SCAY: Is the rub in the DUB?

Trends in
CeI_I & Molecular

Biology
Vol.7,2012

Mini-Review

Yi Chun Chen?, Patrick A. Grant?, and Sharon Y. R. Dent™

Department of Molecular Carcinogenesis, University of Texas MD Anderson Cancer Center,
1808 Park Road 1C, Smithville Texas 78957, USA. 2Department of Biochemistry and
Molecular Genetics, University of Virginia School of Medicine, USA

ABSTRACT

Spinocerebellar Ataxia type 7 (SCAT7) is one of 9
neurodegenerative diseases caused by polyglutamine
(polyQ) expansions in target proteins. The length
of the polyQ expansions are inversely correlated
with the age of onset and directly correlated with
the severity of the disease. Although the affected
protein is different in each of the polyQ diseases,
common cellular and molecular changes are
associated with the expansions, including abnormal
gene expression patterns, the presence of nuclear
inclusions, and altered ubiquitin levels. The
mechanistic basis for these changes, or how these
features give rise to progressive ataxias, is not
clear. Clues to these questions may come from
studies of Atxn7, the protein affected in SCA?7.
Atxn7 is part of the SAGA complex, which
houses both histone acetyltransferase (HAT) and
deubiquitinase (DUB) activity. Both of these
activities are essential for the role of SAGA in
gene regulation, and disruption of these functions
by polyQ-Atxn7 might directly contribute to the
disease phenotype. Recent studies indicate that the
SAGA DUB module, which includes Atxn7, has
nonhistone substrates, raising the possibility that
loss or misdirection of the DUB module might
contribute to the abnormal accumulation of ubiquitin
observed in SCAT cells. Here we explore this idea
and present a model for how polyQ-Atxn7 might
act in a dominant manner over time to disrupt
SAGA functions, disturbing both transcriptional
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and non-transcriptional processes, ultimately leading
to development of SCA7.
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INTRODUCTION

Even though genetic defects associated with many
inherited neurodegenerative diseases have been
identified, the molecular mechanisms underlying
the onset or progression of these diseases have yet
to be clearly defined. PolyQ expansion diseases
typified by SCA?7 affect a single genomic locus
that is often expressed ubiquitously, but which
selectively affects particular neuronal cell subtypes,
leading to distinct neurological symptoms [1-4].
Moreover, cells expressing the polyQ protein also
express wild type protein from the non-expanded
allele, indicating the polyQ protein acts in a
dominant fashion to cause the disease state. In
both SCA7 and SCA1, the affected protein is part
of a larger complex, and depending on the context
of the other proteins in the complex, the polyQ
expansion can cause gain- or loss-of-function [5-7].

Atxn7, and its polyQ derivative, are part of a
multisubunit histone acetyltransferase (HAT)
complex termed SAGA [5]. Although best
characterized in terms of its HAT catalytic subunit,
Gcen5, SAGA contains a second enzymatic module
that houses deubiquitinating (DUB) activity [8].
Atxn7 is an important subunit of the DUB
module, but it is not yet known whether or how
polyQ-Atxn7 affects this function [8]. Interestingly,
accumulation of ubiquitinated proteins is observed
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in SCA7 and other polyQ disease states [9-15].
Here, we review SAGA functions and suggest a
model for how loss of the DUB module might
upset ubiquitin homeostasis and contribute to
neurodegeneration.

The ubiquitin proteasome system in polyQ
diseases

As in other cell types, neurons utilize the
ubiquitin-proteasome system for protein turnover
in controlling synaptic activity and neurite projection
[16, 17]. Recent findings further indicate that
neurons maintain higher levels of free ubiquitin
than do other cell types [18], and defects in the
ubiquitin-proteasome system have been suggested
to contribute to neural dysfunction [19-23]. In
polyQ diseases, both the polyQ-protein and
ubiquitin accumulate and are often sequestered
into nuclear inclusions [11, 13, 15]. Although
these accumulations might reflect reduced activity
of the proteasome, this does not appear to be the
case in SCA7, as normal proteasome activity is
found in the affected neurons [24]. This finding
leads to the question of what causes accumulation
of polyQ-Atxn7 and whether this accumulation is
directly related to altered levels of ubiquitin in
neuronal tissues in SCA7 patients.

SAGA functions in transcription and more

Atxn7 itself contains no enzymatic domains, but it
bridges the HAT and DUB modules within the
SAGA complex [8]. SAGA is highly conserved
from yeast to human, both in the composition and
organization of subunits [25-27]. By acetylating
histones H3 and H4, and by removing ubiquitin
from histone H2B, via enzymatic subunits
Gen5 and Usp22, respectively, SAGA facilitates
transcriptional initiation [28, 29]. Therefore SAGA
is best known for its functions as a transcriptional
co-activator. However, both GCN5 and USP22
have non-histone substrates that impinge on
transcription as well as other cellular processes.
For example, Gen5 and its sister protein, PCAF,
acetylate the p53 tumor suppressor, affecting its
functions in gene activation [30]. GCN5 and SAGA
also regulate the activity of several transcription
factors involved in metabolism (e.g. PGC1l-a,
PGC1-B) [30, 31]. USP22 DUB activity regulates
ubiquitination and turnover of at least two

components of the telomeric shelterin complex,
thereby affecting genome integrity [32]. USP22
and its yeast ortholog, Ubp8, remove ubiquitin
from transcriptional regulators as well, affecting
their association with or activation of target genes
[33, 34]. Although most studies focus on the
transcriptional functions of SAGA in histone
modification, the non-histone targets of Gen5 and
USP22 must also be considered in determining
how polyQ-Atxn7 causes SCAT.

SAGA functions in neural development and
SCA7

Genetic studies indicate that Genb5 and SAGA
may be particularly important for normal neural
development. Deletion of Gcn5 in mice leads to
early embryonic lethality, but loss of Gen5 HAT
activity or decreased overall expression of Gecnb
leads to cranial neural tube closure defects and
exencephaly [35, 36]. A loss-of-function mutation
of the USP22 homologue in Drosophila, called
Nonstop, leads to defects in neuronal projection [37].

Because Atxn7 bridges the HAT and DUB modules
of SAGA, polyQ-Atxn7 could affect functions of
either or both of these activities. Mice bearing
polyQ-Atxn7 alleles provide a good model for
human SCA7 disease [38]. In these SCA7 mouse
models, neurodegeneration is accompanied by
disruption of expression of neuronal genes [38]
that are transcriptional targets of SAGA [39, 40].
Levels of Gen5 HAT activity are decreased in
polyQ-Atxn7 expressing cultured cells [41],
suggesting that defects in Gen5 functions caused
by the Atxn7 mutant protein might underlie SCA7
disease development or progression. However,
another study using a polyQ-Atxn7 transgenic
mouse found that Gen5 HAT activity was not
adversely affected, and surprisingly, that higher
levels of acetylated histones were associated with
transcriptional down-regulation of Atxn7 and
SAGA target genes [42]. These conflicting results
suggest that polyQ-Atxn7 might cause either a
loss-of-function or a gain-of-function in Gen5 and
SAGA.

To further address this question and to directly
determine whether loss of Gcen5 functions
exacerbates or improves the phenotype of SCA7
mouse models, Chen et al. [43] combined Gcn5
mutations with polyQ expansions in Atxn7 that
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cause moderate neurological phenotypes. Reduction
of Genb to 50% of normal levels accelerated both
the onset and the progression of ataxia and
neurodegeneration in the SCA7 mice. This finding
clearly indicates that loss of SAGA functions is
associated with SCA7 development. However,
deletion of Gen5 specifically in Purkinje cells in
the absence of polyQ-Atxn7 caused only very
mild ataxia, suggesting that loss of Gens5 HAT
functions is not sufficient to induce SCA7Y in a
cell-autonomous fashion. Moreover, transcriptional
down-regulation of known Atxn7 targets by polyQ-
Atxn7 was not further affected by decreased
levels of Gcn5 [43]. This work suggests that
corruption of non-HAT, and likely non-
transcriptional, functions of SAGA contribute to
SCA7 development and progression. Since Gecnb
is required for full activity of USP22, depletion of
Gen5 might well hamper the functions of a DUB
module already crippled by polyQ-Atxn7 (Figure 1).
Decreased DUB activity could then contribute
to the accumulation of ubiquitin observed in
SCAY7 cells.

Cell- or non-autonomous toxicity of
polyQ-Atxn7?

Several recent findings suggest that the major
toxicity of polyQ-Atxn7 comes not only from the
affected neurons but also from surrounding cell
types. Expressing polyQ-Atxn7 in either Purkinje
neurons or Bergmann glia both cause cerebellar
degeneration and ataxia [44, 45], suggesting
polyQ-Atxn7 generates both cell- and non-
autonomous toxicity towards the degenerating
Purkinje cells in the cerebellum. Interestingly,
major transcriptional alterations in the cerebellum
were observed in surrounding interneurons and
glia but not degenerating Purkinje neurons [46].
SAGA functions, both HAT and DUB related, could
affect Bergmann glia-mediated non-autonomous
toxicity in SCA7. Expression of polyQ-Atxn7 in
human astrocytes was found to cause transcriptional
down-regulation of a number of genes, including
Reelin (RELN), which encodes for an extracellular
matrix protein (McCullough et al. in press
2012). RELN has a well-documented role in the
development and maintenance of Purkinje cells
in the cerebellum. Furthermore, polyQ-Atxn7
expressing astrocytes display an increase in

ubiquitinated H2B at the RELN gene promoter.
This is consistent with a non-cell autonomous
SAGA DUB-related defect that could contribute
to the overall neuronal degeneration observed in
SCAT disease.

How polyQ-Atxn7 might lead to
neurodegeneration in SCA7

PolyQ-Atxn7 likely has a dosage effect on toxicity.
Earlier onset and more severe neurodegenerative
phenotypes occur upon over expression of polyQ-
Atxn7 and in the presence of long polyQ alleles,
such as in the 266Q-SCA7 homozygote mouse
[38, 47]. PolyQ-Atxn7 protein accumulates in
degenerating tissues in SCA7 mice even though
transcription of the polyQ-Atxn7 allele is not
altered [38]. These observations suggest that
polyQ-Atxn7 may have a longer half life and be
cleared more slowly than wild type Atxn7. Since
polyQ-Atxn7 but not wild type Atxn7 accumulates,
a greater proportion of SAGA complexes would
incorporate polyQ-Atxn7 over time, explaining both
the dominance of the polyQ allele over the wild
type allele and the increased toxicity as a function
of age (Figure 1). Accumulation of ubiquitinated
proteins due to reduced DUB function might
result in less free ubiquitin for use in clearance of
unfolded proteins, which in turn could aggravate
neurotoxicity (Figure 2). The neuronal defects
could be further exacerbated by the transcriptional
functions of SAGA in the unfolded protein
response and the ER-stress pathway [48, 49].

Increasing evidence shows that protein degradation
has important roles in both neuronal development
and in long-term synaptic plasticity [50]. The
highly dynamic nature of synapses and the need
for post-mitotic neurons to remain plastic and to
constantly renew internal components to function
properly makes them particularly dependent on an
efficient ubiquitination system and protein turnover
by the proteasome. For example, loss of Uspl4, a
proteasome-associated DUB enzyme, causes a
reduction in ubiquitin pools that results in a
neuromuscular developmental disorder in ataxia
(ax’) mice [51, 52]. Transgenic complementation
of neuronal ubiquitin was reported to prevent the
disease, indicating that ubiquitin homeostasis is an
essential component of neuronal function [52].
Neurons are faced with the combined morphological
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Figure 1. Model for progressive loss of SAGA functions in polyQ-Atxn7 mediated neuronal toxicity.

In wildtype cells, SAGA regulates neuronal functions via protein acetylation by Gen5 and deubiquitination
by Usp22. Since Atxn7 bridges these two catalytic activities, polyQ-Atxn7 incorporation into SAGA could
affect both of these functions. The ratio of polyQ-Atxn7-containing SAGA would increase with age, as the
polyQ protein, but not wild type Atxn7, accumulates. Neurons may be more sensitive to the loss of SAGA
activity and/or the free ubiquitin pool and therefore more vulnerable to polyQ-Atxn7.
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Figure 2. Model for how an unbalanced free ubiquitin pool contributes to SCA7 neurotoxicity. Homeostasis
of a free ubiquitin pool may be associated with the dynamics of histone ubiquitination and deubiquitination.
Since Usp22 is one of the DUBs that catalyze histone deubiquitination, Usp22 activity likely impacts the free
ubiquitin pool. In SCA7 neurons, polyQ-Atxn7 might adversely affect Usp22 functions and disrupt the
homeostasis of free ubiquitin. Since neurons maintain a higher free ubiquitin pool than other cell types, they
may be especially sensitive to loss of Usp22 functions, leading to neural-specific toxicity and SCA?7.
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and biological challenge of having a comparatively
large cell surface area, degrading surface proteins
at a high rate, and then turning over locally or
delivering these substrates to proteolytic machineries
in compartmentalized spaces. The prevalence of
neurodegenerative disorders, including polyQ
diseases, that display changes in protein turnover
seems to suggest that neurons are particularly
susceptible to failures to clear aberrant proteins.
The aggregation of free ubiquitin with polyQ-
Atxn7 in nuclear inclusions would further worsen
this problem (Figure 2). Although the ubiquitin
pool might be affected in all cell types, neurons
may be more vulnerable to this change due to
their higher demand on the ubiquitin proteasome
system [53, 54]. Since the overall proteasome
activity in brain tissue decreases with aging [50],
defective Usp22 DUB activity and putative
alterations in ubiquitin pools in SCA7 neurons
may contribute to the age-related onset of disease.

FUTURE PERSPECTIVE

Understanding the biochemical activities and the
processes that are affected by the polyQ expansions
in SCAY and other triplet repeat diseases is crucially
important to the development of new and better
therapies. Our suggestion here that polyQ-Atxn7
might affect the DUB module in SAGA predicts
that replacement DUBs, elevated ubiquitin levels
or inhibiting ubiquitination pathways might slow
the progression of neurodegeneration in SCA7.
Our ideas can be tested in mice, by determining
whether loss of Usp22 in the cerebellum leads to a
SCAT like phenotype. Going forward, it will also
be important to determine whether the accumulation
of specific ubiquitinated proteins is central to the
cause of SCA7 or whether the level of free
ubiquitin is more important to SCA7 neurotoxicity.
Identifying protein targets of Usp22 and comparing
the free ubiquitin pools in SCA7 mice, Usp22
mutants, and double Usp22-SCA7 mutants will
provide insights into these questions and determine
whether ubiquitin-centric therapeutic interventions
may be a potential way of treating not only SCA7
but also other related polyQ diseases.
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