gene for the proteasome subunit PSMD10
were also listed as risk factors. The authors point out that these data provide strong
evidence for the dysregulation of protein degradation in ASD. The number of ubiq-
uitin—proteasome proteins listed as risk factors may reflect the heterogeneity of
ASD diseases.

Medulloblastoma and Ubiquitin—Proteasome Components

Medulloblastoma, described as a malignancy of the cerebellum, actually describes
a group of heterogeneous tumors, differing in histology, genetic expression, clinical
outcome, and response to treatment. A consensus classification, however, was
reported in 2012 [109]. In this classification, four major subtypes of medulloblas-
toma were recognized: the WNT group, the SHH group, and two additional groups
simply referred to as Groups 3 and 4. In 2015, we suggested the possibility of clas-
sification of MBs according to their expression of ubiquitin ligases [110]. In support
of this view are supplemental data of Thompson et al. [111] showing differential
expression of at least 50 ubiquitin ligases among the various subtypes of MB. Since
the Thompson data were reported before 2012, these investigators recognized five
subgroups of MB rather than the four subgroups of the consensus classification. In
a recent review [112], we identified these E3 ligases and indicated whether they
were significantly upregulated or downregulated in the various subgroups of the
Thompson supplementary dataset. We also noted the differential expression of 12
deubiquitinases among the various subtypes of MB in the Thompson dataset. Since
the publication of our review, we noted that expression of the gene UBE3A, also an
E3 ligase, was also differential expressed among some of the Thompson MB
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subgroups. We have noted above that the UBE3A gene is associated with Angelman
syndrome and autism as well. Thus, in addition, this ubiquitin E3 ligase could be
useful as a marker gene for a subtype of MB, the Thompson Group E MB (equiva-
lent to MB consensus subtype 3). We noted above that the UBE3A gene codes for a
protein, E6-AP. On further examination of the Thompson dataset, we note that sev-
eral ubiquitin-conjugating enzymes are differently expressed among the various
MB subtypes. In Table 1, we list the ubiquitin conjugases that were significantly
upregulated or downregulated in the Thompson dataset compared to the other MB
groups. Thus, E2 conjugases, E3 ligases, and deubiquitinases could all be useful as
marker genes for the various subtypes of MB.

Another remarkable feature of the Thompson dataset [111] is that it shows dif-
ferential expression of genes for proteasome subunits among the different subtypes
of MB. The Wnt subgroup showed significant depression of expression of the
PSMBI gene; the SHH subgroup of MBs showed significant depression of expres-
sion of seven separate genes for proteasome subunits; the Thompson dataset also
showed that their Group A MBs had significantly increased expression of genes for
13 separate proteasome subunits, including the genes for two catalytic subunits. The
genes for eight subunits of the proteasome, including two catalytic subunits, were
significantly decreased in their Group C tumors. The final group of Thompson MBs,
Group E, also showed significant variations in several proteasome subunits. This
was illustrated in the review of Vriend and Marzban [112] and reproduced as Fig. 1
(by permission). These results showed that genes for proteasome subunits are ““sig-
nature” genes for subtypes of MBs and raise the possibility of targeting proteasome
subunits therapeutically.

One ubiquitin ligase complex suggested in a therapeutic context for MB is casein
kinase 1 delta, a substrate of the APC/C (anaphase promoting complex/cyclosome)
complex [113]. The APC/C ubiquitin ligase is an important regulator of mitosis.
Among the factors that regulate its activity is the human cytomegalovirus [114].
Many medulloblastomas are reportedly infected with this virus [115, 116]. Although
a causative relationship between cytomegalovirus and MBs has not been defini-
tively established, Baryawno et al. [116] have suggested an important role of this
virus in the development of MB. This virus may be more significant in subgroups of
MBs in which the activity of the APC/C ubiquitin ligase complex is impaired than

Table 1 Ubiquitin-conjugating enzymes in MD groups of Thompson et al. [111]

Gene Location Group A Group B Group C Group D Group E
UBE2B 5q31.1 UpP DOWN DOWN
UBE2C 20q13.12 DOWN Up

UBE2D2 5q31.2 DOWN UP
UBE2EI 3p24.2 DOWN
UBE2N 12q22 UPpP DOWN

UBE2V1 20q13.3 DOWN DOWN Up 18]
UBE3A 15q11.2 UpP DOWN
UBE2K 4pl4 UpP DOWN
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in MBs in which this complex is fully functional. Further investigation on the inter-
action of viruses and ubiquitin ligases may provide information leading to new
therapeutic approaches for several cerebellar diseases.

Prospective Expectations

Various developmental diseases of the cerebellum are associated with abnormal
protein regulation [8]. It is becoming clear that a dysfunctional UPS has a key role
in many of these disorders. As subsequent research identifies the specific compo-
nents of the UPS that are dysfunctional, opportunities arise to target these constitu-
ents therapeutically. Inhibitors of ubiquitin ligases and ubiquitin conjugases, as well
as inhibitors of deubiquitinases, may all be therapeutically significant in the treat-
ment of some of these diseases. In cases in which disease is associated with protea-
some dysfunction, proteasome inhibitors or proteasome-stimulating proteins may
be clinically practical.
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