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ABSTRACT

Polyglutamine (polyQ) diseases are progressive fatal neurodegenerative
movement disorders. Although many cellular processes are perturbed in polyQ disease,
recent studies highlight the importance of protein misfolding as a central event in polyQ
toxicity. Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease,
is a particularly interesting polyQ disease because of the special qualities of the disease
protein ataxin-3, which normally participates in cellular protein quality contol. Here I
use multiple mouse models of disease to explore toxic protein species and the role of
protein homeostasis in SCA3 pathogenesis.

In Chapter 1, I review the key features of polyQ disease, and outline the
background and rationale behind our strategy for identifying toxic protein species in
SCA3.

In Chapter 2, I examine the role of the protein quality control ubiquitin ligase,
CHIP (C-terminus of Hsp70 interacting protein), in regulating the toxicity of expanded
ataxin-3 in vivo. Genetic reduction or removal of CHIP increases formation of detergent
resistant ataxin-3 microaggregates specifically in the brain. Concomitant with this,
reduction or removal of CHIP exacerbates the phenotype of SCA3 mice, revealing a
correlation between high levels of microaggregates and phenotypic severity. Additional
cell-based studies confirm that CHIP may not directly mediate ataxin-3 degradation,
suggesting that CHIP reduces expanded ataxin-3 toxicity in the brain primarily by
enhancing ataxin-3 solubility.

In Chapter 3, I use various biochemical techniques to reveal the presence of brain

specific ataxin-3 microaggregates in two genetically distinct mouse models of SCA3.



Selective neuropathological evaluation of SCA3 mice reveals that major neuronal loss
and reactive glial proliferation are not shared features of phenotypically-manifesting
SCA3 mice. Additional studies fail to provide evidence for loss-of-function of
endogenous ataxin-3 in SCA3 mice. Our results suggest that neuronal dysfunction in
SCA3 is mediated through a toxic gain-of-function mechanism by ataxin-3
microaggregates in the CNS.

In Chapter 4, I discuss important areas for future research in polyQ disease. I
describe studies that would help elucidate the structural nature of toxic soluble
microaggregates, and their effects on other cellular proteins. I also consider how the

results described in this thesis inform potential treatment strategies.
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CHAPTER 1

INTRODUCTION

Abstract

Collectively the polyglutamine (polyQ) expansion diseases are a major cause of
neurodegeneration worldwide. Recent studies highlight the importance of protein quality
control mechanisms in regulating polyQ-induced toxicity. This introductory chapter
outlines a model of disease pathogenesis that integrates current understanding of the role
of protein folding in polyQ disease with emerging evidence that alterations in native
protein interactions of specific polyQ disease proteins contribute to toxicity. I also
discuss evidence supporting the involvement of protein quality control machinery in the
neuronal response to polyQ-mediated toxicity. Lastly, I incorporate new findings on other
age-related neurodegenerative diseases in an effort to explain how protein aggregation
and normal aging processes might be involved in polyQ disease pathogenesis.
Most of this chapter has been published in the following manuscripts:

Williams, A.J. and H.L. Paulson (2008) Polyglutamine neurodegeneration:
Protein misfolding revisited. 7INS 31: 521-528.

Todi, S.V., Williams, A.J. and H.L. Paulson (2007) Polyglutamine diseases,
including Huntington’s Disease. In Molecular Neurology (1st ed) (Waxman, S., ed.) pp.

257-275, Academic Press.



Introduction

The polyglutamine (polyQ) diseases represent an important cause of heritable
neurodegeneration, comprising at least nine disorders (reviewed in Zoghbi and Orr, 2000;
Fig. 1.1). All nine result from the expansion of a CAG repeat in the respective disease
genes, encoding an abnormally long glutamine tract in the disease proteins. With one
exception (the X-linked disorder SBMA), CAG/polyQ repeat expansions are transmitted
to successive generations in affected families through an autosomal dominant manner. In
all nine diseases, including SBMA, CAG/polyQ expansions act in a dominant toxic
manner to cause disease. This shared mutation suggests a common pathogenic
mechanism among the polyQ diseases, notwithstanding the fact that the pathogenic
proteins are evolutionarily and functionally unrelated.

A decade ago, a clue to pathogenesis came from the discovery that expanded
polyQ proteins accumulate within intraneuronal inclusions in select brain regions. This
observation, coupled with in vitro experiments modeling polyQ protein aggregation,
quickly led to the hypothesis that polyQ protein aggregation, and perhaps the inclusion
itself, mediated neurodegeneration. The appeal of this hypothesis stemmed partly from
the mechanistic link it suggested to other, more common age-related neurodegenerative
disorders in which aggregates of specific proteins accumulate, including Alzheimer’s
disease (AD) and Parkinson’s disease (PD).

Subsequently inclusions have fallen out of favor as a primary pathogenic entity.
Many cell-based, animal model and human autopsy studies suggest that inclusions are
simply the byproduct of abnormal protein accumulation or perhaps even a cytoprotective

response that sequesters abnormal proteins (Arrasate et al., 2004; Riib et al., 2006; Slow



et al., 2005; Saudou et al., 1998). This has led to understandable confusion in the field
about whether protein misfolding and aggregation are indeed central to disease
pathogenesis. Recent studies using divergent approaches, however, now support the
importance of protein misfolding in polyQ disease pathogenesis. Here we synthesize
these findings into a broader understanding of the role played by protein misfolding and
aggregation in these intriguing neurodegenerative disorders, and place them in the larger

context of age-related neurodegeneration.

Lots of Trouble From One Amino Acid

PolyQ diseases fall within the larger category of protein conformational brain
disorders. As with most age-related neurodegenerative disorders, polyQ diseases are
characterized by amyloid-like deposits of the disease protein in the central nervous
system (CNS). Expanded polyQ proteins are prone to aggregate and, the longer the
expansion, the more robust the aggregation. Disease severity also correlates directly with
the length of the expansion, measured both by the age of symptom onset and by the
extent of CNS pathology: longer repeats lead to earlier onset and more widespread
degeneration. With the most common sized expansions, disease typically does not
manifest until well into adulthood despite expression of the mutant protein throughout
life.

Despite their presumably shared disease mechanism, polyQ diseases differ
clinically and neuropathologically (Fig. 1.1). While many are degenerative
spinocerebellar ataxias, one is primarily a motor neuron disorder (SBMA) and another is

characterized by striatal and cortical degeneration (Huntington’s disease, HD). This



preferential loss of specific neuronal populations occurs despite widespread expression of
the disease proteins (Zoghbi and Orr, 2000). A closer look reveals that even the polyQ
expansions differ somewhat among the diseases: although the commonly accepted
disease threshold for glutamine repeats is ~37-40 residues, a much smaller repeat causes
disease in one disorder (SCA6), and the encoded proteins normally contain glutamine
repeats up to 42 residues in two others (SCA3, SCA17). Clearly, then, not all expansions
are the same. The host protein context influences both the biochemical properties of
expanded polyQ and, importantly, the resultant disease phenotype.

Many hypotheses have been put forward to explain polyQ disease pathogenesis.
These hypotheses are by no means mutually exclusive. For any given polyQ disease more
than one mechanism likely contributes to neuronal dysfunction and eventual cell death.
They include: 1) misfolding of the disease protein resulting in altered function, ii)
deleterious protein interactions engaged in by the mutant protein, iii) formation of toxic
oligomeric complexes; iv) transcriptional dysregulation, v) mitochondrial dysfunction
resulting in impaired bioenergetics and oxidative stress, vi) impaired axonal transport, vi)
aberrant neuronal signaling including excitotoxicity, vii) cellular protein homeostasis
impairment, and viii) RNA toxicity (Todi et al., 2007; Gatchel and Zoghbi, 2005; Li et
al., 2008; Bennett et al., 2007; Pandey et al., 2007) (Fig. 1.2).

Compelling data support each of these mechanisms in one or more polyQ
diseases. But which among these are key, early events in polyQ neurodegeneration and
which are secondary? As we discuss below, the most compelling argument can be made

for a mechanism that combines the first three listed above: polyQ-induced



conformational changes in the disease protein resulting in altered and abnormal protein-
protein interactions as outlined in Figure 1.3.

The identity of the putative toxic species in polyQ disorders has been the subject
of much research and debate. The search for toxic species has been complicated by the
fact that divergent results can be obtained with expanded polyQ peptides versus polyQ
protein fragments versus full-length polyQ disease proteins. One possibility is that the
polyQ disease protein (or a proteolytic fragment) itself is directly toxic, either as a
misfolded monomer or homo-oligomeric complex. For example, Nagai and colleagues
(2007) showed that misfolded beta-sheet-rich polyQ protein monomers and oligomers are
toxic to cells, but properly folded alpha-helical polyQ monomers are not. The
conformational change from alpha-helix to beta-sheet correlated with cellular toxicity,
which agrees with the generally accepted view that expanded polyQ is prone to adopt a
beta-sheet-rich conformation and assemble into amyloid-like complexes through a
nucleation-seeded polymerization process. Based on calculations from in vitro reactions,
a single abnormally folded monomer seeds the growth of larger oligomeric complexes
and, ultimately, amyloid-like fibrils (Chen et al., 2002a and 2002b). The structure
adopted by expanded polyQ, however, is still unknown. One crystallographic study of
polyQ protein has been published, describing the structure of polyQ peptide bound to a
polyQ-specific monoclonal antibody (Li et al., 2007b). In antibody-polyQ crystals, polyQ
peptides have an extended linear shape. Surface plasmon resonance studies showed that
isolated polyQ peptides and polyQ-expanded huntingtin possess similar antibody binding
properties (Li et al., 2007b). These results suggest that polyQ proteins adopt the same

shape regardless of repeat length, which would not support the model of a distinct, toxic



conformer. Structural studies using circular dichroism (Nagai et al., 2007), dynamic light
scattering (Bulone et al., 2006), nuclear magnetic resonance (Klein et al., 2007) and
simulation methods (Marchut and Hall, 2006) have reported a variety of possible polyQ
structures, making it currently difficult to draw conclusions regarding local domain
misfolding in polyQ disease proteins.

Many studies support the view that, as in AD, putative toxic oligomeric species
exist somewhere upstream of amyloid fibrils along the aggregation pathway. For
example, in cells overexpressing polyQ fusion proteins, fluorescence resonance energy
transfer experiments demonstrate the formation of soluble oligomeric species whose
appearance correlates with toxicity (Takahashi et al., 2008). Furthermore, in some mouse
models of disease, polyQ protein microaggregates that are resistant to denaturing
detergents accumulate before, or simultaneous with, the first signs of CNS dysfunction,
consistent with their being causative pathogenic agents (Li et al., 2007a; Weiss et al.,

2008).

Routes to Neuronal Toxicity

Is there, in fact, a single toxic polyQ species? In other words, is there a particular
monomeric conformer or oligomer that, relative to other conformations or complexes
generated by expanded polyQ proteins, is especially deleterious to neurons? Current
evidence suggests that there probably is not a single neurotoxic species; rather, the
situation is likely much more biologically complex. We favor the view that the toxicity of
expanded polyQ proteins is a more general byproduct of the misfolded protein’s

propensity to engage in aberrant protein interactions, which can be deleterious whether



mediated by monomeric protein, by homo-oligomeric complexes, or by more subtle
disruptions in the balance of heteroprotein complexes through which thenative polyQ
protein normally functions (Fig. 1.3). In short, there may be multiple, distinct, toxic
polyQ species depending on a host of factors. The extent to which any of these occurs in
a given disease will vary depending on the structural and functional properties of the
protein, the size of the expansion, the protein’s subcellular localization, the occurrence of
proteolytic events that liberate polyQ fragments from the surrounding polypeptide, and
the integrity of protein homeostatic pathways in the cell. In the case of extremely long
expansions or those diseases in which proteolysis generates polyQ fragments (e.g. HD), a
relatively high concentration of misfolded, unconstrained polyQ may favor the formation
of homo-oligomeric complexes. For example, the detergentresistant microaggregates
observed in the R6/2 transgenic mouse, which expresses avery small fragment of mutant
huntingtin, likely are homo-oligomers (Weiss et al., 2008). Indeed many studies in the
field have relied on the analysis of polyQ protein fragments or isolated polyQ peptides,
with which the formation of polyQ oligomers clearly occurs. In Chapters 2 and 3 of this
dissertation, I will explore the role of microaggregates containing ataxin-3, the disease
protein in spinocerebellar ataxia type 3 (SCA3), in disease pathogenesis.

By contrast, in the more typical disease state in which a modest expansion
remains constrained within the full protein, a smaller fraction of the cellular pool of
mutant protein will adopt an abnormal polyQ conformation. In this case, specific
interactions ordinarily engaged in by the native polyQ protein will be altered more subtly
and the mutant protein likely retains many normal functions; a good illustration is the fact

that mutant huntingtin can compensate for the embryonic lethality of huntingtin knockout



mice. It is important to emphasize that, rather than being structural proteins or self
sufficient enzymes, most polyQ-containing proteins tend to be regulatory cofactors
within macromolecular assemblies, often linked to gene regulation (Butland et al., 2007).
Rather subtle changes in such assemblies could have tremendous consequences in
neurons. These changes could occur through toxic gain of function in the polyQ disease
protein, a loss of function, or both simultaneously.

A recent example of this is provided by the SCA1 disease protein, ataxin-1. Lim
and colleagues (2008) showed that ataxin-1 exists in multiple heteroprotein complexes.
PolyQ expansion in ataxin-1 promotes the formation of a complex containing RBM17, a
putative RNA binding protein, which enhances neurotoxicity through an unknown gain of
function. Simultaneously, polyQ expansion reduces the formation of an ataxin-1 complex
containing the transcriptional repressor, Capicua, thereby exacerbating pathology through
a loss of function (Lam et al., 2006). These results suggest a model of pathogenesis in
which conformational changes in mutant ataxin-1 alter the balance of macromolecular
assemblies through which this protein acts. The resultant imbalance has deleterious
consequences for specific neurons including, in this instance, cerebellar Purkinje cells.
Importantly, this model does not require global protein misfolding, widespread
perturbations in cellular protein homeostasis, or even the formation of mutant ataxin1
homo-oligomers.

Another example of polyQ-induced alterations in heteroprotein complexes was
recently described for the SCA17 disease protein, TATA-box binding protein (TBP)
(Friedman et al., 2007). TBP normally forms transcriptionally incompetent homodimers,

preventing unregulated TBP activity. PolyQ expansion inhibits the formation of TBP



homodimers while promoting interaction with the transcription factor, TFIIB. These
polyQ-TBP/TFIIB heterocomplexes lack normal DNA-binding capacity, resulting in
reduced expression of TFIIB-dependent genes. SCA17 transgenic mice, like most animal
models of polyQ disease, develop nuclear inclusions. However, this does not imply that
inclusions are pathogenic structures: the presence of both TFIIB and TBP in inclusions
may simply be the end-stage product of interactions initiated between the two proteins in
the soluble, pre-aggregation state, as has been suggested elsewhere for expanded polyQ
proteins that interact with transcription factors (Schaffar et al., 2004).

Additional illustrations of polyQ-induced changes in native protein complexes
exist for the SCA7 and DRPLA disease proteins, ataxin-7 and atrophin, respectively
(Palhan et al., 2005; Helmlinger et al., 2006; Zhang et al., 2002). While the examples
discussed here involve transcriptionally active complexes, other expanded polyQ disease
proteins not directly implicated in transcriptional regulation also may display alterations
in the balance of native macromolecular complexes.

The above examples lead one to predict that interacting partners of polyQ proteins
will often be genetic modifiers of pathogenesis. A recent study makes good on this
prediction (Kaltenbach et al., 2007). Using complementary approaches, Hughes and
colleagues identified 234 proteins that interact with the amino-terminal domain of
huntingtin. When a subset of 60 interactors were tested in a Drosophila model of HD, a
remarkably high percentage, 45%, proved to be genetic modifiers. Thus, many modifiers
of polyQ toxicity will likely prove to be the very proteins with which the disease protein

normally interacts. Translating the discovery of genetic modifiers from animal and
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cellular models to the human diseases, in which (with few exceptions) genetic modifiers

have not yet been identified, is a pressing area of investigation.

Evidence for Perturbations in Protein Homeostasis

The known functions of certain polyQ disease modifiers — which in some cases
modulate the toxicity of multiple polyQ disease proteins — argue that polyQ-induced
protein misfolding and resultant stress on protein homeostatic pathways play a central
role in pathogenesis. Several classes of heat shock proteins (Hsp) have been extensively
studied in the context of polyQ disease and are potent modulators of polyQ toxicity in
cellular and animal models. They are divided into six classes, denoted by the approximate
size of the protein in kilodaltons: HSP100, 90, 70, 60, 40 and smaller HSPs of less than
40 kD (Macario, 1995). Collectively these chaperones act cotranslationally on nascent
polypeptide chains or posttranslationally on stress-denatured proteins.

If a protein does not fold properly despite the assistance of chaperones, it is often
then degraded by the ubiquitin proteasome system (UPS), the key protein degradation
pathway in the cell. Certain bifunctional proteins, like CHIP, link the chaperone system
to the UPS. Other chaperones, like valosin-containing protein (VCP), facilitate the
delivery of misfolded proteins in the ER to the cytosolic UPS (Jarosch et al., 2002;
Rabinovich et al., 2002; Ye et al., 2001). This system, known as endoplasmic reticulum
associated degradation (ERAD), has not been invoked as amajor degradation route for
most polyQ proteins. However, when the ERAD system is overwhelmed, cells turn on the
ER stress response (Yoshida, 2007), which is also induced by many polyQ proteins

(Reijonen et al., 2008; Kouroku et al., 2007; Thomas et al.,2005; Nishitoh et al., 2002;
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Kouroku et al., 2002). The polyQ protein ataxin-3 is part of the machinery by which
misfolded ER proteins get delivered to the proteasome (Zhong and Pittman, 2006; Wang
et al., 2008). Another major route for abnormal protein elimination is lysosome-mediated
autophagy, which engulfs and destroys damaged cellular components ranging from
individual proteins to entire organelles. Increasing evidence suggests that autophagy
plays a role in the destruction of polyQ proteins in at leag some diseases (Ravikumar and
Rubinsztein, 2004).

Only recently was the chaperonin, TRiC, identified as a suppressor of polyQ
aggregation and toxicity. A hetero-oligomer of 16 subunits, TRiC forms a capsule with a
central chamber reminiscent of the prokaryotic GroEL/GroES chaperonin complex. TRiC
interacts with the Hsp network both by refolding substrates bound to Hsp70 and by
functioning with Hsp70 in the assembly of oligomeric protein complexes (Melville et al.,
2003; Fig. 1.4). TRiC was first identified as a modulator of polyQ protein aggregation in
a genome-wide RNAi screen in C. elegans (Nollen et al., 2004). Three later studies
sought to explain the mechanism by which TRiC suppresses polyQ toxicity. Kitamura et
al. (2006) and Tam et al. (2006) demonstrated that TRiC prevents the formation of toxic
misfolded polyQ intermediates, as assayed by a decrease in biochemically detectable
protein aggregates and cellular toxicity (Fig. 1.4). Kitamura et al. (2006) concluded that
the TRiC holocomplex was required for suppression, whereas Tam et al. (2006) showed
suppression of polyQ toxicity simply by overexpressing the substrate binding domain of
the TRiC subunit that bound polyQ substrates best. Behrends et al. (2006) concluded,
somewhat differently, that TRiC does not reduce oligomer formation but rather

cooperates with Hsp70 and Hsp40 to promote the formation of nontoxic oligomers over
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toxic oligomers (Fig. 1.4). Taken together, these TRiC studiessupport a role for polyQ
aggregation in toxicity and underscore the importance of protein quality control
machinery in reducing that toxicity.

Recent genetic screens have expanded the range of modifiers to include additional
classes of quality control proteins that maintain protein homeostasis, including ubiquitin
proteasome system components (Table 1.1). Some screens have identified still other
genes that do not appear to function directly in protein quality control, including signal
transduction pathway components, cytoskeletal proteins and transcription factors (Table
1.1). Although these proteins have diverse cellular functions, many have been shown to
alter the aggregation state of polyQ protein in animal models, such as alpha and beta-
tubulin, and ribosomal components (Nollen et al., 2004; Bilen and Bonini, 2007)

Gidalevitz et al. (2006) asked a broader question: do expanded polyQ proteins
cause unassociated proteins in the cell to misfold? That is, could the constant presence of
a protein that is prone to misfold disrupt protein homeostasis throughout the cell? To
answer this question, metastable temperature-sensitive proteins were expressed in worms
with or without coexpressed polyQ protein. Co-expression of a polyQ protein fragment
promoted the misfolding of temperature-sensitive proteins even at normally permissive
temperatures. It is currently unknown whether this effect would manifest in cells
expressing physiological levels of the implicated proteins, or whether there are similar
endogenous, metastable proteins in neurons. Nevertheless, these results suggesta
mechanism whereby polyQ proteins could wreak general havoc on cellular protein
homeostasis, especially when proteolysis releases a highly aggregation-prone polyQ

protein fragment. Importantly, even subtle impairment of cellular homeostasis could
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disrupt the intricate balance of macromolecular complexes through which many polyQ

proteins act.

Folding and Degradation Enzymes as Quality Control
Partners

Quality control (QC) ubiquitin ligases, a special class of ubiquitin ligases that link
protein refolding and protein degradation pathways, have recently emerged as modifiers
of various age-related, neurodegenerative proteinopathies. This class of enzymes
currently includes CHIP, parkin, and E4B, though others will likely be identified. Rather
than simply ubiquitinating one or a few substrates, QC ubiquitin ligases act on a broader
range of abnormally folded polypeptides. They accomplish this partly by constituting a
scaffold that brings together components of protein refolding, most notably molecular
chaperones, with ubiquitination machinery.

Among these, the C-terminus of Hsp70-interacting protein, CHIP, is of particular
interest in proteinopathies. CHIP interacts with numerous neurodegenerative disease
proteins, including polyQ disease proteins, and modulates their solubility and degradation
(Miller et al., 2005; Jana et al., 2005; Shin et al., 2005; Dickey et al., 2006; Choi et al.,
2007; Al-Ramahi et al., 2006; Kumar et al., 2007; Adachi et al., 2007). CHIP plays an
important role in modulating the toxicity of all polyQ proteins with which it is known to
interact. So far, these include huntingtin (Miller et al., 2005), ataxirnr1 (Choi et al., 2007;
Al-Ramahi et al., 2006), ataxin-3 (Jana et al., 2005), and androgen receptor (Adachi et al.,
2007). Interestingly, CHIP’s action on polyQ proteins is influenced by the substrate’s

protein context (Branco et al., 2008; Miller et al., 2005; AFRamabhi et al., 2006), although
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the mechanisms underlying this are not understood. In Chapter 2 of this dissertation, I
will investigate the role of CHIP in modulating ataxin-3 toxicity and regulating
microaggregate formation in the brain.

Currently, other ubiquitin ligases in this group are less wellstudied with respect
to polyQ diseases, but some connections have been made. In cell models, parkin reduces
the aggregation and toxicity of polyQ-containing protein and colocalizes to inclusions in
HD mouse and human disease brain (Tsai et al., 2003). E4B appears to be important for
the degradation of the SCA3 disease protein, ataxin-3, and suppresses ataxin-3 toxicity in
flies (Matsumoto et al., 2004). Finally, some evidence suggests that E6:AP is also a QC
ubiquitin ligase, as it regulates the aggregation, degradation and toxicity of expanded
huntingtin and ataxin-3 in cell models (Mishra et al., 2008) and the toxicity of expanded
ataxin-1 in transgenic mice (Cummings et al., 1999). Much more work is still needed to

identify the ligases and other factors mediating turnover of specific polyQ proteins.

Lessons from Other Age-Related Amyloidopathies

Mutant polyQ proteins adopt amyloid-like conformations (Nagai et al., 2007;
Ellisdon et al., 2007; Diaz-Hernandez et al., 2005), suggesting that mechanistic insights
from other amyloidopathies may shed light on polyQ disorders. In the most common
CNS amyloidopathy, AD, the putative culprit is A-beta, a cleavage product of amyloid
precursor protein (Walsh and Selkoe, 2007). Although extensive A-beta plaques
accumulate in AD brain, soluble A-beta oligomers appear to be the principal neurotoxic
species (Walsh and Selkoe, 2007). In the Tg2576 transgenic mouse model of AD, Lesné

and colleagues (2006) reported an extracellular A-beta dodecamer, A-beta*56, whose
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appearance in brain correlated with the onset of memory problems and which, when
injected into rats, elicited similar cognitive deficits. More recently, toxic dimers have
been reported in human AD brain samples (Shankar et al., 2008) Additional studies are
needed to establish whether specific prefibrillar oligomeric forms of A-beta, including
dimers or A-beta *56, are indeed the primary species underlying neurotoxicity in AD.

While these investigations suggest there are one or a few identifiable neurotoxic,
oligomeric A-beta species, it is important to note that A-beta is a highly aggregation-
prone, wholly amyloidogenic fragment of a protein, and is therefore likely to generate
pure homo-oligomers of discrete size. In contrast, polyQ proteins tend to be much larger
and, even when cleaved by intracellular proteases, the resultant polyQ fragments often
retain substantial flanking sequences. Accordingly, they are less likely to aggregate into
homogenous oligomers than A-beta. Nevertheless, polyQ proteins and their resultant
aggregates have much in common with A-beta amyloid, and the methods used to identify
specific A-beta oligomers, including conformational specific antibodies (Kayed et al.,
2003; Kayed et al., 2007), might prove useful in detecting pathological polyQ species as
well.

Another recent study linked A-beta aggregation to aging pathways in C. elegans
(Cohen et al., 2006), a finding that may also shed light on the age-related nature of polyQ
diseases (Fig. 1.5). In the major aging pathway in worms, the insulin/IGF-1 receptor daf-
2 inhibits the transcription factor, daf-16. Daf-2 signaling is critical for normal aging:
when daf-2 is inhibited, worms live longer. Another transcription factor, isf-1, is
important for aging: inhibition of Asf-1 blocks the lifespan extension resulting from daf-2

inhibition. To complete the loop, Asf-1 effects on aging are dependent on daf-16, the very
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transcription factor that is inhibited by daf-2 signaling. Importantly, this pathway
regulates both the aging process and protein aggregation (Cohen et al., 2006). In worms
treated with RNA1 against daf-2, lifespan was extended and worms manifested A-beta
toxicity at much later ages. Conversely, RNAIi against either pro-longevity gene, daf-16
or hsf-1, caused worms to manifest A-beta toxicity more severely and at younger ages.
This increased A-beta toxicity directly correlated with increased levels of A-beta trimer,
suggesting that trimers or some higher order structure composed of A-beta trimers
(perhaps A-beta*56-like) is the toxic species.

Further investigation of the mechanism by which Asf-1 and daf-16 regulate A-beta
toxicity revealed that Asf-1 is important for dissociating protein aggregates, whereas daf-
16 enhances the aggregation of small toxic oligomers into larger, nontoxic fibrils (Cohen
et al., 2006; Fig. 1.5). Thus, daf-16 and hsf-1 regulate distinct and complementary
pathways that decrease levels of pathogenic A-beta aggregates and reduce the toxicity of
aggregation-prone proteins.

Importantly, Asf-1 and daf-16 have also been shown to reduce polyQ aggregation
in worms (Hsu et al., 2003). Because Asf-1 and daf-16 regulate protein aggregation
pathways and aging pathways simultaneously, functional compromise of these systems
during aging may explain why diseases of protein misfolding and aggregation manifest in
an age-related manner. Lifespan extension in worms delays both polyQ aggregation and
toxicity (Morley et al., 2002), suggesting that the studies linking A-beta aggregation and
aging will inform our understanding of how these two processes are linked in polyQ

disease as well.
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Rationale and Aims of the Thesis

Our lab is interested in how protein quality control mechanisms in the cell
regulate protein misfolding and aggregation in polyQ disease. We use SCA3 as a model
polyQ disease because the disease protein, ataxin-3, has several interesting qualities. It
normally functions in several protein quality control pathways (discussed in Chapters 3
and 4) and it also suppresses the toxicity of other polyQ disease proteins (Warrick et al.,
2005). Moreover, ataxin-3 is known to self-associate in vitro with or without polyQ
expansion (Gales et al., 2005; Ellisdon et al., 2006). Given our interest in both ataxin-3
function and SCA3, we wanted to investigate the role of protein quality control
mechanisms in SCA3 pathogenesis, and to identify the toxic protein species responsible
for neuronal dysfunction in SCA3.

Overall, the studies presented here describe the role of oligomerization and
protein aggregation in SCA3 pathogenesis using multiple transgenic mouse models. In
Chapter 2 I investigate the role of the protein quality control ubiquitin ligase and co-
chaperone CHIP in ataxin-3 aggregation and SCA3 pathogenesis, using SCA3 transgenic
mice as a model. In Chapter 3, I identify and analyze putative toxic protein intermediates
in SCA3 using two genetically different SCA3 transgenic mouse models. Using brain
tissue from phenotypically expressing SCA3 mice, I also investigate in Chapter 3
whether overexpression of polyQ-expanded ataxin-3 alters the localization or protein

complexes formed by ataxin-3 or its interacting proteins.
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Table 1.1. Genetic modifiers of polyglutamine toxicity in animal models.

Name

Hsp70

Hsp60/
TRiC/
CCT
Hsp40

alpha-B-
crystallin
VCP

CHIP

E6-AP

E4B

Ubiquitin

Uba
Ubc-E2H

Usp9X/fat
facets

Class

Chaperone

Chaperone

Chaperone

Chaperone
Chaperone,

ERAD

Chaperone
UPS

Chaperone
UPS

UPS

UPS

UPS
UPS

UPS

Function

Binds unfolded
proteins, ATP
hydrolysis

Binds unfolded
proteins, ATP
hydrolysis
Binds unfolded
proteins, co-

chaperone for Hsp70

Small heat-shock
protein
translocation of

substrates from ER to

cytosol, ATP
hydrolysis

Bind chaperones,
ubiquitin ligase

Ubiquitin ligase, may
functionally interact

with Hsp70
Ubiquitin ligase

Targets proteins for
degradation, various
cellular processes

Ubiquitin activating

enzyme
Ubiquitin

conjugating enzyme

Deubiquitinating
enzyme

Effect on

PolyQ
Toxicity

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor

Suppressor
Suppressor

Suppressor

Animal
Model

fly,
worm

worm

fly,
worm

fly,
mouse

mouse

Refs

Nollen et al.,
2004; Bilen and
Bonini, 2007,
Branco et al.,
2008

Nollen et al.,
2004

Nollen et al.,
2004; Bilen and
Bonini, 2007,
Branco et al.,
2008

Bilen and
Bonini, 2007
Boeddrich et al.,
2006

Branco et al.,
2008; Miller et
al., 2005;
Adachi et al,
2007
Cummings et
al., 1999

Matsumoto et
al., 2004
Nollen et al.,
2004; Branco et
al., 2008
Nollen et al.,
2004

Branco et al.,
2008
Kaltenbach et
al., 2007; Bilen
and Bonini,
2007
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Proteasome UPS Protein degradation Suppressor  worm Nollen et al.,
core 2004
subunits
Proteasome UPS Regulation of Variable fly, Kaltenbach et
cap subunits proteasome activity (depends on  worm al., 2007; Nollen
specific cap et al., 2004
subunit)
Atg Autophagy Components of Suppressor  fly, Pandey et al.,
proteins autophagic cycle worm 2007; Jia et al.,
(atgb, atg7, 2007
atgl2,
atg18)
HDAC6 Autophagy Histone deacetylase Suppressor  fly Pandey et al.,
2007
14-3-3 Signal Binds phosphorylated Enhancer fly Kaltenbach et
transduction  proteins al., 2007;
Branco et al.,
2008
Akt Signal Serine/threonine Variable fly Branco et al.,
transduction  kinase (depends on 2008
polyQ
disease)
RhoGAP  Signal Regulates GTPases Enhancer fly Branco et al.,
transduction 2008
Tubulins Cytoskeleton  Vesicle trafficking, Suppressor  worm Nollen et al.,
cell structure 2004
Exportin-1 Nuclear Binds and transports ~ Suppressor  fly Bilen and
export proteins Bonini, 2007
HSF-1 Transcription Regulates chaperone  Suppressor worm Nollen et al.,
factor expression 2004
Ribosom-  Protein Protein synthesis, Suppressor worm Nollen et al.,
al proteins _ synthesis binds mRNA 2004

Note: Genetic screening in animal models has identified multiple gene families that
modulate polyQ toxicity, including genes encoding chaperones, components of the
ubiquitin proteasome system (UPS) and endoplasmic reticulum associated degradation
(ERAD), proteins implicated in RNA metabolism, and proteins of diverse signal
transduction pathways. A unifying feature of many implicated modifier genes is
involvement in the maintenance of cellular proteostasis. This table is a representative
listing, restricted to modifier genes that are 1) directly involved in cellular protein quality
control, 2) have been identified in multiple animal models, or 3) have been shown to
regulate polyQ protein aggregation.
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Figure 1.1. Polyglutamine disease proteins and their functions. The nine known polyQ
diseases are listed along with their causative proteins, the protein’s relative size compared
to other polyQ disease proteins, and their putative functions. Gold bars represent the
relative location of the polyQ repeat in each protein, with the gold arrows indicating the
range of repeat lengths that have been associated with disease in humans. While polyQ
repeat length is stable within an individual (with some modest somatic mosaicism), polyQ
repeat length can vary between generations. SBMA, spinobulbar muscular atrophy; HD,
Huntington’s disease; DRPLA, dentatorubral-pallidoluysian atrophy; SCA, spinocerebellar
ataxia. From Williams, A.J. and H.L. Paulson (2008) 7INS 31: 521-528.
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Figure 1.2. Potential mechanisms to explain polyglutamine toxicity. As shown in the
center, a toxic conformation of expanded polyQ, either monomeric or oligomeric, is
thought to underlie pathogenesis. As shown from the top, all polyQ diseases demonstrate
accumulation of toxic protein and some degree of impairment in protein quality control,
either in proteasomal degradation (as pictured) or in chaperone-mediated refolding (not
shown). Moving clockwise, evidence suggests transcriptional dysregulation in many polyQ
diseases, pictured here as polyQ disease proteins abnormally interacting with transcription
factors. PolyQ-mediated mitochondrial dysfunction may occur through a variety of
pathways, though these are currently less well defined than those for other potential
mechanisms listed. Nuclear localization of full-length, mutant protein or cleavage
fragments (as in HD) -- a recurrent theme in polyQ diseases — may contribute to
transcriptional dysregulation and/or interference with other normal nuclear functions.
Altered calcium homeostasis may be an intrinsic feature of SCA6, as the mutation is in a
calcium channel, although there is also evidence for its importance in HD. Lastly, axonal
transport defects are an important cause of neurodegeneration beyond polyQ disorders; the
extent to which they represent a pathogenic feature in polyQ diseases is under investigation.
From Todi, S.V., Williams, A.J. and H.L. Paulson (2007) Molecular Neurology (1st ed)
(Waxman, S., ed.) pp. 257-275, Academic Press.
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Figure 1.3. Possible cellular sequelae of expanded polyQ protein misfolding. PolyQ
proteins, when expanded, are prone to misfold. HSF-1 can trigger the expression of
certain chaperones, including Hsp70 and Hsp40, which help refold misfolded polyQ
proteins. When misfolded polyQ monomers form oligomers, chaperones can help to
dissociate them. Misfolded monomers can also form complexes with other proteins.
These heteroprotein complexes may be aberrant in that they involve 1) imbalances in
the levels of normally-occurring protein complexes, or 2) the generation of novel
protein complexes. These aberrant complexes may also cause the affected proteins to
adopt novel functions or alter their normal functions. Oligomers may interact with
cellular proteins to cause similar alterations in function, though currently there is no
direct experimental evidence. Some protein quality control components, such as the
TRiC chaperonin complex, may reduce the toxicity of oligomers by changing their size
and conformation. Based on current evidence, we suggest misfolded, polyQ-expanded
monomers and resultant oligomers display reactive, accessible polypeptide surfaces that
cause neuronal dysfunction and ultimately cell death. From Williams, A.J. and H.L.
Paulson (2008) TINS 31: 521-528.
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Figure 1.4. The eukaryotic chaperonin, TRiC, works with Hsp70 and Hsp40 to
promote nontoxic protein folding. Proteins forming at the ribosome often require
chaperones and other protein quality control machinery to fold correctly. Members of the
Hsp70 family of chaperones bind unfolded proteins and work with Hsp40 co-chaperones
and the eukaryotic chaperonin, TRiC, to fold nascent proteins at the ribosome. This
TRiC/Hsp70/Hsp40 protein folding complex interacts with misfolded cytosolic proteins
by two mechanisms: 1) bind misfolded proteins and facilitate their refolding; 2)
consolidate misfolded monomers into nontoxic larger protein aggregates. Although the
ability of TRiC to promote the formation of nontoxic large aggregates has only been
studied thus far with polyQ proteins, the effect likely extends to other misfolded proteins
as well.
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Figure 1.5. The insulin growth factor signaling pathway targets daf-16 and hsf-1
inhibit amyloid oligomer toxicity in two ways. In worms, the insulin growth factor
receptor, daf-2, inhibits both daf-16 and hsf-1 function. When daf-2 is mutated, not only
do worms live longer (not pictured), but daf-16 and Asf-1 can then function to prevent
toxic A-beta aggregate formation. The action of /sf-1 causes a decrease in A-beta
oligomeric species and an increase in A-beta monomers. On the other hand, daf-16
causes A-beta oligomers to aggregate further into nontoxic amyloid fibrils, thereby
decreasing the amount of toxic oligomers present. Cohen et al. (2006) propose that
these two systems work simultaneously to prevent the accumulation of misfolded
proteins in the cell, with the Asf-1 pathway being preferred, and the daf-16 pathway
kicking in when the Asf-1 pathway gets overwhelmed. Since both daf-16 and hsf-1 have
been shown to decrease polyQ toxicity in the worm (Hsu et al., 2003), these pathways
may also prevent polyQ toxicity by decreasing toxic polyQ oligomer concentrations in
the cell.



25

CHAPTER 2
IN VIVO SUPPRESSION OF POLYGLUTAMINE
NEUROTOXICITY BY C-TERMINUS OF HSP70
INTERACTING PROTEIN (CHIP) SUPPORTS AN

AGGREGATION MODEL OF PATHOGENESIS

Abstract

Perturbations in neuronal protein homeostasis likely contribute to disease
pathogenesis in polyglutamine (polyQ) neurodegenerative disorders. Here we provide
evidence that the co-chaperone and ubiquitin ligase, CHIP (C-terminus of Hsp70-
interacting protein), is a central component to the homeostatic mechanisms countering
toxic polyQ proteins in the brain. Genetic reduction or elimination of CHIP accelerates
disease in transgenic mice expressing polyQ-expanded ataxin-3, the disease protein in
Spinocerebellar Ataxia Type 3 (SCA3). In parallel, CHIP reduction markedly increases
the level of ataxin-3 microaggregates, which partition in the soluble fraction of brain
lysates yet are resistant to dissociation with denaturing detergent, and which precede the
appearance of inclusions. The level of microaggregates in the CNS, but not of ataxin-3
monomer, correlates with disease severity. Additional cell-based studies suggest that
either of two quality control ubiquitin ligases, CHIP or E4B, can reduce steady state
levels of expanded, but not wild-type, ataxin-3. Our results support an aggregation model
of polyQ disease pathogenesis in which ataxin-3 microaggregates are a neurotoxic
species, and suggest that enhancing CHIP activity is a possible route to therapy for SCA3

and other polyQ diseases. These results have been published in the following manuscript:
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Williams, A.J., Knutson, T.M., Colomer Gould, V.F. and Paulson, H.L. (2008) In
vivo suppression of polyglutamine neurotoxicity by C-terminus of Hsp70 interacting

protein (CHIP) supports an aggregation model of pathogenesis. Neurobiol. Dis., in press.

Introduction

The crowded intracellular environment presents obstacles to proper folding of
proteins. Accordingly, cells contain a molecular chaperone network that facilitates
protein folding and promotes degradation of misfolded proteins. Its importance in the
nervous system is highlighted by various neurodegenerative disorders, in which protein
conformational defects cause detrimental accumulation of misfolded or aggregated
protein. Protein misfolding and aggregation may underlie neurodegeneration in diseases
such as Parkinson’s disease, Alzheimer’s disease and the polyglutamine (polyQ) diseases
(Taylor et al., 2002; Selkoe, 2004; Walsh and Selkoe, 2004). Although protein
aggregation occurs in all of these diseases, how protein misfolding and aggregation
damages neurons is unclear. In the polyQ diseases, moreover, it is unknown which
protein species are neurotoxic: monomers, oligomers, or higher order aggregates.

Aggregation is a common byproduct of protein misfolding, suggesting that
protein quality control (PQC) systems are important in countering diseases where
aggregation occurs. Two PQC pathways implicated in disease are the molecular
chaperone system and the ubiquitin-proteasome pathway (Bence et al., 2001; Hay et al.,
2004; Marques et al., 2006). The cochaperone and ubiquitin ligase, CHIP, links these two
systems. Through its N-terminus, CHIP binds heat shock proteins and modulates protein

refolding (Ballinger et al., 1999; Connell et al., 2001). Through its C-terminus, CHIP
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ubiquitinates substrates and targets them for degradation (Connell et al., 2001; Meacham
et al., 2001).

The dual roles of CHIP in chaperone- and ubiquitin-dependent pathways suggest
it might be important in neuronal PQC. Numerous studies support a role for CHIP in
countering neurodegenerative diseases. For example, CHIP enhances the activity of
parkin, a protein associated with recessive parkinsonism (Imai et al., 2002), and regulates
the degradation of phosphorylated tau, a protein implicated in various neurodegenerative
diseases (Dickey et al., 2006; Dickey et al., 2007a). Although CHIP modulates the
toxicity of several polyQ disease proteins (Jana et al., 2005; Miller et al., 2005; Al
Ramahi et al., 2006; Choi et al., 2007; Branco et al., 2008), the precise role of CHIP in
polyQ diseases is difficult to delineate because it may regulate polyQ proteins differently
depending on protein context (Al-Ramahi et al., 2006; Bulone et al., 2006; Dickey et al.,
2007b; Branco et al., 2008).

Expansion of the polyQ domain in the ataxin-3 protein causes the polyQ disease,
SCA3. While normal ataxin-3 can self-associate (Gales et al., 2005), polyQ expansion
enhances its aggregation and promotes amyloid-like aggregate formation (Chow et al.,
2004; Ellisdon et al., 2006). Here, we used transgenic mice expressing full-length
expanded ataxin-3 (Goti et al., 2004) as a disease model of polyQ protein misfolding to:
1) define the role of CHIP in disease and 2) identify putative toxic protein species in
SCA3. We find that CHIP regulates the level of expanded (pathogenic) ataxin-3 in
neuronal cells, and the solubility of expanded ataxin-3 in the brain. Additionally,

reduction in CHIP expression enhances expanded ataxin-3 toxicity in vivo. Since CHIP
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reduction exacerbates the disease phenotype and increases microaggregate levels in the

brain, our results support an aggregation-based model of polyQ disease pathogenesis.

Methods
Mouse strains. Q71-B hemizygous mice, a mouse model of SCA3/MJD (Goti et al.,
2004) were bred to CHIP haploinsufficient mice (Dai et al., 2003) to obtain Q71-B

hemizygous transgenic/CHIP haploinsufficient mice (Q”"C"™"

). These F1 progeny were
bred to CHIP haploinsufficient mice to obtain F2 generation Q71-B mice with zero, one
or two CHIP alleles. Mice were genotyped by standard two-way PCR as previously
described (Goti et al., 2004; Dai et al., 2003). Q71-B/CHIP mice were maintained on a
mixed genetic background (C3H/HeJ/C57BL6 x 129SvEv/C57BL6). Survival analysis
was performed by determining how many animals of each genotype died by 12 months of
age, excluding animals that were euthanized for tissue collection at predetermined time

points. This was plotted as the percentage of animals of that genotype still alive at a

specific month of age.

Rotarod analysis. Mice were trained on an accelerating rotarod apparatus (Ugo Basile,
Comerio, Italy) for 2 days prior to testing. Training consisted of acclimating animals to
the rotarod for 2 trials per day with 10 minutes rest between trials. For testing, the
apparatus was set to accelerate from 3 to 30 rpm over the course of 5 minutes. Animals
performed 3 trials with at least 10 minutes rest between trials. Trials ended when animals
fell off the rod, began to rotate passively (i.e. clinging to the rod as it rotated) or

completed the trial.



29

Open field analysis. Animals were tested for spontaneous activity using the Open Field
16x16 Photobeam Activation System and Flex-Field software (San Diego Instruments,
San Diego, CA). Naive animals were placed into a41cm x 41cm clear plastic box inside
a 16x16 array of infrared beams, and movement was calculated as the number and
sequence of beam breaks over the course of 30 minutes. Animals were tested under dark

conditions during their dark cycle (between 18:30-22:30 hrs).

Statistical Analysis. Statistical analyses were performed using Microsoft Excel with the
Data Analysis ToolPak. Behavioral data were grouped by age and genotype, then tested
for significance with a two-way ANOVA for independent samples. When main effects
were significant at p<0.05, they were also tested by one-way ANOVA for independent
samples, then significant differences were further tested posthoc using Tukey’s Honestly
Significant Difference (HSD, calculated online at

http://web.mst.edu/~psyworld/virtualstat/tukeys/tukeycalc.html).

Echocardiography. Echocardiography was performed in sedated mice as previously
described (Weiss et al., 2006). Mice were sedated with midazolam, and a 15 MHz linear
array probe was applied horizontally to the chest. The imaging probe was coupled to a
Sonos 5500 imager (Philips Medical Systems, Bothell, WA), generating ~180-200 two-
dimensional frames per second in both short- and long-axis LV planes. Images were
acquired and analyzed in blinded fashion with custom-designed software (Freeland

Medical Systems, Louisville, CO). Endocardial and epicardial borders were traced in the
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short-axis plane at end-diastole and end-systole. The lengths from left ventricular outflow
tract to endocardial apex and epicardial apex, respectively, were measured at end-diastole
and end-systole. The bi-plane area-length method (Hill et al., 2000) was used to calculate

end-diastolic and end-systolic left ventricular volumes and ejection fraction.

Immunohistochemistry and immunofluorescence. Mice were perfused transcardially with
cold sterile PBS followed by 4% paraformaldehyde in PBS. Brains were fixed overnight
in 4% paraformaldehyde, rinsed in PBS overnight, then cryoprotected in 30% sucrose for
at least 18 hrs at 4°C. Brains were cut serially into 30um floating sections on a sledge
microtome (Leitz) and stored at -20°C in cryoprotectant (SmM sodium phosphate pH 7.4,
75mM sodium chloride, 30% w/v sucrose, 30% v/v ethylene glycol) until use. For DAB
immunohistochemistry with polyclonal antibodies, sections were blocked in H,O, to
quench endogenous peroxidase activity, then blocked in 5% normal goat serum and
incubated in primary antibody (rabbit anti-MJD 1:1000 (Paulson et al., 1997a) or rabbit
anti-ubiquitin 1:500 (Dako USA, Carpinteria, CA)). Sections were rinsed and incubated
in biotinylated goat-anti-rabbit 1:500 (Vector Laboratories, Burlingame, CA), then
developed in 0.5mg/ml DAB (Sigma, St. Louis, MO) with 9% H,O,, rinsed and mounted
on gelatin-coated slides. For DAB immunohistochemistry with monoclonal GFAP-Cy3
antibody (Sigma), we used the Mouse-on-Mouse Peroxidase Kit (Vector Laboratories)
according to manufacturer’s instructions. To quantify ubiquitin-positive inclusions, every
24™ section of the brain was stained for ubiquitin and the total number of inclusions in
sections of pontine nuclei were counted. For immunofluorescence, samples were fixed in

4% paraformaldehyde, rinsed in PBS, then incubated overnight with primary antibodies
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in 5% normal goat serum: anti-FLAG antibody for cell culture experiments (mouse anti-
FLAG M5, Sigma, 1:500) or, for brain immunofluorescence, a combination of rabbit
anti-ubiquitin (Dako, 1:500) and mouse anti-ataxin-3 (1H9, provided by Y. Trottier,
1:500). The next day, samples were rinsed and incubated in fluorescent secondary
antibodies (goat anti-mouse Alexa 488 with or without goat anti-rabbit Alexa 568,
Molecular Probes, Carlsbad, CA, 1:500) and nuclei were counterstained with DAPI
(Sigma). Cells were coverslipped and sealed with Vectashield Hard-Set fluorescence

mounting medium (Vector Laboratories).

Tissue collection and lysates. Mice were perfused transcardially with 20ml cold sterile
PBS plus protease inhibitor cocktail (PI) (Complete Mini tablets, Roche, Indianapolis,
IN). Whole tissues were dissected, minced in RIPA (50mM Tris-HCI pH 7.4, 150mM
sodium chloride, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40) with PI, then
homogenized in a Dounce homogenizer in RIPA plus PI lysis buffer. Lysates were
diluted to 100mg/ml (based on wet weight) in RIPA plus PI lysis buffer and centrifuged
at 4000 rpm for 15 minutes at 4°. The pellet was rehomogenized in the same volume of

RIPA plus PI. Lysates were stored at -80° until use.

Western blot analyses. Soluble fractions were sonicated twice for 10 seconds each, then
spun at 15,000xg for 10 minutes at 4°C to remove particulate debris (these pellets were
not saved). Pellets from first 4000 rpm spin were vortexed and sonicated vigorously.
Samples were diluted 1:1 in 2X Laemmli buffer plus DTT, then separated on

discontinuous 10% or 12% acrylamide gels, or pre-cast 4-20% SDS Tris-HCI gradient
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gels (BioRad), and transferred to PVDF membranes. For SDS-agarose gels, gels
contained 1.5% w/v high-melting-point agarose (ISC Bioexpress, Kaysville, UT) in TAE
buffer (40mM Tris-acetate, ImM EDTA) with 0.1% SDS. SDS-agarose gels were run in
protein running buffer (SmM Tris base, 38mM glycine, 0.02% SDS) and transferred to
PVDF membranes using a BioRad TransBlot SD semi-dry apparatus in a discontinuous
buffer system (cathode buffer: 12mM Tris base, 8mM CAPS, 0.1% SDS; anode buffer:
12mM Tris base, 8mM CAPS, 15% methanol) (Bagriantsev et al., 2006). Membranes
were briefly rinsed in Tween-TBS, blocked in 5% milk in Tween-TBS, and probed with
the following primary antibodies: rabbit anti-human MJD 1:20,000 (Paulson et al.,
1997a), mouse anti-polyglutamine 1:2000 (1C2, Chemicon, Temecula, CA), mouse anti-
GAPDH 1:500 (Chemicon), rabbit anti-CHIP 1:1000 (Calbiochem, San Diego, CA),
rabbit anti-CHIP 1:1000 (abcam, Cambridge, MA), mouse anti-Hsp90 1:1000 (SPA-830,
Stressgen, Ann Arbor, MI), mouse anti-Hsp70 1:1000 (SPA-810, Stressgen), rabbit anti-
Hsp40 1:10,000 (Stressgen), rabbit anti-Bag-1 1:1000 (Santa Cruz Biotechnology, Santa
Cruz, CA), mouse anti-Hop 1:1000 (SRA-1500, Stressgen), mouse anti-E4B 1:500 (BD
Biosciences, San Jose, CA), or mouse anti-alpha-tubulin 1:20,000 (Sigma). Membranes
were rinsed in milk and incubated in peroxidase-conjugated goat anti-rabbit or goat anti-
mouse secondary antibodies 1:15,000 (Jackson Immunoresearch, West Grove, PA) and
imaged by enhanced chemiluminescence (Western Lightning, Perkin Elmer, Waltham,
MA). Quantification of immunoblots was performed with NIH ImageJ software (NIH,

Bethesda, MD).
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Size exclusion chromatography. Soluble fractions of brain lysates were sonicated and
centrifuged at 15,000xg for 10 min. 200ul of this lysate was loaded onto a Waters
BioSuite 450 column (Milford, MA), and run in mobile phase buffer (150mM sodium
chloride, 50mM sodium phosphate, pH 7.4) at 0.5ml/min. Fractions were collected every
2 minutes, and precipitated with 14% trichloroacetic acid for 30 min on ice. Fractions
were centrifuged at 15,000xg for 30 min at 4°C, pellets were washed twice with ice-cold
acetone, and then were resuspended in 2X Laemmli buffer plus DTT. Fractions were
analyzed by SDS-PAGE on 10% polyacrylamide gels, and processed by Western blot for
ataxin-3. Column was calibrated with NativeMark protein standards (Invitrogen,

Carlsbad, CA).

Denature/renature immunoprecipitation. 200ul brain lysate was sonicated and
centrifuged as described above and diluted with 800ul RIPA buffer. Samples were
denatured with SDS (1% final concentration) for 30 minutes at room temperature, then
renatured with Triton X-100 (4.5% final concentration) for 30 minutes at room
temperature. Ataxin-3 was immunoprecipitated from each lysate with 4ul MJD antibody
and 25ul EZview Red Protein A Affinity Gel beads (Sigma) for 4 hours at 4°C. Beads
were washed 4 times with cold RIPA buffer, then protein was eluted with 60ul 2X

Laemmli buffer plus DTT by boiling for 2 minutes.

Cell culture and transfection. FLP-In HEK-293 cells (Invitrogen) were engineered to
stably express FLAG-tagged ataxin-3 with either 22 or 80 glutamine repeats, as described

(Todi et al., 2007). FLP-In HEK-293 cells were maintained in complete FRT medium
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(DMEM, 10% fetal bovine serum, 1% penicillin/streptomycin, 0.2% hygromycin B).
M17 human neuroblastoma cells were maintained in DMEM supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. Cells were transfected with
Lipofectamine PLUS (Invitrogen) according to the manufacturer’s recommendations.
The following constructs were used, alone or in combination: empty pcDNA3.1 vector,
FLAG-ataxin-3-Q25, FLAG-ataxin-3-Q80, pcDNA3.1-CHIP (provided by C. Patterson,
Chapel Hill, NC), and pPCMV-HA-E4B (provided by K. Nakayama, Fukuoka, Japan). For
steady-state ataxin-3 level experiments in M17 cells, constructs were expressed for 48 hr

prior to cell harvest.

Pulse-chase analysis. FLP-In HEK-293 cells stably expressing FLAG-ataxin-3-Q22 or
FLAG-ataxin-3-Q80 were transiently transfected with empty pcDNA3.1 vector,
pcDNA3.1-CHIP or pPCMV-HA-E4B. Forty-eight hr after transfection, cells were starved
for 30 minutes in DMEM without methionine and cysteine (Gibco, Carlsbad, CA)
supplemented with 2mM glutamine (Gibco). Cells were pulsed for 40 minutes in
starvation medium plus 3S-labeled methionine and cysteine mix (0.22uCi/ul in a 60cm
dish, EasyTag EXPRESS Protein Labeling Mix, Perkin Elmer), then chased for 0, 8 or 24
hr in complete FRT medium supplemented with 2mM unlabeled methionine and cysteine.
Cells were harvested from plates in PBS plus PI, lysed in RIPA plus PI, then subjected to
immunoprecipitation using EZview Red ANTI-FLAG M2 Affinity agarose gel (Sigma)
and subsequent elution with 3X FLAG peptide (Sigma). Immunopurified samples were
run on 12% SDS-PAGE gels for autoradiography, and autoradiograms were analyzed

with NIH Imagel software.
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Results
Reduction or absence of CHIP worsens polyQ disease in Q71-B transgenic mice.
Because CHIP has been shown to regulate polyglutamine toxicity (Miller et al., 2005;
Jana et al., 2005; Al-Ramabhi et al., 2006; Choi et al., 2007), we hypothesized that
reducing CHIP would exacerbate the phenotype of Q71-B mice, a cDNA transgenic
model of SCA3/MIJD (Goti et al., 2004). These mice overexpress human expanded, full
length ataxin-3 with 71 glutamine repeats, which is within the pathologic range of
glutamine expansion for SCA3 in humans. Hemizygous Q71-B mice (Q'") were crossed
with CHIP-deficient mice to generate Q71-B mice with zero (C"), one (C*) or two
alleles (C"") of CHIP. Q71-B hemizygous mice with a full complement of CHIP Q™
C"") are phenotypically indistinguishable from wild-type mice Q" c™) (Fig. 2.1),
consistent with the initial report of hemizygous Q71-B mice indicating no behavioral
phenotype and a normal life span (Goti et al., 2004). In contrast, hemizygous Q71-B mice
lacking CHIP (Q""C™) develop severe, progressive neurologic deficits including
kyphosis, pelvic depression, hindlimb splaying and whole body tremor, dying at 3-6
months (Fig. 2.1). Q71-B mice with a single CHIP allele Q" C") display an
intermediate phenotype: while they do not die prematurely, they start to develop mild,
progressive motor incoordination around 6 months of age and an action-dependent, body
tremor by 9 months of age (Fig. 2.1A). CHIP-null mice that do not express expanded
ataxin-3 (Q°C™") occasionally develop kyphosis but without premature death, tremor, or
other neurological signs (Fig. 2.1B-C).

In CHIP-haploinsufficent Q71-B mice (Q""C""), we searched for milder,

quantifiable motor deficits. Mice were screened for motor incoordination and impaired
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general activity with the rotarod and open field tests, respectively (outlined in Fig. 2.2A).
Rotarod testing revealed age-dependent motor incoordination in Q""C"" mice that
became statistically significant by 9-11 months (Fig. 2.2B). Likewise, in open field
testing, Q""C"" mice displayed significantly decreased spontaneous activity by 9 months
(Fig. 2.2C). In contrast, Q71-B mice with normal CHIP levels (Q""C"") did not develop
age-related motor abnormalities in either assay (Fig. 2.2B-C), whereas Q”"C”" mice
showed statistically significant motor incoordination by rotarod analysis prior to their
accelerated, early death (Fig. 2.3). Thus, the Q71-B behavioral phenotype increases in
severity as CHIP is reduced from two to one to zero alleles, indicating that CHIP
suppresses polyQ disease in a dose-dependent manner.

The progressive neurobehavioral phenotype caused by expanded ataxin-3 in
CHIP-null mice suggests that the observed early death directly reflects CNS dysfunction.
But since CHIP-null mice are sensitive to cardiac stress (Zhang et al., 2005), we sought
to exclude cardiac dysfunction as the cause of death. Transthoracic echocardiography was
performed on mice from the Q71-B/CHIP cross. Q”"C”" mice displaying behavioral
symptoms exhibited normal cardiac function (Table 2.1) without evidence of cardiac
hypertrophy, infarction, or valvular defects (data not shown). Therefore, we conclude that

the early demise of Q""C”" mice reflects CNS rather than cardiac dysfunction.

CHIP reduction exacerbates neuropathological markers in Q71-B mice. In parallel with
the worsened behavioral phenotype, we tested whether CHIP reduction also caused
earlier or more severe polyQ-associated neuropathology in Q71-B mice. To do this, we

. . . et . . .
examined brain sections from Q "C' mice for the presence of intranuclear inclusions
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and for altered subcellular localization of ataxin-3. By six months of age, ubiquitin-
positive inclusions were detected in pontine neurons of Q”°C™" mice (average number of
inclusions per section = 6.33, s.d. = 5.9, n = 3 animals) but not in age-matched Q""C*"
animals (average number of inclusions per section = 0.00, s.d. = 0.0, n = 2 animals) (Fig.
2.4A). Importantly, no ubiquitin-positive inclusions were detected at 3 months of age in

*-C"" mice did display increased ubiquitin

either genotype, although 3-month-old Q
immunostaining in some pontine neurons (Fig. 2.4A, arrows and inset). No inclusions
were detected in the hippocampus, a brain region spared in SCA3, at 3 or 6 months in
either genotype (Fig. 2.4B). Ubiquitin-positive inclusions were not detected in other brain
regions, including cerebellar cortex, deep cerebellar nuclei, striatum, thalamus, and
brainstem nuclei at 3 or 6 months of age (data not shown). Because expanded ataxin-3 is
expressed throughout the CNS of both Q”"C"* and Q""C"" animals (Figs. 2.4C, 2.5A,
and data not shown), the region-specific, age-dependent inclusion formation we observe
is not attributable to regional differences in transgene expression. These ubiquitinated
inclusions contain ataxin-3, as shown by double immunofluorescence (Fig. 2.4D).
Although such inclusions are not likely to be pathogenic (Branco et al., 2008), they do
demonstrate that the neuropathology seen in Q71-B mice is similar to that observed in
SCA3 patients. Expanded ataxin-3 localized primarily to neuronal cell nuclei by 3
months of age in all examined brain regions of Q71-B mice, regardless of CHIP status
(Figs. 2.4C, 2.5A, and data not shown); however, ataxin-3 nuclear staining was more

. . /et . +/- ~H+
intense in Q "C"" mice than in Q'°C

mice at all time points. Endogenous murine
ataxin-3 in nontransgenic mice, which immunostains much less robustly than expanded

human ataxin-3, appears diffuse throughout the neuronal cytoplasm (Fig. 2.5A). Both



38

ubiquitin and ataxin-3 immunostaining are similar in Q""C”" mice and Q”"C"" mice,
albeit with more complete nuclear localization and more intense staining of ataxin-3 in
Q""C"" mice (Fig. 2.5B). In agreement with previously published results from
hemizygous Q71-B mice (Goti et al., 2004), we observed no increase in the astrocytic
marker, glial fibrillary acidic protein (GFAP), in affected and unaffected brain regions in

Q71-B/CHIP mice (Fig. 2.6), suggesting that there is not significant astrogliosis.

CHIP reduction leads to increased ataxin-3 microaggregates in Q71-B mouse brain. The
dose-dependent phenotype caused by CHIP reduction in Q71-B mice allowed us to
determine whether CHIP reduction enhances ataxin-3 aggregation and to correlate
biochemically detectable changes in aggregation to behavioral phenotype. CHIP has been
shown to promote the degradation of polyQ proteins and/or modulate their aggregation
(Choi et al., 2007; Al-Ramabhi et al., 2006; Miller et al., 2005; He et al., 2004). Consistent
with this, reducing or eliminating CHIP in Q71-B mice resulted in a marked, stepwise
increase in expanded ataxin-3 species that electrophorese on SDS-PAGE as high
molecular weight complexes after sonication and centrifugation to remove particulate
matter (Fig. 2.7A, bracket). Because these ataxin-3 complexes are detectable at 3 months,
when few if any inclusions are present, and are resistant to denaturing detergent yet
partition into the soluble fraction of brain lysates, we conclude that they represent
detergent-resistant microaggregates. Very few microaggregates partition in the brain
pellet (Fig. 2.8). While these microaggregates may be pure ataxin-3 oligomers, we cannot
currently rule out the presence of other proteins. In contrast, CHIP reduction or

elimination did not alter the levels of endogenous ataxin-3 or of monomeric, expanded
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(i.e. human mutant) ataxin-3 (Figs. 2.7A, 2.7B, and 2.9), nor did reducing CHIP levels
induce formation of microaggregates from endogenous ataxin-3.

To confirm that the high-molecular-weight ataxin-3 complexes in the soluble
brain fraction correspond to microaggregates rather than inclusions, we electrophoresed
brain lysates on 1.5% SDS-agarose gels which, due to their large pore size, can resolve
larger protein complexes than a standard polyacrylamide gel (Bagriantsev et al., 2006).
The calculated pore size we used (~130nm, according to the method of Xiong et al.,
2005) is too small to permit entry of inclusions into the gel. As shown in Figure 2.7C,
CHIP reduction or elimination leads to a stepwise increase in soluble ataxin-3
microaggregates in the brain. We also tested whether the microaggregates were 1C2-
positive, since this polyQ-specific monoclonal antibody is thought to detect specific,
nontoxic types of polyQ oligomers (Behrends et al., 2006). As shown in Figure 2.7A,
1C2 detects expanded ataxin-3 monomer, but not endogenous ataxin-3 monomer or
ataxin-3 microaggregates (Figs. 2.7A and 2.7C); this result is similar to 1C2 labeling of
expanded huntingtin monomer versus putative toxic huntingtin oligomers (Behrends et
al., 2006). Since we cannot reliably size microaggregates on SDS-agarose gels (Fig.
2.10), we performed size exclusion chromatography on clarified brain lysates to assess

++ . :
™ mouse brain fractionated between

microaggregate size. Microaggregates from Q”"C
~700-7000kD in size, confirming that they are soluble high-molecular-weight complexes
(Fig. 2.11). Reduction or loss of CHIP corresponded with progressively greater levels of
microaggregates compared to monomeric ataxin-3 species, but did not change the

fractions in which microaggregates or monomeric ataxin-3 eluted (Fig. 2.11). Stringent

immunoprecipitations employing a denature-renature step further demonstrated that
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ataxin-3 microaggregates are not highly ubiquitinated (Fig. 2.12), arguing that the large
electrophoretic shift in these HMW ataxin-3 species is not due to conjugation to poly-
ubiquitin chains. Although the Q71-B transgene is expressed in many tissues, ataxin-3
microaggregates were only present in the brain, not other tissues (Fig. 2.13). Taken
together, these results indicate that 1) ataxin-3 microaggregate burden correlates with

disease severity, and 2) CHIP regulates microaggregate levels in the brainin vivo.

Analysis of the effects of CHIP reduction on specific heat shock protein levels in brain.
CHIP activates HSF1 and triggers expression of heat shock proteins (Dai et al., 2003),
and loss of CHIP has been reported to correlate with a decrease in Hsp90 and Hsp40
levels in mouse brain (Dickey et al., 2007a). CHIP also induces Hsp70 expression during
conditions of increased proteotoxic stress, and triggers Hsp70 degradation once cells
return to basal conditions (Qian et al., 2006). Some studies have shown that when mutant
polyQ protein is present, levels of stress-associated proteins, including some heat shock
proteins, are dysregulated (Tagawa et al., 2007; Hay et al., 2004). Perhaps the simplest
explanation for the worsened disease phenotype when CHIP is reduced or eliminated
would be a deleterious imbalance in molecular chaperones. Therefore, we asked whether
Q71-B mice with reduced or absent CHIP have lower levels of key heat shock proteins
compared to Q71-B mice with normal CHIP levels.

Expression of expanded ataxin-3 on all CHIP backgrounds does not increase
Hsp90 or Hsp40 above wild-type levels (Fig. 2.14), suggesting no major imbalance in
these key chaperones. Hsp70 levels trended higher in CHIP-null animals with or without

expanded ataxin-3 (Fig. 2.14B), consistent with results reported in Qian et al. (2006), but
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did not reach statistical significance (Table 2.2). Removal of one Q"C"" animal from the
analysis, thereby reducing the variability of the results, revealed that CHIP-null animals
express significantly higher levels of Hsp70 than wild-type animals (Fig. 2.15), but this
effect is independent of expanded ataxin-3 expression (Table 2.3). Neither levels of Bagl
nor of Hop (co-chaperones for CHIP and Hsp90, respectively) varied with CHIP levels
(Fig. 2.14A). Additionally, the levels of E4B, another protein quality control ubiquitin
ligase implicated in ataxin-3 regulation, did not change with expression of expanded
ataxin-3 or reduction in CHIP (Fig. 2.14A). Therefore, in this model system, CHIP
reduction does not impair expression of key heat shock proteins when polyQ disease
protein is present. We conclude that CHIP reduction does not enhance polyQ toxicity

primarily by altering levels of these key molecular chaperones.

Two protein quality control ubiquitin ligases can regulate levels of expanded ataxin-3 in
cell culture. Whether CHIP is the primary mediator of ubiquitin-dependent degradation
of ataxin-3 is controversial: Jana et al. (2005) reported that CHIP ubiquitinates ataxin-3
and directs it to the proteasome for degradation, whereas Matsumoto et al. (2004)
reported that another ubiquitin ligase, E4B, mediates ataxin-3 degradation while CHIP
has no effect. CHIP and E4B share properties indicating that both may represent protein
quality control ubiquitin ligases that preferentially act on nonnative polypeptides and
facilitate other PQC components (Qian et al., 2006; Richly et al., 2005). Our results
above show that modulating the levels of quality control ubiquitin ligases like CHIP does
influence ataxin-3 levels, but whether this is a direct or indirect effect cannot easily be

assessed in vivo. To clarify the role of CHIP and E4B in ataxin-3 degradation, we
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assessed their effect on steady-state ataxin-3 levels in transiently transfected neural cells.
When CHIP is overexpressed in M17 cells, steady-state levels of coexpressed
nonpathogenic ataxin-3 levels remain unchanged, but pathogenic (expanded) ataxin-3
levels decrease (Fig. 2.16A). Similarly, overexpression of E4B selectively decreases
expanded ataxin-3 levels without affecting levels of wild-type, nonpathogenic ataxin-3
(Fig. 2.16A). Thus, both ligases may selectively enhance the clearance of expanded
ataxin-3.

In an effort to confirm these results, we performed pulse-chase assays of ataxin-3
degradation. FLP-In HEK-293 cells that stably express FLAG-ataxin-3-Q22 or FLAG-
ataxin-3-Q80 were transfected with constructs expressing CHIP, E4B or an empty vector.
Cells were pulse-labeled with 3 5S-methionine/cysteine, then chased for 0, 8 or 24 hrs.
FLAG-ataxin-3 was immunoprecipitated from cell lysates, then analyzed by SDS-PAGE
and autoradiography. In this experimental system, CHIP did not significantly accelerate
degradation of either wild-type or expanded ataxin-3 compared to empty vector (Figs.
2.16B, 2.17; Table 2.4). E4B may have slightly enhanced the degradation of expanded
ataxin-3 but this did not reach statistical significance; E4B overexpression had no effect
on wild-type ataxin-3 (Figs. 2.16B, 2.17; Table 2.4). It is important to note that we did
not detect ataxin-3 aggregation in either of these experiments, either by
immunofluorescence or western blot (Fig. 2.18), so these systems do not replicate all of

the disease protein features observed in vivo.
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Discussion

Our results establish CHIP as a central component of homeostasis mechanisms
countering polyQ toxicity in the brain. Complete loss of CHIP converts an asymptomatic
mouse model of SCA3, the hemizygous Q71-B mouse, into one with an early onset,
rapidly progressive behavioral phenotype with massive accumulation of soluble ataxin-3
microaggregates (Figs. 2.1, 2.3, 2.7, 2.8, 2.11). CHIP haploinsufficiency in the same
model causes a less severe phenotype with moderate levels of ataxin-3 microaggregates
(Figs. 2.1, 2.2, 2.7, 2.11). The fact that we observe robust phenotypic exacerbation with
loss of a single CHIP allele highlights the importance of CHIP in decreasing expanded
ataxin-3 toxicity. Previously we showed that CHIP haploinsufficiency exacerbates
neurotoxicity in another polyQ disease, Huntington’s disease (HD, Miller et al., 2005),
but did not measure changes in aggregation. The dose-dependent effect of CHIP on both
the progressive behavioral phenotype and microaggregate accumulation in Q71-B mice
supports a causal link between microaggregates and polyQ neurotoxicity.

Although monomeric ataxin-3 levels in the brain remain unchanged when CHIP is
reduced or absent (Figs. 2.7B and 2.9), ataxin-3 microaggregates accumulate. We term
these complexes “microaggregates’” because they partition in the soluble fraction of brain
lysates and can be sized by size exclusion chromatography (Fig. 2.11), yet are resistant to
denaturing detergents. Moreover, they accumulate before intranuclear inclusions are
observed, and are distinguishable from inclusions by size. Ataxin-3 microaggregates are
similar to soluble huntingtin aggregates recently identified in mouse models of HD
(Weiss et al., 2008), and may represent ataxin-3 homo-oligomers or heteromeric

complexes. Microaggregate levels directly correlate with neuropathological severity and
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behavioral disturbance in Q71-B mice, increasing stepwise as CHIP levels are reduced,
while monomeric ataxin-3 levels do not. Therefore, we suggest that ataxin-3
microaggregates constitute a neurotoxic species in SCA3. We cannot, however, prove
that intracellular ataxin-3 microaggregates are directly toxic in vivo because, unlike the
case with transmissible prions, it is not possible to introduce polyQ microaggregates
isolated from one animal into the neurons of another animal to establish causality.

In other neurodegenerative diseases CHIP has been shown to regulate disease
proteins including alpha-synuclein, parkin and tau (Shin et al., 2005; Imai et al., 2002;
Dickey et al., 2006 and 2007a; Tetzlaff et al., 2008). When mutated these proteins tend to
misfold, promoting abnormal oligomerization. Oligomers of alpha-synuclein and A-beta
have been implicated as neurotoxic species (Danzer et al., 2007; Lesne et al., 2006). Our
results likewise support a toxic oligomer model of polyQ disease pathogenesis, with
CHIP functioning to reduce levels of these complexes. In this model (Fig. 2.19),
expanded polyQ proteins have an increased probability of misfolding (Chen et al., 2002;
Bhattacharyya et al., 2005; Colby et al., 2006). Misfolded monomers may be targeted for
degradation by quality control ubiquitin ligases such as CHIP and E4B, or undergo
chaperone-mediated refolding in a CHIP-facilitated manner. Misfolded polyQ monomers
are prone to aggregate, forming homo-oligomers or heteroprotein complexes that may be
inefficient proteasomal substrates (Bence et al., 2001; Bennett et al., 2005; Verhoef et al.,
2002). Through its actions on misfolded proteins and chaperone regulation, CHIP would
be expected to inhibit aggregate formation and facilitate the dissociation of aggregates.

Several recent studies have explored the identity of neurotoxic protein species in

polyQ disease. For example, Behrends et al. (2006) found that expanded huntingtin
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formed soluble oligomers that inhibited cell growth and were amyloid-antibody positive.
Nagai et al. (2007) showed that both monomeric and oligomeric polyQ proteins are toxic
when microinjected into cells. Takahashi et al. (2008) used a FRET-based assay to show
that soluble polyQ oligomer formation correlated with death in neuronal cells. Our data
with a full length disease protein provide animal model support for the hypothesis that
soluble oligomers are the neurotoxic species in polyQ diseases. Determining whether
ataxin-3 microaggregates are pure homo-oligomers or heteroprotein complexes would
require that microaggregates be purified and analyzed by mass spectrometry. Their
stability on agarose gels suggests this may be possible.

CHIP has been called a central regulator of HSP expression because it activates
HSF-1 (Dai et al., 2003) and helps terminate the stress response by targeting Hsp70 for
degradation (Qian et al., 2006). Since HSF-1 is the principal stress-induced transcription
factor (Morimoto, 1998), CHIP reduction would be expected to lead to reduced levels of
HSF-regulated genes (e.g. heat shock proteins). While previous studies have shown
decreases in Hsp40, Hsp90 and Hop in CHIP-null mouse brain (Dickey et al., 2007a), we
did not observe this (Fig. 2.14). This discrepancy could be explained by two factors: 1)
our Q71-B/CHIP mouse line is maintained on a different background than the original
CHIP-null line (C3H/HeJ/C57BL6 x 129SvEV/C57BL6 versus 129SvEv/C57BL6,
respectively); and 2) previous studies in CHIP-null mice focused on a subset of
“symptomatic” mice that die by 25-35 days postpartum (Dickey et al., 2006; Dickey et
al., 2007a). “Symptomatic” CHIP-null mice constitute ~20% of the CHI/P-null animals in
a colony, while the remaining 80% of CHIP-null mice have a normal lifespan and remain

phenotypically normal if unstressed (Dai et al., 2003). Our studies were performed in
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CHIP-null mice that survive well past 30 days. Although a recent paper shows a 50%
mortality rate in CHI/P-null mice by 12 months (Min et al., 2008), we did not observe
increased mortality in our experiments unless the Q71-B transgene was also present (Fig.
2.1C). When CHIP is absent in our experiments, the normal expression level of the tested
chaperones suggests that other neuronal pathways may activate HSF-1 or otherwise
trigger chaperone gene expression. Indeed recent data show that polyQ protein expression
induces Hsp70 in certain neurons in an HSF-1-independent manner (Tagawa et al., 2007).
At least in the case of Hsp70, HSF-1 apparently is not the only regulator.

It should be emphasized that we only assessed certain key chaperones implicated
in neurodegeneration: Hsp40, 70 and 90. We did not find significant changes in either
Hsp40 or Hsp90, implying that the mechanism by which CHIP reduction worsens disease
is not primarily a perturbation in the balance of these key chaperones. We found that loss
of CHIP correlates with increased Hsp70 levels in most CHIP-null mice, independent of
expanded ataxin-3 overexpression (Figs. 2.14B, 2.15; Tables 2.2, 2.3), confirming that a)
CHIP plays an important role in Hsp70 regulation, and b) changes in Hsp70 levels caused
by loss of CHIP are unrelated to behavioral phenotype. Our results do not rule out CHIP-
mediated effects on other undefined chaperones or accessory factors in the CNS. The
CNS “chaperome” is likely vast and remains mostly uncharted. It would be useful to
transcriptionally profile the functional chaperome of the mouse brain and determine
which chaperone components are regulated by CHIP, both under basal and disease
conditions.

CHIP acts in several ways on substrate proteins: it can refold proteins in concert

with interacting chaperones (Kampinga et al., 2003; Rosser et al., 2007), ubiquitinate
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proteins (Marques et al., 2006), or facilitate other ubiquitin ligases (Imai et al., 2002).
With respect to specific polyQ proteins, CHIP can regulate degradation of ataxin-1 and
androgen receptor (Al-Ramabhi et al., 2006; He et al., 2004). CHIP was also shown to
regulate degradation of huntingtin (Jana et al., 2005), while another study showed that
CHIP promoted polyQ-expanded huntingtin solubility rather than degradation (Miller et
al., 2005). The results for ataxin-3 have been equivocal, as two groups reported opposing
effects of CHIP on ataxin-3 degradation (Matsumoto et al., 2004; Jana et al., 2005). The
massive accumulation of ataxin-3 microaggregates in Q”"C” mice, despite stable levels
of monomeric ataxin-3, could be explained either by a failure to promote degradation
when CHIP is missing, or a failure to keep ataxin-3 in a soluble, degradable state. CHIP
may be important for both expanded ataxin-3 solubility and degradation. While CHIP
reduction also increases inclusion formation at later times, these may be byproducts of
abnormal protein accumulation rather than directly pathogenic structures. Recent work
shows that CHIP-mediated changes in inclusion formation can be dissociated from its
ability to suppress polyQ toxicity (Branco et al., 2008).

The regulation of ataxin-3 may be complex and involve multiple degradation
pathways (Matsumoto et al., 2004; Jana et al., 2005; Todi et al., 2007). Our steady-state
results show that both CHIP and E4B overexpression reduce expanded ataxin-3 levels,
though neither reduces wild-type ataxin-3 levels in neuronal cells (Fig. 2.16A). CHIP and
E4B have been shown to work together to ubiquitinate and regulate the levels of the C.
elegans protein, UNC-45 (Hoppe et al., 2004); a similar phenomenon could underlie
ataxin-3 regulation in the mammalian brain. It would be interesting to assess the effect of

E4B on polyQ disease phenotype and ataxin-3 stability using the E4B-null mouse
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(Kaneko-Oshikawa et al., 2005). We suggest that loss of E4B, like loss of CHIP, would
cause a buildup of expanded ataxin-3.

It is still unclear which processes favor aggregation of expanded ataxin-3
selectively in the brain and not elsewhere (Fig. 2.13). Comparative transcriptional
profiling of the basal and stress-induced components of PQC in the CNS versus non-
neuronal tissues might shed light on the selective vulnerability of the brain and suggest
therapeutic targets. Certain classes of drugs, such as the Hsp90 inhibitors, show
therapeutic promise by enhancing neuronal chaperone activity, through either increased
refolding activity or targeting of chaperone client proteins for degradation (Waza et al.,
2005; Thomas et al., 2006; Dickey et al., 2007a). Since CHIP is an important regulator of
cellular responses to misfolded protein, enhancers of CHIP’s ligase and/or co-chaperone

functions might augment pathways necessary to counter polyQ disease.



Table 2.1. Q71-B mice lacking CHIP have normal cardiac function.

Q71-B = CHIP Sex  Age (wks)  EF

-/- +/+ M 11 78.82
+/- +/- M 11 83.80
+/- -/- M 11 74.68
-/- +/+ F 16 74.91
-/- -/- F 16 83.06
+/- +/- F 16 70.99
+/- -/- F 16 81.09

Note: Male and female Q*-C~- mice were assessed by transthoracic
echocardiography. Each row in the table represents one mouse.
Although there is no standard in the literature for the normal EF in
this mixed background mouse line, previous studies report an EF of
80% +/- 5% in adult C57BL/6 mice (Weiss et al, 2006).
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Table 2.2. One-way ANOVA of Hsp70 levels in Q71-B/CHIP mouse brain.

50

SUMMARY

Groups Count Average Variance

Q-/- C+/+ 3 0.630135 | 0.21004494 | 0.000703737

Q-/- C-/- 4 2.636409 | 0.659102357 | 0.12871174

Q+/-C-/- 2 1.780072 | 0.890035912 | 0.195000999

Source of Variation SS MS F P-value F crit
Between Groups | 0.6245 0.312266641 | 3.216239177 | 0.112403702 | 5.14325285
Within Groups 0.5825 0.097090615
Total 1.2071

Note: One-way ANOVA of Hsp70 levels (expressed graphically in Fig. 2.14B) shows
that there is a trend toward higher Hsp70 expression in Q”-C”- and Q*-C-~ mouse brain
compared to Q7-C**, but the difference is not statistically significant (p=0.11).
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Table 2.3. One-way ANOVA of Hsp70 levels in Q71-B/CHIP mouse brain after

Q7-C outlier removed.

SUMMARY
Groups Count Sum Average Variance
Q-/- C+/+ 3 0.630135 | 0.210045 | 0.000703737
Q-/- C-/- 3 2.501727 | 0.833909 0.009723177
Q+/-C-/- 2 1.780072 | 0.890036 | 0.195000999
Source of Variation SS df MS F P-value F crit
Between Groups 0.787 2 0.393505 | 9.115047383 0.021493026 | 5.786135043
Within Groups 0.2159 5 0.043171
Total 1.0029 7
Tukey's HSD hsd 1=0.05? 1=0.01?
wt v ko 5.2052 yes no
wt v hem-ko 5.1789 yes no
ko v hem-ko 0.4273 no no

Note: After removal of one Q”-C”- animal from the analysis, one-way ANOVA followed
by post-hoc testing (Tukey’s HSD) shows that Hsp70 levels (expressed graphically in
Fig. 2.9A) are significantly higher in Q”-C”- and Q"-C”- mouse brain than in Q7-C*/*
(p=0.02). There is no difference in Hsp70 levels between Q7-C”- and Q*-C~ mice.
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Table 2.4. One-way ANOVA of FLAG-ataxin-3-Q80 levels from 24-hour pulse-

chase timepoint.

FLAG-ataxin-3-Q80 vector CHIP E4B
0.92333783 | 0.5908648 | 0.5731582
0.65022889 | 0.7790296 | 0.6955958
1.15969328 | 1.2861352 | 0.699286
SUMMARY
Groups Count Sum Average Variance
vector 3 2.73326 0.91108667 | 0.06500106
CHIP 3 2.6560295 | 0.8853432 | 0.12932716
E4B 3 1.96804 0.6560133 | 0.00515213
Source of Variation SS df MS F P-value F crit
Between Groups | 0.11831731 0.0591587 | 0.88969146 | 0.45879461 | 5.1432529
Within Groups 0.3989607 0.0664935
Total 0.51727801

Note: Raw data quantification of FLAG-ataxin-3-Q80 levels in pulse-chase experiments
at 24 hours with vector, CHIP or E4B overexpression (expressed in graphical form in
Figs. 2.16B and 2.17). ANOVA shows no significant difference in FLAG-ataxin-3-Q80
levels at 24 hours (p=0.45).
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Figure 2.1. Loss of CHIP exacerbates expanded ataxin-3 toxicity in vivo. A.
Timeline of symptom onset for Q71-B hemizygous mice on a CHIP haploinsufficient
(Q™-C*") or null (Q*-C) background. No behavioral abnormalities developed in
Q71-B mice on a CHIP wild-type background over the 15-month study period (Q*-C*
*, not shown). B. Representative photographs of 4-month-old mice from Q71-B/CHIP
crosses. Q71-B mice lacking CHIP (Q*-C-~) develop kyphosis (arrow) and splaying of
hindlimbs (arrowhead). In contrast, Q71-B mice haploinsufficient for CHIP (Q™-C*")
or wild-type for CHIP (Q*-C*'*) appear healthy, as do nontransgenic mice with
reduced CHIP (Q’-C*). Nontransgenic CHIP knockout mice (Q7-C”") occasionally
develop kyphosis, as shown here, but retain normal motor behavior and lifespan. C.
Survival curves for Q71-B/CHIP crosses. Q71-B mice lacking CHIP (Q"-C”-, open
circles, blue line) die by 6 months of age while all other genotypes show normal
survival rates. The number of animals followed for each genotype was: Q/-C"* n=34,
Q7-C*-n=65, Q-C’- =26, Q"-C"* n=25, Q*-C*- n=44, Q"-C’- n=17.
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Figure 2.2. Reduction of CHIP causes progressive motor deficits in Q71-B mice.
A. Timeline for behavioral testing and tissue collection from Q71-B/CHIP cross.
Animals were tested for motor function by rotarod (arrows) and open field analyses
(gray bars) at the indicated ages (top). Brains were harvested for
immunohistochemistry (IHC) and western blot (WB) at the ages noted (bottom). B.
Motor coordination was assessed by rotarod for the indicated age groups and
genotypes. By 9 months of age, Q"-C*- mice (light gray) develop statistically
significant motor impairment on the rotarod, measured by decreased average latency to
fall from the rod compared to all younger genotypes and ages (*p<0.01, one-way
ANOVA with Tukey’s HSD post-hoc test; number of animals per genotype varied from
5-9 per bin.) C. Spontaneous motor activity was assessed by open field activity.
Spontaneous movement is measured as the total number of beam breaks in 30 minutes.
By 9 months, Q*-C*-mice exhibit significantly decreased spontaneous motor activity
compared to all younger genotypes and ages ( p<0.05, one-way ANOVA with
Tukey’s HSD post-hoc test; number of mice per genotype and age varied from 2-8 per
bin). Data in B and C are displayed as the group mean plus standard deviation.
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Figure 2.3. Loss of CHIP causes progressive rotarod performance deficit in Q71-B
mice. Rotarod results from Fig. 2.2B are repeated here with data from Q*-C”- mice
added for comparison. Q*-C”- mice can perform the task at 1-3 months of age, but are
impaired on the task by 5-7 months of age compared to Q-C**, Q7-C*~, and Q*-C*/*
animals. For Q"-C~- mice, n=2 per age group. Data are displayed as the group mean
plus standard deviation; *p<0.01, one-way ANOVA with Tukey’s HSD post-hoc test.
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Figure 2.4. Reduction of CHIP increases age-dependent inclusion formation in the
brainstem of Q71-B mice. 4. Brain sections from 3- and 6-month-old mice labeled
with anti-ubiquitin antibody reveal the presence of ubiquitin-positive inclusions in
pontine neurons only in 6-month-old Q*-C*- mice (arrowheads and inset). By 3 months
of age, some pontine neurons in Q"-C*-mice show increased ubiquitin immunostaining
(arrows and inset), but no inclusions. B. Brain sections from 3- and 6-month-old mice
stained as in 4 show that no inclusions form in the hippocampus, a brain region spared
in SCA3. C. Immunolabeling with an ataxin-3 antibody reveals that the ataxin-3
transgene in Q71-B mice is expressed widely in the CNS, including in the hippocampus
and pons. By 6 months of age, expanded ataxin-3 largely localizes diffusely to neuronal
cell nuclei in Q7-C** and Q"-C*-mice, both in typically affected regions (e.g. pons)
and unaffected brain regions (e.g. hippocampus). Substantial enrichment of ataxin-3
throughout the nucleus may obscure detection of ataxin-3-positive nuclear inclusions
by this method. D. Double immunofluoresence labeling in Q*-C*~ pontine neurons
shows that ubiquitin-positive (red) nuclear inclusions contain ataxin-3 (green), as
shown by the yellow fluorescence in the merged image (far right). Scale bars for A, B
and C = 100 micrometers, scalebar for D = 10 micrometers.
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Figure 2.5. Expanded ataxin-3 localizes to the nucleus in Q71-B mice on all CHIP
backgrounds. 4. Wild-type (Q-C™") and CHIP-haploinsufficient (Q"-C*")
nontransgenic mice show similar subcellular localization of endogenous murine
ataxin-3 at 6 months of age. Ataxin-3 immunostaining is much more robust in Q71-B
mice transgenic mice. Ataxin-3 predominantly localizes diffusely to the nucleus both in
Q"-C** and Q"-C"- mice. B. Q71-B mice lacking CHIP (Q"-C-) show similar
subcellular localization of ataxin-3 and ubiquitin as Q*-C*- mice at 6 months of age in
both the hippocampus and pons. Scale bar in both 4 and B = 100 micrometers.
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Figure 2.6. Reduction or loss of CHIP does not cause increased GFAP staining in
Q71-B mouse brain. Brain sections from 6-month-old mice of the indicated genotypes
were stained with monoclonal GFAP antibody. There is no increase in GFAP-positive
cells in either typically affected brain regions (pons and cerebellar cortex) or unaffected
regions (hippocampus) regardless of CHIP levels. Scale bar = 100 micrometers.
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Figure 2.7. Reduction of CHIP increases ataxin-3 microaggregates in brain. 4.
Soluble fractions of brain lysates from 4.5-month-old mice were resolved on a 4-20%
Tris-HCI gradient gel, then probed with the indicated antibodies. CHIP
haploinsufficient Q71-B mice (Q"-C*") develop high-molecular-weight (HMW) SDS-
resistant ataxin-3 aggregates (bracket) that increase further when CHIP is absent (Q*-
C”-mice). Levels of soluble ataxin-3 monomer do not change significantly (arrow:
endogenous murine ataxin-3; arrowhead: transgenic expanded ataxin-3). The band at
~150kD (asterisk) is nonspecific. The 1C2 anti-polyglutamine monoclonal antibody
detects expanded ataxin-3 monomer, but not endogenous ataxin-3 monomer or HMW
ataxin-3. GAPDH is shown as loading control. B. Quantification of endogenous
monomeric ataxin-3 in mouse brain lysates. There is no significant difference in
endogenous monomeric ataxin-3 levels between genotypes (one-way ANOVA,
alpha=0.05). Blot signals (shown in Fig. 2.9B) were quantified with ImagelJ, then the
mean optical density for each genotype was normalized to GAPDH and plotted.
Number of brains varied from 2-5 per genotype. Error bars = 1 S.D. C. Brain lysates
prepared as in 4, but separated instead on 1.5% SDS-agarose gels, reveal ataxin-3
microaggregates that increase stepwise as CHIP is reduced or eliminated (low levels in
Q"-C** mice, intermediate in Q*-C*-mice, and abundant in Q*-C-mice). Ataxin-3
microaggregates are not recognized by 1C2 monoclonal antibody.
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Figure 2.8. Most ataxin-3 detectable by Western blot in Q71-B/CHIP mouse brain
is soluble. Brain lysates were separated into soluble and pellet fractions and resolved
on a standard SDS-PAGE gel, then probed with the indicated antibodies. Regardless of
CHIP levels, most endogenous and transgenic ataxin-3 remains soluble. Alpha-tubulin
shown as loading control.
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Figure 2.9. Reduction or loss of CHIP does not alter levels of soluble transgenic
ataxin-3 monomer. 4. Quantification of transgenic monomeric ataxin-3 in mouse brain
lysates. There is no significant difference in transgenic monomeric ataxin-3 levels
between genotypes (one-way ANOVA, alpha=0.05). Blot signals shown in B were
quantified with ImageJ, then the mean optical density for each genotype was
normalized to GAPDH and plotted. Number of brains varied from 2-5 per genotype.
Error bars = 1 S.D. B. Blots from which Figs. 2.7B and 2.9A were generated.
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Figure 2.10. Molecular weight markers separate poorly on SDS-agarose gels.
BioRad Kaleidoscope Precision Plus Standards were separated on a 1.5% SDS-agarose
gel alongside brain lysate from a Q*-C*- mouse. The gel was stopped with the dye front
2cm prior to completion in order to retain some of the markers. If an SDS-agarose gel is
run to completion, all markers run off the end of the gel and cannot be used for
molecular weight estimation.
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Figure 2.11. Size exclusion chromatography reveals that ataxin-3 microaggregates
are soluble HMW complexes. Brain lysates from 4.5-month-old Q*-C**, Q*-C*- and
Q*-C-- mice were subjected to size exclusion chromatography, and fractions were
analyzed by SDS-PAGE and Western blot for ataxin-3. Soluble ataxin-3
microaggregates elute after the void in fractions 4 and 5, which contain complexes
ranging from ~ 700-7000kD in size. When CHIP is reduced or absent, ataxin-3
microaggregate levels increase, especially in fraction 4. The sizing range of the column
is 20-7000kD. Bracket: HMW ataxin-3 microaggregates; arrowhead: transgenic
expanded ataxin-3; arrow: endogenous murine ataxin-3. The band at ~150kD (asterisk)
is nonspecific.
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Figure 2.12. SDS-resistant ataxin-3 microaggregates are not heavily ubiquitinated.
Brain lysates were subjected to denaturation/renaturation followed by
immunoprecipitation with ataxin-3 antibody. Ataxin-3 microaggregates
immunoprecipitated in this stringent manner are not detectable with ubiquitin antibody.
The monomeric ataxin-3 transgene band electrophoreses just above, and is partly
obscured by, the IgG heavy chain band (**). Inputs represent 5% of total volume after
denaturation and renaturation. * = nonspecific band from ataxin-3 antibody, T = residual
labeling after stripping ataxin-3 polyclonal antibody from blot.
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Figure 2.13. Ataxin-3 forms microaggregates in the brain, but not in non-neuronal
tissues. Brain, heart, liver, and kidney from a 6-month-old Q+/-C+/- mouse were
separated by 10% SDS-PAGE (4) or 1.5% SDS-agarose (B). Although the Q71-B
transgene is present in all tissues (arrowhead), microaggregates are only detected in the
brain lysate. GAPDH is shown as a loading control for 4. The bands of ~150kD
(asterisk) are non-specific.
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Figure 2.14. CHIP loss does not significantly alter specific stress-response protein
levels. 4. In Q71-B mice, Hsp90 and Hsp40 levels are not greatly increased upon
CHIP reduction or removal (compare lane 3, 4, 5). Bagl, Hop, and E4B levels are not
altered in any genotype. B. Further quantification of heat shock protein levels in mouse
brain lysates. Levels of Hsp90 and Hsp40 do not significantly differ between wild-type
(Q-C**), CHIP knockout (Q7-C”), and Q*-C-- mice (one-way ANOVA, alpha=0.05).
While Hsp70 levels trend higher in Q-C”- and Q*-C-~ animals compared to wild-type
animals, consistent with the fact that CHIP regulates Hsp70 levels (Qian et al, 2006),
this does not reach statistical significance (one-way ANOVA, alpha=0.05, shown in
Table 2.2). Blot signals (top) were quantified with ImagelJ, then the mean optical
density for each genotype was normalized to GAPDH and plotted as a fraction of the
wild-type (Q7-C**) signal (bottom). Error bars =1 S.D.
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Figure 2.15. Hsp70 levels are dependent on CHIP and independent of expanded
ataxin-3 overexpression. Western blot analysis of stress response protein levels in
Q71-B/CHIP brains revealed variability in Hsp70 expression in Q7-C”~- mice (Fig.
2.14B). After excluding one Q7"C”- mouse with low Hsp70 levels from the analysis,
ANOVA confirmed that Q/-C-- and Q*-C-- animals express higher Hsp70 levels than
wild-type animals (* alpha = 0.05 by Tukey’s HSD post hoc test, shown in Table 2.3),
consistent with the fact that CHIP regulates Hsp70 levels (Qian et al, 2006). Hsp70
levels were not different between Q7-C”- and Q*-C-- animals (Table 2.3). Blot signals
(shown in Fig. 2.14B) were quantified with ImageJ, then the mean optical density for
each genotype was normalized to GAPDH and plotted as a fraction of the wild-type
(Q7-C**) signal. Error bars =1 S.D.
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Figure 2.16. Analysis of the role of CHIP and E4B in regulating levels of expanded
ataxin-3. 4. Both CHIP and E4B reduce steady state levels of expanded, but not wild-
type, ataxin-3. M 17 neuroblastoma cells were transiently cotransfected with the
indicated plasmids, and lysates were then examined by western blot. Representative
blots are shown, with the proteins detected by specific antibodies shown at left.
Ataxin-3 signal was quantified using NIH ImageJ, normalized to GAPDH loading
control, then plotted at right as a fraction of the signal from the empty vector control
condition. Shown are means (3 independent trials) plus S.D. CHIP or E4B expression
significantly reduced expanded ataxin-3 levels (* p<0.01 by Student’s z-test,
comparison to results with empty vector control). B. Effect of CHIP and E4B on
degradation of normal or expanded ataxin-3. 48 hrs after transfection with the indicated
plasmids, FLP-In HEK293 cells stably expressing FLAG-ataxin-3-Q22 or FLAG-
ataxin-3-Q80 were pulse labeled with 33S-labeled methionine/cysteine and chased for
the indicated times. Plotted are the ataxin-3 signals detected by autoradiography and
normalized to ataxin-3 signal immediately after pulse labeling (means of 3 independent
experiments). Neither CHIP (gray line) nor E4B (dotted line) significantly enhanced
clearance of normal or expanded ataxin-3, though E4B displays a trend toward
enhancing expanded ataxin-3 degradation (one-way ANOVA, alpha=0.05).
Representative autoradiograms of each experiment are shown above the graphs.



69

FLAG-ataxin-3-Q22 FLAG-ataxin-3-Q80

1.3
% ! % - Ai
3 = A= —o—vect
g 09 S k5 1 A - vector
Q0 N o 08 + CHIP
> 07 S e 0 ~
= o E \; —A— E4B
3 05 T— | S 06

0.3 - . - T 0.4 + T T

chase (hr) chase (hr)

Figure 2.17. Neither CHIP nor E4B affect the rate of FLAG-ataxin-3-Q80
degradation over a 24-hour period. Pulse-chase results from Fig. 2.16B are repeated
here with error bars included. At 24 hours, the rate of degradation of polyQ-expanded
FLAG-ataxin-3 is unaffected by CHIP or E4B overexpression (one-way ANOVA,
alpha=0.05; Table 2.4). Error bars = 1 S.D.
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Figure 2.18. Cells transfected with expanded ataxin-3 do not form
microaggregates. 4. FLP-In HEK293 cells stably expressing FLAG-tagged ataxin-3
(top) or M17 neuroblastoma cells transiently transfected with FLAG-tagged ataxin-3
(bottom) were transfected with the indicated plasmids, and lysates were examined by
western blot. Representative blots are shown, with the proteins detected by specific
antibodies shown at left. No ataxin-3 is detectable in the stacking gel, in contrast to
what is observed in brain lysates from Q71-B/CHIP mice. B. FLP-In HEK293 cells
stably expressing FLAG-tagged ataxin-3 (left) or M17 neuroblastoma cells transiently
transfected with ataxin-3 constructs (right) were immunolabeled with FLAG antibody.
Ataxin-3 does not form visible inclusions or aggregates in these cells.
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Figure 2.19. Model of CHIP action on mutant ataxin-3 in brain. This model
depicting cellular pathways in the presence (4) and absence (B) of CHIP is based both
on results reported here and from previously published studies (Matsumoto et al, 2004;
Jana et al, 2005; Miller et al, 2005). Thick arrows indicate predominant pathways, thin
arrows less predominant pathways, and dotted arrows unfavored pathways in the given
scenario. 4. Expanded ataxin-3 monomer (A3) (1) has an increased probability of
misfolding (2) and forming aberrant heteroprotein and homo-oligomeric complexes (8
and 9, respectively). Misfolded ataxin-3 monomer can be ubiquitinated by E4B (3) or
CHIP (6) and targeted for proteasomal degradation (steps 4-5). Misfolded ataxin-3
monomers or oligomers may also bind to CHIP and undergo chaperone-mediated
refolding (7). Adequate levels of CHIP favor dissociation and clearance of misfolded
aggregated ataxin-3. B. When CHIP is reduced or absent, handling of expanded ataxin-3
is impaired. Consequently ataxin-3 microaggregates, comprising hetero-protein
complexes (8) and/or homo-oligomers (9), accumulate with deleterious consequences
for the neuron. Such microaggregates may represent relatively poor substrates for the
proteasome and other ataxin-3 clearance pathways.
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CHAPTER 3
FORMATION OF SDS-RESISTANT
MICROAGGREGATES CORRELATES WITH

NEUROTOXICITY IN SCA3 TRANSGENIC MICE

Abstract

There are many hypotheses regarding the identity of the toxic protein species in
polyQ expansion disorders. While insoluble, macroscopic polyQ protein inclusions are
generally thought to be neutral or adaptive structures, increasing evidence indicates that
soluble misfolded monomers or oligomers correlate with toxicity and cell death in cell
culture models of polyQ disease. Supporting data from animal models of polyQ disease,
however, are lacking. In an effort to identify the toxic protein species in SCA3, we
compared two genetically distinct transgenic mouse models of SCA3 to determine
whether misfolded, oligomeric complexes of mutant ataxin-3 are a shared pathological
feature. Both mouse lines expressing expanded (mutant) ataxin-3 develop soluble,
detergent-resistant ataxin-3 microaggregates, while mice expressing nonpathogenic
ataxin-3 do not. Mirroring the selective neurotoxicity seen in SCA3 and other polyQ
diseases, microaggregates are observed only in brain, not other tissues. Overexpression of
expanded ataxin-3 did not alter the size of protein complexes containing endogenous
ataxin-3 in brain, and the presence of microaggregates did not deplete the pool of soluble,
monomeric endogenous ataxin-3. This last result suggests that dominant loss-of-function
is not a major mechanism by which expanded ataxin-3 is toxic. Finally,
neuropathological analysis revealed no shared phenotype of reactive astrogliosis,

microgliosis, or neuronal loss across the two mouse models. These data support the
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hypothesis that brain-specific, soluble ataxin-3 microaggregates exert dominant gain-of-

function toxicity in the CNS.

Introduction

The most common dominantly inherited ataxia, SCA3 is a progressive, ultimately
fatal neurodegenerative disease (Zoghbi and Orr, 2000). Neuropathological findings in
SCA3 include widespread degeneration of cerebellar pathways, pontine and dentate
nuclei, substantia nigra, globus pallidus interna, cranial motor nerve nuclei and anterior
horn cells (Riib et al., 2008). The genetic cause of SCA3 is a CAG expansion in the
ATXN3 gene, which is translated into the disease protein, ataxin-3. Ataxin-3 is a
ubiquitin-binding protein and deubiquitinating enzyme that functions in multiple protein
clearance pathways (Burnett et al., 2003; Zhong and Pittman, 2006; Wang et al., 2008). It
is unique among polyQ disease proteins in that it can suppress toxicity from other polyQ
proteins via its enzymatic activity (Warrick et al., 2005) and localizes to inclusions that
form in other neurodegenerative diseases (Uchihara et al., 2001; Fujigasaki et al., 2001;
Seilhean et al. 2004; Takahashi et al., 2001). These characteristics suggest that ataxin-3
normally participates in protein quality control in neurons. Ataxin-3 exists in multiple
protein complexes (Burnett et al., 2003; Burnett et al., 2005; Doss-Pepe et al., 2003;
Evert et al., 2006; Ferro et al., 2007; Li et al., 2002; Lim et al., 2006; Shen et d., 2005;
Wang et al., 2000; Wang et al., 2007; Wang et al., 2008; Zhong and Pittman, 2006), and
can interact with other ataxin-3 polypeptides (Ellisdon et al., 2006; Gales et al., 2005; Jia
et al., 2008; Mauri et al., 2006). Although the functions of ataxin-3 are beginning to be

understood, the exact protein complexes or species through which ataxin-3 causes
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neuronal dysfunction in SCA3 have yet to be identified. The following subsections

outline the potential toxic protein species investigated in our studies.

Toxic Species in PolyQ Neurodegeneration

PolyQ protein aggregation. Expanded polyQ tracts tend to perturb the native folding of
the host protein (Ignatova and Gierasch, 2006) increasing the probability that the disease
protein will misfold, oligomerize and aggregate. The tendency for polyQ proteins to
misfold correlates with the length of the repeat: longer repeats are more likely to misfold
and form aggregates. Posttranslational modifications canalso influence the propensity of
the protein to aggregate (Humbert et al., 2002; Steffan et al., 2004). Inclusion bodies
formed by microtubule-based cellular processes from aggregated polyQ proteins can
reside in the nucleus (SCA1, SCA7, SCA17), cytoplasm (SCA2 and SCA6) or both (HD,
SCA3, DRPLA, SBMA). These inclusions are a pathological hallmark of polyQ disease;
other neurodegenerative diseases feature similar protein accumulations (Takahashi et al.,
2001; Gatchel and Zoghbi, 2005; Selkoe, 2004; Seilhean et al., 2004).

As discussed in Chapter 1, the causal link between inclusions and
neurodegeneration has been challenged by several reports (Arrasate et al., 2004; Bowman
et al., 2005; Saudou et al., 1998; Nagaoka et al., 2003; Rub et al., 2006). A currently
prevailing view is that soluble oligomeric or protofibrillar intermediates are likely the
cytotoxic polyQ protein species (Muchowski and Wacker, 2005; Poirier et al., 2002;
Sanchez et al., 2003; Bucciantini et al., 2002; Takahashi et al., 2008). It is important to
recognize that the biochemical process of “aggregation” is not necessarily identical to

“inclusion formation”. The literature has not always been clear on this point. In the
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studies described here, we define “aggregates” as soluble biochemically detectable
detergent-resistant protein complexes that range in size from small oligomers to large
fibrillar polymers. “Inclusions” are defined as visible, insoluble protein structures
generated by cellular processes that sequester proteins away from other cellular
components.

Mature polyQ aggregates have a fibrillar, beta-sheet rich amyloid-like structure
that can bind lipophilic dyes such as Congo Red and thioflavin. PolyQ-expanded ataxin-3
forms soluble SDS-resistant congophilic fibrillar aggregates in vitro (Bevivino and Loll,
2001; Chow et al., 2004; Ellisdon et al., 2006; Ellisdon et al., 2007). The aggregation
pathway for expanded polyQ proteins is likely to be complex, with oligomeric, globular
and fibrillar intermediates appearing before mature amyloid fibers are present (Ross and

Poirier, 2004).

Nuclear localization of disease protein. Attempts to identify toxic species in polyQ
diseases have determined that nuclear localization of mutant polyQ protein is necessary
for neurodegeneration in several polyQ diseases (Saudou et al., 1998; Klement et al.,
1998; Kordasiewicz, et al., 2006; Bichelmeier et al., 2007). For example, when the
nuclear localization signal in ataxin-1 is mutated, expanded ataxin-1 no longer causes
Purkinje cell degeneration and ataxia in mice (Klement et al., 1998, Cummings et al.,
1998). Nuclear localization may also be necessary for apoptotic cell death in HD and
SCAG6 cell models (Saudou et al., 1998; Kordasiewicz, et al., 2006). Most recently,
transgenic mice expressing expanded ataxin-3 with either nuclear localizing or nuclear

exporting signals showed that forced nuclear localization of expanded ataxin-3 caused
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more severe disease than forced cytoplasmic localization of expanded ataxin-3
(Bichelmeier et al., 2007). Thus, nuclear localization of mutant polyQ species may
promote pathogenesis, and in some cases be required for pathogenesis, in many polyQ

diseases.

Cleavage fragments. Another important issue in polyQ disorders is whether full-length
proteins or proteolytic polyQ-containing fragments are the primary toxic species. The
answer may vary depending on the disease protein. Several proteases can cleave
expanded polyQ proteins (Wellington and Hayden, 2000; Wellington et al., 2000;
Goldberg et al., 1996), and some evidence even suggests that proteolytic cleavage is
required for ataxin-3 aggregation (Haacke et al., 2006). Cleavage of polyQ proteins is
important for pathogenesis in mouse models of several polyQ diseases, including HD,
SBMA, and SCA6 (Ona et al., 1999; Graham et al., 2006; Cowan et al., 2003; Li et al.,
1998; Merry et al., 1998; Kordasiewicz, et al., 2006). Caspase activation has been also
observed in HD patient brains (Ona et al., 1999; Sanchez et al., 1999). Although ataxin-3
can be cleaved in vitro and in cells (Wellington et al., 1998; Berke et al., 2004; Pozziet
al., 2008) and may catalyze its own cleavage (Mauri et al., 2006), conflicting reports exist
about whether ataxin-3 is cleaved in animal models and human SCA3 brains (Goti et al.,
2004; Berke et al., 2004, Cemal et al., 2002). These studies suggest thatcleavage

products may contribute to pathogenesis in only a subset of polyQ disorders.

Posttranslational modifications and protein context. Although pure, expanded polyQ

domains without flanking amino acids are toxic, protein context also greatly influences
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pathogenesis. The fact that each disease manifests distinct clinical and neuropathological
features despite having the “same” mutation, means that disease protein context must
contribute to the range and degree of neurodegeneration. The toxicity of several polyQ
disease proteins is regulated by phosphorylation at sites distant from the polyQ domain.
For example, huntingtin phosphorylated at serine 421 by Akt (a Ser/Thr kinase) has less
pro-apoptotic activity in vivo and in vitro (Humbert et al., 2002). Akt-dependent
phosphorylation of ataxin-1 also modulates neurodegeneration in SCA1 models (Chen et
al., 2003, Emamian et al., 2003). Ataxin-3 can be phosphorylated by both casein kinase 2
(Tao et al., 2008) and GSK-3beta (Fei et al., 2007), and its phosphorylation status may be
related to its aggregation (Fei et al., 2007).

Posttranslational modifications with ubiquitin or SUMO can also modulate
toxicity in a protein-context dependent manner. For example, in cell and fruit fly models
of HD, SUMOylation of a toxic cleavage product of huntingtin stabilizes the fragment,
increases its solubility, and enhances its neurotoxicity (Steffan et al., 2004). In contrast,
ubiquitination of this huntingtin fragment at the same lysine residues suppresses
degeneration (Steffan et al., 2004). Ataxin-3 is also known to be oligo-ubiquitinated in
cells (Berke et al., 2005), which may modulate its activity (Todi, S.V., unpublished data).
The effect of ataxin-3 ubiquitination on SCA3 pathogenesis is currently unknown.

There is also evidence that non-polyQ regions of polyQ disease proteins are
important to pathogenesis independent of posttranslational modifications. For example,
the AXH domain of ataxin-1 reduces the expression of proteins important for cellular
survival when overexpressed. PolyQ expansion of ataxin-1 enhances the effect of the

AXH domain by rendering ataxin-1 less degradable (Tsuda et al., 2005). In SBMA, the
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AR ligand testosterone is necessary for pathogenesis since full blown disease does not
occur in women who carry the SBMA disease allele (Schmidt et al., 2002) or in castrated
male transgenic mice (Katsuno et al., 2002; Katsuno et al., 2006). With regards to ataxin
3, the N-terminus of ataxin-3 is important for its localization, stability, and
oligomerization (Todi et al., 2007; Ellisdon et al., 2006). Therefore, regions outside of the

polyQ domain may contribute to polyQ disease pathogenesis.

Rationale and Aims of This Study

We wanted to determine which potential pathogenic protein species could be
responsible for the phenotype of SCA3 mice. We reasoned that pathological processes
relevant to SCA3 pathogenesis should occur in mouse models expressing the full length
disease protein. When we began these studies, only two transgenic mouse models of
SCA3 were available: the Q71-B mouse generated in the lab of Veronica Colomer Gould
(Johns Hopkins University), and YAC mice overexpressing human ataxin-3 with various
length glutamine repeats, generated in the lab of Susan Chamberlain (Imperial College
London). The published phenotypes of both models are briefly summarized below.

The Q71-B mouse expresses a cDNA encoding the mjdla isoform of human
ataxin-3 with 71 glutamine repeats at levels 2-3 fold higher than endogenous ataxin-3
(Goti et al., 2004). The mjdla isoform of ataxin-3 has deubiquitinating enzymatic activity
and 2 of the 3 ubiquitin interacting motifs (UIMs) encoded in the MJD1 gene. Although
Q71-B*" (hemizygous) mice are phenotypically normal, Q7 1-B"* (homozygous) mice
develop an ataxic phenotype at ~2 months of age and die between 4-8 months of age.

Intranuclear inclusions are described as “scarce” in both Q7 1-B"" and Q71-B+/+ mice
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(Goti et al., 2004), although they are detected with higher frequency in Q71-B"* mice in
the deep cerebellar nuclei and pons, and increase as the Q71-B”" animals age (Goti et al.,
2004). Neuronal loss occurs in the substantia nigra pars compacta in Q71-B”" mice, but
not in Q71-B*" mice. Distinct from human SCA3, neuronal loss was not otserved in the
dentate nucleus of the cerebellum.

MJD15.4 mice express full length human ataxin-3 with 15 glutamines from a
yeast artificial chromosome containing the entire A 7XN3 gene; MJD15.4 mice express 4
fold higher levels of human ataxin-3 than endogenous murine ataxin-3 (Cemal et al.,
2002). MJD84.2 mice express full length human ataxin-3 with 84 glutamines at levels
~2-fold above endogenous protein. Both animals express multiple splice isoforms of
ataxin-3, as they contain the full gene with introns (Cemal et al., 2002; G. M. Harris and
K. Dodelzon, unpublished data). The most common isoform expressed by both MJD
transgenic mouse lines (and in humans) is mjd2; this isoform is fully active as a DUB and
possesses all 3 UIMs encoded in the ATXN3 gene (G. M. Harris and K. Dodelzon,
unpublished data). MJD15.4 mice develop no neuropathological or behavioral phenotype.
MIJD84.2 mice have a mild, progressive ataxic phenotype. The original description of
MIJD84.2 mice reported loss of Purkinje cells and deep cerebellar nuclei neurons,
although stereological analysis was not performed (Cemal et al., 2002).

We reasoned that a pathogenic protein species in SCA3 should meet the following
criteria: 1) occur in both mouse models expressing full length mutant ataxin-3; 2) occur
to a greater degree in symptomatic animals; 3) occur primarily if not exclusively in the

affected tissue (CNS); and 4) its presence should correlate with the onset of disease. We

show here that SDS-resistant ataxin-3 microaggregates fit these criteria. Our data support
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a model of SCA3 pathogenesis where soluble microaggregates exert dominant gain-of-

function toxicity in the brain.

Methods

Mouse strains. Q71-B mice (Goti et al., 2004) were obtained from Veronica Colomer
Gould (Johns Hopkins University) and maintained on their published C3H/HeJ x
C57BL/6J background. MJD15.4 and MJD84.2 mice were obtained from Mark Pook
(Brunel University, Egham, UK) and Ilya Bezprozvanny (Univ Texas Southwestern),
respectively. MJID15.4 and MJD84.2 mice were maintained on a C57BL/6J background.
Mice were genotyped by standard two-way PCR as previously described (Goti et al.,
2004; Cemal et al., 2002). Mice from the two MJD lines were maintained in the
hemizygous state; homozygous animals were not bred for the studies described in this

chapter.

Open field analysis. Animals were tested for spontaneous activity using the Open Field
16x16 Photobeam Activation System and Flex-Field software (San Diego Instruments,
San Diego, CA). Naive animals were placed into a41cm x 41cm clear plastic box inside
a 16x16 array of infrared beams, and movement was calculated as the number and
sequence of beam breaks over the course of 30 minutes. Animals were tested under dark

conditions during their dark cycle (between 18:30-22:30 hrs).

Statistical Analysis. Statistical analyses were performed using Microsoft Excel with the

Data Analysis ToolPak. Open field data were grouped by age and genotype, then tested
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for significance with one-tailed Student’s #-test for independent samples assuming equal
variances. For comparisons between 3 genotypes, data were grouped by genotype, then
tested for significance using one-way ANOVA for independent samples. Significant
differences were further tested post-hoc using Tukey’s Honestly Significant Difference
(HSD, calculated online at
http://web.mst.edu/~psyworld/virtualstat/tukeys/tukeycalc.html). For comparisons of
transgene elution patterns in MJD15.4 and MJD84.2 mice, two-tailed Student’s #-test for

independent samples assuming equal variances was used.

Immunohistochemistry. For 3,3’-diaminobenzidine (DAB) stained sections: Mice were
perfused transcardially with cold sterile PBS followed by 4% paraformaldehyde in PBS.
Brains were fixed overnight in 4% paraformaldehyde, rinsed in PBS overnight, then
cryoprotected in 30% sucrose for at least 18 hrs at £C. Brains were cut serially into
30um floating sections on a sledge microtome (Leitz) and stored at-20°C in
cryoprotectant (SmM sodium phosphate pH 7.4, 7SmM sodium chloride, 30% w/v
sucrose, 30% v/v ethylene glycol) until use. For polyclonal antibody use, sections were
blocked in H,O; to quench endogenous peroxidase activity, then blocked in 5% normal
goat serum and incubated in primary antibody as indicated (protein A-purified rabbit anti-
MIJD 1:1000 or unpurified anti-MJD antiserum 1:1000 and 1:10,000 (Paulson et al.,
1997), rabbit anti-ubiquitin 1:500 (Dako USA, Carpinteria, CA), goat ant: CHIP 1:200
(Millipore/Chemicon), rabbit anti-E4B 1:200 (Bethyl), mouse anti-ataxin-3 1:500 (1H9,
kind gift from Y. Trottier). Sections were rinsed and incubated in biotinylated goatanti-

rabbit 1:500 (Vector Laboratories, Burlingame, CA), treated with avidin-biotin complex
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(Standard Elite ABC kit, Vector Laboratories), then developed in 0.5mg/ml DAB (Sigma,
St. Louis, MO) with 9% H,0,, rinsed and mounted on gelatin-coated slides, and
coverslipped after a dehydration and delipidation series with Permount (Fisher Scientific,
Pittsburgh, PA). For immunohistochemistry with monoclonal GFAP-Cy3 (1:500, Sigma)
or VCP antibody (1:1000, Affinity Bioreagents), we used the Mouse-on-Mouse
Peroxidase Kit (Vector Laboratories) according to manufacturer’s instructions.

For nickel sulfate-stained sections: Mice were perfused transcardially with a sodium
cacodylate wash buffer (0.8% NaCl, 0.8% sucrose, 0.4% dextrose, 0.034%sodium
cacodylate, 0.023% CaCl,) followed by sodium cacodylate fixation buffer (4%
paraformaldehyde, 4% sucrose, 1.4% sodium cacodylate, pH 7.4), as recommended by
NeuroScience Associates (NSA, Knoxville, TN) (instructions at
http://www.neuroscienceassociates.com/perf-solution3.htm). Whole heads were fixed
overnight in sodium cacodylate fixation buffer and sent to NSA for dissection, blocking
and sectioning. Brains were blocked in NSA’s proprietary cross-linked gelatin-based
matrix, then cut serially into 30-micrometer floating sections on freezing slide microtome
and stored at 4°C in PBS plus 0.01% sodium azide. Staining for ubiquitin and ataxin-3 on
NSA-processed tissue was performed by the laboratory of Alexander Osmand (University
of Tennessee, Knoxville) according to the method described in Nguyen et al. (2006).
Briefly, sections were treated with H,O, and normal goat serum to block, then incubated
in primary and secondary as above. Then the tissue was treated with a single round of
biotin tyramide amplification prior to detection via avidin-biotin complex and nickel

sulfate/DAB/H,0, solution.
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Polyglutamine aggregation foci assay. Brains were prepared and sectioned as for nickel
sulfate staining as above, then processed for polyglutamine aggregation foci as descrited
in Osmand et al. (2006). Sections were blocked in 1% sodium borohydride to quench
endogenous peroxidase activity, then rinsed in PBS and equilibrated in Tris-imidazole
buffer. Sections were labeled with biotinylated PEG-Q30 peptide 1:25,000 in Tris-
imidazole buffer overnight at room temperature. The following day, sections were rinsed
and incubated in biotinylated tyramine to amplify the signal. Sections were subsequently
treated with avidin-biotin complex (Standard Elite ABC kit, Vector Laboratories), then
developed in 0.5mg/ml DAB (Sigma, St. Louis, MO) with 9% HO; and nickel sulfate,
rinsed and mounted on gelatin-coated slides, and coverslipped after a dehydration and

delipidation series with Permount (Fisher Scientific, Pittsburgh, PA).

Tissue collection and lysates. Mice were perfused transcardially with 20ml cold sterile
PBS plus protease inhibitor cocktail (PI) (Complete Mini tablets, Roche, Indianapolis,
IN). Whole tissues were dissected, minced in RIPA (§0mM Tris-HCI pH 7.4, 150mM
sodium chloride, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40) with PI, then
homogenized in a Dounce homogenizer in RIPA plus PI lysis buffer. Lysates were
diluted to 100mg/ml (based on wet weight) in RIPA plus PI lysis buffer and centrifuged
at 4000 rpm for 15 minutes at 4°. The pellet was rehomogenized in the same volume of

RIPA plus PI. Lysates were stored at -80° until use.

Western blot analyses. Soluble fractions were sonicated twice for 10 seconds each, then

spun at 15,000xg for 10 minutes at 4°C to remove particulate debris (these pellets were
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not saved). Pellets from this first 4000 rpm spin were vortexed and sonicated vigorously.
Samples were diluted 1:1 in 2X Laemmli buffer plus DTT, then separated on
discontinuous 10% or 12% acrylamide gels, or pre-cast 4-20% SDS Tris-HCI gradient
gels (BioRad), and transferred to PVDF membranes. For SDS-agarose gels, gels
contained 1.5% w/v high-melting-point agarose (ISC Bioexpress, Kaysville, UT) in TAE
buffer (40mM Tris-acetate, ImM EDTA) with 0.1% SDS. SDS-agarose gels were run in
protein running buffer (SmM Tris base, 38mM glycine, 0.02% SDS) and transferred to
PVDF membranes using a BioRad TransBlot SD semi-dry apparatus in a discontinuous
buffer system (cathode buffer: 12mM Tris base, 8mM CAPS, 0.1% SDS; anode buffer:
12mM Tris base, 8mM CAPS, 15% methanol) (Bagriantsev et al., 2006). Membranes
were briefly rinsed in Tween-TBS, blocked in 5% milk in Tween-TBS, and probed with
the following primary antibodies: rabbit anti-human MJD 1:5000 (SEC fractions) or
1:20,000 (all other westerns) (Paulson et al., 1997), mouse antipolyglutamine 1:2000
(1C2, Chemicon, Temecula, CA), mouse anti-GAPDH 1:500 (Chemicon). Membranes
were rinsed in milk and incubated in peroxidase-conjugated goat anti-rabbit or goat anti-
mouse secondary antibodies 1:7500 (SEC fractions) or 1:15,000 (all other westerns)
(Jackson Immunoresearch, West Grove, PA) and imaged by enhanced
chemiluminescence (Western Lightning, Perkin Elmer, Waltham, MA). Quantification of

immunoblots was performed with NIH ImagelJ software (NIH, Bethesda, MD).

Size exclusion chromatography. Soluble fractions of brain lysates were sonicated and
centrifuged at 15,000xg for 10 min. 200ul of clarified lysate was loaded onto a Waters

BioSuite 450 column (Milford, MA) or Superdex 200 column (GE Healthcare,
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Piscataway, NJ), and run in mobile phase buffer (150mM sodium chloride, SO0mM
sodium phosphate, pH 7.4) at 0.5ml/min. Fractions were either analyzed directly on large
gels by diluting with 6X SDS + DTT, or were precipitated for analysis onmini gels as
follows: 14%v/v trichloroacetic acid was added for 30 min on ice, then fractions were
centrifuged at 15,000xg for 30 min at 4°C, pellets were washed twice with ice-cold
acetone, and resuspended in 2X Laemmli buffer plus DTT. Fractions were amlyzed by
SDS-PAGE on 10% polyacrylamide gels, and processed by Western blot for the
antibodies indicated. Blots were imaged either with standard enhanced
chemiluminescence (Western Lightning, Perkin Elmer) or chemiluminescent reagents
designed for low-abundance targets (SuperSignal West Femto, Thermo Scientific,
Rockford, IL). Columns were calibrated with either NativeMark protein standards

(Invitrogen, Carlsbad, CA) or BioRad Gel Filtration standards (BioRad, Hercules, CA).

Results

SDS-resistant ataxin-3 microaggregates accumulate in two genetically distinct SCA3
mouse models. We hypothesized that if aggregated forms of ataxin-3 are important for
SCA3 pathogenesis, microaggregates should accumulate in brains from both SCA3
mouse models. As expected, soluble brain lysates from Q71-B* and Q71-B"" mice show
a dose-dependent increase in ataxin-3 microaggregates, noted here at 6 months of age by
standard Western blot (Fig. 3.1A). Analyzed by the same method, MJD84.2 brain lysates
also contain soluble ataxin-3 microaggregates, while MJD15.4 brain lysates do not (Fig.
3.1B). Since polyacrylamide gels cannot resolve protein complexes above ~400kD, we
used SDS-agarose gels to separate microaggregates more effectively. SDS-agarose

electrophoresis confirmed that Q71-B and MJD84.2 mice develop high-molecular-weight
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ataxin-3 microaggregates in the brain (Fig. 3.2). Q71-B brains contain greater
microaggregate levels than MJD84.2 brains (Figs. 3.1-3.2), perhaps because the ataxin-3
splice variant expressed in Q71-B mice, which lacks the final exon and third UIM
domain, is more aggregation-prone than the prominent ataxin-3 splice variant expressed
in MJD84.2 mice, which does include the final exon and UIM (G.M. Harris, unpublished
observations). Since MJD15.4 animals express much more human ataxin-3 than the
MJD84.2 or Q71-B lines yet do not develop microaggregates, the formation of
microaggregates cannot be an artifact of ataxin-3 overexpression but correlates with the
presence of a polyQ expansion. Because the MJD and Q71-B lines are maintained on
different genetic backgrounds (detailed in the methods section), microaggregate
formation is also not a byproduct of different genetic backgrounds. Analysis of non
neuronal tissues from Q71-B mice showed that microaggregates are brain-specific despite
widespread expression of mutant ataxin-3 in the examined tissues (Fig. 3.3). Our attempts
to use the A11 (anti-oligomer) antibody to confirm the identity of microaggregates as
“toxic oligomers” (Behrends et al., 2006; Kostka et al, 2008) were unsuccessful because
in our hands A11 did not even detect A-beta oligomers as a positive control (data not
shown). These results establish that SDS-resistant ataxin-3 microaggregates meet three of
our four criteria for being toxic species. First, they occur in genetically distinct mouse
models. Second, they correlate with phenotypic severity, meaning that the Q71-B""
mouse has higher levels than the asymptomatic Q71-B"" mouse, and the milder MJD84.2

mouse has lower microaggregate levels than the more severely affected Q71-B** mouse.

Third, they occur only in the affected tissue type.
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SDS-resistant ataxin-3 microaggregates are large but soluble. Because we could not
determine the size of microaggregates on SDS-agarose gels due to the lack of suitable
size markers (Fig. 2.10), we turned to size exclusion chromatography (SEC) because it
can provide size estimates for very large soluble protein complexes. Using a Waters
BioSuite 450 column with a high-molecular-weight cutoff of 7 megadaltons, we
separated soluble brain lysates by SEC and analyzed fractions by Western blot on SDS-
PAGE. Attempts to concentrate fractions by precipitating protein with trichloroacetic
acid resulted in artifactual aggregation of the nonpathogenic ataxin-3 protein from
MJD15.4 brain lysate (data not shown), so we opted to analyze fractions from the column
without precipitation. This required that we run larger volumes of fractions on large scale
gels. This method results in fainter signal but without spurious aggregation(compare Fig.
2.11 to Fig. 3.4A). Using this approach, we established that Q71-B"* mice develop
soluble ataxin-3 microaggregates that elute in fractions of >~720kD (Fig. 3.4A).
Similarly, MJD84.2 mouse brain lysates contained microaggregates of the same sze (Fig.
3.4B). Although MJD15.4 mice express 4-fold more MJD15.4 transprotein than
endogenous ataxin-3 we detected no microaggregates in MJD15.4 brains by SEC (Fig.
3.4C). To further assess microaggregate size, we collected double-volume fractions to
increase the detected signal. By this method, the majority of microaggregates in MJD84.2

brain eluted in fraction 4, which contains the 1048kD marker (Fig. 3.4D).

In Q71-B mice, phenotypic severity correlates with polyQ aggregation foci. The
aggregation foci (AF) assay was developed by Wetzel, Osmand and colleagues to detect

subcellular areas in which expanded polyQ proteins actively can recruit polyQ peptides
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through an aggregation process (Osmand et al., 2006). Briefly, biotintagged polyQ
peptides are incubated with tissue sections, and the biotin tag is then detected by avidin
biotin-DAB chemistry after one round of amplification with biotinylated tyramine
(Osmand et al., 2006). As shown in Fig. 3.5, Q71-B"" mice show more AF than Q71-B*"
mice in various brain regions. Sections from nontransgenic mice (ntg) do not display AF.
Since AF do not colocalize with inclusions (Osmand et al., 2006; Nguyen et al., 2006;
data not shown), they are posited to represent soluble areas of polyQ recruitment and
aggregation in neurons (Osmand et al., 2006). As such, they may correspond with soluble
microaggregates. The dose-dependent increase of AF in Q71-B+/+ versus Q71-B" mice
mirrors the parallel, dose-dependent increase in microaggregate formation in these mice,

as detected by our biochemical assays.

Expanded ataxin-3 localizes predominantly to the nucleus in both SCA3 mouse models.
Ataxin-3 is known to shuttle between the cytoplasm and nucleus, but the specific cellular
functions this shuttling activity serves are unknown. In normal human brain ataxin-3 is
mostly a cytoplasmic protein. In SCA3 disease brain, however, ataxin-3 localizes
predominantly to the nucleus in affected regions (Paulson et al., 1997b). In both mouse
models expressing expanded ataxin-3, immunostaining for the disease protein is much
stronger in the nucleus than cytoplasm in most brain regions (Fig. 3.6). This preferential
nuclear localization does not change over time from 3 to 12 months of age in the
MIJD84.2 line (Fig. 3.7). Although nuclear inclusions occur in MJD84.2 brain, they are
rare (Fig. 3.6 shows an inclusion in the deep cerebellar nuclei). In the Q71-B line,

hemizygous mice also have very rare inclusions, but homozygous mice develop
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inclusions in many brain regions including (but not limited to) the basal ganglia, midbrain
and brainstem (Table 3.1). By contrast, in MJD15.4 mice the ataxin-3 immunostaining
occurs in both the cytoplasm and nucleus (Fig. 3.7). In nontransgenic mice, endogenous
ataxin-3 staining is very faint using two different antibodies; it is possible that this
represents non-specific labeling (Fig. 3.6), since ataxin-3 antibody staining in ataxin-3
knockout mice is comparable to that in nontransgenic mice (Fig. 3.8). These results
suggest that the ataxin-3 antibodies used in our experiments preferentially detect the
human protein and may not detect endogenous mouse ataxin-3 in brain sections, despite

the fact that they detect both human and mouse ataxin-3 on western blot (Fig. 3.9).

Neuropathological evaluation of two mouse models of SCA3 reveals that glial
proliferation and neuronal loss are not correlated with behavioral phenotype. Since
MIJD84.2 mice develop a behavioral phenotype (Cemal et al., 2002; Chen et al., 2008) we
sought to determine whether MJD84.2 brains also showed signs of neuronal dysfunction
or injury. We looked for reactive astrocytosis with glial fibrillary acidic protein (GFAP),
microgliosis with the macrophage/microglia-specific calcium binding protein ibal, and
overt changes in brain organization and structure with cresyl violet. As shown in Figure
3.10, we observed no differences in GFAP or microglial markers between wildtype
(ntg), MID15.4 and MJD84.2 mice at 12 months of age. Additionally, we observed no
major change in the number of neurons in pontine nuclei stained with cresyl violet (Fig.
3.10), and no massive change in brain organization or structure (data not shown).
Although the original paper describing the MJD84.2 line reported an increase in GFAP-

positive cells in several brain regions and a loss of calbindin-positive Purkinje cells in the
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cerebellum (Cemal et al., 2002), we could not replicate either finding (Fig. 3.10, data not
shown).

Since other reports of MJD84.2 mouse behavior revealed phenotypes at young
ages, we decided to expand the phenotypic characterization of this line by performing
open field analysis of spontaneous motor activity in aged MJD84.2 mice. Surprisingly,
open field testing of old MJD84.2 mice revealed no decrease in large or small movements
compared to wild-type animals (Fig. 3.11, ages 13.5-17.5 months, n=7 for ntg, n=9 for
MIJD84.2). In contrast, preliminary evidence from other researchers in our laboratory
suggest that MJD84.2 animals have a behavioral phenotype at 6 weeks of age compared
to nontransgenic littermate controls (V.G. Shakkottai, unpublished observation). We
conclude that open field testing is not the best measure of the MJD84.2 phenotype.

The Q71-B line develops robust behavioral changes only when animals are
homozygous for the transgene (Goti et al., 2004). Therefore we expected to find
neuropathology differences between the hemizygous and homozygous Q71-B mice. As
shown in Fig. 3.12, GFAP labeling is higher in Q71-B”" mice in brain regions usually
affected in SCA3/MJD than in Q71-B”" and nontransgenic mice. No increase in GFAP-
positive cells is observed in the cerebral cortex, an area that is essentially spared in
SCA3/MID (Fig. 3.12).

. :
" mice with a severe

Although reactive astrocytosis is observed in Q71-B
behavioral phenotype, it is not observed in the MJD84.2 line, which has a milder

phenotype. Since signs of reactive astrogliosis and microgliosis are not consistent across

both SCA3 mouse models, we conclude that glial proliferation in affected areas, which is



91

often used as a proxy for neuronal degeneration, is not a shared phenomenon in

phenotypically-expressing SCA3 mice.

Absence of disease-correlated ataxin-3 cleavage fragments in SCA3 mice. If proteolytic
cleavage of ataxin-3 is important for pathogenesis, we would expect to observe ataxin-3
species smaller than full-length ataxin-3 in SCA3 mouse brain lysates. Previously, the
Q71-B mouse was reported to express cleavage products of ataxin-3 of 30-36kD and
aggregated forms of ataxin-3 that remained in the stack of standard SDS-PAGE gels
(Goti et al., 2004). In contrast, MJD84.2 mouse brain was not reported to contain ataxin3
fragments (Cemal et al., 2002). In brain lysates from Q71-B mice, we observed an ataxin-
3 immunoreactive band that is smaller than endogenous ataxin-3 and present in
hemizygous and homozygous mice at the same level (Fig. 3.13). In MJD84.2 mice,
ataxin-3 antibody labeled bands smaller than endogenous ataxin-3 which were also noted
in MJD15.4 and nontransgenic animals (Fig. 3.13). Though conceivably ataxin-3
fragments could be generated and become irreversibly stuck in aggregates that cannot be
resolved by SDS-PAGE, we interpret these results as showing that ataxin-3 fragments are
not present to a greater degree in disease mice than in healthy mice and therefore do not

correlate with phenotypic severity.

Overexpression of wild type or expanded human ataxin-3 does not alter the size of
protein complexes formed by endogenous ataxin-3. Recent data suggest that loss-of-
function mechanisms may contribute to polyQ disease pathogenesis (Lim et al., 2008;

Friedman et al., 2007). Loss-of-function may occur through alterations in the function of
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polyQ protein-containing complexes, as in the references mentioned above, or may occur
through sequestration of the normal protein into aggregates, preventing the
nonpathogenic protein from carrying out its normal functions. Since ataxin-3 can bind
other ataxin-3 molecules (Gales et al., 2005; Jia et al., 2008; Ellisdon et al., 2006), we
wondered whether overexpression of expanded ataxin-3 would bind endogenous ataxin-3
and alter the protein complexes formed by endogenous ataxin-3. We employed SEC to
see whether expanded ataxin-3 expression altered the elution profile of endogenous
ataxin-3. Endogenous ataxin-3 from brain tends to fractionate in two major peaks, one
higher molecular weight peak of ~1000kD, and a second lower molecular weight peak of
~150kD (Fig. 3.14A). This lower molecular weight peak may correspond to monomeric
ataxin-3, because as a non-globular protein ataxin-3 is expected to run at a larger
apparent size on SEC than its actual size (Chow et al., 2006). We confirmed the accuracy
of our sizing by checking the elution profiles of other proteins that should elute
differently than ataxin-3 (Fig. 3.14B). We confirmed that VCP runs & ~600kD, its
expected size as a hexamer, and each of the other proteins of interest we analyzed had a
unique profile as well (Fig. 3.14B). Satisfied that our elution profile for ataxin3 was
accurate and reproducible, we performed SEC analysis of brain lysates from 6-month-old
mice, followed by quantification of endogenous ataxin-3 western blot signal (Fig. 3.14C).
The only difference we noted was a small increase in the proportion of endogenous (i.e.
murine) ataxin-3 eluting in fraction 7 in MJD84.2 mice compared to nontransgenic mice
(one-way ANOVA, p=0.044). Thus, overexpression of either normal or expanded human
ataxin-3 does not alter the elution pattern of endogenous ataxin-3, suggesting that neither

wild-type nor expanded ataxin-3 drives endogenous ataxin-3 into abnormal
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macromolecular complexes in the brain. The elution patterns for the two transproteins
differ slightly, with a higher percentage of MJD15.4 ataxin-3 monomer detected in
fraction 4 compared to MJD84.2 monomer (p=0.040) (Fig. 3.14D). Thereduction of
MJD84.2 monomer in fraction 4 may be due to its incorporation into HMW ataxin-3

microaggregates.

Overexpression of wild-type or expanded human ataxin-3 does not alter subcellular
localization of known ataxin-3 interacting proteins. Several ataxin-3 interacting proteins
have been identified using various techniques (Shen et al., 2005; Ferro et al., 2007; Wang
et al., 2000; Wang et al., 2007) (Table 3.2). Of particular interest among these are VCP,
CHIP and E4B because of their importance in protein folding and degradation (Dickey et
al., 2007b; Qian et al., 2006; Janiesch et al., 2007). In the case of VCP, the protein is
normally found in both the cytoplasm and nucleus of nonneuronal cells (Weihl et al.,
2006; Greenberg et al., 2007), but has been described as mostly cytoplasmic in human
brain (Guyant-Maréchal et al., 2006). VCP is widely expressed throughout the brain,
especially in Purkinje cells, hippocampal neurons, and midbrain and vestibular nuclei
(Lein et al., 2007). VCP is known to translocate to the nucleus upon stimulation with
EGF or other VCP-binding proteins (Zhang et al., 2000; Laser et al., 2006; Greenberg et
al., 2007). CHIP is primarily a cytoplasmic protein, although it does have two potential
nuclear localizing sequences and may shuttle between the nucleus and the cytoplasm in
response to an appropriate stimulus (Ballinger et al., 1999; Miller et al., 2005). Some
portion of the cytosolic pool of CHIP localizes to the ER surface, and relocalizes to

aggresomes when certain client proteins, like CFTR, are overexpressed (Meacham et al.,
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2001). CHIP is expressed throughout the body, and in the brain it is highly expressed in
the olfactory bulb, hippocampus, Purkinje cells, vestibular nuclei and deep cerebellar
nuclei (Lein et al., 2007). CHIP does not colocalize to inclusions formed by GFP-tagged
polyQ protein (Miller et al., 2005). E4B is important for cardiac development and
neuronal responses to ER stress (Kaneko-Oshikawa et al., 2005). E4B is primarily
cytoplasmic (Kaneko et al., 2003) and is highly expressed in cortical projection neurons,
thalamic nuclei, hippocampus, vestibular nuclei, Purkinje cells, deep cerebellar nuclei,
and to a lesser extent in most other brain regions (Kaneko et al., 2003; Lein et al., 2007).
To determine whether overexpression of expanded ataxin-3 alters the regional or
subcellular localization of its interacting proteins, we used immunohistochemistry to
compare the MID15.4 and MJD84.2 lines with nontransgenic controls. As shown in
Figure 3.15, overexpression of wild-type or expanded ataxin-3 does not appreciably

change the subcellular localization of VCP, CHIP, or E4B.

Discussion

Aggregation is an important feature of all polyQ diseases. We have attempted to
address the question of whether soluble microaggregates of ataxin-3 are the pathogenic
species in SCA3. Our results show both that SDS-resistant ataxin-3 microaggregates form
in vivo only when ataxin-3 contains the polyQ expansion and that these microaggregates
are a shared feature of two genetically distinct SCA3 transgenic mouse models
expressing full length, expanded ataxin-3. Ataxin-3 microaggregates are found only in
the selectively vulnerable tissue in SCA3, the brain. In the Q71-B model, microaggregate

levels correlate with phenotypic severity. Since the MJD84.2 phenotype does not
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progress as rapidly nor is the phenotype as severe as the Q71-B"" mouse (Fig. 3.11;
Cemal et al., 2002; Chen et al., 2008), we conclude thatthe presence of microaggregates
correlates with the MJD84.2 phenotype but cannot conclude that phenotypic severity
correlates with increasing microaggregate levels in this model. Our results do not rule out
the possibility that misfolded ataxin-3 monomer also contributes to pathogenesis. Indeed,
misfolded monomeric ataxin-3 is likely critical to the formation of higher order,
misfolded ataxin-3 complexes, as suggested by in vitro studies showing that a single
misfolded polyQ protein serves as the nidus for polyQ aggregation (Chen et al., 2002;
Ellisdon et al., 2007). The soluble, SDS-resistant ataxin-3 microaggregates we observe
meet most of our a priori criteria for being a (or the) toxic protein species in SCA3: they
occur in two genetically distinct mouse models, occur to a greater degree in symptomatic
animals, and are found only in the affected tissue type. Whether they meet the fourth
criterion, that their presence should correlate with the onset of disease, will be discussed
below.

Although our SEC results do not provide a precise size calculation, they are
consistent with pure ataxin-3 homo-oligomers of ~15 monomers in size (assuming
MJD84.2 transprotein is 65kD, as it appears on SDS-PAGE, and assuming no other
protein comprises a major portion of microaggregates; see Figs. 3.4 and 3.9). Toconfirm
that microaggregates are pure oligomers we would need to analyze them by mass
spectrometry. Coomassie staining of SEC fractions on gels demonstrates that many other
proteins co-elute with microaggregates (data not shown); these contaminants would need
to be removed prior to mass spectrometry analysis. We have attempted to immunopurify

ataxin-3 microaggregates from SEC fractions, but have not been able to detect ataxin-3
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microaggregates after immunopurification (data not shown). In the future, other methods
such as hydrophobic interaction chromatography or ion exchange chromatography may
assist us in further purifying these microaggregates. Although we have not been able to
detect other candidate proteins in ataxin-3 microaggregates by Western blot, they may be
present in levels too low for Western blot detection, or are bound within microaggregates
such that they are protected from antibody access.

Many reports have shown that nuclear localization of polyQ disease protein is
important for pathogenesis (Saudou et al., 1998; Klement et al., 1998; Kordasiewicz, et
al., 2006; Bichelmeier et al., 2007; Cummings et al., 1998). We observed nuclear
localization of expanded ataxin-3 in both Q71-B and MJD84.2 mice, while wild-type
ataxin-3 was distributed in both the nucleus and cytoplasm n MJD15.4 mice.

It is still poorly understood why polyQ proteins tend to localize to the nucleus when
expanded. We have several potential hypotheses to explain why ataxin-3, in particular,
goes to the nucleus in SCA3. One possibility is that when ataxin-3 enters the nucleus
during its normal shuttling, the nuclear environment somehow leads it to aggregate, thus
preventing its export back to the cytoplasm. Another possibility, related to the fact that
ataxin-3 functions in protein quality control, is that ataxin-3 gets recruited to the nucleus
as part of a cellular response to the stress of polyQ protein expression. If this is true, we
would expect to find ataxin-3 in the nucleus of cells expressing other expanded polyQ
proteins, and perhaps in other neurodegenerative diseases. Ataxin-3 nuclear relocalization
in response to heat shock has been reported by another group (Reina, C.P., Zhong, X.,
Pittman, R.N. Proteotoxic stresses alter ataxin-3 interactions with Rad23b and VCP and

heat shock induces nuclear localization of ataxin-3. Program No. 444.4/V20. 2008
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Neuroscience Meeting Planner. Washington, DC: Society for Neuroscience, 2008.
Online.). Work is underway in our lab to determine if ataxin-3 nuclear localization occurs
in other neurodegenerative disease models, including HD and AD mouse models.

We did not detect major neuronal loss in MJD84.2 mice. These results differ from
Cemal et al. (2002) and Chen et al. (2008) who both reported neuronal loss in aged
MJD84.2 mice, albeit by different methods and in different brain regions. Cemal et al.
(2002) reported 30% loss of pontine neurons, 40% loss of dentate neurons, degeneration
of Purkinje cells of the cerebellum (no percentage reported) and some demyelination of
peripheral nerves by 12 months of age, but they also reported that brain mass was
proportional to body weight in MJD84.2 mice. In contrast, unbiased stereological
analysis of 13.5-month-old MJD84.2 mice performed by Chen et al. (2008) revealed
small but significant reductions in both TH-positive substantia nigra neurons (15%) and
pontine neurons (15%), along with a 10% decrease in brain mass (no calculation of body
weight was made in this paper). The differences between the Cemal et al. (2002) and
Chen et al. (2008) results could be due to methodological differences or to some genetic
alteration that occurred when the MJD84.2 line was rederived viain vitro fertilization in
the C57BL/6 strain by Chen et al. (2008). Since the MJD84.2 line had to be recreated
from frozen sperm and donor C57BL/6 eggs, it is possible that the donor egg’s DNA
contained polymorphisms not present in the original MJD84.2 line which could
contribute to differences in the phenotypes of MJD84.2 mice created by the Chamberlain
lab and the Bezprozvanny lab. We cannot test this possibility since the Chamberlain lab
no longer possesses its original MJD84.2 line. If genetic differences in the rederived

mouse background contribute to phenotype, we would expect our results to be more
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similar to Chen et al.’s results since we acquired the MJD84.2 line from that lab afterits
rederivation. It is also possible that we did not observe small but significant differences in
neuronal counts because we did not use unbiased stereology or because the MJD84.2
mice used in our studies were slightly younger (12 months). Additionally, Cemal et al.
(2002) reported that >50% of pontine neurons and >40% of dentate nucleus neurons
contain intranuclear inclusions, but we had difficulty finding more than a fewinclusions
in an entire 12-month-old MJD84.2 brain. If there are polymorphisms between the two
MJD84.2 lines in genes like dynein or HDAC6 which subtly alter their capacity to
promote inclusion formation, this might lead to large changes in the number of inclusions
we see in mouse brains.

We also did not detect a reduction in spontaneous activity in aged MJD84.2 mice
compared to control mice (Fig. 3.11). We did not, however, perform other corroborating
behavioral tests nor did we test young mice. Our results in these mice differ from the
other two published reports, which in turn differ slightly from each other. Using multiple
beam-walking tests and gait analysis, Chen et al. (2008), found mild, quantifiable motor
phenotypes as early as 7.5 months. Some tests revealed mild phenotypic progression over
time, while others showed no significant progression as the mice aged. Cemal at al (2002)
described qualitative motor impairments in MJD84.2 mice as early as 4 weeks, but did
not report quantitative test results. In preliminary studies currently underway in our
laboratory, we may be observing electrophysiological abnormalities in Purkinje cells by 6
weeks of age (V.G. Shakkottai, unpublished observation). It will be important for our lab

to perform further systematic and linked behavioral, biochemical, and
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electrophysiological studies on MJD84.2 mice to determine precisely the age of
phenotypic onset in these animals.

The fact that we saw no alterations in endogenous ataxin-3 levels or in normal
ataxin-3-containing complexes when expanded ataxin-3 is expressed agrees with data
from the ataxin-3 knockout mouse (Schmitt et al., 2007). We also did not observe
mislocalization of ataxin-3 interacting proteins in MJD84.2 mice compared to control
mice. While this does not rule out alterations in ataxin-3 complexes when ataxin-3 is
expanded, it suggests that such alterations, if they do occur, do not take place at the level
of subcellular localization. It is possible that complexes containing expanded ataxin-3
still form appropriately, but that their function is altered. Although expanded ataxin-3 has
similar in vitro activity to wild-type ataxin-3 (Tzvetkov and Breuer, 2007; Winborn et al.,
2008), expanded ataxin-3 does not deubiquitinate proteins in cells to the same degree that
wild-type ataxin-3 does (Winborn et al., 2008). Since the in vitro and in vivo activity of
expanded ataxin-3 differ, ataxin-3 protein-protein interactions within the cell may be
important for regulating its activity. Until we know more about how ataxin-3 complexes
function in cells or identify endogenous ataxin-3 substrates, it will be difficult to assess
fully whether polyQ expansion perturbs ataxin-3 normal function in vivo.

The one criterion we did not satisfy in our studies was to show that
microaggregates correlated with the onset of phenotype. We were unable to determine the
relationship between timing of microaggregate formation and the onset of symptoms
because we could not find an age at which Q71-B”" mice or MJD84.2 mice were
completely devoid of pathology. Even in the MJD&4.2 line with its mild phenotype,

ataxin-3 was localized to the nucleus in all ages examined, and observation of MJD84.2
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mice at weaning (3 weeks) suggests that they are distinguishable from their littermate
controls (V.G. Shakkottai, unpublished observation). Our data suggest that both Q71-B*"
and MJD84.2 mice have phenotypes at very young ages and it may be difficult or
impossible to find a time at which they are completely normal. Of the mouse models we
used, the Q71-B"" mice are closest to “presymptomatic” in the sense that they have mild
neuropathological and no behavioral symptoms up to 15 months of age (Goti et al.,
2004). Although Q71-B"" mice were reported to have no behavioral phenotype,
observations in our lab of Q71-B*" mice aged beyond 15 months suggest that they
develop clasping behavior and tremor at 20-23 months of age (G. M. Harris, unpublished
observations). Therefore, the fact that we observe a small amount of ataxin-3
microaggregates in Q71-B" mice suggests that microaggregates develop prior to
behavioral symptoms and neuronal loss. To solidify this claim, we would first need to
perform detailed behavioral studies of aged Q71-B"" mice to determine the age of
behavioral symptom onset. Then, we would need to perform quantitative measurements
of microaggregate levels across the lifespan to determine whether microaggregate levels
correlate with behavioral onset. The ideal mouse model of SCA3 would be demonstrably
devoid of all neuropathology at young ages, and develop a behavioral phenotype
sometime around 6 months of age, so that interventions which hasten or delay symptoms
would be easily detectable within a year of study. Some of the SCA3 mouse lines
recently generated by Bichelmeier et al. (2007) may meet this criterion, althoughtheir
standard ataxin-3-Q70 overexpressing mouse reportedly has neuropathological signs at
all ages. Our lab is generating a genetically precise knock-in mouse model of SCA3, in

which various CAG repeat lengths are placed into the endogenous mouse Azxn3 gene (G.
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M. Harris, unpublished data). Depending on the expansion size, knock-in SCA3 mice
could be used for studies of pathogenesis, therapeutic trials or both.

Our neuropathology results from Q71-B mice were similar to those reported by
Goti et al. (2004). We observed nuclear localization of ataxin-3 and increased inclusion
formation in homozygous versus hemizygous mice, with inclusion density being
pronounced in certain brain regions known to be affected in SCA3 (Table 3.1). In
addition to this, we found increases in glial markers in certain brain regions, which was
not reported by Goti et al. (2004) (Fig. 3.12, Table 3.1). We alsoassessed polyQ
aggregation foci (AF) to see whether they occurred preferentially in affected brain
regions and correlated with microaggregate levels (Fig. 3.5, Table 3.1). Although polyQ
AF do correlate with phenotypic severity, they can be found throughout the brain, not
only in regions we would expect to be affected in SCA3. Since polyQ aggregation foci
appear in places traditionally thought to be unaffected in SCA3 (e.g. cerebral cortex),
they may not correlate with the presumptive oligomers of interest to us. However, recent
neuropathological studies suggest that more areas of the brain are affected in SCA3 than
previously recognized (reviewed in Riib et al., 2008). The field will need to revisit which
brain areas are considered “affected” versus “unaffected” regions in studies of mouse
models and human disease tissue.

Several conformation-specific antibodies are currently available to study polyQ
protein conformation. One of the most widely used is the anti-oligomer antibody, Al1,
which was raised against beta amyloid oligomers (Kayed et al., 2003). Although the A11
antibody has proved useful in studies of polyQ oligomers in vitro (Behrends et al., 2006;

Kayed et al., 2007), it has proven difficult to use on brain lysates. This could bedue to
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the complexity of brain lysate contents and the high levels of chaperones expressed in the
brain. Many natively folded cellular proteins bind A 11, including many chaperones, and
this capacity to bind A11 disappears when the proteins are heatshocked and unfolded
(Yoshiike et al., 2008). While this suggests interesting possibilities for how chaperones
function, it may interfere with our ability to use this antibody to detect “toxic” species.
Another antibody that may prove useful for studying polyQ protein conformations is
3B5H10 (Brooks et al., 2004). Generated against monomeric expanded huntingtin,
3B5H10 appears to bind specifically to disease-associated polyQ monomers (Peters-
Libeu et al., 2005). We would not expect 3B5SH10 to bind microaggregates, but if it
bound to monomeric expanded ataxin-3 in our SCA3 mice, it would suggest that toxicity
in SCA3mice could reflect monomers as well as microaggregates.

The fact that our antibodies do not reliably detect endogenous, murine ataxin-3 by
immunohistochemistry may be due to our methodology. Since our antibodies detect
murine ataxin-3 on Western blot, the antigenic epitopes clearly are present in the murine
protein. Antigen retrieval methods may help to improve antibody sensitivity on tissue
sections. If antigen retrieval does not render the current ataxin-3 antibodies useful for
murine ataxin-3 in brain sections, we may need to raise additional antibodies against
murine ataxin-3. It is important that we be able to detect endogenous ataxin-3 in tissue
sections in order to determine whether endogenous ataxin-3 also localizes to the nucleus
in other neurodegenerative diseases, and to follow the disease protein in the knock-in
SCA3 mouse we are generating.

A recently published study reports that treating MJD84.2 mice with dantrolene

corrects dysregulated calcium signaling and improves their behavioral phenotype (Chen



103

et al., 2008). Given that we do not know whether dysregulated calcium signaling is a
proximal or late event in polyQ disease, it would be interesting to know whether
dantrolene-treated MJD84.2 mice show changes in microaggregate levels (Chen et al.,
2008). If treated mice have lower levels of microaggregates, this would suggest that
microaggregates exist downstream of calcium signaling problems. If microaggregate
levels are unchanged in treated mice, then microaggregates may exist upstream of
calcium signaling perturbations.

Taken together, our results provide the first animal model evidence for soluble
microaggregate formation in the polyQ disease, SCA3. These results agree with data
from yeast and mouse models of HD showing that soluble polyQ protein microaggregates
correlate with phenotypic severity (Behrends et al., 2006; Weiss et al., 2007). The
microaggregates we observe meet most of the criteria we believe are important to
establish them as potential toxic species in SCA3. Our results argue against a major role
for ataxin-3 proteolysis in SCA3 pathogenesis suggesting instead that the full length
protein mediates disease. Improving the ability of neurons to counter ataxin-3
aggregation, either by increasing ataxin-3 solubility or enhancing dissociation and
degradation of microaggregates, may prove helpful in treating SCA3. Enhancing the
capacity of neurons to reduce microaggregate formation will likely prove useful in

neurodegenerative disease therapy in general.



Table 3.1. Neuropathological analysis of the Q71-B mouse line.

Brain Region | Ataxin-3 PolyQ | Ub-positive | Gliosis
Foci Inclusions

Neocortex

+++ (NI) +++ ++ No
Hippocampus

++ (dots) +++ + No
Thalamic nuclei

++ (NI) ++ 0 Mild
Caudate/putamen

+++ (NI + 0 No
Nucleus
accumbens +++ (NI) + + No
Substantia nigra,
pars compacta ++t ++ 0 YES
Pontine nuclei

+++ (NI) +++ +++ (NI) YES
Red nucleus

++ ++ ++ (NI) No
Cranial nerve nuclei

+++ +++ +++ (NI and periNI) | YES
Deep cerebellar
nuclei +++ ++ +++ (NI and periNI) | YES

Note: Brain sections from 4-month-old female mice were stained with the

indicated antibodies or probes. Q71-B*- results are indicated in green, Q71-B**

results are in blue. The intensity of labeling or number of aggregation foci in
each stain is indicated by the number of “+” marks. NI = nuclear inclusions;
periNI = perinuclear inclusions.
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Figure 3.1. Transgenic mice overexpressing expanded ataxin-3 develop soluble
SDS-resistant microaggregates. A. Brain lysates from 6-month-old Q71-B mice were
separated into soluble (S) and pellet (P) fractions at 4000rpm, and separated by SDS-
PAGE. Ataxin-3 immunoblotting reveals endogenous ataxin-3, monomeric Q71-B
transprotein, and high-molecular-weight (HMW) ataxin-3 that remains at the top of the
stacking gel. B. Brain lysates from 6-month-old nontransgenic and MJD15.4 mice, or
from MJD84.2 mice of 3-12 months of age as indicated, were separated into soluble
and pelletable fractions as in 4. Ataxin-3 immunoblotting reveals the indicated ataxin-3
species. GAPDH is shown as loading control.
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Figure 3.2. SDS-agarose gel electrophoresis confirms the presence of soluble
ataxin-3 microaggregates in SCA3 transgenic mouse brain. 4. Q71-B™" mice have
higher levels of microaggregates than Q71-B*- mice. Soluble brain lysates from 6-
month-old mice were separated by SDS-PAGE then probed for ataxin-3. B. MJD84.2
mice have low levels of microaggregates (arrow) detectable by SDS-agarose gel probed
for ataxin-3. The arrowhead indicates the dye front, which contains all proteins too
small to be separated on the gel. Nontransgenic (ntg) and Q71-B*/* lysate included for
comparison. * = nonspecific band.
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Figure 3.3. SDS-resistant microaggregates occur only in brain. 4. Soluble brain
(B), heart (H), liver (L), and kidney (K) lysates were separated by SDS-PAGE and
blotted for ataxin-3 with a polyclonal antibody. The brain is the only organ to show
detectable microaggregate accumulation. GAPDH is shown as loading control. B.
Lysates prepared as in 4 were separated by SDS-agarose. Even by this more sensitive
method, microaggregates are only detected in brain.
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Figure 3.4. SDS-resistant microaggregates in SCA3 transgenic mouse brains are
soluble with an elution peak around 1048KD. 4. Soluble Q71-B** brain lysate (5-
month-old) was fractionated by SEC into 0.5mL fractions and analyzed by SDS-PAGE.
Ataxin-3 blotting reveals endogenous ataxin-3, monomeric Q71-B transprotein, and
microaggregates (HMW ataxin-3). The latter runs in the stacking gel in fractions larger
than ~720kD. Molecular weight elution markers labeled at top, V=void volume, * =
nonspecific band. B. Soluble brain lysate from a 12-month-old MJD84.2 mouse was
analyzed as in 4, using a special detection reagent for low-abundance proteins. Ataxin-3
blotting shows monomeric endogenous ataxin-3 and transprotein as well as
microaggregates in the stacking gel eluting in fractions surrounding the 1048kD marker.
A darker exposure of the microaggregates is shown below the full blot. The relative
optical density of each ataxin-3 species was calculated for each fraction, corrected for
background signal, and graphed to the right. C. Soluble brain lysate from an 11.5-month-
old MJD15.4 mouse analyzed as in B. Ataxin-3 blotting reveals no signal in the stacking
gel. D. Quantitation of HMW ataxin-3 from 6-month-old MJD84.2 brain lysates analyzed
as in B, but using larger ImL fractions to enhance ataxin-3 signal. The amount of HMW
ataxin-3 per fraction is expressed as a percentage of the total HMW ataxin-3 on the blot.
Most HMW ataxin-3 elutes in the fraction containing the 1048kD marker (fraction 4),
with variable amounts in the void fraction (fraction 3). N=3, error bar = 1 S.D.
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Q71-B*- Q71-B**

cortex

Figure 3.5. PolyQ aggregation foci may correspond to soluble microaggregates in
tissue. 4-month-old Q71-B mouse brain sections were labeled with biotinylated Q30
peptides and nickel-DAB to detect areas of active intracellular polyQ recruitment and
aggregation. Q71-B** mice have polyQ aggregation foci in classically affected (pons)
and unaffected (cortex) brain areas. Q71-B*- mice develop aggregation foci in the pons
and other classically affected brain regions (detailed in Table 3.1), but the levels are
much lower than the levels observed in Q71-B** mice. Nontransgenic animals (ntg) do
not have polyQ aggregation foci in any brain region examined. Insets show higher
power image of each section.
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Figure 3.6. Expanded ataxin-3 localizes primarily to the nucleus in SCA3
transgenic mouse brain. Ataxin-3 immunohistochemistry in both MJD84.2 and
Q71-B** brain reveals that most ataxin-3 is in nuclei. In MJD15.4 mice, ataxin-3 is
found in both the cytoplasm and the nucleus. In Q71-B** mice, transgene expression
is high in all brain regions shown. Nontransgenic, MJD15.4, and MJD84.2 mouse
brains were stained with standard DAB immunohistochemistry; Q71-B** brain was
stained with nickel-DAB. Scalebars = 50 micrometers.
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Figure 3.7. Localization of ataxin-3 in adult MJD84.2 mice does not change over
time. Serial sections through brains from 3-month-old and 12-month-old MJD84.2
mice were stained for ataxin-3. Brain region shown is pontine reticular nuclei. Higher
power insets show that ataxin-3 stains primarily cell nuclei without prominent
inclusion formation at both ages. Scalebar = 50 micrometers.
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Figure 3.8. Ataxin-3 antibodies do not detect endogenous murine ataxin-3 by
immunohistochemistry. Both polyclonal (MJD) and monoclonal (1H9) antibodies
were used to stain wild-type (WT) and ataxin-3 knockout (Atx3-KO) brain sections.
Shown are sections from the pontine reticular nucleus. Regardless of antibody
concentration or origin, ataxin-3 immunostaining was identical in wild-type and
knockout mice. Q71-B** brain were used as a positive control for each set of antibody
conditions (not shown). Scalebar = 50 micrometers.
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Figure 3.9. Ataxin-3 antibodies detect endogenous murine ataxin-3 by Western
blot. Soluble brain lysates from ataxin-3 knockout (Atx3-KO), nontransgenic (from
the MJD line), MJD15.4 and MJD84.2 mice were separated by standard SDS-PAGE.
Blotting with polyclonal ataxin-3 antibody reveals endogenous murine ataxin-3 as well
as monomeric transgenic proteins MJD15.4 and MJD84.2. * = nonspecific band.
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Figure 3.10. Aged MJD84.2 mice do not exhibit reactive astrogliosis or
microgliosis. 12-month-old brain sections from nontransgenic (ntg), MJD15.4, and
MJD84.2 were stained with antibodies against GFAP to show astrocytes and ibal to
show microglia. There is no difference between genotypes in the number of GFAP-
positive or ibal-positive cells in any brain region studied. Cresyl violet staining reveals
no major difference in neuron number, despite differences in staining intensity (an
artifact of exhausting the dye bath). For GFAP, ibal, and cresyl violet, sections of
pontine reticular nuclei are shown. For calbindin, sections of cerebellar cortex are
shown, revealing no differences in Purkinje cell number or morphology between
genotypes. Scalebars = 50 micrometers.
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Figure 3.11. Aged MJD84.2 mice do not display decreased spontaneous motor
activity compared to nontransgenic mice. Aged MJD84.2 mice and nontransgenic
(ntg) controls were tested for levels of spontaneous movement during the dark cycle.
Spontaneous movement was quantified as the number of beam breaks over a 30-
minute period. Fine movements were defined as breaking the same beam repeatedly,
as in cleaning or rearing. Ambulatory movements were defined as breaking adjacent
beams sequentially. Analysis of both types of movements individually or combined
(total) revealed no decrease in spontaneous motor activity compared to wild-type
animals by Students #-test. Ages 13.5-17.5 months, n=7 for ntg, n=9 for MJD84.2.
Error bars = 1 S.D.
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Figure 3.12. Homozygous Q71-B mice exhibit reactive astrogliosis in affected brain
areas. 4-month-old brain sections from nontransgenic (ntg), Q71-B*- and Q71-B**
mice were stained with antibodies against GFAP to show astrocytes. Q71-B** mice
have more GFAP-positive cells in brain regions thought to be affected in SCA3,
including pontine reticular nuclei (pons), substantia nigra pars compacta (SNc), and the
motor trigeminal nucleus in the brainstem (Mo5). Q71-B*/* astrocytes have a more
branched morphology and appear more intensely stained than wildtype and Q71-B*-
astrocytes (pons, inset), indicative of a reactive phenotype. Reactive astrogliosis is not
observed in any genotype in the cortex, an area thought to be unaffected in SCA3.
Dashed lines indicate the borders of the SNc. Scalebar = 200 micrometers.
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Figure 3.13. Ataxin-3 proteolytic fragments are not associated with phenotype.
Full length blots from Figure 3.1 are shown here. 4. A smaller, faintly detected
ataxin-3 immmunoreactive band electrophoresing below the endogenous ataxin-3 band
is present in both asymptomatic Q71-B*- mice and symptomatic Q71-B** mice (both 6
months old). B. All ataxin-3 immunoreactive bands electrophoresing below the
endogenous ataxin-3 are present in nontransgenic, MJD15.4 and MJD84.2 mice. There
is no detectable ataxin-3 fragment present only in MJD84.2 mice or that changes in
level over time in MJD84.2 mice.
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Figure 3.14. Overexpression of expanded ataxin-3 does not alter the elution pattern
of endogenous ataxin-3. 4. Soluble brain lysate from a 6-month-old nontransgenic
mouse was fractionated as 1mL fractions by SEC and analyzed by standard SDS-PAGE
and immunoblot. Ataxin-3 blotting reveals two major ataxin-3 peaks, one corresponding
to presumed monomeric ataxin-3 (fractions 8-9) and one corresponding to ataxin-3
higher molecular weight protein complexes that dissociate into monomeric ataxin-3 on
SDS-PAGE (fractions 3-5). B. Soluble brain lysate from a 12-month-old nontransgenic
mouse was fractionated into 0.5mL fractions by SEC and analyzed by standard SDS-
PAGE and immunoblot. Blotting for the protein indicated reveals a unique pattern for
each protein of interest. C. Soluble brain lysates from nontransgenic (ntg), MID15.4,
and MJD84.2 mice were analyzed as in 4. The amount of “monomeric” endogenous
ataxin-3 in each fraction was quantified, then expressed as a percentage of the total
monomeric endogenous ataxin-3 on the blot. Error bars = 1 S.D. N=3 per genotype. D.
The same blots analyzed in B were analyzed again for the elution pattern of the
monomeric transproteins. Monomeric transprotein (either MJD15.4 or MJD84.2) was
quantified in each fraction, then expressed as a percentage of the total monomeric
transprotein present on the blot. The proportion of MJD84.2 transprotein that elutes in
fraction 4 (corresponding to 1048kD) is lower than the proportion of MJD15.4
transgene eluting in that same fraction (two-tailed Students #-test, p=0.040).
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Figure 3.15. Overexpression of expanded ataxin-3 does not alter the localization of
certain ataxin-3 interacting proteins. 4. Brain sections from 12-month-old mice were
stained with antibodies against valosin-containing protein (VCP), CHIP and E4B.
Neither overexpression of wild-type nor expanded ataxin-3 appears to change the
localization of any of these proteins in comparison to nontransgenic animals in any
brain region studied. Shown are sections from deep cerebellar nuclei. Scalebar = 50
micrometers. B. Brain sections from 12-month-old mice were stained with anti-CHIP
antibodies. CHIP-knockout (CHIP-/-) mice have no detectable CHIP protein by
immunohistochemistry. Shown is the substantia nigra pars compacta. Scalebar = 300
micrometers for 4x pictures, scalebar = 20 micrometers for 40x pictures.
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CHAPTER 4

GENERAL DISCUSSION AND FUTURE DIRECTIONS

Abstract

The major goal of my thesis was to define the toxic protein species in SCA3. My
results provide important first steps toward establishing that soluble ataxin-3
microaggregates are the pathogenic entity in SCA3. The data point the way to several
areas for future research, and suggest potential routes to therapeutic intervention. In this
chapter, I will discuss both short-term and long-term future studies aimed at elucidating
the structural composition of soluble ataxin-3 microaggregates. Getting a better handle on
the biochemical characteristics of soluble microaggregates may help us understand how
they form and how they affect other cellular proteins. I will also discuss how my results

may guide potential treatment strategies for this fatal protein conformational disease.

Toxic Protein Species in SCA3

A major unanswered question in polyQ disease research is: what is the neurotoxic
protein species? As discussed in the introduction to this dissertation, many hypotheses
have been proposed to explain the neurotoxicity of polyQ proteins (Fig. 1.2). Our results
point to aggregation of the disease protein, ataxin-3, as an early mediator of neuronal
dysfunction in mouse models of the polyQ disease, SCA3. In our search for a pathogenic
protein species in this disease, we relied on several criteria that a protein species should
meet in order to be considered a potential toxic species. These criteria include that the
toxic species must: 1) occur in at least two genetically distinct, symptomatic mouse

models; 2) vary between sick and healthy animals; 3) occur to a greater degree in disease
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tissue; and 4) correlate with the onset of disease signs. In two mouse models of SCA3, we
found that ataxin-3 microaggregates best fit these criteria. Our results in one SCA3

mouse model further suggest that CHIP is an important regulator of soluble
microaggregate formation in the brain.

A number of experiments could help elucidate the nature of the microaggregates
detected in SCA3 mice. To study microaggregate structure and content, one would need
to purify microaggregates from SCA3 mouse brain or, ideally, from MJD patient brain.
Our attempts to enrich for microaggregates by SEC resulted in fractions that were too
contaminated with other proteins to be used for atomic force microscopy, mass
spectrometry, or other high-resolution techniques.

A key step, therefore, would be to develop methods for purifying large enough
quantities of microaggregates for such analysis. One possible method would be the use of
multi-step chromatography to enrich microaggregates by exploiting their unique chemical
characteristics. For example, microaggregates likely have different exposed surfaces than
soluble monomers; this is strongly suggested by the fact that some conformation-specific
antibodies, such as 1C2, A11, and 3B5H10, bind differentially to oligomers and
monomers (Behrends et al., 2006; Kayed et al., 2003; Kayed et al., 2007; Brooks et al.,
2004). Misfolding and aggregation of polyQ proteins likely exposes different epitopes
than those present on properly folded monomers such that hydrophobic interaction
chromatography could assist in separating polyQ microaggregates from other proteins.
Disease brain lysates first could be subjected to hydrophobic interaction chromatography,
then fractionated in a second dimension by SEC. A similar method has already proven

efficacious for purifying various protein complexes (Azevedo et al., 2008; Jin et al.,
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2008) and to purify proteins from brain lysates, which is a highly complex proteinaceous
material (Galadari et al., 1998; Schlaf et al., 1996). Considering the relatively low
abundance of microaggregates in disease brain (Chapter 3), we would probably need to
start with large amounts of brain lysate for multi-step chromatography.

Following purification, microaggregates could be analyzed by mass spectrometry
to determine with certainty whether they are composed primarily or purely of ataxin-3
(and thus represent homo-oligomers) or represent a heterogenous complex of proteins
including ataxin-3. Pilot experiments would have to be performed to determine how pure
the microaggregate population would need to be for high-resolution structural analysis
methods such as atomic force microscopy. Mass spectrometry could help clarify whether
ataxin-3 in microaggregates is posttranslationally modified such that it differs from non-
aggregated ataxin-3, as may be true for ataxin-1 (Choi et al., 2007). If aggregated ataxin-
3 does have a different set of posttranslational modifications than non-aggregated ataxin-
3, then the next step would involve studying how these posttranslational modifications
might alter aggregation in vitro and in vivo, and what cellular pathways are important for
these modifications. Knowing how and why ataxin-3 gets modified by ubiquitin,
phosphorylation, or some other moiety could help direct us toward pathways to target for
therapy. If, for example, phosphorylation of ataxin-3 by a certain kinase was linked to
enhanced aggregation, we could use specific inhibitors of that kinase in cells to determine
whether blocking kinase activity also blocks ataxin-3 aggregation, and ultimately,

whether blocking kinase activity prevents the SCA3 phenotype in mice.
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Basis of Selective Neurotoxicity

Another important, unanswered question in all polyQ diseases is, why is the
nervous system selectively affected? All known polyQ proteins are expressed widely in
the body throughout development, so expression of polyQ proteins clearly cannot be
equally toxic to all cell types. My results from both chapters 2 and 3 indicate that SDS-
resistant soluble ataxin-3 microaggregates are detected only in the brain and in no other
organ. As highly specialized postmitotic cells, neurons may handle misfolded proteins
differently from other cell types or be particularly sensitive to the consequences of altered
protein-protein interactions. Additionally, it has been proposed that as neurons age their
ability to cope with proteotoxic stress is reduced (Balch et al., 2008). Perhaps neurons
express a different array of chaperones, ubiquitin proteasome system (UPS) components,
or protein quality control regulatory proteins than do other unaffected cell types in the
liver and kidney, for example. Since some proteins and pathways that control protein
folding homeostasis in cells, such as daf-16 and hsf-1 in the insulin growth factor
signaling pathway, also have roles in regulating longevity (Hsu et al., 2003; Cohen et al.,
2006), it is possible that age-related diseases are in fact caused by decreased proteostatic
capacity in the aging brain.

In the case of ataxin-3, we know that it is expressed widely throughout the body
and, on a subcellular level, shuttles between the nucleus and cytoplasm. We also know
that nuclear localization of expanded ataxin-3 accelerates disease in mice (Bichelmeier et
al., 2007), and that certain stressors cause wild-type ataxin-3 to localize to nuclei in cell
culture (Reina, C.P., Zhong, X., Pittman, R.N. Proteotoxic stresses alter ataxin-3

interactions with Rad23b and VCP and heat shock induces nuclear localization of ataxin-
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3. Program No. 444.4/V20. 2008 Neuroscience Meeting Planner. Washington, DC:
Society for Neuroscience, 2008. Online.). The signals that trigger this shuttling are
unknown, but nucleocytoplasmic shuttling depends partly upon the catalytic activity of
ataxin-3 (Todi et al., 2007). It is possible that posttranslational modifications of ataxin-3
regulate its function and subcellular localization, which may differentially affect its
propensity to aggregate and its toxicity to cells. This is certainly true for ataxin-1, an
unrelated poyQ disease protein, since phosphorylation of serine 776 is known to enhance
ataxin-1 aggregation (Emamian et al., 2003), and mutation of this residue to block
phosphorylation virtually eliminates ataxin-1 neurotoxicity (Emamian et al., 2003).
Similarly, Fei and colleagues (2007) showed that blocking phosphorylation of ataxin-3 by
GSK3beta on serine 256 enhanced ataxin-3 aggregation. The effects of ataxin-3
aggregation on cell health and survival were not assessed. The role of casein kinase 2
phosphorylation of ataxin-3 is an area of active investigation, and some recent reports
suggest that ataxin-3 phosphorylation affects both its subcellular localization and
inclusion formation (Mueller, T.; Evert, B.O.; Klockgether, T.; Wuellner, U.
Phosphorylation of Ataxin-3. Program No. 487.4/X14. 2007 Neuroscience Meeting
Planner. San Diego, CA: Society for Neuroscience, 2007. Online.). Although to date no
work has been reported regarding neuronal specificity of ataxin-3 posttranslational
modifications, this may turn out to be important for SCA3 pathogenesis.

While little is known about why neurons generally are susceptible to polyQ
toxicity, several recent studies have examined susceptibility differences among different
types of neurons. This has revealed that distinct types of neurons can handle the same

mutant protein differently. Brignull and colleagues (2006) showed that a near-threshold
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length polyQ protein aggregated in some C. elegans neurons but not in others,
demonstrating that different types of neurons have different protein quality control
mechanisms and capacities. It is possible that in SCA3, expanded ataxin-3 can aggregate
in certain neurons, while other neurons have more effective means of inhibiting the
formation of soluble aggregates (e.g. higher levels of CHIP, more robust inclusion
formation). Further immunohistochemical studies of the expression of ataxin-3 and its
interacting proteins in the brain, along with data from the Allen Brain Atlas (Lein et al.,
2007), could serve as a foundation from which to ask why certain regions of the brain are
more susceptible to degeneration in SCA3.

Recently, Tagawa and colleagues (2007) described a mechanism that might help
explain the basis for differential neuronal subtype sensitivity. Tagawa and colleagues
transfected different types of primary neurons with wild-type or expanded huntingtin,
then used microarray analysis of gene expression to determine which genes might be
important for determining neuron subtype-specific susceptibility to expanded huntingtin.
They showed that mutant huntingtin expression caused a more robust induction of Hsp70
in cerebellar granule neurons (which are resistant to huntingtin toxicity) than in cortical
neurons (which are sensitive to huntingtin toxicity). A similar type of assay may be
helpful in SCA3, since cerebellar granule cells are thought to be sensitive to ataxin-3
toxicity while cortical neurons are thought to be resistant (the exact opposite of
huntingtin). It would be relatively straightforward to transfect both types of primary
neurons with wild-type and expanded ataxin-3, and perform microarray analysis to assess
changes in gene expression or assay changes in individual candidate genes. We would

first eliminate from further analysis genes that change expression levels to a similar
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degree in response to both wild-type and expanded ataxin-3 in each neuronal subtype. We
would then look for genes whose expression levels differ by at least 2-fold between the
“sensitive” (cerebellar granule neuron) and the “resistant” (cortical neuron) subtypes. The
genes thus identified could be analyzed further to determine whether they can confer
resistance to a sensitive neuronal subtype. For example, if we found that E4B was more
upregulated in cortical neurons than cerebellar granule neurons in response to expanded
ataxin-3, then we could transfect E4B into cerebellar granule neurons and see if this
protected them from expanded ataxin-3 toxicity. This type of experiment would not only
help describe the basis of neuronal selectivity in SCA3, but could also help identify

promising therapeutic targets for modulation by gene therapy or small molecules.

The Role of Protein Quality Control Systems in PolyQ
Disease

It is well established that protein quality control systems play a major role in
polyQ disease pathogenesis (Balch et al., 2008; Bennett et al., 2007; Bilen and Bonini,
2007; Branco et al., 2008; Chan et al., 2002; Gatchel and Zoghbi, 2005; Muchowski and
Wacker, 2005; Nollen et al., 2004). The question now becomes: in what ways are these
systems involved in disease pathogenesis, and are they amenable to change as therapeutic

targets?

Chaperones. Members of the HSP family of chaperones are often found in inclusions.
Overexpression of some Hsp70 and Hsp40 proteins has been shown to reduce polyQ

toxicity in Drosophila models of disease (Chan et al., 2002; Chan et al., 2000; Warrick et
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al., 1999), although these findings have not yet been replicated in mouse models.
Overexpression of Hsp27 alone did not ameliorate the phenotype of a mouse model of
HD (Zourlidou et al., 2007), but overexpression of HSF-1, a transcription factor which
induces expression of multiple heat shock proteins, improved lifespan in the same HD
mouse model (Fujimoto et al., 2005). Hsp27 overexpression did suppress polyQ toxicity
in a mouse model of SCA17 (Friedman et al., 2007), suggesting some variability in how
chaperones function in different polyQ diseases. My results in chapter 2 show that
CHIP’s role in enhancing expanded ataxin-3 solubility is crucial for neuronal defense
against polyQ toxicity in mouse models (Chapter 2). Overexpression of CHIP can reduce
the toxicity of the expanded androgen receptor in an SBMA mouse model by enhancing
androgen receptor degradation (Adachi et al., 2007). The mechanism by which CHIP
reduces polyQ toxicity appears to depend on the particular disease protein, because in
different polyQ disease models it has been shown to function as a co-chaperone (Miller et
al., 2005; Choi et al., 2007) and as a ubiquitin ligase (Al-Ramahi et al., 2006; Jana et al.,
2005). It is currently unknown why CHIP uses different mechanisms to alter the toxicity
of different polyQ proteins. It is possible that the sequence of the polyQ protein itself
determines how CHIP will act, or it may be that other proteins complexed with the polyQ
protein determine CHIP’s mode of action. Even if CHIP does not interact directly with a
specific disease protein, it may still influence disease as a master regulator of cellular

responses to misfolded protein stress (Dai et al., 2003; Qian et al., 2006).

Ubiquitin proteasome system. Ubiquitin and other UPS components are frequently found

in polyQ inclusions. There is some debate about whether polyQ proteins can be degraded
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effectively by the proteasome, and whether expression of polyQ proteins in cells impairs
overall proteasome function. It is clear that wild-type ataxin-3 is degraded by the
proteasome, and it appears that expanded ataxin-3 can be degraded with similar
efficiency (Berke et al., 2005; Todi et al., 2007). Inhibiting the proteasome enhances
polyQ toxicity in Drosophila (Chan et al., 2002), but to date no studies have shown that
enhancement of proteasomal activity in vivo reduces polyQ toxicity. Interestingly,
inhibition of the proteasome can enhance autophagy (discussed next), which may be
more capable of degrading aggregated proteins than the proteasome (Ravikumar et al.,
2002), and may prove to be a therapeutic strategy in polyQ disease (Ravikumar and

Rubinsztein, 2004).

Autophagy. Loss of autophagy in neurons, even in the absence of pathogenic mutations or
stressors, leads to neurodegeneration and a motor phenotype in mice (Komatsu et al.,
2006; Hara et al., 2006), suggesting that impairments in autophagy are relevant to age-
related neurodegeneration. Indeed, autophagic capacity appears to decrease with age
(Cuervo, 2008), and increasing one type of autophagy (chaperone-mediated autophagy)
in the aging liver enhances organ function (Zhang and Cuervo, 2008). Some data suggest
that autophagy is generally responsible for degradation of aggregated proteins
(Ravikumar et al., 2002), although some recent findings suggest that this activity may not
be universal (Wong et al., 2008). Additionally, one of the drugs often used to induce
autophagy, rapamycin, also decreases protein synthesis (King et al., 2008), suggesting
that results from studies where rapamycin was used to induce autophagy may need to be

reevaluated with this new drug action in mind. It is possible that some of the observed
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benefits of rapamycin treatment in neurodegenerative disease models may be attributable
to decreases in the synthesis of disease-related proteins as well as autophagic clearance of
toxic protein species.

Among the polyQ disease proteins, ataxin-3 may have a particularly interesting
link to autophagy. Overexpression of expanded ataxin-3 in Drosophila induces
autophagy on its own (Bilen and Bonini, 2007). Subsequent genome-wide screening for
modifiers of ataxin-3 toxicity revealed that some modifiers act through autophagic
pathways, even though autophagic proteins themselves were not represented in the list of
genetic modifiers (Bilen and Bonini, 2007). Overexpression of Atg6/Beclin-1 in a rat
model of MJD reduced signs of neuronal degeneration and apoptotic cell death
(Nascimento-Ferreira, I.; Pereira de Almeida, L.; Sousa-Ferreira, L.; Santos-Ferreira, T.;
Alves, S.; Dufour, N.; Déglon, N. Lentiviral delivery of beclin-1 in the rat brain reduces
neuronal dysfunction and neurodegeneration associated with Machado-Joseph Disease.
Program No. 444.3/V19 2008 Neuroscience Meeting Planner. Washington, DC: Society
for Neuroscience, 2008. Online.). Interestingly, the ataxin-3 interacting protein, HDAC®6,
has been identified as a link between the UPS and autophagy systems, whereby HDAC6
mediates a switch to autophagy when the UPS is impaired (Pandey et al., 2007).
Expanded ataxin-3 might play some role in altering this communication, especially if
aggregated ataxin-3 interacts differently with HDACG6 than does nonaggregated ataxin-3.
The possibility of an altered ataxin-3:HDACS6 interaction will be important to investigate
in the future, as it may a) explain how ataxin-3 can suppress the toxicity of other polyQ
proteins (Warrick et al., 2005) and b) inform our view of how ataxin-3 microaggregates

cause neurotoxicity.
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Routes to Therapy

The findings described in this thesis favor a revised model of polyQ disease
pathogenesis (Fig. 1.3). In this model, expanded polyQ protein is prone to adopt a
conformation that provides an accessible, reactive polypeptide surface favoring aberrant
protein interactions. The resultant protein complexes, whether they are subtly altered
“normal” (i.e. native) complexes, novel heteroprotein complexes, or detergent-resistant
microaggregates (including homo-oligomers), could contribute to neuronal dysfunction
culminating in cell death. Our results confirm that microaggregates are good candidates
to be toxic species in SCA3, but the situation may differ for other polyQ diseases. Our
results do not rule out the possibility that aberrant complexes downstream of
microaggregates have their own inherent toxicity. Although A-beta oligomers appear to
be the most important neurotoxic species in AD, recent evidence in the polyQ disease
field suggests that the “neurotoxic” complexes formed by any given polyQ protein will
prove to be more heterogenous and complex. Our results concerning the size of ataxin-3
microaggregates in SCA3 transgenic mice (Fig. 3.4) are consistent with the idea that
polyQ aggregates may not be homogenous. Accordingly, therapeutic initiatives should
not only attempt to prevent the formation of disease-specific heteroprotein or oligomeric
complexes, (which may be relevant for only one or a few polyQ diseases), but should
also include efforts to enhance neuronal protein quality control pathways and reduce
intracellular levels of the mutant polyQ disease proteins through RNA interference or
protein clearance pathways (Friedman et al., 2007; Adachi et al., 2007; Balch et al., 2008;

Waza et al., 2005).
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One highly specific way to reduce levels of a target protein is through RNA
interference (RNA1). Several studies have shown that RNAi can be targeted toward a
mutant allele while not affecting the expression of the normal allele (Miller et al., 2003;
Alves et al., 2008; van Bilsen et al., 2008; Xia et al., 2006). Such an allele-specific
approach is ideal for polyQ disease treatment since the functions of most polyQ disease
proteins are unknown, and silencing of the normal allele may be detrimental.
Unfortunately, the mutation in polyQ diseases is not an easily targeted point mutation or
deletion, but rather an extension of a sequence that occurs in the normal allele, which
may make allele-specific silencing difficult if no other unique DNA features like SNPs
segregate 100% with the CAG expansions. However, with respect to ataxin-3
specifically, ataxin-3 knockout animals do not have apparent motor or neuropathological
phenotypes (Schmitt et al., 2007; Rodrigues et al., 2007), suggesting that other proteins
may be functionally redundant with ataxin-3 (e.g. other members of the josephin family).
If this is true, then RNAi knockdown of ataxin-3 in a non-allele selective manner might
prove to be a successful therapeutic strategy. Since ataxin-3 knockout mice have subtle
behavioral phenotypes suggestive of increased anxiety (Schmitt et al., 2007), anxiety
symptoms would need to be assessed in any therapeutic trial.

Because protein misfolding appears central to polyQ disease pathogenesis,
increasing the expression or activity of neuronal protein refolding machinery holds
therapeutic potential (Balch et al., 2008). For example, Hsp90 inhibitors, which increase
substrate degradation by the proteasome, are one class of drugs that modulate protein
homeostasis. Certain Hsp90 inhibitors have already demonstrated efficacy in animal

models of polyQ disease (Waza et al., 2005). Further medicinal chemistry endeavors
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may discover compounds that act in diverse ways to alter the activity of specific
components of the neuronal protein quality control apparatus. For example, small
molecules have been identified that bind both chaperones and A-beta (Gestwicki et al.,
2004), thereby enhancing the interaction between a disease protein and a protein quality
control component that can suppress its aggregation. Such bifunctional small molecules
are an area of active research in the polyQ field.

Enhancing certain types of aggregation may be beneficial in polyQ disease as
well. Both Arrasate et al. (2004) and Schiffer et al. (2008) showed that the toxicity of
polyQ protein fragments was decreased when they accumulated as visible inclusions in
cells. Behrends et al. (2006) showed in a yeast model of polyQ disease that
overexpressing the eukaryotic chaperonin TRiC suppressed polyQ toxicity at the same
time that it promoted the formation of larger nontoxic aggregates from smaller toxic
aggregates. In an unrelated neurodegenerative disease, AD, it was recently shown that
mutations causing an increased rate of fibrillization decreased the neurotoxicity of A-beta
peptides in neuronal cultures and in AD mice (Cheng et al., 2007; Hung et al., 2008).
Thus, it is possible that breaking up aggregates may be detrimental to cells if it turns less
toxic aggregates into more toxic soluble species. Our data from Q71-B/CHIP mice
suggest that higher levels of soluble aggregates correspond to higher toxicity; therefore
dissociating microaggregates into monomers via enhanced chaperone or chaperonin
activity would, we predict, reduce toxicity. But in AD, small soluble oligomers of A-beta
(dimers, trimers and tetramers) correlate with toxicity (Shankar et al., 2008; Walsh and
Selkoe, 2007; Walsh and Selkoe, 2004). Since some aggregates appear to be toxic while

others are not, the experiments proposed at the beginning of this chapter to structurally



136

define soluble microaggregates in SCA3 become very important. If we know how to
define and detect toxic aggregates biochemically, we may be able to use them as

biomarkers of efficacy in treatment trials in mice.

Conclusions

The results described in this thesis provide strong animal model support for the
role of soluble microaggregates in polyQ disease. The field now must move forward with
research aimed at describing the physical structure and contents of these microaggregates
to understand how they form and what cellular processes contribute to this process.
Armed with this knowledge, scientists can use mouse models and human tissue to find
small molecules or proteins that can modify polyQ microaggregates into less toxic
structures. Hopefully, such research will result in novel treatments for these fatal

proteinopathies.
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