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Native Functions of the Androgen Receptor are Essential to Pathogenesis
in a Drosophila Model of Spinobulbar Muscular Atrophy

Abstract

Spinobulbar muscular atrophy (SBMA) is a progressive, late-onset disease characterized by degeneration of
motor neurons in the brainstem and spinal cord. The disease is caused by expansion of a polyglutamine tract
in the androgen receptor (AR) and is dependent on exposure to AR ligand. The expanded polyglutamine tract
confers toxic function to the protein through unknown mechanisms, although the ligand-dependent nature of
SBMA suggests that the mechanism of pathogenesis may be tied to ligand-dependent alterations in AR
function. However, whether toxicity is mediated by native AR function or a novel AR function is unknown.
We systematically investigated ligand-dependent modifications of AR in a Drosophila model of SBMA. We
demonstrate in vivo that nuclear translocation of mutant AR is necessary but not sufficient for toxicity and
that DNA binding by AR is necessary for toxicity. Mutagenesis studies demonstrated that a functional AF-2
domain is essential for toxicity, a finding corroborated by a genetic screen that identified AF-2 interactors as
dominant modifiers of degeneration. As proof of this principle, we perform epistasis experiments using the
AR coregulator limpet, which we find modifies polyglutamine-expanded AR toxicity in an AF-2-dependent
manner. In addition, we use expression profiling to examine the molecular phenotype of polyglutamine-
expanded AR degeneration, revealing that expression of wild-type AR results in a molecular phenotype that is
very similar to that caused by polyglutamine-expanded AR. These findings suggest that expanded-
polyglutamine AR toxicity may be mediated by amplification of normal function, a mechanism that may be
broadly applicable to other polyglutamine diseases.
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ABSTRACT

NATIVE FUNCTIONS OF THE ANDROGEN RECEPTOR ARE ESSENTIAL TO
PATHOGENESIS IN A DROSOPHILA MODEL OF SPINOBULBAR
MUSCULAR ATROPHY
Natalia B. Nedelsky
Supervisor: J. Paul Taylor
Spinobulbar muscular atrophy (SBMA) is a progressiate-onset disease characterized
by degeneration of motor neurons in the brainstedhspinal cord. The disease is caused
by expansion of a polyglutamine tract in the androgeceptor (AR) and is dependent on
exposure to AR ligand. The expanded polyglutamiaet tonfers toxic function to the
protein through unknown mechanisms, although temnli-dependent nature of SBMA
suggests that the mechanism of pathogenesis migdhi® ligand-dependent alterations
in AR function. However, whether toxicity is medidtby native AR function or a novel
AR functionis unknown. We systematically investigated ligamghehdent modifications
of AR in aDrosophilamodel of SBMA. We demonstraie vivo that nuclear
translocation of mutant AR is necessary but ndigaht for toxicity and that DNA
binding by AR is necessary for toxicity. Mutagesesiudies demonstrated that a
functional AF-2 domain is essential for toxicityfieding corroborated by a genetic
screen that identified AF-2 interactors as domimaadtlifiers of degeneration. As proof
of this principle, we perform epistasis experimargsg the AR coregulatdimpet
which we find modifies polyglutamine-expanded ARitity in an AF-2-dependent

manner. In addition, we use expression profilingxtamine the molecular phenotype of



polyglutamine-expanded AR degeneration, revealag éxpression of wild-type AR
results in a molecular phenotype that is very sintib that caused by polyglutamine-
expanded AR. These findings suggest that expandigiptamine AR toxicity may be
mediated by amplification of normal function, a macism that may be broadly

applicable to other polyglutamine diseases.
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Chapter 1: Introduction



Introduction

Polyglutamine expansion diseases together forrmibs&g common group of inherited
neurodegenerative disease (Riley and Orr, 200&).dI$eases are caused by expansion
of trinucleotide (CAG) repeats in coding regiondMA, yielding proteins with
expanded polyglutamine tracts. These proteins cadisk-onset neurodegeneration
through unknown mechanisms. Despite being caus@ddoynmon mutation, each of the
polyglutamine diseases affects specific populat@fnseurons, resulting in diverse
patterns of pathology and clinical presentatiortserfpts to define and resolve this
paradox have been at the heart of the most signifiadvances in understanding the

pathogenesis of these diseases.

This chapter takes a historical approach to tHd 6€épolyglutamine disease research,
aiming to demonstrate how our understanding halveddo produce the work contained
in this thesis. Starting with patient observationd guided by computationah vitro, and
in vivomodels, the field has seen a range of theories#ek to unite the various
members of the polyglutamine disease family witbenmon mechanism of
pathogenesis. This work, based largely on the @rttgpoxicity of expanded
polyglutamine peptides, suggested that toxic agdieg of polyglutamine proteins could
lead to disturbances in biological activities agedse as axonal trafficking, synaptic
transmission, and the ubiquitin proteasome syst#R8|. Recently, however, an
alternative approach has begun to uncover a mdttesuicture of toxicity. Inspired by
the diversity of the diseases within the polyglutardisease family, this approach

focuses on features that are unique to each digeassn rather than their shared
2



polyglutamine expansion. These investigations lzalx@anced the idea that toxicity arises
from alterations in native protein function rattiean novel function imparted by the
expanded polyglutamine tract. This perspectivé,latgely unexplored in the

polyglutamine disease field, serves as the fouodatf this thesis.

Polyglutamine Disease: Discovery and Clinical Chai@erization

The story of the polyglutamine diseases beginseex@ntally speaking, with spinal and
bulbar muscular atrophy (SBMA). SBMA was first idiéed in 1968 as an adult-onset
X-linked disease characterized by progressive neusebkness and atrophy due to lower
motor neuron degeneration (Kennedy et al., 1968)s&quent studies expanded the
clinical picture to include signs of androgen ingéwity including gynecomastia and
reduced fertility (Arbizu et al., 1983), providiag important clue to mapping the
mutation responsible for the disease. More thape20s later, the causative mutation was
finally defined by linkage analysis and positionklning (La Spada et al., 1991). The
mutation was found to reside in the androgen recdpiR) gene, a result that was
perhaps unsurprising given the endocrine-relateital features of the disease. The
great surprise lay in the nature of the mutatiomiclv was defined as a novel expansion
of a polymorphic trinucleotide (CAG) repeat withire coding region of the gene. While
the general population had CAG repeat lengths 86 9atients with SBMA had repeat
lengths of 38 or greater, leading to expressioARfprotein with an expanded

polyglutamine tract. The mutation was presumedatgse disease via a gain of function,



because loss of AR function was known to causeogyedlr insensitivity syndrome (AlS),

a condition not characterized by degeneration @kwess (Quigley et al., 1992).

Within the same year, a number of groups identi§iedilar mutations in other diseases,
including trinucleotide repeat expansions that edusagile X syndrome (Verkerk et al.,
1991) and myotonic dystrophy (Fu et al., 1992; Migvan et al., 1992). However, these
mutations were found in untranslated regions okgeand the relationship between these
new “trinucleotide repeat expansion diseases” reethunclear. Finally, two years later
(and after 20+ years of mapping work), a collaliveatesearch project trying to identify
the genetic basis for Huntington’s disease (HDntbthat HD was caused by the same
mutation as SBMA — expansion of a CAG repeat indirgy region of DNA, this time
within a novel gene dubbed huntingtin (1993). By time the HD mutation was
confirmed to result in a protein product with apanrded polyglutamine tract (Sharp et
al., 1995), an entire collection of polyglutamirisghses had been uncovered:
spinocerebellar ataxia type 1 (SCAL, caused byresipa in ataxin-1) (Orr et al., 1993),
dentato-rubro pallidoluysian atrophy (DRPLA, atroph) (Koide et al., 1994; Nagafuchi
et al., 1994), and SCA3 (ataxin-3) (Kawaguchi et94) were all found to be caused
by CAG expansions in exonic regions of DNA. Ovex lhst fifteen years, four more
polyglutamine diseases have been identified: S@GA&x{n-2) (Pulst et al., 1996), SCA6
(CACNA1A) (Riess et al., 1997; Zhuchenko et al.97p SCA7 (ataxin-7) (David et al.,
1997), and SCA17 (TATA-binding protein, TBP) (Nakama et al., 2001) (Table 1.1).
This family now sits within a broader class of ttbtary diseases, the repeat expansion

diseases (Table 1.2).



The polyglutamine disease family members have itapbfundamental similarities that
reflect their shared mutation. Although most of plodyglutamine-expanded proteins are
broadly expressed, each disease manifests as iegsog degeneration of a small subset
of neurons (Table 1.1). With the exception of SBM# polyglutamine diseases are
inherited in an autosomal dominant manner. Theseades also show robust correlations
between phenotype and polyglutamine length: wittyéy polyglutamine lengths, disease
onset occurs earlier, and disease severity incsd&@e and Zoghbi, 2007).

Polyglutamine tracts are often progressively leagédd as they are transmitted from one
generation to the next, a phenomenon that explaggenetic anticipation observed in

these diseases, in which symptom severity increagbsuccessive generations.

The clinical differences between the polyglutandiseases, however, are perhaps more
striking than their similarities. Despite being sad by the same mutation, the symptoms
of several of the diseases have virtually no phgnotoverlap: while HD manifests as a
triad of involuntary movements, dementia, and pstdie disturbance that culminates in
death, the same mutation in SBMA causes proximalceuveakness with sparing of
cognitive capacity and no significant change inglewity. These clinical differences are
directly related to the subset of neurons thabé#fexted in each disease: striatum and
cortex in HD (Vonsattel et al., 1985), lower mot@urons in SBMA (Sobue et al., 1989).
This selective vulnerability occurs despite ovepiag patterns of huntingtin and AR
expression, providing one of the first clues thayglutamine expansion could not be
solely responsible for toxicity. In addition, nookthe disease proteins have any apparent

5



structural or functional similarities beyond thealyglutamine tracts, although a
common theme of transcription regulation may berging and will be discussed below

(Shao and Diamond, 2007).

Polyglutamine Disease: Lessons from the First Genation of Models

With the recognition of this new family of diseasessearchers first focused their
attention on what these disease genes had in commaorely, a polyglutamine
expansion that appeared to have a universal thxéshold of 36-41 repeats. (As more
patients’ DNA was sequenced, this threshold widesed Table 1.1. SCAG6 also stands
as a notable exception, since repeat lengths asah80 can cause disease.) Thus, the
biochemical and biophysical properties of expanua@giglutamine became an area of
intense interest. One of the seminal papers infimgrthis view came from Nobel
laureate Max Perutz, who suggested that expandgdlp@amine peptides can self-
associate to form “polar zippers” (Perutz et 894; Perutz, 1996). In these structures,
polyglutamine tracts form paired antiparafestrands linked together by hydrogen
bonds between the main-chain and side-chain anmeaejding water molecules and
thereby rendering the protein insoluble. In modgtimese structures, Perutz found that he
could replicate several fundamental propertiesabyglutamine disease. First, his models
suggested that the thermodynamic threshold for zgtger formation coincided with the
polyglutamine length threshold for disease. Secbirsddata suggested that longer

polyglutamine stretches would lead to tighter palppers that formed with faster



kinetics, an observation that provided a biophydieais for increasing severity of

disease and earlier age of onset with longer potggiine lengths.

At the time of Perutz’s molecular models, nonehaf polyglutamine diseases were
known to have neuropathologic changes that suppartaodel of aggregation. However,
when the first generation of HD mouse models aggkdPerutz’s hypothesis was
deemed prescient. The most influential model wizaresgenic strain that expressed exon
1 of the huntingtin gene, the region of the protbet contains the polyglutamine tract.
The authors reported that these mice showed HDali@eement disorder phenotypes
(Mangiarini et al., 1996), although decreased hbwedight, hind limb clasping, and poor
rotarod performance have proven to be the moststgihenotypes of this model (Hockly
et al., 2003). These phenotypes were accompanipdaopunced widespread neuronal
intranuclear inclusions that contained huntingtiotein (Davies et al., 1997) and were
also immunopositive for ubiquitin, suggesting ttreg inclusions were made up of
misfolded and aggregated proteins that had beekeador proteasomal degradation.
Within the next year, ubiquitinated neuronal intrelear inclusions were found in patient
tissue in SCA3 (Paulson et al., 1997), HD (DiFigitaal., 1997; Becher et al., 1998),

DRPLA (Becher et al., 1998), SCAL (Skinner et H97), and SBMA (Li et al., 1998).

In follow-up studies, it soon became clear thatagxjed polyglutamine tracts not only
aggregated and formed ubiquitinated inclusionsey there also very toxic. Expression
of expanded polyglutamine tracts — whether flang@ minimal amount of disease
protein context, inserted into non-disease-relgwtes, fused to GFP tags, or even

7



expressed with no flanking sequence whatsoevesultes in strong toxicity in cells
(Ikeda et al., 1996; Moulder et al., 1999; Yanglet2002), flies (Jackson et al., 1998;
Warrick et al., 1998; Kazemi-Esfarjani and Ben2800; Marsh et al., 2000), and mice
(Ikeda et al., 1996; Ordway et al., 1997; Adachalet2001), nearly always accompanied
by ubiquitin-positive inclusion formation. This tioky suggested to many researchers
that aggregation and inclusion formation reflec@ezbmmon pathway of cellular
dysfunction and polyglutamine-mediated toxicity §p1997). Indeed, the presence of
aggregates was proposed to block axonal vesidfekiag (Gunawardena and
Goldstein, 2005) and cause defects in synaptismnésion (Mattson and Sherman,
2003) in a manner that applied broadly to all dsesanarked by protein aggregation.
However, a significant question remained: if theedises shared a common toxic
mechanism, what could account for the differemt@ironal vulnerability in the different
diseases? Different levels of disease protein espa in different cell types might
contribute, but were clearly not the dominant faatadetermining cell-type specificity

(Zoghbi and Orr, 2000; Sieradzan and Mann, 2001).

Some groups chose to call into question the caugshitik between inclusions and
toxicity. One of the first and most direct challesgcame from a transgenic model of
SCA1, in which mice expressed full-length polyghatae-expanded ataxin-1 with a
point mutation to its self-association domain (K&rhet al., 1998). These mice
developed ataxia and pathology similar the origB@A1 model mice, although the self-
association mutants did not show any signs of Bichs to accompany their phenotype.
Other groups examining the temporal course of dsedso found that measurable
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phenotypic changes can occur before inclusionsi@extable (Reddy et al., 1998;
Hodgson et al., 1999). Elegant studies using hgtitirexon 1, ataxin-3, ataxin-7, and
AR subsequently revealed inverse correlations batvieclusion formation and toxicity,
suggesting that inclusions may actually reflecearoprotective effort to relocate toxic,
soluble protein into inert, insoluble protein deéCummings et al., 1999; Yoshizawa
et al., 2001; Taylor et al., 2003b; Arrasate et2004; Bowman et al., 2005; Evert et al.,
2006; Rub et al., 2006; Truant et al., 2008). Indeempounds that promote inclusion
formation have recently shown therapeutic potemtial vitro models of HD (Bodner et

al., 2006) andh vitro andin vivo models of SBMA (Appendix I).

While addressing the controversy regarding thereattiinclusions, however, it became
clear that polyglutamine proteins did not exisbie of only two states; that is, as either
soluble monomers or insoluble inclusions. Ratresearchers recognized that a
continuum existed along which soluble monomerssedfhassociate to form oligomers,
which may proceed to form larger structures, wihincturn may coalesce into
microscopically visible inclusions. Unfortunatetiiere is considerable confusion in
terminology regarding these different biophysidates. In this thesis, we generally
distinguish protein aggregates, which are defimadarily biochemically and include
submicroscopic oligomers, from inclusions, whick defined histologically (Taylor et
al., 2003b). Inclusions are likely inert and neuodgctive, as described above. In the
search for the toxic polyglutamine conformer, ditamhas now shifted to oligomers,

which have been correlated with toxicity in an aaimnodel of SBMA (Li et al., 2007).



In the same paper that dissociated SCAL1 toxicagnfmclusions, Klement et al. used a
second transgenic model of SCA1 with a differenbpmutation to full-length,
polyglutamine-expanded ataxin-1 (Klement et al98)9 This mutation disrupted the
nuclear localization signal (NLS), restricting datag to the cytoplasm. These mice did
not develop disease, demonstrating that polyglutarakpansion in itself was not
sufficient to cause toxicity — at least when reséd to the cytosol. Thus, the ataxin-1
NLS mutant provided critical insight into the impeammce of the nucleus as a site of
toxicity. Some groups had already noted that séwéthe polyglutamine disease
proteins (e.g. huntingtin, ataxin-3, and atrophjrae normally cytoplasmic, yet are
found in inclusions in the nucleus in the conteiisease (Zoghbi and Orr, 2000). These
observations prompted the suggestion that althcuginuclear inclusions may not be
necessary for disease, nuclear translocation mayeoeore critical pathogenic event
(Kim and Tanzi, 1998). Supporting this idea, totyiavas also mitigated by cytoplasmic
retention of polyglutamine-expanded huntingtin (&awet al., 1998), AR (Takeyama et
al., 2002), ataxin-3 (Bichelmeier et al., 2007jpphin-1 (Nucifora et al., 2003), and even
pure polyglutamine (Yang et al., 2002). Of note, plolyglutamine diseases SCA2 and
SCAG6 are marked by cytoplasmic inclusions, indiggithat the nuclear localization is
not a universal prerequisite for polyglutamine pnotoxicity (Ishikawa et al., 1999;

Huynh et al., 2000).

As alluded to above, the presence of certain potgghine disease proteins in the nucleus
was a mystery in itself. HD provides the best examgiven that the protein has no
known NLS and that the upper size limit for passiuelear entry of 60-70 kDa (Wei et
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al., 2003), it is not clear how the large >350 Kidatingtin protein could enter the
nucleus (Truant et al., 2007). Instead, it app#aasfull-length huntingtin is cleaved to
generate a small polyglutamine-containing N-termiregment that diffuses into the
nucleus. This fragment has been proposed to e ditdart of toxicity, since inhibiting
caspase cleavage of huntingtin can eliminate ttyxicivivo (Graham et al., 2006). N-
terminal fragments of huntingtin have also beemtified in HD patient tissue and are
correlated with toxicity (DiFiglia et al., 1997)u&h evidence has prompted theories that
protein cleavage may be a common theme in polygiu@ disease, even providing a
possible explanation for selective neuronal vulbgitg. According to this theory, the
subset of neurons that are affected in each disadd be defined by the presence of
relevant proteases that generate toxic polyglutarnontaining fragments. Howevan,
vivo evidence for cleavage of most polyglutamine-caontgj proteins is inconsistent
across different diseases and models, and theachctiory evidence for the production
and role of proteotoxic fragments suggests thaepreleavage is not a unifying

mechanism of polyglutamine disease toxicity (Wadshl., 2005).

Shortly after the first generation of mouse modgipearedprosophilamodels of
polyglutamine disease were introduced, providiregrtbwn mechanistic insights.
Dominant modifier screens proved to be especiathgpctive. The first paper to use this
technigque revealed two chaperone molecules as esggus of toxicity, confirming that
modification of protein folding pathways could dratically modify polyglutamine
toxicity (Warrick et al., 1999; Kazemi-EsfarjanicaBenzer, 2000). Indeed, this result
has been now reproduced numerous times in modsksvefal polyglutamine diseases

11



(Opal and Zoghbi, 2002), establishing that chapesaran mitigate polyglutamine
toxicity by either promoting refolding or enhancidggradation of polyglutamine-

containing proteins.

The importance of protein quality control was fertiighlighted by the identification of
modifiers of a fly SCA1 model, which included cotdi players in the ubiquitin-
proteasome system (UPS) (Fernandez-Funez et @D).ZDhe importance of this
degradation pathway was confirmed by reports th@epsomes were found in the
ubiquitinated inclusions in SCA1 patient tissue &f2lmodels (Cummings et al., 1998;
Waelter et al., 2001), supporting the idea thayglatamine disease proteins accumulate
in inclusions due to insufficient degradation bg thPS. Indeed, it appears that
polyglutamine sequences cannot be degraded byyail@aproteasomes, which prefer to
cleave after hydrophobic, basic, or acidic residesnkatraman et al., 2004). A number
of groups have demonstrated that the UPS actuallgrnes impaired in models of
polyglutamine disease (Bence et al., 2001; Beratett,, 2005; Pandey et al., 2007b),
possibly due to long polyglutamine tracts entetimgproteasome and failing to exit
properly (Venkatraman et al., 2004). Indeed, aneeport showed that expression of an
expanded huntingtin fragment impairs UPS functibéit transiently)n vivo (Ortega et
al., 2010), although the relative contribution d?®&impairment to pathogenesis remains
controversial. A second degradation pathway, thepagy-lysosomal system, has
recently gained attention as a compensatory pathevgyotein degradation when the
UPS is impaired. The relationship between the URBaaitophagy, as well as the
relevance of these systems to neurodegeneratigasdisis explored in Appendices II-1V.
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Unexpected modifiers were also uncovereBinsophilamodels. One particularly
intriguing family of modifiers included proteinsatfunction as coregulators in
transcriptional regulation (Boutell et al., 199@rfandez-Funez et al., 2000). Indeed,
transcriptional coregulators such as CREB-bindiraggin (CBP) have been found in
inclusions in multiple polyglutamine diseases, amdrexpression of CBP rescues
polyglutamine-induced toxicity in cells (McCampbetlal., 2000; Nucifora et al., 2001)
and flies (Taylor et al., 2003a). However, the nanf the interactions between
polyglutamine disease proteins and transcriptioeglilators is uncertain. The
interactions could be due to relatively non-speafifects, as short polyglutamine tracts
are found in many transcription factors (includ@gP) and could potentially be
incorporated into the polar zippers formed by tkgamded disease proteins, resulting in
functional sequestration (Schaffar et al., 2004).tkee other hand, most polyglutamine
disease proteins have now been shown to play soleértranscriptional regulation as
part of their native function, suggesting that nhedifier effects of transcriptional
coregulators might reflect normal interactions thae gone awry due to polyglutamine
expansion. Specifically, besides the obvious traptan regulatory role of AR and TBP,
huntingtin interacts with general DNA-binding prioie such as Sp1l, TFIID, and TFIIF,
ataxin-7 plays a role in chromatin structure, andtingtin, ataxin-1, and atrophin-1
interact with transcriptional coregulators (RileydeOrr, 2006). Such a common function
suggests that transcriptional regulation may bathvpay that has particularly great
impact on pathogenesis, and has led some to praopegmlyglutamine diseases may in
fact be “transcriptionopathies” (La Spada and Tgy2003).
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Polyglutamine Disease: the Next Generation

With the notable exception of the SCA1 models ftbmZoghbi and Orr labs, the vast
majority of “first generation” polyglutamine diseasodels employed only truncated
versions of polyglutamine disease proteins. Ofipaldr note are the HD models that
express only exon 1 of the huntingtin gene. Hunitmig very large, with exon 1
accounting for only 3% of the total protein. Andilglevidence exists that
polyglutamine-containing fragments of huntingtie @aroduced in HD, there remains a
conceptual problem in modeling the disease usumctted proteins: these fragments
produce toxicity in nearly every cellular contessted, yet pathology in HD occurs
almost exclusively in striatal neurons. Indeedsemgarchers began to compare the
models expressing truncated proteins to those ssim@ full-length proteins, it soon
became clear that truncated proteins were much togrethan their full-length
versions, and did not recapitulate the cell-typeedir neurodegeneration characteristic
of each disease. Mouse models of SBMA provide aalidxample of this phenomenon:
truncated, polyglutamine-expanded AR that is widsdgressed in the CNS causes
widespread neuronal dysfunction (Abel et al., 20@hyl pure polyglutamine that is
expressed specifically under the AR promoter atsses widespread neuronal
dysfunction (Adachi et al., 2001). However, whelrfiength expanded AR is expressed
under the AR promoter, the symptoms are more lagngbowing specific vulnerability in

lower motor neurons (Sopher et al., 2004).
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Based on these and other studies, the Zoghbi anl&l@r were the first to openly
speculate that the activities of polyglutamine mist (and by implication, the pathology
that arose from their expression) were distinatftbose of the full-length
polyglutamine-expanded proteins (Lin et al., 199%;, 2001). They raised the possibility
that the toxicity observed using polyglutamine g was a generalized toxicity that
may overlap with some features of polyglutaminedse, but may not faithfully reflect
pathogenesis of the human disease. Instead, takggfrom their ataxin-1 NLS mutant,
these labs suggested that regions outside thelptdygine tract could be determinants of
toxicity, with the context of the polyglutamine ¢tadefining the specificity of the

disease.

Setting out to test these ideas, the Zoghbi andaDs developed a new experimental
perspective on polyglutamine disease, one thaiskdton the protein context in which
the polyglutamine tract was located. In a serigsagfers using both fly and mouse
models of SCAL, these groups demonstrated thadttbephorylation status of ataxin-1
could dramatically alter toxicity: animals expregspolyglutamine-expanded ataxin-1
with a single point mutation (S776A, rendering agphoserine non-phosphorylatable)
showed no pathogenic phenotype (Chen et al., ZB@&mian et al., 2003).
Phosphorylation of the S776 residue, located tanfthe polyglutamine tract, was
further shown to regulate the protein complexeshich ataxin-1 could participate (Lam
et al., 2006). Polyglutamine expansion enhancestagtions that were normally
regulated by phosphorylation at this site, resgltimalterations in the interaction of
ataxin-1 with its native partners (Lim et al., 2D0OBhese enhanced interactions occurred
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at the expense of other ataxin-1 interactions, ssiygg the possibility that polyglutamine
expansion contributes to disease by both gain+oftfan and partial loss-of-function
mechanisms. Furthermore, these imbalances in alagamplexes could contribute to
the differential vulnerability of particular neurarpopulations, since the levels of these
interacting partners could be in particularly si{ortlarge) supply in vulnerable neurons

(Zoghbi and Orr, 2009).

Native protein function and SBMA

Although Zoghbi and Orr’s studies were the firstdomally test the importance of
protein context in polyglutamine disease, the itied regions outside the polyglutamine
tract might play a role in toxicity was not a nemeo For several years, SBMA had been
used as a prime example of the importance of prat@ntext, since polyglutamine-
expanded AR is toxic only in the presence of ARtid (testosterone, or its more potent
derivative dihydrotestosterone, DHT). In experinaémiodels, flies expressing
polyglutamine-expanded AR develop pathology onthédy are administered AR ligand
(Takeyama et al., 2002; Pandey et al., 2007b), ®BMA mice do not develop disease
if they are castrated, and female SBMA mice develahology only if they are injected
with AR ligand (Katsuno et al., 2002). It is foighreason that SBMA affects only men;
females who carry the mutation (even rare homoag(Bchmidt et al., 2002)) are
protected by their low levels of circulating andeagHowever, the specific pathogenic

events that occur in the presence of AR ligand neaagely unexplored.
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The ligand dependence of SBMA leads to a modelhithvtestosterone or DHT converts
an innocuous protein into a toxic one, and suggastsexperimental approaches that
dissect ligand-dependent events may shed lighttimogenesis. In this regard, SBMA
researchers have a distinct advantage over thogestuly other polyglutamine diseases,
since the majority of polyglutamine disease pradiave unknown functions and ill-
defined interactomes. In contrast, AR is a wideldeed protein with a well-
characterized function as a ligand-dependent trgoism factor. Ligand binding to AR is
known to result in a dramatic change in AR locdl@aand function: although normally
sequestered in the cytoplasm bound to heat-shadkips (Hsps), ligand-bound AR
dissociates from Hsps and translocates to the asictéonformational changes occur to
reveal two “activation function” domains, AF-1 aA#&-2, which serve as binding sites
for transcriptional coregulators. AR also undergagand-dependent post-translational
modifications including phosphorylation, SUMOylatiand acetylation. The protein
dimerizes, binds to DNA, recruits transcriptionategulators, and finally activates or
represses its target genes. How these ligand-depeadents relate to the pathogenesis

of SBMA will be addressed in Chapter 2.

Whether this experimental approach will give insiigiio pathogenesis, however,
depends on the validity of an underlying hypothesspecifically, that the normal
behavior of wild-type AR is somehow related to theic behavior of polyglutamine-
expanded AR. While the results of the SCA1 modeis@that pathology is caused by an
imbalance of native interactors of ataxin-1, thlisa has remained largely untested in
other polyglutamine disease models and is stilfrfan widely accepted in the field. The
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“toxic aggregate” hypothesis, for example, doesraqtire that the toxic interactions of
polyglutamine-expanded AR have any relationshifhéonative interactions of its wild-
type counterpart; instead, this hypothesis onlyireg that the expanded polyglutamine
adopt an aggregated conformation in a suscepglgiem of the cell (e.g. the nucleus).
Any interactions this aggregate may initiate mayiitb nativeor non-native interactors

that associate via the expanded polyglutamine.tract

A surprising phenomenon in SCA1 and SBMA modelsyhialsled unexpected insight

into this issue, lending support to the importaoceative interactions in toxicity: in
several fly and mouse models, degeneration catt fesm very high expression levels

of wild-type, non-expanded protein. Animals expieghigh levels of wild-type ataxin-1
develop the same degenerative phenotype causealygylyiamine-expanded ataxin-1
(Fernandez-Funez et al., 2000), while expressianildftype AR at high levels in mouse
muscle leads to an SBMA-like phenotype (Monks gt24107). These observations
suggest the possibility that amplification of natikR function may contribute to the
toxicity of polyglutamine-expanded AR. Pursuingsthiypothesis, Chapter 2 of this thesis
illustrates how native AR function is required fokicity in aDrosophilamodel of

SBMA.

Concluding remarks

Following the discovery of the first polyglutamineutation in 1991, it took only three

years for a bona fide family of diseases to betifled. Given that these disorders were
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all caused by the same mutation, it was only Iddaredict that they would share a
common pathogenic mechanism, and the undeniabigtioaf expanded polyglutamine
peptides supported this idea. However, many ydaesearch have led us down a much
more complex path. Having started with the seaockafunifying model, it is now
becoming clear that the diseases’ differences reaypdre important than their
similarities. Using the precedent of SCA1 and thesent findings on SBMA, we hope
that these experimental perspectives will meethaes our insights into aspects of
pathogenesis that asmiqueto each disease will help uncoveranmonpattern of
dysfunction that applies to all members of thigdge family. We propose that this
common pattern of dysfunction is centered on potaghine-induced modification of

native protein function.

19



Table 1.1. The polyglutamine disease family
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Table 1.1. The polyglutamine disease familpine diseases are currently known to be
caused by trinucleotide (CAG) repeat expansiorexonic regions of DNA. The identity
of each expanded disease protein is given, alotigthe normal and pathogenic
polyglutamine repeat lengths and the known normmattions of these proteins (in many
cases ill defined). Notably, many of the proteirsaidely expressed in the nervous
system, yet only particular tissues are affectathéndisease. The major clinical

symptoms of each disease are also listed.
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Table 1.2

Type 1: Toxic gain of function mediated by protein
Huntington’s disease

Kennedy’s disease

Spinocerebellar ataxia types 1, 2, 3, 6, 7, and 17
Dentatorubro-pallidoluysian atrophy
Oculopharyngeal muscular dystrophy

Type 2: Toxic gain of function mediated by RNA

Spinocerebellar ataxia types 8, 10, and 12
Myotonic dystrophy types 1 and 2
Fragile X-associated tremor-ataxia syndrome

Type 3: Loss of function

Friedreich’s ataxia
Fragile X syndromes
Progressive myoclonic epilepsy type 1

Table 1.2. Repeat expansion diseas@$ie repeat expansion diseases can be generally
classified into three categories based on thelrqggnic mechanism. Type 1 diseases
include the polyglutamine diseases as well as ptdn/ngeal muscular dystrophy, a
polyalanine disease; all are caused by a toxic glfianction at the protein level. Type 2
diseases are caused by toxic gain of function nedliat the RNA level; in these
diseases, repeats occur in the 5’ or 3’ untrargslegions (UTR) of genes and affect
cellular function, including alternative splicin§arious genes. Type 3 diseases caused

by loss of function; these diseases are causedutgtions located in introns or 5° UTRs.
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Chapter 2:
Native functions of the androgen receptor are esstal to pathogenesis

in a Drosophila model of spinobulbar muscular atrophy
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Summary

Spinobulbar muscular atrophy (SBMA) is a neurodegative disease caused by
expansion of a polyglutamine tract in the androgeeptor (AR). This mutation confers
toxic function to AR through unknown mechanisms.tdfit AR toxicity requires binding
of its hormone ligand, suggesting that pathogenas@ves ligand-induced changes in
AR. However, whether toxicity is mediated by natAMe function or a novel AR
function is unknown. We systematically investigag@ents downstream of ligand-
dependent AR activation in a Drosophila model ofV28 We show that nuclear
translocation of AR is necessary but not sufficienttoxicity and that DNA binding by
AR is necessary for toxicity. Mutagenesis studiesidnstrated that a functional AF-2
domain is essential for toxicity, a finding corroated by a genetic screen that identified
AF-2 interactors as dominant modifiers of degenenafl hese findings indicate that
SBMA pathogenesis is mediated by misappropriatfamative protein function, a

mechanism that may apply broadly to polyglutamiiseases.

Running Title

Native functions of AR mediate SBMA pathogenesis
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Introduction

Spinobulbar muscular atrophy (SBMA, also known asiedy’s disease) is a
progressive late-onset degenerative disorder ofibi®r neurons in the brainstem and
spinal cord that affects only men (Kennedy etl#68). SBMA is a member of the
polyglutamine repeat disease family, which inclugekeast eight other disorders,
including Huntington’s disease (HD), dentatorulpallidoluysian atrophy (DRPLA),

and six forms of spinocerebellar ataxia (SCA). &lthese diseases are caused by gain-
of-function mutations characterized by expandetlitieotide (CAG) repeats in exonic
regions of DNA, and all result in late-onset, pesgive neurodegeneration (Zoghbi and
Orr, 2000). In SBMA, the CAG repeat site is locatethe androgen receptor (AR) gene
and causes disease when the number of repeat®rsgd@ater (La Spada et al., 1991).
Patients often display signs of mild feminizatibkely due to partial loss of AR

function. Although loss of AR function may contribuo disease (Thomas et al., 2006),
it is not sufficient for degeneration, as loss-ofition mutations to AR result in
androgen insensitivity syndrome without signs afno@al degeneration (Quigley et al.,

1992).

A central mystery in the field of polyglutamine eése research arises from the
observation that the same mutation in nine diffepeateins results in nine different
diseases; yet in each disease, different subsetsunbns are affected. This pattern occurs
despite widespread and overlapping expressioneodlifease proteins, suggesting that
the inherent toxicity of the expanded polyglutammeaot the sole basis of toxicity.

Indeed, in SBMA mouse models, expression of polgghine-expanded fragments of
26



AR results in widespread neuronal degeneratiomeaqtype that is not dissimilar from
that observed in transgenic animal models exprg$sagments of other polyglutamine-
expanded proteins (Abel et al., 2001). In contnastdlels employing full-length
polyglutamine-expanded AR protein more accurateflect the human disease,
displaying restricted symptoms, lower motor newspecificity in degeneration, and

gender specificity (Chevalier-Larsen et al., 208dpher et al., 2004).

These findings highlight the importance of proteamtext in polyglutamine disease, and
raise the question of the role of protein domaih&iothan the polyglutamine tract in
toxicity. It is not clear whether the mutation riésun the formation of novel, toxic
interactions, or whether the mutation alters themad, native interactions of the
polyglutamine-containing protein in such a way@sasult in neurotoxicity. While these
possibilities are not mutually exclusive, recendsts in SCA1, SCA7, and SCA17 have
provided evidence in favor of a model in which tieemal function of the disease protein
is tied to the mechanism of pathogenesis (Emantiah,&2003; Friedman et al., 2007,
Helmlinger et al., 2006; Lim et al., 2008; McMahetral., 2005; Palhan et al., 2005;
Tsuda et al., 2005). More direct evidence thatveatiteractions may mediate toxicity
comes from animal models in which overexpressionoof-expanded ataxin-1 or AR
result in pathology resembling SCA1 and SBMA, resipely (Fernandez-Funez et al.,

2000; Monks et al., 2007).

In the majority of polyglutamine diseases, neittier primary function nor the native

interactors of the disease proteins are well kn@BMA is an exception in that the
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disease protein has a well-characterized roleligaiad-dependent transcription factor.
AR is a member of the nuclear hormone receptor (NstRerfamily and resides in the
cytoplasm when inactive. A number of events oc@aruligand binding, the final result
of which is AR-mediated activation or repressionasfjet genes. These ligand-induced
events include several post-translational modifoces, nuclear translocation, and DNA
binding. These changes occur in concert with canédional changes that result in the
exposure of two coregulator interaction surfacesnéed activation function-1 (AF-1) and
activation function-2 (AF-2). Ligand binding to gglutamine-expanded AR is a
requisite step in disease pathogenesis. Indee®, isi@ow incontrovertible evidence
from animal model studies as well as human stutii@sgender specificity in SBMA is
due to higher levels of circulating androgens inasdKatsuno et al., 2002; Takeyama et

al., 2002).

Although the basis of the toxic gain of functionpianted by the polyglutamine expansion
remains unknown, the ligand dependence of SBMAigsphat ligand-induced
alterations of AR play important roles in toxicity. this study, we used@rosophila
model to test the hypothesis that SBMA is medidgtigand-induced alterations in
native AR interactions. First, we present evidethes nuclear translocation of AR is
necessary but not sufficient for toxicity, demoastrg that ligand-induced modifications
of AR (beyond nuclear translocation) are requidplathogenesis. Second, we showed
that DNA binding of polyglutamine-expanded AR iguéed for toxicity, indicating that
the native DNA-binding function of AR is criticad pathogenesis. Third, we used a

genetic screen to identify modifiers of SBMA toxjgiwhich revealed a pattern of AF-2-
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based coregulators that genetically interact witlyglutamine-expanded AR. Pursuing
this finding, we show rescue of polyglutamine-exgeth AR toxicity through two
independent point mutations designed to disrupfRe coregulator interaction surface.
To more precisely define the degenerative phenaggeciated with polyglutamine-
expanded AR toxicity we used expression profildysis. This analysis confirmed that
interruption of either the AF-2 or DNA binding domsa robustly suppressed this
molecular phenotype. In addition, analysis of tr@aoular phenotype of flies expressing
wild-type AR revealed the same (albeit weaker) rmaler phenotype as polyglutamine-
expanded AR, indicating that amplification of notrAR function may underlie the
toxicity of polyglutamine-expanded AR. Finally, wevestigated the AR coregulator
orthologlimpet, a gene identified in our genetic screen, as pobpfinciple that
polyglutamine-expanded AR toxicity is mediated naive function of the AF-2 binding

surface following DNA binding.

Results

Expression of polyglutamine-expanded AR in Drodapksults in toxicity

In order to investigate the contributions of AReirgictions to polyglutamine-expanded
AR toxicity, we used ®rosophilamodel of SBMA. Although human AR has no direct
ortholog in flies, the NHR system is well conserykthg-Jones and Thummel, 2005).
This conservation is reflected in the domain aeghiire ofDrosophilanuclear receptors,
including AF-1 and AF-2 coregulator interaction dons that bind to conserved motifs

in nuclear receptor coregulators. It was previodlgsnonstrated that human AR
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expressed irosophilatissues translocates to the nucleus and actiuaescription of

an ARE-GFP reporter transgene in response to DidKgffama et al., 2002). This cross-
species transactivational capacity reflects thetfeat human AR interacts with
endogenou®rosophilacoactivators and corepressors; indeed, genetialatoh of
Drosophilahomologs of mammalian AR coregulators can modiéyttansactivational

capacity of ARin vivo (Takeyama et al., 2004).

When human AR of varying polyglutamine lengthsxpressed using the GAL4-UAS
system (Brand and Perrimon, 1993), flies develdgghatamine length- and ligand-
dependent degenerative phenotypes, thus recapitutato fundamental features of
SBMA (Pandey et al., 2007b; Takeyama et al., 200@)assess toxicity in an externally
visible neuronal tissue, we expressed AR in theusyeg theglass multimer reporter
driver (GMR-GAL4), which leads to transgene expi@ssn photoreceptor neurons and
accessory pigment cells in developing eye discss@d@nd Rubin, 1991). While flies
expressing AR show no eye phenotype when rearedional food, flies reared on food
containing DHT exhibit a degenerative phenotyp¢ ithmited to the posterior margin
of the eye (Figure 2.1A). The severity of the phgpe is also polyglutamine-length
dependent, with AR52Q-expressing flies showing seeenmatidial pitting,
disorganization, and fusion, as well as abnormdlsampernumerary interommatidial
bristles. In contrast, AR12Q-expressing flies stomy mild ommatidial and bristle
phenotypes when the transgene is expressed atadentilevels (Figure 2.1A-C).
Confocal imaging of eye discs confirmed that AR engibes DHT-dependent nuclear

translocatiorin vivo. This analysis also revealed diffuse nuclear acdation of AR and
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the formation of small nuclear and cytoplasmic partbat were particularly prominent

with polyglutamine-expanded AR (Figure 2.1D).

The polyglutamine length- and DHT-dependence of 388 recapitulated in several
larval tissues. For example, using the larval saji\gland driver (fkh-GAL4) (Andrew et
al., 2000), expression of polyglutamine-expandedrésults in a dramatic reduction of
salivary gland cell size (Figure 2.1 E-F). Larvaeressing AR in motor neurons under
the control of the D42-GAL4 driver (Yeh et al., B)@lso show polyglutamine length-
and DHT-dependent defects in locomotor ability @asured by larval crawling assay,
indicating a significant functional deficit (Figu1G). In addition, the number of type
1B boutons at the larval neuromuscular junction (MM significantly decreased in a
DHT-dependent manner when polyglutamine-expandedsAdXpressed using the motor

neuron driver OK371-GAL4 (Mahr and Aberle, 2006ig(fe 2.1H-I).

Importantly, we noticed that expression of wild¢ypolyglutamine-length AR at high
levels results in a degenerative phenotype thatlistinguishable from that caused by
polyglutamine-expanded AR (Figure 2.1J-K). Thisaminiscent of the SBMA-like
phenotype associated with high level expressiamiloftype AR in mice (Monks et al.,
2007). The dose-dependent toxicity of wild-type suRygests the possibility that
amplification of native AR function may contributethe toxicity of polyglutamine-

expanded AR.

Nuclear translocation of polyglutamine-expandedig&\Recessary for toxicity
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The observation that ligand binding to AR is reqdifor pathogenesis suggests a model
in which non-toxic AR is converted to a proteoto#inough ligand-induced events. The
first major event to occur upon ligand bindingreislocation of AR to the nucleus. In
most polyglutamine diseases, the primary site filee toxicity is thought to be the
nucleus (Klement et al., 1998; Montie et al., 20@8ters et al., 1999; Saudou et al.,
1998; Takeyama et al., 2002), although cytoplagoxicity may also contribute
(Hodgson et al., 1999; Morfini et al., 2006; Szepe al., 2003). In the case of SBMA,
whether nuclear translocation of polyglutamine-exjed AR is both necessary and

sufficient for toxicity has not been examinedvivo.

AR has three major domains (Figure 2.2A): 1) areMninal transactivation domain
(NTD) that contains activation function-1 (AF-1)daserves as a coregulator interaction
surface, 2) a DNA-binding domain (DBD) that bindgulatory elements in AR-
regulated promoters, and 3) a C-terminal ligandlinig domain (LBD) that binds
testosterone or dihydrotestosterone (DHT) and lsdsbors a second coregulator
interaction surface (activation function-2, or A)-Bridging the DBD and LBD is a
flexible hinge domain that harbors a bipartite eacllocalization sequence (NLS). To
address the necessity of nuclear translocatiorgemerated two AR constructs designed
to remain in the cytoplasm even in the presend2torf (Figure 2.2A). In the first
construct, we used phosphomimetic substitutiorsedhes 210 and 790 (AR65Q
SS/DD) that prevent DHT binding to AR (Palazzolakt 2007). In the second construct,
we mutated residues K632 and K633 (AR73Q KK/AAJhe NLS of AR; these

substitutions markedly alter DHT-induced nucleansiocation (Thomas et al., 2004).
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COS-1 cells transfected with these constructs stdteg the SS/DD and KK/AA
mutations each caused AR to remain in the cytop&agen in the presence of DHT

(Supplemental Figure 2.1A-B).

In order to investigate whether these cytoplasnicrutants cause toxicity vivo, we
generated transgenrosophilalines that express these proteins under the daftthe
GAL4-UAS system. We first confirmed that these nfiedi AR proteins resist DHT-
induced nuclear translocatiamvivo in Drosophilaby expressing the AR transgenes with
the larval salivary gland driver fkh-GAL4. Salivaglands provide an ideal model to
assess subcellular localization of proteinBmsophiladue to their highly ordered
histoarchitecture and high ratio of cytoplasm tolaus. Using fkh-GAL4, we found that
while AR52Q showed nuclear localization, AR65Q S3/&nhd AR73Q KK/AA

remained in the cytoplasm despite the presenceHdf iD the larval medium (Figure

2.2C).

In order to test the toxicity of these construatsineuronal tissue, we next expressed the
AR transgenes using GMR-GALA4. As previously shoexpression of AR52Q in the eye
resulted in a degenerative phenotype in a DHT-deégetmanner (Figure 2.2B,D). In
contrast, eyes expressing AR65Q SS/DD or AR73Q KKshowed no degenerative
phenotype even in the presence of DHT despite éxginession of AR (Figure 2.2B,D

and Supplemental Figure 2.2A). Consistent withrmeports (Montie et al., 2009;
Takeyama et al., 2002), these results indicatertheear translocation of polyglutamine-

expanded AR is necessary for toxicity.
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Nuclear translocation of polyglutamine-expandedig&\Rot sufficient for toxicity

In order to address whether nuclear translocatigrotyglutamine-expanded AR is
sufficient for toxicity, we designed AR construthtat translocate to the nucleus in a
DHT-independent manner, thereby dissociating nu¢taaslocation from ligand
binding. To this end, we fused the SV40 NLS toesitthe C- or N-terminus of AR
(Figure 2.2A). As an additional control, we fusedNLS to the AR65Q SS/DD protein
that is unable to bind DHT. COS-1 cells transfeatéttht AR65Q-NLS or NLS-AR65Q
SS/DD show AR localized to the nucleus even inaih&ence of DHT (Supplemental
Figure 2.1C-D). In addition, AR65Q-NLS retainedtii@nsactivation ability in response
to DHT as measured by an ARE-luciferase repott@ygh only at about 50% of AR65Q
(Supplemental Figure 2.1E). As expected, NLS-ARG&S)DD did not activate

transcription, due to its inability to bind DHT.

We next made transgerirosophilacarrying UAS-ARG65Q-NLS and UAS-NLS-
AR65Q SS/DD. After confirming that AR65Q-NLS and SHAR65Q SS/DD translocate
to the nucleus in the absence of DiHvivo using fkh-GAL4 (Figure 2.2E), we
expressed these transgenes in the eye using GMR@EAGure 2.2F and Supplemental
Figure 2.2B). Expression of AR65Q-NLS or NLS-AR65Q/DD did not cause toxicity
in the absence of DHT, indicating that nuclear $tacation of polyglutamine-expanded
AR is not sufficient for toxicity. However, oncedlAR65Q-NLS animals were exposed

to DHT, they developed the characteristic SBMA plienotype, demonstrating that
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DHT binding to AR provides the critical step in tbenversion of polyglutamine-

expanded AR from a non-toxic to a toxic moleculgFe 2.2B, F).

An intact DNA-binding domain is required for polytgimine-expanded AR toxicity
Having determined that the role of DHT in SBMA @tisimply to effect translocation of
AR to the nuclear compartment, but also to modiglear AR, we hypothesized AR’s
function as a DNA-binding transcription factor migitay a role in pathogenesis. To
investigate this hypothesis, we introduced a moettd the AR DBD (A574D) that
blocks the ability of AR to bind DNA without disrtipg its ligand-binding ability

(Bruggenwirth et al., 1998).

AR65Q A574D showed normal DHT-induced nuclear ti@arationin vitro

(Supplemental Figure 2.3), although transactivati@pacity was severely disrupted, as
predicted due to the inability of the mutated ARFbiod DNA (Figure 2.3A). Strikingly,
transgenic flies expressing AR52Q A574D using GMRLG showed no degenerative
phenotype even in the presence of DHT, indicatiad the A574D mutation abolished
the toxicity of polyglutamine-expanded AR despitelear localization of AR and high
transgene expression (Figure 2.3B-D and Supplern€igare 2.2C-D). Supporting this
result, flies expressing polyglutamine-expandedwtifR the A574D mutation showed no
larval crawling defect when AR was expressed inanoeurons (Figure 2.3E).
Additionally, introduction of the A574D mutationg@ted in salivary gland cell size that
was indistinguishable from AR52Q without DHT (Figu2.3F-G). These results indicate
that the native DNA-binding function of AR is caél for pathogenesis.
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AF-2-interacting coregulators modify the toxicitfyamlyglutamine-expanded AR

In the normal life cycle of AR, DNA binding is falved by the recruitment of
coregulators (either corepressors or coactivatbegt)associate with AR at target
promoters (Heinlein and Chang, 2002). We hypotleesihat coregulator binding, an

event immediately downstream of DNA binding, migtdy a role in pathogenesis.

In order to investigate the role of AR coregulaiorSBMA, we performed a candidate-
based genetic screen for modifiers of polyglutar@rpanded AR toxicity. We began
with 73 human coregulators that are known to imtienath AR. We identified 61
putativeDrosophilaorthologs of these coregulators, including 23 twators, 34
corepressors, and 4 coregulators with dual functiAi-mediated knockdown of 19/61
(31%) of thesdrosophilacoregulators dominantly modified the SBMA fly plogype
(Table 2.1, Supplemental Figure 2.4A-B). These firediincluded some coregulators
with obvious mechanisms of enhancement, includistd Bnd Pten, which normally
function to inhibit AR nuclear translocation. Thechanism for other modifiers was less
clear, although there was an interesting patterongnthe hits because seven of them
relate to the function of the AF-2 domain of AR e8ffically, CycD, gskt, jbug, Lmpt,
Rad9, Smr, and wts (putatiBrosophilaorthologs of CCND1, GSK3B, FLNA, FHL2,
RAD9, NCOR1/2, and LATS2, respectively) each playsle in AF-2 interactions,
either by binding AF-2 directly or by modifying ti#d=-2-based interaction with the

NTD (Table 2.1). To confirm the specificity of tleeits and to rule out off-target effects
due to RNAI, we confirmed the effects of these AFelated hits in three additional
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contexts. First, we confirmed that classical aiedad aneuploid aberrations of these
same genes would similarly enhance the AR52Q egadgtiipe (Supplemental Figure
2.4C). Second, after verifying that RNAi knockdoted no effect on larval crawling
ability when expressed in motor neurons in the absef AR52Q, we showed that these
RNAI lines enhanced the AR52Q larval crawling defa®%/7 cases (Table 2.1,
Supplemental Figure 2.4 D-E). Third, we showed thatRNAI lines did not enhance the
AR52Q eye phenotype nonspecifically, by crossingAR&kpressing lines to an
unrelated disease model of inclusion body myopatispciated with Paget's disease of
bone and frontotemporal dementia (IBMPFD) that shawnodifiable degenerative eye

phenotype (Ritson et al., 2010) (data not shown).

A functional AF-2 binding site is required for toity

AF-2 is a ligand-dependent hydrophobic surfacekiggiby opposing charged residues,
K720 and E897 (Figure 2.4A). This surface is higtinserved across steroid hormone
receptors and across species, and in most cases sera binding pocket for the LxxLL
motifs of steroid receptor coactivator (SRC) fanmgmbers (He et al., 1999). Unlike
other steroid hormone receptors, however, the AFAR binds an additional motif,
defined as FxxLF, with higher affinity (Dubbink &t, 2004; He et al., 2001; He et al.,
2004). The FxxLF motif is found in a small numbércoregulators, as well as in the N
terminus of AR, which allows for an intra- or imeolecular interaction between the
NTD and AF-2 domains of AR. Current models propibsg AF-2 binds the NTD FxxLF
motif while AR is mobile, and that the NTD/AF-2 @maiction is lost upon AR binding to
DNA, rendering AF-2 optimally accessible to coregats (van Royen et al., 2007).
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Since our targeted RNAI screen highlighted the irrgpae of coregulator interactions
with AF-2, we next investigated the role of AF-2iétion in polyglutamine-expanded
AR toxicity by taking advantage of three well-chaeaized mutations that disrupt AF-2-
based interactions without influencing protein 8igh The first, EB97K, reverses the
charge of one of the two charge clamp residuesH2 Athereby abolishing both LxxLL-
and FxxLF-mediated interactions (He et al., 199%9)re 2.4A). The second, K720A,
which neutralizes the charge of the other chargmplresidue in AF-2, partially impairs
AF-2 function by severely disrupting LxxLL-mediatederactions and decreasing
FxxLF-based interactions by approximately 50% (Duoklet al., 2004; He et al., 1999).
The third, G21E, located two amino acids from tkgLF sequence in the NTD, blocks
the NTD/AF-2 interaction without affecting AF-2 gtiture (Callewaert et al., 2003).
Neither E897K nor K720A alters the equilibrium himgl affinity for ligand (He et al.,

1999).

In COS-1 cells, AR E897K, K720A, and G21E showedIBiHduced nuclear
translocation similar to wt AR (Supplemental Fig@rBA-B). Luciferase-based
transactivation assays indicated that while K7284 &21E mutants showed unaltered
transactivation capacity, the activity of AR E89%i&s modestly decreased (Figure
2.4C). When expresséa vivo using fkh-GAL4, we found that all three mutant gios
translocated to the nucleus in response to DHTU(EIG.4B). Importantly, the AF-2
mutations E897K and K720A strongly suppressed tienptype caused by expression of

polyglutamine-expanded AR in salivary glands c@figure 2.4B and Supplemental
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Figure 2.5C-D). In contrast, the G21E mutation hadmpact on salivary gland

phenotype (Figure 2.4B).

We next tested the toxicity of these mutant prateising GMR-GAL4. We found that
introduction of the E897K mutation abolished thgetgerative eye phenotype, indicating
that complete disruption of AF-2 binding eliminathe toxicity of polyglutamine-
expanded AR despite high levels of AR expressiagufle 2.4E, Supplemental Figure
2.2C-D, and Supplemental Figure 2.5E). The K720Aatmon also suppressed
degeneration, confirming that LxxLL- and FxxLF-bds®nding to AF-2 are critical
mediators of toxicity. In contrast, the G21E muathad no discernable impact on the
eye phenotype. This latter result argues that iregasoregulator interactions with AF-2,
rather than impaired NTD binding to AF-2, undethe suppressive effect of EB97K and

K720A mutations.

To corroborate the suppression seen by the K72@AE&97K mutations, we next used
the driver elav-GAL4, which drives transgene exgi@s in all neurons. While
expressing AR52Q with elav-GAL4 resulted in eadgvhl lethality, introducing the AF-
2 mutations E897K or K720A resulted in increasability, as evidenced by more flies
surviving to the pupal stage (Figure 2.4D and Seimeintal Figure 2.5F). When
expressed in motor neurons with D42-GAL4, the E8AnK K720A mutations also
significantly suppressed the larval crawling defan in AR52Q flies (Figure 2.4F). In
addition, AF-2 mutations suppressed the NMJ boptmnotype, resulting in a
significantly increased number of synaptic boutavisije the G21E mutation had no
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effect on this phenotype (Figure 2.4G-H). Theseltsgonfirm the suppression observed
in the eye while extending the findings to the tgle most affected in the human

disease.

Expression profile analysis of AR mutants revdatsmolecular phenotype of eye
degeneration

While the rescue of eye degeneration we obsentemittations to the DNA-binding
domain or AF-2 domain are robust, and we have boraied the findings in other
tissues, we felt it would be valuable to generateoéecular phenotype to serve as an
objective, quantifiable assay of degeneratldsing GMR-GAL4 to drive transgene
expression in the eye, we used Affymetrix arraygrtdile gene expression changes in
flies expressing wild-type AR, polyglutamine-expaddAR, or polyglutamine-expanded
AR with mutations affecting the DBD or AF-2. 149ngs were identified whose
expression significantly changed in concert wigfahd-induced degeneration in AR52Q-
expressing flies, representing a molecular sigeadfidegeneration (Figure 2.5A,
Supplemental Figure 2.6, and Supplemental Table Bigrarchical cluster analysis
revealed strong correlation between this molea@ad-out and visual inspection of eye
morphology (Figure 2.5A-B). Principal componentsalgais showed that introduction of
the E897K and A574D mutations reverted the moleqit@notype back to a pattern that
is indistinguishable from AR12Q or AR52Q withowdnd (Figure 2.5C). The K720A
mutation partially reversed the molecular phenotypgerved in the AR52Q flies +DHT,
reflecting the milder suppression observed in tleggs when scored according to the
severity of their external degenerative phenotype.
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For the purpose of our study, we used expressiofiigs as a means of quantifying eye
degeneration in our model. We caution against ngatan much of the identity of the
individual genes whose expression is changed bedhaanolecular phenotype that
accompanies eye degeneration is likely dominatesklbpndary gene expression changes
that are a consequence rather than a cause ofatagjen. Nevertheless, we recognized
the possibility that embedded within these expogsprofiles are some gene expression
changes that are primary due to AR binding. To esklthis possibility, we performed
promoter analysis which found no evidence of emmieht of genes containing AR
binding sites among the DHT-responsive gene sé (@at shown). Similarly, promoter
analysis showed no enrichment for genes that aporesive to endogenous nuclear
hormone receptors such as the ecdysone receptarnoiashown). These results suggest
that although the molecular phenotype capturedusyerpression profiling can be used
to quantify neurodegeneration in the adult eyegiséary gene changes are likely to

obscure primary gene changes that occurred inrgtesteps of pathogenesis.

In addition to corroborating our visual inspectisith respect to E897K, A574D, and
K720A mutations and toxicity, the expression pefhalysis also revealed that AR12Q
+DHT caused nearly the same molecular signatufR&2Q +DHT, although the degree
of expression level changes was generally weak@Rih2Q compared to AR52Q
(Figure 2.5A and Supplemental Figure 2.6). Thiseokation is consistent with a model

in which amplification of normal AR function may derlie the toxicity of
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polyglutamine-expanded AR. Indeed, as describedggl@xpression of AR12Q in fly

eyes can also result in degeneration when expregsesty high levels.

Modification of the SBMA phenotype by the FxxLFtaiming coregulator limpet is
dependent on AF-2

The strong suppression observed in the E897K mafaritich eliminates FxxLF-based
interactions), along with the milder suppressiorsastied in the K720A mutants (which
merely decreases FxxLF-based interactions), imiglic&xxLF-based coregulator
interactions as playing a significant role in taicBased on our genetic screen (Table
2.1), we further examined the identity of our genetodifiers in the context of FxxLF-
based AF-2 interactions. Although some of theseifieosl are not known to interact with
AF-2 directly and not all contain FxxLF motifs, thA& coregulator four-and-a-half LIM
domains 2 (FHL2, the human ortholog@fosophila limpe} interacts with AF-2 directly
via an FxxLF motif (Hsu et al., 2003). FHL2/limpstwell-conserved between fly and
human (56.4% similarity, 74.4% identity), includittee FxxLF motif (Supplemental
Figure 2.7A), and is one of a family of LIM domatontaining proteins, several of which
are known to play a role in motor neuron developniBhati et al., 2008). The exact
mechanism whereby FHL2 modifies AR transactivateounknown, although LIM
domain-containing proteins have been found to sattrmlging molecules between
transcription factors, suggesting that they mayaactcaffolds in the assembly of
transcriptional complexes (Wadman et al., 1997usTimpetprovided a good candidate
for further investigation, given that it may actgositively or negatively regulate the
assembly of AF-2 complexes.
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We therefore performed epistasis experiments to@eathe ability ofimpetto modify
the toxicity of polyglutamine-expanded AR/hile RNAIi knockdown of limpet in the
Drosophilaeye using GMR-GALA4 results in no externally visipleenotype in flies
without the mutant AR transgene, limpet knockdowfiies expressing AR52Q
enhanced the AR52Q degenerative eye phenotyper@h6A,C,M and Supplemental
Figure 2.7B-C). Similarly, a classical P-elemetelal (LmpfF2">% of limpetenhanced
the AR52Q phenotype (Figure 2.6B,C,M and Suppleaidfigure 2.7B). A
chromosomal duplication that produces two copiebelimpetgene (Dp(3;3)3518)
(Tearle et al., 1989) suppressed the AR52Q pherpsymgesting that depletion of
limpet by AR contributes to toxicity (Figure 2.6CNDand Supplemental Figure 2.7B).
This suppression was confirmed through expresgiofilg analysis in which we
determined that 46% of the gene expression chahgeaccompanied ligand-dependent
degeneration in AR52Q flies were completely reveisg limpet duplication (Figure

2.6N).

Interestingly, although genetic manipulationiofpetdid not modify the mild phenotype
of flies expressing AR12Q at moderate levels (datashown)]impetalleles did modify
the more severe phenotype of flies expressing ARARAe@ry high levels (Figure 2.6E-
H,M), suggesting that the molecular pathophysiolofgigh-expressing AR12Q flies is
related to that of AR52Q flies. Importantly, limgetockdown did not modify the
phenotype of AR66Q EB97K, indicating that the erdeament by limpet RNAI requires a
functional AF-2 binding surface (Figure 2.61-J).dddition, limpet duplication did not
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suppress the degenerative phenotype caused bypplygtutamine protein (127Q)
(Kazemi-Esfarjani and Benzer, 2000), demonstratiag increased levels of limpet are
not globally protective, but instead show a spedanetic interaction with AR (Figure
2.6K-L). These results are consistent with a madelhich polyglutamine-expanded AR

causes toxicity through AF-2-based interaction$widregulators.

44



Discussion

In this study, we investigated the basis for thecity of polyglutamine-expanded AR by
systematically interrogating ligand-dependent modifons of this nuclear hormone
receptor. We showed that nuclear translocatiorobfgiutamine-expanded AR is
necessary but not sufficient for toxicity and tBéNA binding is required for toxicity.
Insight from a genetic screen indicated that natiteractions, those mediated by the AF-
2 domain in particular, play a key role in toxicifyhis suspicion was confirmed by our
results indicating that toxicity is dependent upoiunctional AF-2 binding surface.
Specifically, we demonstrated that K720A and E8%T7iltations to the AF-2 coregulator
interaction surface attenuated polyglutamine-expdrAR toxicity, while interruption of
the NTD/AF-2 interaction had no effect. In the majoof assays, the E897K mutation
resulted in a stronger suppression than K720A (Ei@uD-E, G-H), an observation that
is consistent with the stronger AF-2 disruption theereversal of charge (E/K) compared
to the neutralization of charge (K/A). These resuldicate that AF-2 function is
essential for polyglutamine-expanded AR toxicitppbrtantly, the morphological

(Figure 2.1J) and molecular (Figure 2.5) phenotygesR12Q recapitulate those of
AR52Q, only less strongly, suggesting that polyaihe-expanded AR toxicity may be
mediated by amplification of wild-type AR functiowe conclude that SBMA
pathogenesis is mediated by amplification of nafifinteractions, and that functions of

the AF-2 domain are essential to toxicity.
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Although we have demonstrated that polyglutamineaeded AR toxicity requires DNA
binding followed by association with AF-2 coregola, we do not yet know how this
results in toxicity. We favor a model in which tA&-2 domain of AR competes with
other transcription factors for a finite supplycofregulators. According to this model,
amplification of AR activity could result in redut@vailability of coregulators for
important functions. This model is consistent watir observation that RNAi-mediated
knockdown of AF-2 interactors consistently enhartoggity. A key outstanding
guestion not answered in this study is how AR &gtim the nucleus is amplified. One
possibility is that aggregation-prone polyglutarmeéxg@anded AR adopts a toxic
conformation that amplifies AF-2-based interactiddewever, the fact that we did not
detect polyglutamine length-dependent changes-imoaunoprecipitation of AR and
FHL2 argues against this possibility (Supplemehiglrre 2.8). An alternative possibility
is that polyglutamine expansion amplifies AR adyiiand AF-2 function in particular)
independent of any change in the intrinsic abdityAR to interact with coregulators. For
example, by reducing the inactivation rate of DNduhd AR or by reducing the rate of
AR nuclear efflux similar to what has been obserfegdtaxin-7 (Taylor et al., 2006).
The mechanism by which polyglutamine expansion di@plAR nuclear activity will be
an important focus for future studies. In previanglysis we observed the presence of
high molecular weight species of presumed aggrdgai/glutamine-expanded AR in
our Drosophilamodel of SBMA (Pandey et al., 2007b). These sgemie also present in
the mutant forms of AR included in the current stu@uantitative analysis shows no
correlation between the amount of high moleculaghiespecies and neurodegeneration
in this Drosophilamodel (Supplemental Figure 2.2 E-F). While thisatvation is
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intriguing, thorough assessment of the relativerdoutions of aggregation and altered

native function will require follow up studies inammals.

While our results indicate that AF-2 function isestial to toxicity (Figure 2.7), it is
likely that multiple native interactions influentee toxicity of polyglutamine-expanded
AR, and this is substantiated by the results ofgauretic screen. For example, AF-1-
interacting coregulators Hey and Rbf were founthamlify toxicity, indicating that
coregulator interactions at AF-1 likely participategpathogenesis. One of these proteins,
Rbf, (theDrosophilaortholog of Rb, or Retinoblastoma protein) wa® atcently shown
to modulate the toxicity of polyglutamine-expanded in anotheDrosophilamodel of
SBMA. In this study, Rb was shown to have increassesbciation with polyglutamine-
expanded AR, leading to reduced Rb activity andegbent loss of regulation of Rb-
associated genes (Suzuki et al., 2009). Such alm@dealso apply to AF-2-based

interactions.

These observations may easily be aligned with teegorts relating to three other
polyglutamine diseases in which the data point afn@y the intrinsic toxicity of
expanded polyglutamine and toward the toxic conseges of amplified native
interactions. A series of publications from the @md Zoghbi labs has illuminated the
role of native interactions of ataxin-1 in the pmgbnesis of SCA1 (Emamian et al., 2003;
Lim et al., 2008; Tsuda et al., 2005). Specificatiglyglutamine expansion favors
interaction with the RNA-binding protein RBM17, d¢abuting to SCA1 neuropathology
through a gain-of-function mechanism. Concomitgrablyglutamine expansion
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attenuates interaction with Capicua, contributm&€CA1 through a partial loss-of-
function mechanism (Lim et al., 2008). Analogoushaisms have been implicated in
the pathogenesis of SCA7 and SCA17, although $eksdawn about the identity of the
native interactions that are key to pathogenesisdfan et al., 2007; Helmlinger et al.,

2006; McMahon et al., 2005; Palhan et al., 2005).

While the AF-2 result is interesting insofar akighlights a model in which
polyglutamine expansion drives toxicity throughivatfunction, the greatest significance
is that these results reveal an opportunity forapeutic intervention. An entire
therapeutic enterprise has developed around taggetiAF-2/coregulator interactions
with small molecules in efforts to combat prostzdacer, hyperandrogenic syndromes
and male-pattern baldness among others (Chang abaivhell, 2005; Schapira, 2002).
Indeed, the drug ASC-J9 was found to ameliorateatmgeneration in a mouse model of
SBMA and this was attributed to increased degradaif polyglutamine-expanded AR
(Yang et al., 2007). However, in light of our finds it is worth noting that ASC-J9
disrupts the interaction between AF-2 and FxxLFtaming coregulators, suggesting
that the beneficial effect of ASC-J9 may represargeted interruption of AF-2-based
interactions that are essential mediators of toxi{@htsu et al., 2002). Although further
studies are required to replicate these resulisntammalian model, our current findings
allow for the possibility that SBMA patients wilbhhave to rely on drugs that result in
global androgen deprivation, but instead hopeHerapeutic agents that will act in motor

neurons to specifically target toxic AR interacgon
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Experimental Procedures

Antibodies

Primary antibodies used: AR (N20, Santa Cruz Bimtetogy), actin (I-19-R, Santa Cruz
Biotechnology)a-tubulin (T5168, Sigma), FLAG (M2 F1804, Sigma),tAHRP-Cy3
conjugate (Jackson Immunoresearch), Discs-Largél@p&-3). Secondary antibodies
used for biochemistry: IRDye 800CW Goat Anti-Moug&, IRDye 680 Goat Anti-
Mouse 1gG, IRDye 680 Goat Anti-Rabbit IgG, IRDyeD8W Goat Anti-Rabbit 1gG (Li-
Cor Biosciences). Fan vivo staining: Goat anti-mouse Alexa Fluor 488 (Inwje0),
Goat anti-rabbit Alexa Fluor 488 (Invitrogen), FITE@ti-rabbit (Jackson
ImmunoResearch). The mouse anti-Discs-Large hybradantibody developed by Corey
Goodman was obtained from the Developmental Studiysidoma Bank developed
under the auspices of the NICHD and maintainechbyuniversity of lowa, Department

of Biology, lowa City, 1A 52242.

Cloning
Mutagenesis (G21E, S210D, A574D, K720A, S790D, B&d9K) was performed using
Quikchange Il XL Mutagenesis Kit (Stratagene). Ndegjuences were added to AR using

a PCR-based method.

Eye disc staining
UAS-AR flies were crossed to GMR-GALA4 flies on foaith or without 1 mM DHT

(Steraloids). Pupal eye discs were dissected ard fivith 4% PFA for 30 minutes at
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room temperature. Discs were stained with primatibady for 16 hours at°€ and
secondary antibody for 1 hour at room temperatnalloidin staining (Alexa Fluor568
Phalloidin, Invitrogen) was performed for 2 houtsam temperature. Discs were
washed and embedded using Glycergel (Dako), mouatebexamined by laser

scanning confocal microscopy.

Eye phenotypes

UAS-AR flies were crossed to GMR-GALA4 flies at°250r 29C on food containing
either 1. mM DHT (Steraloids) or 1% ethanol. Eyerpitgpes of anesthetized female
flies were evaluated with a Leica MZ APO or M205€rsomicroscope and
photographed with a Leica DFC320 digital cameradidd scoring of the AR phenotype

was performed as previously described (Pandey,e2G07b).

Fly stocks

Mutant AR flies were generated by cloning humancdsRstructs into pUAST. DNA was
injected into W' embryos by BestGene Inc (Chino Hills, CA). At le4sndependently
generated transgenic lines were evaluated forRHeApressing flies. Classical alleles
and deficiency lines (Df(1)sd72b, Df(3R)tll-e, DRYEXxel6079, Df(3L)Cat, Df(1)N105,
wts[3-17], LmpPF?">3 and Dp(3;3)st+g18) were obtained from BloomingBtack
Center (Bloomington, IN). RNAI transgenic lines weabtained from the Vienna

DrosophilaRNAI Center (Vienna, Austria).

Larval crawling
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UAS-AR flies were crossed to D42-GAL4 flies at€5n food containing either 1 mM
DHT (Steraloids) or 1% ethanol. Larval crawling vessformed on a 1% agarose gel in a
245 mnf dish with gridlines spaced by 2.5 mm. Wanderirigitmstar larvae were
allowed to acclimate for 5 minutes, and the nundbeyridlines passed by the posterior

end of the larvae in 30 seconds was counted. EBach Was tested 3 times.

Luciferase assays

Luciferase assays were performed in HEK293T caligraviously described (Palazzolo
et al., 2007). Briefly, cells were transfected witlicated AR constructs together with
both the luciferase pARE-E1b-Luc and fligalactosidase pCMy/reporter constructs.

AR transactivation was measured in the presencalsence of DHT by luciferase assay

and normalized t@-galactosidase activity.

Microarray gene expression profiling analysis

UAS-AR flies were crossed to GMR-GALA4 flies at°29n food containing either 1 mM
DHT (Steraloids) or 1% ethanol. Heads of 15 fenadligpring were collected, frozen,
and RNA was extracted using TRIzol (Invitrogen)tdis of processing and analysis

may be found in Supplemental Information.

Neuromuscular bouton counting

UAS-AR flies were crossed to OK371-GAL4 flies at@%n food containing either 1
mM DHT (Steraloids) or 1% ethanol. Third instaviae were heat killed, dissected in
PBS, and fixed with 4% PFA for 20 minutes. Primanyibody staining was performed at
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4°C overnight and secondary antibody staining watopaed at room temperature for 4
hours. After staining, pelts were mounted in Fluoooint-G (SouthernBiotech). Boutons
at muscle 4 segments A2-A5 on the right and leli¢ svere quantified in the mounted

muscle preparations.

RNAI screen

The list of 73 AR-interacting coregulators was gated through literature review.
Orthology prediction fobrosophilaorthologs of these coregulators was performedgusin
the HUGO Gene Nomenclature Committee Comparisd@rtifology Prediction tool

along with PSI-BLAST. RNAI lines were obtained frdhe ViennaDrosophilaRNAI
Center. Flies expressing UAS-RNAI were crossedi¢s £xpressing GMR-GAL4; UAS-
AR52Q at 29C on food containing either 1 mM DHT (Steraloids)l&6 ethanol. Eye
phenotypes of anesthetized female flies were eteduaith a Leica MZ APO or M205C

stereomicroscope and photographed with a Leica RB@8ital camera.

Salivary gland staining

UAS-AR flies were crossed to fkh-GAL4 flies at°®50n food containing either 1 mM
DHT (Steraloids) or 1% ethanol. For antibody stagniwandering third instar larvae
were collected and salivary glands were dissectd4% PFA in PBS. Glands were
stained with primary antibody for 16 hours &C4and secondary antibody for 2 hours at
room temperature. For details of fixation and waghsee Supplemental Information.
For phalloidin staining, wandering third instandae were collected and salivary glands

were dissected and stained as previously descfadin and Baehrecke, 2004) using
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Texas Red-Phalloidin (Invitrogen). Slides were eixest using a Leica DMIRE2
microscope and cell size was determined using @idall staining and Slidebook

software (Intelligent Imaging Innovations).

Statistics
Statistical comparisons were performed by ANOVA dn#tey HSD Test or Student’s t-

test as appropriate.

Viability

UAS-AR flies were crossed to elav-GALA4 flies at@%n food containing either 1 mM
DHT (Steraloids) or 1% ethanol. Crosses were setsupy 1 female and 1 male. The
number of pupae on the sides of the vial and thlasel of the food were counted 16 days

after parents were added.

Western blotting

UAS-AR flies were crossed to GMR-GALA4 flies at°29 Heads of 3 female offspring
were collected, frozen, and lysed in RIPA buffées@InM NaCl, 6 mM NgHPO,, 4 mM
NaH,PO,, 2 mM EDTA, 1% NaDOC, 1% Triton X-100, 0.1% SDSjwprotease
inhibitors (Roche). The lysate was sonicated, bioi#gd run on 7.5% Tris-HCI SDS-
PAGE gels (Bio-Rad). Proteins were transferredittocellulose membranes (GE
Healthcare) and immunoblotted. Blots were develapedg the Odyssey Imaging

System (Li-Cor Biosciences).
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Supplemental Experimental Procedures

Antibodies
Additional primary antibodies used:tubulin (T5168, Sigma), FLAG (M2 F1804,
Sigma). Secondary antibody usediforitro immunofluoresence: Alexa Fluor 488-Goat

Anti-Rabbit 1IgG antibody (Molecular Probes).

Immunofluorescence

Immunofluorescence was performed in COS-1 celfgragiously described (Palazzolo et
al., 2007)Images were acquired digitailyth a DeltaVision microscope and
deconvolved with the softWoRatgorithm (Applied Precision). For quantificatioh o
nuclear translocation, the percentage of transfiextis with a greater concentration of

AR in the nucleus than the cytoplasm was determioedach AR construct.

Real-time quantitative PCR

Total RNA was isolated from 5-10 animals of the rappiate genotype with TRIzol
reagent (Invitrogen) and cDNA was generated usieg3$cript cONA Syntheses kit
(BioRad #170-8890) following the manufacturer’stpaml. Concentrations for each
primer probe set were individually optimized. Qutatitve real-time PCR reactions were
carried out in a total reaction volume of 26f iQ Supermix (BioRad #170-8860)

using an BioRad iCycler iQ5 machine for 40 cycl@santitation of each transcript was
determined using the ICT method. The primer/probe set fdrosophilaGAPDH?2
(product number Dm01843776_S1) and for Limpet (pobehumber Dm01836996 gH)

were purchased from Applied Biosystems.
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Nuclear extraction and co-immunoprecipitation

HEK293T cells were co-transfected with pcDNA3 FLAGBH.2 and pEF AR12Q or pEF
AR52Q using Fugene (Roche). 48 hours post-transfeatells were treated with 100
nM DHT (Steraloids) for 1 hour. Cells were collettnd allowed to swell for 10
minutes in Buffer A (10 mM HEPES-KOH pH 7.9, 1.5 nMyCl,, 10 mM KCI, 0.5 mM
DTT) plus protease inhibitor cocktail (PIC, Roch@glls were vortexed 10 seconds and
centrifuged at max speed for 30 seconds; supermnatsdiscarded. The pellet was
resuspended in Buffer C (20 mM HEPES-KOH pH 7.%p28ycerol, 420 mM NaCl, 1.5
mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT) plus PIC. Cells were edted in Buffer C for
20 minutes on ice, then centrifuged at max speed foinutes. The resulting supernatant
(comprising nuclear extract) was diluted in beamibation buffer to yield a final
concentration of 10 mM Tris-HCI pH 8.0, 250 mM NaQl5% NP-40, 0.1ug/ul BSA
plus PIC. Extracts were pre-cleared with Proteiagarose beads for 1 hour, washed 3
times, then incubated with M2 agarose beads (F23i@6pa) for 2.5 hours. Beads were
washed 5 times with bead incubation buffer. Afteafwash, 25ul of 1x SDS sample
buffer was added to beads and boiled for 5 min@asmples were loaded onto 8-16%
Novex gels (Invitrogen) and transferred onto niélhdose membranes (GE Healthcare)
using the iBlot transfer system (Invitrogen). Allffers were supplemented with 100 nM

DHT or ethanol as appropriate. All steps perforraed except as indicated.

Microarray gene expression profiling analysis
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RNA quality was confirmed by analysis on the Agili100 Bioanalyzer. Total RNA
(100 ng) was processed in the Hartwell Center raicay core according to the
Affymetrix 3’ IVT Express target labeling protocol
(https:/lwww.affymetrix.com/support/downloads/malsi@ ivt_express_kit_manual.pdf)
. Biotin-labeled cRNA (10 ug) was hybridized oveyimti at 45C to theDrosophila
Genome 2.0 GeneChip array which interrogates ninane 18,500 transcripts. After
staining and washing, arrays were scanned and &siprevalues summarized using the
MASS algorithm as implemented in the GCOS v1.4waffe (Affymetrix, Santa Clara,
CA). Detection calls (Present, Absent and Marginedje determined using the default
parameters of the software. Signals were normafizedach array by scaling to a 2%
trimmed mean of 500. Prior to statistical analyses MASS5 signals were variance
stabilized by the started logarithm transforma(iBocke & Durbin, 2003). Principal
component analysis (PCA) and statistical analyss® werformed using Partek
Genomics Suite v6.4 (Partek Inc., St. Louis, MOjaHysis of differential expression was
determined using a two-factor ANOVA model where@gpe and treatment were the
factors. Three or four independent replicates vaedyzed for each condition. The false
discovery rate was estimated as described (BenjamthHochberg, 1995) and was
controlled at a level of 0.05 or as otherwise stafen additional filter was applied to
select transcripts with robust expression by inicilgdhose with at least one Present call
across the dataset. Hierarchical clustering wa®peed using Spotfire DecsionSite 9.1
(TIBCO, Palo Alto, CA). Probeset annotations weseamed from the Affymetrix

website (http://www.affymetrix.com/analysis/inde®x.
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Transcription factor binding motif analysis

The upstream sequences of the 52Q-responsive gemesnalyzed for potential
transcription factor binding sites using the folloggmethod. Sequences 5kb upstream
from the transcription start site of all knoimosophilagenes were downloaded using
the UCSC Genome Browser (http://www.genome.ucse,.&tosophila melanogaster
genome build BDGP R5/dms, Apr 2006). The sequewees searched for homology
(minimum identity 80%) to the consensus human agehlaeceptor binding site
(AGAACANNNTGTTCT) and the endogenous ecdysone remdpnding sequence
(JA/C])GGTCANTGACCT using CLC Genomics Workbench.¥3 (CLC bio,
Cambridge MA). The frequency of binding motifs itiéad in the 52Q-responsive gene
set (136 total) was compared to the frequency ifietiin all genes (21,243 total).
There was no difference in the proportion of 52@gmsive genes predicted to have
androgen receptor binding sites (125/136 vs. 19233243; Chi Square p = 0.614), or
ecdysone receptor binding sites (22/136 vs. 4,A143; Chi Square p = 0.486). Further,
there was no signficant enrichment of the distrdiubf predicted binding sites within
the 52Q-responsive genes as compared to all ggviemnkon rank sum test: Androgen
receptor p = 0.385, Ecdysone receptor p = 0.494jisBcal analyses were performed

using R 2.11.0.

Cell culture and transfections

COS-1 (ATCC, CRL-1650) and HEK293T (ATCC, CRL-15¢8)s were cultured as
previously described (Palazzolo et al, 2007). Aperiments were carried out in
complete medium containing 10&arcoal dextran stripped-fetal bovine serum (CDS)
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(HyClone) when not indicated otherwise. COS-1 cells weresiently transfected using
the Cell Line Nucleofectddit V (Amaxa Biosystem) with 5 pg of DNAIEK293T were
transfected with 2 pgf DNA using Lipofectamine/Plus reagent (Invitrogje@Gells were

treated for 48 hours with DHT (10 nM, Sigma).

Salivary gland staining details

For antibody staining, wandering third instar laweere collected and salivary glands
were dissected into 4% PFA in phosphate bufferbdeséPBS). Glands were fixed in
4% PFA/heptane for 20 minutes at room temperatunged 3x in methanol, rinsed 3x in
PBS + 0.1% Tween-20 (PBST), rinsed 4x in PBST +BSA (PBSBT), blocked in
PBSBT for 2 hours at room temperature, and incubaith primary antibody for 16
hours at 4C. Salivary glands were then washed for 2 houRRBB8BT, incubated with
secondary antibody for 2 hours at room temperatwashed for 30 minutes in PBSBT at
room temperature, and mounted using Prolong Goldatle Reagent with DAPI

(Invitrogen).
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Figures and Legends

Figure 2.1. Expression of polyglutamine-expanded Al Drosophila results in
toxicity.
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Figure 2.1 Expression of polyglutamine-expanded Al Drosophila results in
toxicity. (A) Drosophilafemales expressing AR in eyes using GMR-GAL4 warged
in medium containing vehicle or DHT and adult epempotypes were assessed by light
microscopy. (B) Blinded scoring of the external @yenotypes in (A) using a
guantitative scoring system (Pandey et al., 20Q}))Western blot showing levels of
AR expression for AR12Q- and AR52Q-expressing fieswn in (A). (D) Pupae
expressing AR in eyes using GMR-GAL4 were raisech@dium with or without DHT
and whole mount preparations of eye discs were inostained for lamin (blue) and AR
(green). Phalloidin (red) was used to stain F-a8@amples were examined by confocal
microscopy. (E-F) Third instar larvae expressing édthg the salivary gland fkh-GAL4
were dissected and stained with DAPI (blue) andipidin (red). Overall gland size
shown in (E), cell size shown in (F). Phalloidiaistng was used to delineate cell
boundaries and determine cell size. Scale bapn®QG) Third instar larvae expressing
AR12Q or AR52Q using D42-GAL4 were assessed far Higlity to travel distances
along the surface of an agar plate. (H-1) Larvaaressing AR52Q using OK371-GAL4
were raised in medium containing vehicle or DHBsécted as third instar wandering
larvae, and stained using the post-synaptic matises large (DLG, green) and the pre-
synaptic marker HRP (red). Type 1B boutons werentamlat muscle 4. Scale bar, 10
um. (J) Female flies expressing AR12Q using GMR-GAlete raised on medium
containing DHT. Each line shown represents an iaddpnt transformant line. (K)
Western blot analysis of heads shown in (J). Ingg (J), left side of each diptych

shows light micrograph imaged at 63x, while righiesshows increased magnification
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(~140x) of the posterior region of the eye in whitdgeneration is concentrated. **

p<0.01 in all panels. Bars, mean + SEM in all psnel
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Figure 2.2. Nuclear localization of polyglutamine-gpanded AR is necessary but not

sufficient for toxicity in vivo.
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Figure 2.2. Nuclear localization of polyglutamine-gpanded AR is necessary but not
sufficient for toxicity in vivo. (A) Schematic of AR constructs used. NTD, N-terahin
transactivation domain; DBD, DNA-binding domain; dnge; LBD, ligand-binding
domain; NLS, nuclear localization sequence. (Bh&#d scoring of the external eye
phenotypes in (D) and (F) using a quantitative isgogsystem. Bars, mean + SEM. (C)
Salivary glands obrosophilalarvae expressing AR using fkh-GAL4. Larvae wexised
in medium containing DHT and processed for immunadyemistry. AR was detected
with anti-AR antibody (green) and nuclei were stginvith DAPI (blue). Scale bar, 50
um. (D) Drosophilafemales expressing AR in eyes using GMR-GAL4 waiged in
medium containing vehicle or DHT and adult eye mhgpes were assessed by light
microscopy. (E) Salivary glands Drosophilalarvae expressing AR using fkh-GAL4.
Larvae were raised in medium containing ethanol@odessed for
immunocytochemistry as in (C). Scale barub@. (F) Drosophilafemales expressing AR
in eyes using GMR-GAL4 were raised in medium conitay vehicle or DHT and adult
eye phenotypes were assessed by light microscegyalSo Supplemental Figure 2.1 and

S2.

64



Figure 2.3. DNA binding by polyglutamine-expanded AR is required for toxicity.
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Figure 2.3. DNA binding by polyglutamine-expanded R is required for toxicity.

(A) HEK293T cells were transfected with indicateR Aonstructs together with both the
luciferase pARE-E1b-Luc and the R-galactosidase Y@ keporter constructs. AR
transactivation was measured in the presence aaheb of DHT by luciferase assay
and normalized to [3-galactosidase activity. (B)\@&y glands oDrosophilalarvae
expressing AR using fkh-GAL4. Larvae were raisedenaised in medium containing
DHT and processed for immunocytochemistry. AR watected with anti-AR antibody
(green) and nuclei were stained with DAPI (blueglg bar, 5Qum. (C)Drosophila
females expressing AR in eyes using GMR-GAL4 warsed in medium containing
DHT and adult eye phenotypes were assessed bynighbscopy. (D) Blinded scoring
of the external eye phenotypes in (C) using a qiadive scoring system. (E) Third instar
larvae expressing AR using the motor neuron did42-GAL4 were assessed for their
ability to travel distances along the surface otgar plate. (F-G) Third instar larvae
expressing AR using the salivary gland fkh-GAL4 evdissected and stained with DAPI
(blue) and phalloidin (red). Overall gland sizewhan (F), cell size shown in (G).
Phalloidin staining was used to delineate cell lnlauies and determine cell size. Scale
bar, 50um. ** p<0.01 in all panels. n.s., not significant. Bamean + SEM in all panels.

See also Supplemental Figure 2.2 and S3.
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Figure 2.4. Disruption of AF-2 blocks polyglutamineexpanded AR toxicity.
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Figure 2.4. Disruption of AF-2 blocks polyglutamineexpanded AR toxicity.

(A) Crystal structure of the AR LBD (PDB ID: 2AMAshowing the AF-2 binding
surface (gold) and the two charge clamp residuéd-#2, K720 (blue) and E897 (red).
Green, FxxLF peptide co-crystallized with AF-2 (PIB 1T7R). Pink, LxXLL peptide
co-crystallized with AF-2 (PDB ID: 1T7F). (B) Sa#iwy glands oDrosophilalarvae
expressing AR using fkh-GAL4. Larvae were raisechgdium containing DHT and
processed for immunocytochemistry. AR was detewfitid anti-AR antibody (green) and
nuclei were stained with DAPI (blue). Scale barus (C) HEK293T cells were
transfected with indicated AR constructs togethi Wwoth the luciferase pARE-E1b-
Luc and the3-galactosidase pCMy/reporter constructs. AR transactivation was
measured in the presence and absence of DHT bgrase assay and normalized3to
galactosidase activity. (D) Viability assay@fosophilaexpressing indicated AR
transgenes using elav-GAL4. Crosses were performetdium containing DHT. The
number of pupae from each 1x1 cross was counteth@mdalized to lacZ. Expression of
AR52Q resulted in larval lethality, while E897K &7 20A mutations increased
survivability to the pupal stage. (Byosophilafemales expressing AR in eyes using
GMR-GAL4 were raised in medium containing DHT anldilheye phenotypes were
assessed by light microscopy. Left, AR construgth #2Q. Right, AR constructs with
expandedQ (AR52Q wt, AR66Q E897K, AR72Q K720A, ARGG21E). See
Supplemental Figure 2.5E for phenotype severityescdF) Third instar larvae
expressing AR using the motor neuron driver D42-@Alere assessed for their ability
to travel distances along the surface of an agaep{G-H) Larvae expressing AR using
the motor neuron driver OK371-GAL4 were raised iedimm containing vehicle or
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DHT, dissected as third instar wandering larva€, stained using the post-synaptic
marker discs large (DLG, green) and the pre-syoapérker HRP (red). Type 1B
boutons were counted at muscle 4. Scale baupdl0* p<0.01 in all panels. Bars, mean

+ SEM in all panels. See also Supplemental Figlzeadd S5.
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Figure 2.5. Molecular phenotype of AR mutants.
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Figure 2.5. Molecular phenotype of AR mutants(A) RNA from fly heads expressing
AR using GMR-GAL4 was extracted and analyzed ugiffgmetrix arrays. Using a

false discovery rate of 0.1, 149 genes were idedtéis showing significant changes in
AR52Q flies due to DHT treatment and were thereddgated for further analysis. (B)
Scoring of the external eye phenotype shows alebige between the severity of the
observable external phenotype and the clusterisigtee (C) PCA analysis using the 149

genes shown in (A). See also Supplemental Figérar2d Supplemental Table 2.1.
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Figure 2.6. Manipulation of limpet levels modifiegolyglutamine-expanded AR
toxicity in an AF-2-dependent manner.
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Figure 2.6. Manipulation of limpet levels modifiegolyglutamine-expanded AR
toxicity in an AF-2-dependent manner.(A-D) RNAIi knockdown of limpet (A) and a P-
element allele of limpet (limp&%2™>%j (B) enhance the phenotype of AR52Q alone (C).
Flies with a chromosomal duplication of a regiontaininglimpet(Dp(3;3)stg18) (D)
show suppression of the AR52Q degenerative pheao{i#H) Limpet alleles similarly
modify the phenotype of AR12Q flies with a strorfgepotype. (I-J) Expression of limpet
RNAI fails to enhance the phenotype in flies expieg AR66Q E897K. (K-L)
Chromosomal duplication dimpetfails to suppress the phenotype in flies expressin
pure polyglutamine (127Q). (M) Blinded scoring bétexternal eye phenotypes in (A-H)
using a quantitative scoring system. All crossafopmed on medium containing DHT.
Bars, mean + SEM. ** p<0.01, * p<0.05. (f 81 genes that changed in a DHT-
dependent manner by expression profile analysigeBés showed an opposite change in
the presence dimpetduplication. Expression changes of these 37 gareeshown and

plotted as relative expression (std dev) to thennBae also Supplemental Figure 2.7.
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Figure 2.7
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Figure 2.7. Schematic representation of the minimdlgand-dependent events that

precede initiation of pathogenesis(1) Ligand binding induces a conformational change

in the LBD to create the AF-2 binding surface. lndaalso induces post-translational

modifications that are not depicted. (2) Ligandated AR translocates to the nucleus.

(3) Prior to DNA binding, the AF-2 domain is occeg@iby the N-terminal FxxLF in an

intra- or inter-molecular interaction. (4) FollowiNA binding, AF-1 and AF-2 interact

with coregulators. In order to initiate pathogesgpblyglutamine-expanded AR must

bind DHT, translocate to the nucleus, bind DNA, artdract with coregulators at AF-2.

While interactions at AF-1 modify toxicity, AF-2tigtion is essential for toxicity.
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Table 2.1

Hit from Putative Mechanism of AR interaction AF—Z-baTted Validation by Validation ilwy Ref
screen AR ortholog interaction  alternate allele  larval crawling

CycD CCND1 CCND1 decreases AR NTD/AF-2 X Dfenhances  Snhances, (Burd et al., 2005)
interaction p<0.05

Dif RELA RELA competes for AR coactivators (Palvimo et al.,

DI RELA RELA competes for AR coactivators 1996)

Ets96B ETVS ETV5-AR |nt_eract|on represses (Schneikert et al.,
metalloproteinase expression 1996)

Fkh FOXH1 roc:ixm blocks DHT-induced AR nuclear (Chen et al., 2005)
AES interacts with basal transcriptional

Groucho AES machinery (Yu et al,, 2001)
GSK3B decreases AR NTD/AF-2 enhances,

gskt GSK3B interaction X Df enhances p<0.05 (Wang et al., 2004b)

s (Belandia et al.,
Hey HEY1 HEY1 represses AR AF-1 2005)
Hr78 NR2C2 NR2C2 forms heterodimer with AR
. . (Lee et al., 1999)

Usp NR2C2 NR2C2 forms heterodimer with AR

jbug FLNA FLNA decreases AR NTD/AF-2 interaction X Df enhances ;zgagsces, (Loy et al., 2003)
FHL2 increases AR transactivation in AF- P-element enhances,

Lt FHE2 2-dependent manner R enhances p<0.01 (Mliergtalk; 2000)

Pat1 APPBP2 APPBP2 inhibits AR nuclear translocation (Zhang et al., 2004)

Pten PTEN PTEN inhibits AR nuclgartranslocanon, (Lin et al., 2004)
promotes AR degradation
RADS decreases N/C interaction, requires lethal with

Rad9 RADY AF-2 X Df enhances AR52Q (Wang et al., 2004a)

Rbf RB1 RB1 increases AR transactivation (Yeh et al., 1998)

Smox SMAD3 _SMAD3_ interrupts AR-coactivator (Hayes et al., 2001)
interactions

smr Neorin  NOORIE decisdses NCinterdction, X Dfenhances  n.s. (Liao et al., 2003)
requires AF-2

wte LATS? LATS2 decreases N/C interaction, reguires X EMS mutation enhances, (Powzaniuk et al.,
AF-2 enhances p=<0.05 2004)

Table 2.1. Results from RNAIi-based targeted genetsrreen.73 previously described
AR coregulator genes were investigated for thetemte ofDrosophilaorthologs. We
identified 61 putative orthologs and obtained RNA&s for these genes from the Vienna
DrosophilaRNAI Center. RNAI lines were tested for their &jgito modify the SBMA

fly phenotype. Shown are 19 hits from the screertlvdominantly modified the AR52Q
eye phenotype. Mammalian orthologs and mechani$rAR anteraction are shown. As
indicated, seven of these hits were found to have&#Aased interactions. These seven
hits were validated in motor neurons by larval dnagvassay, as well as with alternate
alleles (classical alleles or aneuploid aberrajiamghe eye. See also Supplemental

Figure 2.4.
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Supplemental Figure 2.1. AR mutants SS/DD and KK/AAdo not show DHT-
induced nuclear localization, while AR-NLS fusionshow DHT-independent nuclear
localization and decreased transactivation.
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Supplemental Figure 2.1, related to Figure 2.2. ARutants SS/DD and KK/AA do

not show DHT-induced nuclear localization, while ARNLS fusions show DHT-
independent nuclear localization and decreased traactivation. (A) COS-1 cells
transfected with AR were treated with vehicle orDahd processed for
immunocytochemistry. AR was detected with anti-ARilaody (green) and nuclei were
stained with DAPI (blue). (B) Quantification of Haar translocation shown in (A). The
percentage of transfected cells with a greatereaination of AR in the nucleus than the
cytoplasm was determined for each AR constructOp-1 cells transfected and
processed as in (A). (D) Quantification of nucleganslocation shown in (C). (E)
HEK293T cells were transfected with indicated AR6&&SDstructs together with both the
luciferase pARE-E1b-Luc and tifiegalactosidase pCMV¥reporter constructs. AR
transactivation was measured in the presence awheb of DHT by luciferase assay

and normalized t@-galactosidase activity. All bars indicate meanENS
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Supplemental Figure 2.2.
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Supplemental Figure 2.2, related to Figures 2.2-2.8Vestern blots of AR-expressing
fly lysates.(A-D) Fly heads expressing AR driven by GMR-GAL4re¢ysed and
subjected to Western blotting to verify AR expressa-tubulin is shown as loading
control. (E-F) Western blots showing high molecul@ight species of AR in protein
extract from Drosophila eyes. Flies were crossedMtiR-GAL4 and reared on food
containing DHT. Female heads were collected, lyaad,subjected to Western blotting
to verify AR expression (short exposure) and lomkidiochemical aggregation (long
exposure). No correlation was observed betweearti@int of high molecular weight
species and degeneration. Quantitation of 5 inddgrgrexperiments was performed

using Image J.
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Supplemental Figure 2.3.
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Supplemental Figure 2.3, related to Figure 2.3. ABID mutant AR undergoes DHT-

induced nuclear localization. (A) COS-1 cells transfected with AR were treatethwi
vehicle or DHT and processed for immunocytochemi#iR was detected with anti-AR
antibody (green) and nuclei were stained with DARIe). (B) Quantification of nuclear
translocation shown in (A). The percentage of tieeted cells with a greater
concentration of AR in the nucleus than the cyteplavas determined for each AR

construct. Bars, mean + SEM.
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Supplemental Figure 2.4. Results from candidate-basl genetic screen.
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Supplemental Figure 2.4, related to Table 2.1. Reklis from candidate-based genetic
screen.Flies expressing AR were crossed to either UAS-LitieZ (A) or UAS-RNAI

flies (B). Effects of RNAi were validated using stacal alleles or aneuploid aberrations
that disrupt or delete the relevant genes (C).cbarmns labeled “RNAI” and “Allele,”
flies were crossed to GMR-GALA4 to test for basebye phenotypes. Shown are seven
genetic modifiers that play a role in AF-2 baseeériactions (see Table 2.1 for full list).
All crosses performed at 29°C except gkst RNAI, &iAi, and wts RNAI performed at

25°C.
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Supplemental Figure 2.5, related to Figure 2.4. ARF-2 mutants undergo DHT-
induced nuclear localization, rescue the salivarylgnd and eye phentoypes caused
by polyglutamine-expanded AR, and do not affect viaility -DHT.
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Supplemental Figure 2.5, related to Figure 2.4. ARF-2 mutants undergo DHT-
induced nuclear localization, rescue the salivarylgnd and eye phentoypes caused
by polyglutamine-expanded AR, and do not affect viaility -DHT. (A) COS-1 cells
transfected with AR were treated with DHT and pssesl for immunocytochemistry. AR
was detected with anti-AR antibody (green) and eiuskre stained with DAPI (blue).
(B) Quantification of nuclear translocation showr(A). The percentage of transfected
cells with a greater concentration of AR in thelaus than the cytoplasm was
determined for each AR construct. (C-D) Salivagngls expressing AR with AF-2
mutations show rescued cell size. AR was expreassied fkh-GAL4 and dissected
tissues were stained with phalloidin (red) and DARe). Salivary gland cell size was
determined using phalloidin staining. Scale bam. ** p<0.01. (E) Blinded scoring
of the external eye phenotypes in Figure 2.4EV{&bility assay performed on -DHT
food. Elav-GALA4 flies were crossed to UAS-AR or UAScZ flies. The number of
pupae from each 1x1 cross was counted and norrdabzeacZ. No significant

differences were found between groups. Bars, meaBEM in all panels.
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Supplemental Figure 2.6, related to Figure 2.5. Mekular phenotype of AR-
expressing flies.
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Supplemental Figure 2.6, related to Figure 2.5. Mekular phenotype of AR-
expressing fliesUAS-AR flies were crossed to GMR-GALA4 flies on fooontaining
either DHT or vehicle. Total RNA was extracted anithjected to analysis on Affymetrix
chips. Using a false discovery rate of 0.05, 108gewvere identified that significantly
differ in a DHT-dependent manner in AR52Q-expregdiies. Cluster analysis of these
108 genes demonstrates that A574D and E897K musasioppress the molecular

phenotype of AR52Q +DHT, while K720A mutation rdsuh a mild suppression.
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Supplemental Figure 2.7, related to Figure 2.6. Sygorting information for limpet
allele crosses.
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Supplemental Figure 2.7, related to Figure 2.6. Sygorting information for limpet
allele crosses(A) Alignment of Drosophilalimpet (top) and human FHL2 (bottom).
Protein sequences were aligned using ClustalW. Rttic?ains two FxxLF-like
sequences that interact directly with AF-2 in ARef these sequences is conserved as
FGELF inDrosophilalimpet (box). (B) Eye phenotype of limpet allelepeessed alone.
Flies expressing GMR-GAL4 alone, UAS-limpet RNAi,aP-element allele of limpet
(limpet GE27535) exhibit no phenotype. Flies witbth@momosomal duplication of a
region containing limpet (Dp(3;3)st+g18) show ayveiild phenotype of slight
ommatidial disorganization. (C) Quantitation of RiNdhockdown. To determine the
degree of knockdown of limpet, UAS-Lmpt RNAI wagssed to GMR-GAL4 and total
RNA was isolated from 5-10 heads in triplicate. Remae quantitative PCR was
performed as described in Supplemental MethodplGshows mean transcript levels

relative to GAPDH?2.
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Supplemental Figure 2.8
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Supplemental Figure 2.8. Co-IP of AR and FLAG-FHL2.HEK293T cells were co-
transfected with FLAG-FHL2 and AR followed by tresnt with DHT or vehicle.
Nuclear extracts were collected as described ip®Bupental Methods and
immunoprecipated for FLAG. No difference in FHL2-AReraction was observed based

on polyglutamine length.
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Supplemental Table 2.1

Probeset

1633797_at
1625382_at
1634148_at
1626740_at
1637801_at
1628635_at

1627499_at

1625764_at
1636078_at
1627829_at
1623757 _at

1640912_s_at

1640184 _at
1636005_at

1641490_s_at

1627872 _at
1636505_at

1632185_s_at

1635191 _at
1634688_at
1625266 _at
1630579_at
1639718_at
1629553_at
1629029_at
1627105_at
1629963_at

1635507_at

1624724 _at
1624579_at
1631480_at
1633607_at
1625307_at
1629455_at
1638279_at

1629565_s_at

1637012_at
1624373_at
1623140_at

1639269_a_at

Gene Title

rhodopsin
Osiris
CG4842
CGA4A784
sepia

Osiris

CG2016 /if --- fif -

CG17572
CG13670
rhodopsin
drosocrystallin
scarface
CG17002
CG14495
Thrombospondin
CG3770
CG15083

SCP-containing protein A /#f
SCP-containing protein B /#/
SCP-containing protein C

tetraspanin 42E

RabX5

antigen 5-related
Cyclin-dependent kinase 8
CG18764

CG14153

CG5160

thioredoxin

sugar transporter 1
CG30031 /// CG4269

b6

CG13934

CG2652

CG2444

sugar transporter 2
CG8925

CG13840

CG30160 /// tetraspanin 42E

E(spl) region transcript m2

Circadianly Regulated
Gene

ionotropic receptor 94e

pigment cell
dehydrogenase reductase

FlyBase

FBgn0003248
FBgn0027527
FBgn0036620
FBgn0036619
FBgn0086348
FBgn0037416

FBgn0250839 ///
FBgn0260206 ///
FBgn0260207

FBgn0032753
FBgn0035873
FBgn0003249
FBgn0005664
FBgn0033033
FBgn0033122
FBgn0034293
FBgn0031850
FBgn0035085
FBgn0034399

FBgn0037879 ///
FBgn0037888 ///
FBgn0037889

FBgn0029507
FBgn0035255
FBgn0015010
FBgn0015618
FBgn0042205
FBgn0036094
FBgn0031906
FBgn0029752
FBgn0028563

FBgn0034741 /ff
FBgn0050031

FBgn0024897
FBgn0035279
FBgn0025838
FBgn0030326
FBgn0028562
FBgn0038404
FBgn0039028

FBgn0042086 /f/
FBgn0050160

FBgn0002592
FBgn0021738
FBgn0259194

FBgn0011693

90

AR52Q
change

decreased*
decreased*
decreased*
decreased*
decreased*

decreased*

decreased*

decreased*
decreased*
decreased*
decreased*
increased*
increased*
increased*
increased*
increased*

increased*

increased*

increased*
increased*
increased*
increased*
increased*
increased*
increased*
increased*

increased*
increased*®

increased*
increased*
increased*
increased*
increased*
increased*

increased*
increased*
decreased*
decreased*

decreased*

decreased*

AR12Q
change

decreased*
decreased*
decreased*
decreased*
decreased*

decreased*

decreased*

decreased*
decreased*
decreased*
decreased*
increased*
increased*
increased*
increased*
increased*

increased*

increased*

increased*
increased*
increased*
increased*
increased*
increased*
increased*
increased*

increased*
increased*

increased*
increased*
increased*
increased*
increased*
increased*

increased*
increased*
decreased
decreased

decreased

decreased

p-value
(AR52Q)

1.325E-18
6.770E-10
8.824E-06
3THME-11
4.416E-06
2.262E-06

3.210E-04

1.053E-04
7.007E-06
3.173E-10
2.781E-05
3.409E-10
6.921E-05
2.049E-04
6.445E-08
1.812E-06
2.093E-05

9.896E-06

7.055E-08
7.188E-04
5.459E-14
2.830E-04
4.729E-04
3.937E-04
1.146E-05
5.013E-06
4.535E-04

3.241E-11

1.358E-07
8.706E-07
2.802E-04
1.125E-09
1.510E-05
2173E-06
9.195E-16

7.143E-15
3.864E-04
4.934E-04
4.722E-04

4.055E-04

p-value
(AR12Q)

1.573E-18
6.928E-15
4.339E-14
2.273E-12
3.110E-10
7.963E-07

4.217E-09

4.363E-09
3.957E-05
4.440E-10
1.504E-04
5.052E-04
1.097E-04
8.802E-05
2.063E-04
2.852E-04
6.353E-08

3.294E-04

2.247E-07
1.051E-04
1.237E-04
4.400E-07
3.956E-06
1.065E-07
2.424E-05
3.720E-05
1.177E-09

4.477E-05

6.687E-10
8.941E-08
9.152E-06
4.899E-10
3.008E-09
2.053E-16
1.380E-18

2.607E-17
0.0183
0.0013
0.1598

0.0031



ARS52Q AR12Q p-value p-value
change change (AR52Q) (AR12Q)

1633499_at retinin FBgn0040074 decreased* decreased 2.619E-05 0.0236

Na[+]-driven anion

Probeset Gene Title FlyBase

1633207_at exchanger 1 FBgn0259111 decreased* decreased 6.723E-05 0.0025
1634438_at Munster FBgn0023489 decreased* decreased 8.951E-05 0.0009
1628689_at CG17211 FBgn0032414 decreased* decreased 4.226E-05 0.0657
1626742_at CG8964 FBgn0033674 decreased* decreased 3.478E-04 0.0331
1633651_at tachykinin-3 FBgn0037976 decreased* decreased 7.955E-05 0.0479
1636488 at  CGA468 /il CGA468 Eggggggﬂgg M gecreased* decreased  8.286E-05  0.0159
1634988_a_at CG17352 FBgn0035880 decreased* decreased 2.530E-04 0.0166
1626918_at CG13879 FBgn0035120 decreased* decreased 3.095E-05 0.0097
1632392_s_at giant slob FBgn0024290 decreased* decreased 6.042E-04 0.0654
1641333_s_at  prominin-like protein FBgn0026189 decreased* decreased 2.909E-05 0.0449
1639408_a_at shaking B FBgn0085387 decreased* decreased 1.133E-04 0.0310
1627288_a_at calcium-binding protein FBgn0010218 decreased* decreased 6.846E-04 0.1123
1633801 _s_at CG9171 FBgn0031738 decreased* decreased 2.873E-04 0.1876
1632319_at CG18598 FBgn0038589 decreased* decreased 9.082E-06  0.0609
1627498_at Syndapin FBgn0053094 decreased* decreased 3.511E-04  0.0217
1638314_at  CG12418 /il CG12802 Egggggggg?g M gecreased* decreased  4.607E-04  0.3249
1631094 _s_at CG9339 FBgn0032901 decreased* decreased 4.705E-04 0.2245
1627971_s_at  serrano FBgn0034408 decreased* decreased 5119E-05 0.1346
1638588_at CG15522 FBgn0039723 decreased* decreased 2.617E-05 0.2937
1641083 _at CG3257 FBgn0034978 decreased* decreased 4.622E-04 01942
1631368_s_at CG8108 FBgn0027567 decreased* decreased 3.683E-04 0.1492
1636539 _at  Dakd /// SId5 Egggggggfgg M decreased* decreased  4.176E-04  0.2200
1628143_a_at Errgti‘i’rﬁ’h"a Akinaseanchor  pp 0086011 decreased* decreased  1.635E-04  0.2306
1633939 _at CG13563 FBgn0034966 decreased* decreased 1.002E-05 0.5606
1637637 _at dynamin FBgn0003392 decreased* decreased 6.877E-05 0.3056
1628859 _at dynamin FBgn0003392 decreased* decreased 4.834E-04 0.5495
1629996 _at cG11910 FBgn0039332 decreased* decreased 3.955E-05 0.7194
1638828_a_at CG17378 FBgn0031858 decreased* decreased 3.130E-04 0.8916
1635585 _at CGo264 FBgn0032911 decreased* decreased 9.552E-05 0.9657
1628493 _at Kallmann FBgn0039155 decreased* decreased 1.373E-04 0.9841
1629446 _at CG1136 FBgn0035490 increased* increased 3.405E-04 0.9910
1630145_s_at  tetraspanin 42E FBgn0029508 increased* increased 1.875E-05 0.9367
1626452 _at cG21121 FBgn0033289 increased*  increased 4.362E-07 0.9539
1628884 _at semmelweis FBgn0030310 increased*  increased 4.880E-14 0.9114
1624312_at fidgetin_DROME FBgn0031519 increased*  increased 2.394E-04 0.8929
1632808_at CG6012 FBgn0032615 increased*  increased 7.353E-04 0.8952
1631660_at CG15065 FBgn0040734 increased*  increased 8.688E-07 0.7397
1624057 _at CG16713 FBgn0031560 increased*  increased 1.736E-05 0.5342
1632381_at verstopft FBgn0043903 increased*  increased 1.345E-04 0.2752
1638542_at CG15685 FBgn0038789 increased*  increased 6.001E-04 0.6985
1624655_at CGh472 FBgn0034166 increased*  increased 7.885E-05 0.6944
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Probeset Gene Title FlyBase ARS2Q AR12Q p-valus p-valus

change change (AR52Q) (AR12Q)
1634012_at CG5002 FBgn0034275 increased*  increased 4.093E-04 0.3499
1631697 _at Drosocin FBgn0010388 increased*  increased 8.433E-06 0.5011
1633998_s_at  --- - increased*  increased 1.342E-04 0.0564
1627327_at Drosomycin B FBgn0035434 increased*  increased 1.154E-04 0.0604
1629138_at -—- — increased*  increased 4.442E-04  0.3387
1625012_s_at  virus-induced RNA 1 FBgn0043841 increased*  increased 5.401E-05 0.0902
1631701_a_at CG8502 FBgn0033725 increased*  increased 7.527E-04 0.3803
1629507_a_at no action potential FBgn0002774 increased* increased 7.557E-05 01134
1632591 _at Pherokine 3 FBgn0035089 increased*  increased 1.390E-04 0.0567
1625743 _at beta-carotene dioxygenase FBgn0002937 increased*  increased 5.582E-04 0.0115
1626839_s_at  bloated tubules FBgn0027660 increased*  increased 2.858E-04 0.0340
1625185_at Carbonic anhydrase 2 FBgn0027843 increased* increased 1.685E-04 0.0421
1632212 _at cG14401 FBgn0032900 increased* increased 1.236E-06  0.0075
1634546 _at tiggrin FBgn0011722 increased*  increased 2.145E-04 0.0064

Zincfiron regulated
1637577 _at transporter-related protein FBgn0038412 increased*  increased 4.814E-05 0.0840

3
1641496_a_at CG5896 FBgn0039494 increased* increased 5.394E-05 0.0139
1634201 _at CG13841 /1 CG4000 Egggggigggg i increased*  increased 3.524E-05 0.0050
1625313_at CG12826 FBgn0033207 increased*  increased 1.777E-06  0.0807
1637936_at CG32512 FBgn0052512 increased*  increased 4.529E-04 0.0118
1631121 _at CG7267 FBgn0030079 increased*  increased 6.698E-06  0.0015
1640983 _at CG5909 FBgn0039495 increased*  increased 2.501E-10  0.0055
1629919_at CcG12045 FBgn0039805 increased* increased 1.876E-06  0.0027
1639418 _at Acpb65Aa FBgn0020765 increased*  increased 1.980E-11 0.0199
1625124 _at attacin FBgn0012042 increased*  increased 2.523E-05 0.3793
1623388 _at CG15861 FBgn0035084 increased*  increased 5.183E-06  0.0007
1633211_a_at CG7795 FBgn0032019 increased*  increased 2.187E-04 0.0045
1635844 _at CG15887 FBgn0038132 increased* increased 7.377E-05 0.0026
1628617 _at drosomycin-F FBgn0052282 increased*  increased 1.121E-05 0.0156
1627551 s _at  attacin /i attacin Eggggg}fggf M ncreased*  increased  1.159E-05  0.0663
1640978 _at CG14567 FBgn0037126 increased* decreased® 4 483E-07  0.0003
1638021_at CG4757 FBgn0027584 increased* decreased 4 570E-09  0.0220
1629530_at Immune induced molecule 23  FBgn0034328 increased* decreased 4 624E-04 0.1615
1640144 _at CG18067 FBgn0034512 increased* decreased 3.797E-04  0.0019
1628387_s_at CG30080 FBgn0050080 increased* decreased 3.940E-06 0.0356
1628404 _at CG2767 FBgn0037537 increased* decreased 8.041E-04 0.0017
1639019_s_at ﬁgiﬁﬁ@{g IFmdne-fagEed Egggggggﬁ?g M increased®  decreased 9.495E-08  0.0247
1639571_s_at ;8‘“ sheele 20:/thsat shock Eggzgg gg;g T increased®  decreased 3.826E-05 0.0312
1640768 _at CG13965 FBgn0032834 increased* decreased 1.328E-04  0.1201
1626319_a_at  Immune induced molecule 10  FBgn0033835 increased* decreased 1.049E-05 0.2830
1628229_at serpin27A FBgn0028990 increased* decreased 8.563E-05 0.0378
1627759_at CG30080 FBgn0050080 increased® decreased 2.086E-04 0.5929
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AR52Q AR12Q p-value p-value

Probeset Gene Title FlyBase change change (AR52Q) (AR12Q)
1640884 _at CG15784 FBgn0029766 increased® decreased 3.023E-04 03535
1640405_at lethal (2) 01810 FBgn0010497 increased* decreased 1.420E-04 06607
1634278_at CG6409 FBgn0036106 increased* decreased 3.199E-05  0.4527
1639907 _at CG11951 FBgn0039656 increased* decreased 6.956E-04 0.6006
1640327 _at CG6023 FBgn0030912 increased® decreased 6.128E-04 0.7254
1635416_at CG31100 FBgn0051100 increased® decreased 2.480E-05 0.7978
1635175_at CG17121 FBgn0039043 increased™ decreased 5.026E-04 0.9506
1635968_at CG3604 FBgn0031562 increased® decreased 5214E-07 09801
1628536_s_at CG11880 FBgn0039637 increased* decreased 4 089E-04 09752
1622920_at Cosens-Manning mutant FBgn0003861 decreased*  increased 1.643E-04 0.9682
1634570_at CG5375 FBgn0032221 decreased*  increased 9.355E-05 0.9564
1632478_a_at  protein kinase C FBgn0003091 decreased*  increased 2.920E-04 0.9018
1639095_at pharbin-like FBgn0036273 decreased*  increased 5.043E-04 0.8129
1628913 _at CG32365 FBgn0052365 decreased®  increased 7.690E-04 0.8476
1625922_a_at CG10508 FBgn0037060 decreased®  increased 2.508E-04 06613
1628382_at Srp54 FBgn0024285 decreased®  increased 3.327E-04 07212
1629962_at CG8916 FBgn0030707 decreased* increased 2.453E-04 0.6585
1625917_s_at  —- - decreased* increased 6.338E-05 0.8259
1640950_at CG15739 FBgn0030347 decreased*  increased 6.142E-06 0.5448
1636615_at — - decreased* increased 5.767E-04 0.6677
1623261_at RabX4 FBgn0051118 decreased®  increased 1.974E-04  0.3445
1638708_s_at  grappa FBgn0014963 decreased®  increased 1.592E-04 0.3098
1627082_at CG15465 FBgn0029746 decreased*  increased 2135E-04 02177
1640790_at CG11293 FBgn0034889 decreased*  increased 8 548E-06 01629
1630961_at CG17193 FBgn0040571 decreased*  increased 1.478E-04  0.2033
1632424 _at CG13995 FBgn0031770 decreased*  increased 5512E-04 02336

Supplemental Table 2.1, related to Figure 2.5 anduUpplemental Figure 2.6.

Identities of 149 genes that change in response@T in AR52Q-expressing flies.
Identifiers given are Probeset IDs from Affymetrixene Title, and FlyBase ID. For each
gene, the relative change (DHT vs. vehicle) is shawan increase or decrease. Of the
149 genes DHT-responsive genes identified for ARSRS, 111 genes (indicated in
bold) show a similar DHT-responsive trend in AR1{l€s. * indicates that the gene

achieved significance at false discovery rate df 0.
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Chapter 3: Conclusions
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General Conclusions

The work described in the previous chapter extendsinderstanding of SBMA
pathogenesis in several important ways. Firstréngthens the concept that native
protein functions are key to polyglutamine pathags, an idea that was still largely
untested outside SCAL. More specifically, it desitiee precise molecular events that are
required for pathogenesis of SBMA, elucidatingtn@ecular basis for the ligand

dependence of the disease and identifying targethé&rapeutic intervention.

It is important to note the scientific climate imih these results are being published.
The dominant hypothesis within the polyglutamingedise field holds that degeneration
results from the generation of polyglutamine-camtag cleavage fragments that are
prone to oligomerization and acquisition of neuxatgroperties due to the intrinsic
toxicity of expanded polyglutamine. In contrasg ttea that native protein function
might play a role in pathogenesis has remainechangnexplored. To a certain extent,
the lack of investigation in this research veidug to practical limitations; in many
cases, the native function of polyglutamine disgaséeins is ill defined, and in those
proteins with known functions, the domains requiidsuch functions have not been
mapped. Certainly, the richness of the basic séiekhowledge of AR allowed us to
pursue our hypothesis farther than would be possifith another protein in the same

disease family.

Although prior studies have suggested that polyghime toxicity may be influenced by

protein context (reviewed in (La Spada and Tay2003, 2010)), these investigations
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have had limited impact on the debate about tlaivel pathogenic contribution of
intrinsic polyglutamine toxicity vs. altered natifienction. Indeed, two prior publications
that are relevant to our study demonstrate therpttisough which most polyglutamine
disease research in viewed. The first showed thelear localization of AR is necessary
for toxicity in vivo (Takeyama et al., 2002), and the second showé¢dtictear
localization of AR is not sufficient for toxicitin vitro (Montie et al., 2009). These
manuscripts concluded that the nucleus presented\dronment in which AR
undergoes ligand-dependent cleavage (Montie e2@09) and subsequent
polyglutamine-mediated aggregation (Takeyama eP@02; Montie et al., 2009).
Indeed, Takeyama et al. state that “[the neuroteuents are thought to be mediated
through factors associated with the expanded psty€ches in the aggregates and not
through any innate function of the disease protdihakeyama et al., 2002). On the basis
of our current study, we advance the alternatiygoltyesis that the pathogenesis of
SBMA is mediated by native coregulator interactioh#&R in its full-length, DNA-
bound form. These findings are consistent with alraaism wherein polyglutamine
expansion results in toxicity that is mediated oy hormally-folded protein that is trying
to carry out its native function, but is alterecaiminor way such that its ratio of native
interactions is subtly altered. It is importanntate that AR might not have a single
“normal” conformation, but instead has multiple gyllifferent native conformations,

the ratio of which may be altered by polyglutamax@ansion.

More specific to SBMA, our work provides a promgiiist of therapeutic targets to
combat pathogenesis. Previous work that deterntimtdandrogen binding to AR was
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necessary for toxicity led to clinical trials oftaandrogen drugs that target the
hypothalamic-pituitary-gonadal axis (Banno et2009); however promising, these
drugs decrease levels of androgen globally andecawgide range of undesired side
effects. In the present work, we have identifietuenber of detailed molecular events
that underlie this requirement for ligand bindingorder to cause toxicity, ligand-bound
mutant AR must translocate to the nucleus, bind Dal#d interact with coregulators at
AF-2. Although myriad AR antagonists could be ugedkestrict the mutant protein to the
cytoplasm, to outcompete endogenous ligand at é&BD, or to prevent AR binding to
DNA, each of these approaches suffers from the gpolal drawbacks as anti-androgen
therapy. Instead, it is the last identified requnest — AF-2-based interactions — that

presents an unprecedented opportunity for therapiedervention.

Inspired by the clinical success of SERMs (selecéistrogen receptor modulators) in
treating breast cancer, an entire pharmaceuti¢afmmse has developed to produce
SARMSs (selective androgen receptor modulators)nddfas compounds that act as AR
agonists or antagonists in a tissue-specific ma(@ieang and McDonnell, 2005).
Although initially designed to combat AR-relatechditions such as hirsutism, benign
prostatic hypertrophy, prostate cancer, and otl&k&Ms provide a tantalizing
therapeutic approach to promote tissue-selecth)activation of AR in SBMA. The
tissue specificity of these drugs is thought tdibe to the distinct AF-2 conformations
that are induced by DHT vs various SARMSs, with tegult being preferential binding of
particular AF-2-based coregulators over others kBdel., 2006; Estebanez-Perpina et
al., 2007). Given our findings, it is not unreadaleao predict that SBMA patients might
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be able to take particular SARM(s) that alter thmplement of transcriptional
coregulators in such a way as to restore the balahAR complexes in motor neurons

while leaving AR activity in other tissues unaltere

Future directions

Obviously, the results presented in the previowptdr must be replicated in a
mammalian system before thoughts of SARM-basedfigertics can be reasonably
entertained. We have already begun to pursue Yeisug of research, generating
transgenic mouse models of SBMA that express ebttiedkey mutations described in
this work. These mice were designed using a Credystem that will allow mutant AR
to be expressed either ubiquitously or in a tisguesific manner, with motor neurons
being of primary interest. If we can replicate thecue of mutant AR toxicity using the
mutants A574D and E897K, these mice can be furtbed to answer important

mechanistic questions.

For example: in the present work, we show thatvegtrotein function is essential to
initiate degeneration. However, we do not ruleauble for polyglutamine length-
dependent aggregation in toxicity, largely becaugedrosophilamodel of SBMA does
not show appreciable ligand- or polyglutamine landgpendent biochemical
aggregation. Instead, using a mouse model of SBM#Aefe biochemical aggregation has
traditionally been more prominent), we can addtbegespective roles of aggregation

and altered native function in pathogenesis. Algioaur model predicts that the
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suppressive mutations A574D, K720A, and E897K halve no effect on polyglutamine
length-dependent aggregation, it is important tanexe this question in order to

reconcile our results with the aggregation-ceritrstory of the field.

Mammalian systems will also provide a key sourceaterial with which to investigate
the proteomic consequences of the AF-2 mutatiosdéscribed in the previous chapter,
we favor a model in which the AF-2 domain of AR quetes with other transcription
factors for a limited supply of coregulators, ahdttpolyglutamine expansion alters the
balance of AR-coregulator interactions in such ag @s to deplete coregulators away
from their normal functions. Proteomic work in maaian systems, likely beginning in
immortalized cell culture and leading to work inuse, may provide insight into these
altered complexes — not only those complexes that@e with polyglutamine expansion,
but also those that occur in the context of K720 B897K mutations. In an ideal
experiment, these proteomic data could be alignéddproteomic profiles of AR bound

to a collection of candidate SARMSs.

According to our proposed mechanism of pathogenasiglification of AR activity by
polyglutamine expansion would be expected to resuktduced availability of
coregulators for important coactivating or corepieg functions. As mentioned in the
preceding chapter, however, a crucial outstandurestion is how AR activity in the
nucleus is amplified. One possibility involves aggation-prone polyglutamine-
expanded AR adopting a conformation that amplifies2-based interactions. However,
arguing against this possibility is our failured#tect any polyglutamine length-
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dependent changes in co-immunoprecipitation of ARthe AF-2-interacting
coregulator FHL2. Testing for polyglutamine lenglépendent alterations in binding of
additional AF-2-based interactors would be necgs®arule out this possibility, ideally
using endogenous proteins rather than overexpregstape-tagged proteins as in our
FHL2 co-IP. An alternative possibility is that pglytamine expansion amplifies AR
activity (and AF-2 function in particular) indepesmd of any change in the intrinsic
ability of AR to interact with coregulators. Foraxrple, this could occur by reducing the
inactivation rate of DNA-bound AR or by reducingttate of AR nuclear efflux similar
to what has been observed for ataxin-7 (Taylof.eR@06). In fact, reduced nuclear
efflux might be a parsimonious explanation for diféuse nuclear accumulation of AR
that is found in SBMA patient tissue, a phenometharn correlates with increasing
polyglutamine length (Adachi et al., 2005). The heusm by which polyglutamine
expansion amplifies AR nuclear activity will be iamportant focus for future studies, and

may in fact lead to additional therapeutic targets.
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Abstract

Expanded polyglutamine tracts cause neurodegeoeridiough a toxic gain-of-function
mechanism. Generation of inclusions is a commotufeaf polyglutamine diseases and
other protein misfolding disorders. Inclusion fotioa is likely to be a defensive
response of the cell to the presence of unfoldetepr. Recently, the compound B2 has
been shown to increase inclusion formation andedese toxicity of polyglutamine-
expanded huntingtin in cultured cells. We expldrezleffect of B2 on spinal and bulbar
muscular atrophy (SBMA). SBMA is caused by expamgibpolyglutamine in the
androgen receptor (AR) and is characterized byas®of motor neurons in the
brainstem and spinal cord. We found that B2 in@sdise deposition of mutant AR into
nuclear inclusions, without altering the ligand+edd aggregation, expression, or
subcellular distribution of the mutant protein. Téféect of B2 on inclusions was
associated with a decrease in AR transactivationtion. We show that B2 reduces
mutant AR toxicity in cell and fly models of SBMAyrther supporting the idea that
accumulation of polyglutamine-expanded protein intdusions is protective. Our

findings suggest B2 as a novel approach to thei@p$BMA.

Introduction

Polyglutamine diseases are late-onset, inheritedodegenerative diseases caused by
expansion of CAG repeats encoding polyglutaminetgran nine different genes (Orr and

Zoghbi, 2007). Expansion of polyglutamine in the@gen receptor (AR), huntingtin,
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atrophin 1, and ataxin-1, -2, -3, -6, -7, and -audses spinal and bulbar muscular atrophy
(SBMA), Huntington's disease, dentatorubral-palligsian atrophy, and six types of
spinocerebellar ataxia, respectively. All the palygmine diseases are inherited in an
autosomal dominant fashion, except for SBMA, whg)-linked (La Spada et al., 1991)
and gender-specific (Katsuno et al., 2002; Schetidl., 2002; Yu et al., 2006). There is
no available effective therapy for SBMA and theeastpholyglutamine diseases, although
several therapeutic approaches have been proposiadet (for review see (Pennuto and
Fischbeck, 2010). Polyglutamine diseases shareadeatures, such as a positive
correlation between repeat length and diseaseigeaad the phenomenon of genetic
anticipation, which causes the next generationterit a longer repeat than the previous
one, and so to have an earlier age of onset orra sawvere phenotype. Expansion of
polyglutamine confers a toxic gain of function &e imutant protein. Evidence also
indicates a contribution of loss of protein funatim the disease pathogenesis (Zuccato et
al., 2001; Thomas et al., 2006; Lim et al., 20@8hough disease-specific features imply
the contribution of protein-specific features inyghutamine disease pathogenesis, the
observation that the same mutation in nine unrélgémes causes neurodegeneration

suggests a common disease mechanism.

Expansion of polyglutamine leads the protein touirega stable, non-native -sheet
conformation (Perutz et al., 1994), which resuitpriotein unfolding and deposition into
microaggregates and inclusions (Ross and Poi@€4 R Microaggregates are small
oligomeric species detectable by biochemistry (@agt al., 2003b; Li et al., 2007;
Palazzolo et al., 2009). Inclusions are large maotecular species detectable primarily
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by immunohistochemistry (Taylor et al., 2003b).llustons contain several cellular
constituents, including molecular chaperones amgpaments of the ubiquitin-
proteasome system and autophagic degradation @=iatia et al., 1999; Wigley et al.,
1999; Taylor et al., 2003b). The observation tlyglutamine-positive inclusions are
present in the nuclei of the degenerating neunmm patients and animal models of
polyglutamine diseases led to the idea that inchssare toxic species (for review see
(Taylor et al., 2002). Toxicity was attributed &gsiestration of essential cellular
constituents and aberrant protein-protein intesasti with consequent disruption of
cellular homeostasis (Gidalevitz et al., 2006). ldger, a series of findings has not only
dissociated inclusions from neurodegeneration (Sawd al., 1998; Cummings et al.,
1999; Slow et al., 2005; Rub et al., 2006) but alghlighted a protective role for
inclusions in neurodegenerative diseases (Taylal €2003b; Arrasate et al., 2004).
These findings suggest that enhancing inclusiom@&bion may be a therapeutic target for
polyglutamine diseases. The compound B2 (5-[4-(4robenzoyl)-1-piperazinyl]-8-
nitroquinoline) has been shown to increase inclufbomation and reduce the toxicity of

mutant huntingtinn vitro (Bodner et al., 2006).

Here we investigated the effect of B2 on SBMA. Wew that B2 increases formation of
mutant AR-positive nuclear inclusions, without elg mutant AR ligand-dependent
aggregation, expression, or subcellular localizatithe effect of B2 on inclusions
correlates with a reduction of AR transactivatishjch is not due to altered ligand
binding. Finally, we show that B2 reduces the tiyiof mutant AR in both cell and fly
models of SBMA. Our results provide evidence thatr&uces the toxicity of mutant
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AR by increasing the deposition of the protein imdusions and highlight B2 as a

potential therapy for SBMA.

Materials and Methods

Plasmids

The pCMV-AR65Q-K632A,K633A and pARE-E1b-luc expressvectors were kindly
provided by Drs. A. Lieberman (University of Miclaig, Ann Arbor, MI) and C. Smith
(Baylor College of Medicine, Huston, TX), respeeti; pFHRE-luc reporter vector was

purchased from Addgene.

Cell Cultures and Transfections

HEK293T (ATCC, CRL-1573) and PC12-TET ON cells $yadxpressing AR112Q
(Walcott and Merry, 2002) were cultured as previpdescribed (Walcott and Merry,
2002; Palazzolo et al., 2007). HEK293T cells (60X ivere transiently transfected with
1 g DNA using Lipofectamine Plus (Invitrogen, Chdd, CA). PC12-AR112Q cells (8 x
10°) were cultured on collagen-coated dishes for 2 kiifferentiation medium (1%
heat-inactivated horse serum, 5% heat-inactivatedcoal-stripped fetal bovine serum, 4
mM glutamine, 100 U/ml penicillin, 100 g/ml streptgcin, 132 g/ml G-418, 70 g/ml
hygromycin B, and 100 ng/l nerve growth factorjhe presence of doxycycline (10 g/l;
Calbiochem, La Jolla, CA) and treated with B2 (346488; ChemDiv, San Diego, CA)
and R1881 (Sigma, St. Louis, MO) at the indicatecentrations. Motor neuron-derived
MN-1 cells stably expressing AR65Q were previowsgcribed (Brooks et al., 1997).
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The cells were maintained in culture in the presesfa418 (350 g/ml), plated (1 x 10
cells) in charcoal-dextran-stripped fetal bovineuge (HyClone, Logan, UT)-containing
medium for 48 hr and processed for caspase 3 aéd8sre indicated, the cells were

treated with staurosporin (1 M) for 6 hr and z-VAMK (30 M) for 48 hr.

Immunocytochemistry and Microscopy

PC12 cells were grown for 24 hr on collagen-coalisties in differentiation medium,
induced for 4 hr with doxycycline, pretreated fért& with B2 (10 M), and then treated
for 48 hr with R1881 (10 nM) and B2. Immunofluoresce was performed as previously
described (Palazzolo et al., 2007). The personaviabyzed the images was blind for the
treatments. For the graph in Figure A1l.1A, thescedated with R1881 together with
either vehicle or B2 were classified into cellshwaliffuse nuclear AR or cells with
nuclear inclusions. The percentage of cells witblewar inclusions was calculated for
each treatment. Data in the graph represent tdariotease in the number of cells with
nuclear inclusions in the B2/R1881-treated sampiapared with the R1881-treated
sample, which was set as 1. The graph represents/drage of four independent
experiments; in each experiment, three differezité (n = 150 cells) for each treatment

were analyzed.

Western Blotting and Nuclear/Cytoplasmic Fractiooat

For Western blotting, cells were washed in ice-dotd®BS and scraped in lysis buffer
[150 mM NaCl, 6 mM Na2HPO4, 4 mM NaH2PO4, 5 mM dtimgdiaminetetraacetic
acid, 1% Na-deoxycholate, 1% Triton X-100, 0.1%isoddodecyl sulfate (SDS)] plus
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protease inhibitor cocktail (Roche Diagnostics,jdmdpolis, IN). The lysate was
sonicated and then centrifuged at 18,0009 for IDah#C. Cell lysates were denatured
at 95C in 5x sample buffer (60 mM Tris, pH 6.8, 2% SR25% glycerol, 0.1%
bromophenol blue, 20% -mercaptoethanol) and predsfss 7.5-10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) dadtetransferred to a PVDF
membrane (Millipore, Bedford, MA). Immunoblotttingas done in 5% nonfat dry milk
in Tris-buffered saline. Antibodies used were &MR-(N20; sc-816; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-tubulin (T6198gma), anti-Hsp90 (SPA-830;
Assay Design), anti-Hsp40 (SPA-400; Assay Designji-:Hsp70 (Spa810; Assay
Design), and anti-actin (sc-1616; Santa Cruz Blutetogy). Immunoreactivity was
detected using peroxidase-conjugated AffiniPure ga#-rabbit or anti-mouse IgG
(Jackson Immunoresearch, West Grove, PA), and hasdausing Lightning
chemiluminescence reagent (Perkin ElImer, Norwalk, @llowing the manufacturer's
instructions. Nuclear/cytosolic fractionation wasfprmed per manufacturer's

instructions (NE-PER; Pierce, Rockford, IL).

XTT, Caspase 3, Ligand Binding, and Transcriptiohssays

Caspase 3 activity, cell survival (XTT assay), &nagiscriptional activity were measured
according to manufacturers' instructions usingApeTarget fluorometric assay
(Biosource International, Camarillo, CA), Cell Rfetation Kit Il (Roche Diagnostics),
and LucLite Luminescence Reporter Gene Assay Sy@emnkin Elmer), respectively.
For the XTT assay, the cells were incubated ingipbiin (0.4 g/ml; Calbiochem) to

inhibit cell proliferation. For transcriptional a&ssto measure AR transactivation, cells
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were transfected with pARE-E1b-luc reporter vegboe-treated for 24 hr with B2 at the
indicated concentrations, and incubated with thand together with either B2 or vehicle
for other 24 hr. For FOXO-mediated transcriptioaetivity, cells were transfected with
pFHRE-luc reporter vector, pre-treated with B22drhr, and incubated with IGF-1 or
under serum-deprivation conditions for 24 hr ptothe assay. To normalize for
transfection efficiency, luciferase activity waswuared with3-galactosidase activity.
For the ligand binding assay, 24 hr after trangdectHEK293T cells were incubated for
2 hr in 0.5% bovine serum albumin and 10 M triarotone acetonide in Dulbecco's
modified Eagle's medium (binding medium) with 10 fiM]R1881 (72.0 Ci/mmol;
Perkin Elmer). Specific binding offijR1881 was calculated as previously described

(Palazzolo et al., 2007).

SBMA Flies

Generation of transgenic flies expressing AR52Q pvasiously described (Pandey et
al., 2007b)Drosophilastocks were crossed on standard cornmeal agaaraegBC.
GMR-GALA4 virgin females were mated to UAS-AR52Q méies on media containing
either 1 mM dihydrotestosterone (DHT) + 0.5% DMSQ.onM DHT + 50 M B2
diluted in DMSO. The phenotype of female flies veasessed blindly on day 1 post-
eclosion. The scoring method was modified from (fegret al., 2007b), as follows: 1
point for presence of bristle phenotype (supernanyanterommatidial bristles or
abnormal bristle orientation), 1 point for presentemmatidial phenotype (fusion or
disorganization), 1 point for ommatidial pittingp8ints for retinal collapse, 3 points if

the phenotype covered more than 20% of the eyeirigif the phenotype covered more
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than 50% of the eye. The number of flies analyzed w= 45 for DHT + vehicle and n =

57 for DHT + B2.

Statistical Analysis
Each experiment was repeated a minimum of threesti@ne-way ANOVAs were used
to evaluate the effect of B2 and ligand among tneat groups. Two-sample t-tests were

used for post hoc comparisons.

Results

B2 Increases the Formation of AR-Positive Nucleatusions in Cultured Cells

B2 increases the deposition of mutant huntingtia inclusions (Bodner et al., 2006). We
asked whether B2 has similar effect on mutant ARtafit AR accumulates into nuclear
inclusions in motor neurons in patients (Katsunalgt2006). Generation of mutant AR-
positive nuclear inclusions with features similathose observed in patient tissues can
be reproduced in an inducible PC12 cell line, whegpresses human full-length AR with
112 glutamine residues (PC12-AR112Q; (Walcott arrly] 2002)). In these cells,
transgene AR expression is induced by treatmetiteo€ells with doxycycline, and
inclusion formation is promoted by exposure of ¢es to androgens (Walcott and
Merry, 2002). To test whether B2 affects inclusiormation in SBMA, the PC12-
AR112Q cells were treated with doxycycline anddiethetic androgen analog R1881
together with either vehicle or B2, and the AR-pgsiinclusions were detected by

immunocytochemistry using the AR-specific antibdB0 (Figure A1.1A). In the
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absence of ligand, mutant AR localizes in the ayttoBreatment of the cells with ligand
resulted in nuclear translocation and formatioABfpositive nuclear inclusions.
Treatment of the cells with B2 did not induce ARIlusion formation in the absence of
ligand. Instead, treatment of the cells with B2ha presence of ligand significantly
increased the number of cells with nuclear inclasiby 13% compared with the cells
exposed to ligand alone. Expansion of polyglutanaels the mutant protein to form not
only inclusions but also microaggregates (Taylalgt2002; Ross and Poirier, 2004).
Mutant AR-positive microaggregates can be detelsyed/estern blotting as high-
molecular-weight species accumulating in the stagkiortion of polyacrylamide gels
(Palazzolo et al., 2009). Therefore, we asked vereB2 affects mutant AR aggregation
in the PC12-AR112Q cells (Figure A1.1B). Treatmeithe cells with ligand

significantly increased AR aggregation. Treatmdrihe cells with B2 increased mutant
AR aggregation in the absence of ligand but didafigict the biochemical aggregation of

mutant AR induced by ligand.

To investigate whether the effect of B2 on AR irsdtuns is due to an increase in the AR
expression levels, we analyzed the levels of huARMRNA (Supplemental Figure
Al.1A) and protein (Figure A1.1B). By real-time P@Rd Western blotting analyses, we
found that neither the levels of transgene AR tdpsnor the levels of monomeric
mutant AR protein change upon B2 treatment. Thenasked whether B2 increases
nuclear inclusion formation because it increasegrdmslocation of mutant AR into the
nucleus. To test this, we performed nuclear/cytogmctionation in HEK293T cells

transiently transfected with vector expressing mugeR with 65 glutamine residues
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(AR65Q) and treated with R1881 together with eitenicle or B2 (Figure A1.1C). B2
did not change the amount of AR accumulating inrheleus in the presence of ligand.
Because AR interacts with the heat shock proteispg; (Poletti, 2004)), we asked
whether the effect of B2 occurs through inductiéiisp90, Hsp70, and Hsp40 (Figure
Al1.1D). Expression of these proteins was analyzedbstern blotting in the PC12-
AR112Q cells. Treatment of the cells with B2 did alter the levels of expression of
Hsp90, Hsp70, and Hsp40 in either the absenceegortsence of ligand, indicating that
the B2 effect on AR inclusion is independent of iHgps. Collectively, these results
indicate that B2 increases the deposition of muddhinto nuclear inclusions without
affecting AR ligand-dependent aggregation, expoessr subcellular distribution in

cultured cells.

B2 Alters AR Function

AR is a transcription factor activated by androg@taetti, 2004). We reasoned that B2
by entrapping mutant AR into macromolecular cometemay alter the ability of AR to
activate transcription. We tested this hypothesidiEK293T cells transiently transfected
with an expression vector encoding AR65Q togeth#r avreporter vector in which
luciferase expression is driven by a regulatoryaegontaining three androgen-
responsive elements (ARE), as previously descriPathzzolo et al., 2007). The cells
were treated with vehicle or B2 (10 M) and incragsamounts of R1881 (from 0.1 to 10
nM), and AR transactivation was measured by luaferassay (Figure A1.2A).
Treatment of the cells with R1881 induced mutanttAgRsactivation in a dose-

dependent fashion. Treatment of the cells with iB8iBcantly reduced the AR
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transactivation induced by ligand. As with the effef B2 on AR inclusions observed in
the PC12-AR112Q cells, the effect of B2 on mutaRttRanscription observed in
HEK293T cells was not due to a decrease in traresgeRNA transcript or protein levels
(Supplemental Figure A1.1B). To investigate whethereffect of B2 also occurs on
non-expanded AR and is dose-dependent, we treatisdransfected with either normal
or mutant AR with a constant dose of R1881 (10 akt) a range of concentrations of B2
from 1 M to 10 M (Figure A1.2B). The effect of Ba polyglutamine AR transactivation
was dose-dependent. At 1 M, B2 slightly increasemnal, but not mutant, AR
transactivation, whereas, at 5 M, B2 had no sigaift effect on either normal or mutant
AR transcription. At 10 M, B2 reduced both normatianutant AR transactivation.
Similar results were obtained with B21 (Supplemkiigure Al1.2), which is a
compound structurally similar to B2 and that hasrbghown to have the same effect as
B2 on mutant huntingtin inclusion formation (Bodmee¢l., 2006). It is relevant to note

that B21 had no effect on normal AR transactivation

One explanation for the effect of B2 on AR transetion is the recruitment of AR into
inclusions. However, we explored other possibsiti€o rule out the possibility that
treatment of the cells with B2 disrupts the celldtanscription machinery, we tested
whether B2 alters the transcription mediated by RKH, a member of the Forkhead
family of transcription factors (Brunet et al., B99The Forkhead transcription factors
are active in the absence of survival factors,ralition that we reproduced here by
serum deprivation, and are inactivated by the indike growth factor 1 (IGF-1) through
Akt phosphorylation. HEK293T cells were transfectgth a reporter vector in which the
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luciferase gene is under the control of the forklessponsive element (pFHRE-luc;
(Holtz-Heppelmann et al., 1998)). As expected,dcaiption of the reporter gene was
observed upon serum starvation and was decreaséiFy treatment (Figure A1.2C).
Treatment of the cells with B2 did not have angefffon this reporter. These results
indicate that B2 does not alter the cellular traipsion machinery. Moreover, these data

suggest that the effect of B2 on transcriptionkisly to be specific to mutant AR.

B2 has recently been shown to have inhibitory @gtagainst sirtuin 2 (SIRT2)
microtubule deacetylase (Outeiro et al., 2007).mM&IAR is acetylated at specific lysine
residues lying in the acetylation consensus sit&KK>at position 630-633
(NM_000044), where K is lysine and X any amino gg&id et al., 2000). To test whether
B2 reduces AR transactivation through acetylatiothia site, we used an acetylation-
defective mutant AR in which the lysine residueseveplaced by alanine (AR65Q-
K632A,K633A; (Thomas et al., 2004)). In HEK293Tlsgethe acetylation-defective
mutant had enhanced transactivation compared tétimon-substituted AR (Figure
A1.2D). Similar results were obtained with the riyglutamine-expanded AR
(Supplemental Figure A1.3). This is consistent witevious results obtained with non-
polyglutamine-expanded AR but different promotejioas (Haelens et al., 2007; Faus
and Haendler, 2008). B2 treatment decreased thsdctvation of the acetylation-
defective mutant, indicating that B2 effect on ARnisactivation does not occur through

regulation of acetylation at lysines 632 and 633.
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Because AR transactivation is strikingly ligand elegent (Poletti, 2004), we wondered
whether B2 works as a competitive antagonist. Sottes, we incubated HEK293T cells
transiently expressing AR65Q cells with nonmetatadile radioactive ligandHl]JR1881
and measured the displacement of radioactive b®1&81 by increasing amounts of B2
(Figure A1.2E). If B2 competes with R1881 for bimgito the same site, incubation of
the cells with increasing concentrations of B24pexted to result in a dose-dependent
displacement of radioactive ligand from the AR.p&sitive control, we treated the cells
with increasing amounts of cold R1881. B2 did riepthce the bound'fijR1881,
whereas cold R1881 completely displac#d|iR1881 at 100 nM and 1 M, as expected.
These data indicate that B2 does not compete falitg to the same site on the mutant
AR where androgens bind, thereby excluding theipibi$g that B2 acts as a competitive
antagonist of AR. At high doses, B2 inhibits norrA& transactivation (Figure A1.2B).
To rule out the possibility that B2 alters bindiofgnormal AR to ligand, we measured
ligand binding in HEK293T cells transfected withrmal AR as previously described
(Palazzolo et al., 2007). We found that B2 doesattet the binding of ligand to normal
AR (Figure A1.2F). Altogether, these results shbat B2 specifically decreases mutant
AR transactivation in a manner that is independéacetylation at the KXKK site and
does not affect ligand binding. Rather, these tesuk consistent with the idea that the

B2-induced formation of AR-positive inclusions risun a reduction of AR function.

B2 Reduces the Toxicity of Mutant AR in CulturetisCe
Because increased accumulation of polyglutamineseded proteins into inclusions has
been correlated with reduced toxicity in both egltl animal models of polyglutamine
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disease (Taylor et al., 2003b; Arrasate et al.4200e asked whether B2 attenuates the
toxicity of mutant AR. We tested this in the PC1RK12Q cells. The cells were treated
with R1881 and either vehicle or B2, and cell Vigpivas measured by XTT assay
(Figure A1.3A). Treatment of the cells with increggsconcentrations of R1881 resulted
in a dose-dependent decrease in cell viability(f@gA1.3A, open bars). Treatment of the
cells with B2 significantly increased cell viabyliby 29% compared with the cells treated
with ligand alone (Figure A1.3A, solid bars). Siamikesults were obtained measuring

cell death by propidium iodide incorporation (Sugpental Figure A1.4A).

SBMA is characterized by the loss of lower motaunoas from spinal cord and
brainstem (Adachi et al., 2007). Therefore, we dskbether B2 has any effect on
mutant AR toxicity in motor neuron-derived MN-1 lsettably expressing
polyglutamine-expanded AR with 65 glutamine ressl(AR65Q; (Brooks et al., 1997)).
Although these cells do not show ligand-dependexitity, they do show polyglutamine
length-dependent toxicity. Indeed, we have pre\hosisown that expression of
polyglutamine-expanded AR in these cells resulistneased caspase 3 activity and
reduced cell viability compared with cells expraegsnon-polyglutamine-expanded AR
(Palazzolo et al., 2007). Treatment of the mutaNtMcells with B2 reduced caspase 3
activation by 31% (Figure A1.3B). The effect of B2 toxicity was specific to
polyglutamine-dependent caspase 3 activation, adidBBot have any effect on caspase 3
activation induced by staurosporin (Figure A1.3gi). We also asked whether the B2
analog compound B21 impacts the toxicity of mutaRtin the MN-1 cells. Similarly to
B2, B21 reduced the caspase 3 activation induceduignt AR (Supplemental. Figure
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Al1.4B). These results indicate that B2 attenudtegdxicity of mutant AR in cell

cultures.

B2 Protects Flies from the Toxicity Induced by MutaR

Next, we sought to determine whether B2 counteracisnt AR-induced
neurodegeneration vivo. With this aim, we used transgenic flies that esprmutant

AR with 52 glutamine residues (AR52Q; (Takeyamalgt2002; Pandey et al., 2007b)).
Flies expressing polyglutamine-expanded AR rectgiguhe unique feature of SBMA,
which is the ligand dependence of the disease @agidal., 2007b). Transgenic flies
expressing AR52Q in the eye do not show any sigreafodegeneration in the absence
of hormone (Pandey et al., 2007b). In contrastfliée show alteration of the eye
phenotype when fed with the AR natural ligand dioyestosterone (DHT; Figure Al.4).
Exposure of the flies to B2 together with liganteatiated the extent of damage. To
guantify the effect of B2 on disease severity, walyzed the phenotype of about 50 flies
per group and scored the disease severity as dedan Materials and Methods (Figure
Al.4, middle panel). We found that B2 treatmennhgigantly decreased the extent of
alteration of the eye phenotype in this fly modeS8MA. The effect of B2 was not due
to a decrease in the level of expression of themwAR (Figure Al.4, bottom panel).
This is the first evidence that B2 protects aggnmyglutamine-expanded toxicity

vivo. These results are important, because they high#ig as a novel potential therapy

for SBMA.
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Discussion

The current study tested the effect of B2 on SBMA found that B2 increases
deposition of mutant AR into inclusions. This wasaciated with reduced
transactivation of mutant AR. Furthermore, we slioat B2 reduces the toxicity of
mutant AR in cell models of the disease. We shawife first time that B2 attenuates
polyglutamine-expanded toxicitg vivo. Our results provide further evidence that
inclusions represent a protective response ofeéli@éaccope with misfolded protein.
Moreover, because we found that the increased adation of mutant AR into
inclusions correlates with decreased AR functioa speculate that B2 attenuates
polyglutamine-expanded toxicity through a mechartisat involves
compartmentalization of the mutant protein and céida of native protein function.

Finally, we propose B2 as a potential therapy BBNM3..

B2 Increases the Compartmentalization of Mutant®® Inclusions and Reduces
Toxicity

B2 was isolated from a drug screen to increaséotimeation of inclusions while reducing
proteasome dysfunction in cell models of Huntintgahsease (Bodner et al., 2006). B2
has a similar effect oa-synuclein toxicity, suggesting a general protectiole in

protein misfolding diseases, such as Parkinsos&ade. We report that B2 increases
inclusion formation in cell models of SBMA. It islevant to note that, unlike the case in
Huntington's disease, B2 does not induce AR inclufdrmation per se. In the absence
of ligand, a condition in which there is no effectinclusion formation, B2 increases the

accumulation of mutant AR into microaggregatesthier suggesting that inclusions and
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microaggregates behave differently. In contrastjri8Peases the deposition of mutant
AR into inclusions in the presence of ligand. Tduggests that the effect of B2 occurs at
a stage that follows ligand binding. A unique feataf SBMA among the polyglutamine
diseases is gender specificity. In SBMA, only mallesw full disease symptoms, and this
is a result of high levels of circulating androgamshe serum. In the absence of ligand,
AR is in the cytosol in an inactive state boundHgps, such as Hsp90, Hsp70, and
Hsp40. Ligand binding induces a conformational g¢eanvhich results in dissociation
from the Hsps, translocation to the nucleus, ameggion of inclusions. AR-positive
inclusions have been found in motor neurons frorvi8Batients (Li et al., 1998) as

well as in cultured cells (Walcott and Merry, 200@8)e explored the mechanism through
which B2 increases formation of mutant AR-positivelusions. We tested whether the
induction of inclusion formation in the nucleusaisonsequence of increased expression
of the mutant protein or increased nuclear traraglon. However, we did not find any
difference in mutant AR expression or in the ligamduced nuclear translocation in the
presence or absence of B2. We also tested whéthen¢chanism through which B2
works involves the induction of the Hsps, such ap3, Hsp70, and Hsp40. However,
we could not detect any change in expression ekthtsps. From these results, we
excluded the possibility that the effect of B2 ontamt AR toxicity and inclusion
formation is due to an alteration of chaperonelievEhese results are consistent with a
previous report that B2 attenuates polyglutamingaexied huntingtin toxicity through a

mechanism that does not involve chaperone actiBivgner et al., 2006).
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Although inclusions had initially been considereslit, the observations that
accumulation of mutant huntingtin into inclusionscultured striatal neurons inversely
correlates with cell death (Arrasate et al., 2087 that drugs that interfere with the
ability of the cell to form inclusions cause cetlath (Taylor et al., 2003b) suggest a
protective role for inclusions. Consistent withstmodel, mutant AR has been shown to
accumulate more frequently and extensively in fugld nuclear pattern rather than in
nuclear inclusions, with the extent of diffuse maslaccumulation correlating with
polyglutamine repeat length (Adachi et al., 2008¢ show here that B2 decreases the
toxicity of mutant AR not only in cultured cells taaiso in a fly model of SBMA. B2 had
no effect on the toxicity induced by agents, sugBtaurosporin, that cause apoptosis
independently of inclusion formation (Tamaoki ef &4B86; Matsumoto and Sasaki,
1989). However, we cannot exclude additional effeftB2 on cellular toxicity
independent of polyglutamine inclusion formatiomur@esults provide the first evidence
that B2 counteracts the toxicity of polyglutamingzanded proteiim vivo and suggest
that agents that promote the deposition of unfolgletkins into inclusions may have

therapeutic potential.

B2 Alters Mutant AR Function in Cultured Cells

Recent evidence suggests that altered proteinifumist an important component of
polyglutamine disease pathogenesis (Lim et al.8R08R is a transcription factor
activated by the male hormones testosterone anl@iiigative DHT (Poletti, 2004). Upon
ligand binding, AR translocates to the nucleusdiivate transcription of those genes
whose regulatory regions contain specific androgsponsive element sequences.
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Polyglutamine-expanded AR has been shown to haseedltranscriptional activity in
motor neuron-derived cells, which may contributelisease pathogenesis (Lieberman et
al., 2002). We found that B2 reduces AR transatitiman cultured cells without
disrupting the general cellular transcription maeiy. Although this is unlikely, B2

might have a repressive effect on the transactimaif other steroid receptors whose
structure is similar to that of AR. Were this tacog B21 might represent a valid
alternative to B2. In fact, we found that B21 haseffect on normal AR transactivation,

suggesting that it specifically targets the disqaséein.

B2 inhibits activity of SIRT2 deacetylase, catahgihe NAD+-dependent reaction of
acetyl group removal from lysine residues of protibstrates such astubulin and
histones (Outeiro et al., 2007). Acetylation of fpmiyglutamine-expanded AR at the
KXKK acetylation consensus site is important for &Bnsactivation (Fu et al., 2003)
and is regulated by sirtuin activity (Fu et al.0B). However, when we tested whether
B2 affects transactivation of an acetylation-defecAR, we found that B2 is still active
on this AR variant, indicating that B2 does notuieg this site to alter AR function.
Rather, B2 may affect AR transcription by regulgtatetylation of AR at different lysine
residues or through a mechanism that is indeperadeXiR acetylation. The observation
that B2 increases the deposition of mutant AR inttusions, while decreasing AR
function and toxicity, leads us to speculate thgtincreasing the compartmentalization

of mutant AR into inclusions, B2 affects AR functiand reduces mutant AR toxicity.

Is B2 a Potential Therapy for SBMA?
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There is no effective therapy available for SBMAuAique feature of SBMA among the
polyglutamine diseases is gender specificity. Tédgure of SBMA has been reproduced
in animal models of the disease, including micet$kiao et al., 2002; Yu et al., 2006)
and flies (Takeyama et al., 2002; Pandey et aQi7B)) and may be attributed to
androgen-dependent toxicity of the mutant AR prot€éhe androgen dependence of the
disease offers the opportunity to develop theraasell on the reduction of testosterone
levels in the serum. Indeed, reduction of testosietevels by leuprorelin has had
promising results in mouse models of SBMA (Katsenal., 2003) and, more recently,

in a phase 2 clinical trial (Banno et al., 2009wéver, the use of anti-androgens can be
accompanied by several undesired side effects.\Me bere that B2 reduces the toxicity
of mutant AR in cell cultures and fly models of SBMBased on these results, we

propose B2 as a novel therapeutic approach for SBMA
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Figures and Legends

Figure Al.1. B2 increases the accumulation of mutaAR into nuclear inclusions.
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Figure Al1.1. B2 increases the accumulation of mutaAR into nuclear inclusions.

A: PC12 cells stably expressing mutant AR (AR112@®@je induced with doxycycline:
treated with vehicle, B2 (72 hr), and R1881 (48aw)ndicated: and processed for
immunocytochemistry. AR was detected with N20 ardip(green) and nuclei with

DAPI (blue). Quantification of the number of ceNgh AR-positive nuclear inclusions
and of cells with nuclear diffused AR is shownte bottom. Graph, mean + sem, n = 4,
*P =0.002 (post hoc t-test). B: Upper panel: Weasblotting of PC12-AR112Q cells
showing AR protein in cells treated with R1881 &#las indicated in A. Actin is shown
as loading control. Shown is one experiment repitasige of three. MW, molecular
weight. Bottom panel: Quantification of mutant Aggaegation reveals that B2 increases
AR aggregation in the absence of ligand but hasffezt on aggregation in the presence
of ligand. HMW, high molecular weight. Graph, measem, n = 3, *P = 0.02; NS, non-
significant (post hoc t-test). C: Nuclear-cytoplasiactionation of HEK293T cells
transiently transfected with vector expressing AQ@éd treated as indicated shows that
B2 does not affect nuclear translocation inducetigand. Shown is one experiment
representative of three. N, nuclear fraction; @osglic fraction. D: Western blotting
analysis of PC12-AR112Q cells treated as descifilred shows that B2 treatment does
not change the expression levels of Hsp90, Hsp7dsp40. Actin is shown as loading

control. This is one experiment representativehodd. Scale bar = Jm.
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Figure Al1.2. B2 alters AR transactivation.
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Figure Al1.2. B2 alters AR transactivation.A,B: Transcriptional assay of HEK293T
cells transfected with vectors expressing AR65QdAas indicated (B) and the reporter
vectors pARE-E1b-luc and pCMYV for luciferase g@idalactosidase expression,
respectively, and treated with B2 (48 hr) and R1&8thr) shows that B2 reduces
mutant AR transactivation. Data are representedivel to AR65Q-expressing cells
treated with 10 nM R1881, which are set as 100%p8s, mean + sem, n =3
independent experiments; A: *P = 0.05 and **P =00;(B: R1881 10 nM, *P = 0.004
(post hoc t-test). C: Transcriptional assay of HE&R cells transfected with the pFHRE-
luc and pCMV reporter vectors, treated with B2 (48 and either serum starved or
treated with IGF-1 for 24 hr revealed that B2 doesaffect pFHRE reporter activity.
Data were analyzed as described for A. Graph, ntesam, n = 3. D: Transcriptional
assay of HEK293T cells transfected with the AR espron vectors indicated and the
reporter vectors as for A shows that B2 is activeh® acetylation-defective AR mutant.
Data were analyzed as in A. Graph, mean * senB3,*B = 0.02 (post hoc t-test). E:
Ligand binding assay of HEK293T cells transfectett wector expressing AR65Q,
treated with radioactive ligand for 2 hr, then teshwith either B2 or cold ligand for 1 hr,
shows that B2 does not compete with ligand for inigdo mutant AR. Schatchard
analysis shows that B2 does not compete for binditig radioactive ligand. Graph,
mean + sem, n = 3 independent experiments. F: Higamding assay of HEK293T cells
transiently expressing normal AR and treated wiittee vehicle (AR24Q) or 10 M B2
(AR24Q + B2) shows that B2 does not alter bindihgarmal AR to ligand. Graph,

mean + sem, n = 3 independent experiments.

126



Figure A1.3
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Figure A1.3. B2 reduces the toxicity of mutant ARn cultured cells.A: XTT assay of
PC12-AR112Q cells treated with R1881 (48 hr) togethith either B2 or vehicle (72 hr)
shows that cell survival is decreased by ligandthatlthis effect is attenuated by B2.
Graph, mean = sem, n = 3, *P = 0.05 (post hoct}:tBs Caspase 3 assay of MN-1 cells
stably expressing AR65Q and treated as indicatedddr shows that B2 decreases
caspase 3 activity but has no effect on the caspasévation induced by staurosporin
(inset). The caspase inhibitor z-VAD-FMK (10 M, BBtreatment) and the caspase
activator staurosporin (1 M, 6 hr treatment) weseduas controls. Graph, mean £ sem, n

= 3, *P = 0.004 (post hoc t-test).
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Figure Al.4. B2 attenuates the toxicity of mutant R in vivo.
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Figure Al.4. B2 attenuates the toxicity of mutant R in vivo. Upper panel: Transgenic
flies expressing AR52Q in the eye were fed withydiotestosterone (DHT) and either
vehicle or B2. Exposure of the flies to DHT resdlie the alteration of the eye
phenotype, which was attenuated by B2. A magniboadf the posterior side of the eye
is shown on the right of each panel. Middle par@@uantification of disease severity is
shown in the graph (see Materials and Methods)plgnaean + sem, n = 45 for the
DHT-fed flies and 57 for the DHT/B2-fed flies, *PG-001 (two-sample t-test). Bottom
panel: Western blotting analysis of AR transgen@ession levels reveals that B2 does

not change mutant AR expression in flies. Tubulink) is shown as loading control.
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Supplemental Figure Al1.1
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Supplemental Figure A1.1. B2 does not alter AR trascript levels in cultured cells.
Real-time PCR analysis of (A) PC12-AR112Q cells BHEK293T cells transiently
expressing either normal (AR24Q) or mutant (AR63®)and treated with the androgen
analog R1881 together with either B2 or vehiclee AR mRNA was normalized to 18S

rRNA. Graph, mean = s.e.m., n = 3. (B, bottom ppA#& protein was detected by

western blotting. Tubulin is shown as loading cohtr
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Supplemental Figure A1.2
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Supplemental Figure Al1.2. B21 alters AR function ircultured cells. Transcriptional
assay was performed in HEK293T cells transientipsfected with vector expressing
either AR24Q or AR65Q and the reporter vectors pARIB-Luc and pCMY3. The cells
were treated with B21 for 48 hours and R1881 (10 fdv124 hours as indicated, and
processed for luciferase and beta-galactosidasgsdsuciferase activity was
normalized to beta-galactosidase activity. Grapdamt s.e.m., n = 3, p = 0.001, (post-

hoc t-test).
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Supplemental Figure A1.3
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Supplemental Figure Al1.3. Acetylation-defective ARas increased transactivation
function. Transcriptional assay of HEK293T cells transfeatth the indicated AR
constructs and the reporter vectors pARE-E1b-Lut@E®MVPB and treated with either
vehicle or R1881 for 48 hours shows that lack @ftgation at the KXKK consensus site

results in increased AR transactivation. Graph,miea.e.m., n = 3.
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Supplemental Figure Al1.4
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Supplemental Figure Al.4. B2 decreases mutant ARxaity in cultured cells. A)
Propidium iodide incorporation followed by fluoresce-activated cell sorter analysis of
PC12-AR112Q cells exposed to ligand and B2 for8 & hours, respectively, shows
that B2 decreases ligand-induced cell death. Graglan £ SD, n = 2. B) Caspase 3
assay of motor neuron-derived MN-1 cells treatetth wehicle or B21 for 48 hours

shows that B21 decreases caspase 3 activity. Z-¥MB-and staurosporin were used as
negative and positive controls, respectively. Grapban = s.e.m., n = 3, p = 0.01 (two-

sample t-test).
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Abstract

All cells are endowed with two catabolic pathwagsdegrading protein: the ubiquitin-
proteasome system (UPS) and autophagy. While toeses of protein degradation were
long considered to be parallel and complementasiesys, new evidence has revealed
interaction between the UPS and autophagy, suggestcoordinated relationship that
becomes critical in times of cellular stress. Heesintroduce the basics and parallels of
the UPS and autophagy, review the evidence fossaemgulation of the two systems, and
highlight their emerging coordinated relationshiproughout, we review the evidence
suggesting that impairment of autophagy could douite to the initiation or progression

of age-related neurodegeneration.

Introduction

In awarding the Nobel Prize in Chemistry to Aardacbanover, Avram Hershko and
Irwin Rose in 2004, the Royal Swedish Academy oésmes praised these scientists as
innovators. After decades of work focusing on hbw ¢ell produces proteins, these
pioneers had broken with tradition and highlightieel equally important process of how
the celldegradesroteins. Indeed, the idea that the proteomer(a yet to be invented)
was dynamic, with proteins continually synthesiaed degraded, was challenged well
into the 1950s. What Ciechanover, Hershko, and Rssevered in the mid-1980s was
an exquisitely controlled and efficient system elestively labeling and targeting

proteins for degradation, now well known as thequliin-proteasome system (UPS).
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According to Ciechanover, the identification of tiBS marked the end of a long search
for a non-lysosomal proteolytic system (Ciechanp2805). Although the lysosome had
been characterized as a catabolic organelle soged8 before, several lines of
evidence indicated that some portion of intracallgrotein degradation could not be
explained based on the known mechanisms of lysdsactigity. If the lysosome non-
selectively degraded all proteins, one might prtettiat all proteins would be degraded at
approximately the same rate. Yet, empirically, eiotalf-lives varied widely from a

few minutes to as long as several days. Secorftydiscovery that the stability of only a
subset of proteins was sensitive to physiologioalditions (most notably nutrient
availability) was difficult to reconcile with a gte, bulk lysosome-based degradation
system. A third line of evidence for a non-lysosbprateolytic system was the
differential sensitivity of particular proteins liysosomal inhibitors, suggesting that
distinct groups of proteins are degraded by distiegradation pathways, only one of
which is dependent on lysosomal proteases. Firthkyfact that degradation of some
proteins was ATP-dependent suggested that lysosumoiases (which degrade proteins
in an exergonic manner) could not be the sole mehdsgradation. This delineation
between lysosomal- and non-lysosomal-based degoadatrmitted these astute
investigators to intuit an alternative degradasgatem, culminating in elucidation of the

UPS as we understand it today.

The manner in which the UPS was discovered anidligitharacterized underscored the
differences between the UPS and lysosome-mediaggadation. Indeed, for many years
these two catabolic pathways were viewed as distetabolic pathways with no point of
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intersection. Recent years have seen renewedshiarthat which the UPS specifically
is not— that is, relatively non-selective bulk degraolatdf intracellular proteins that
requires lysosomal proteases — a process broafihedeasautophagy The recent
heightened interest in autophagy, combined withatbalth of knowledge of the UPS,
has highlighted the similar goals of the two catalymathways: first, their
complementary role in recycling macromolecules, sexbnd, their turnover of
misfolded and/or damaged proteins. Further stutiege begun to identify functional and
physical interactions between the two systems, weroag what may be a hierarchical
relationship between the pathways. Thus the twtesys that were identified based on
their differences are presently being revealedetsurprisingly similar and intimately

interrelated.

The UPS and Autophagy: A Division of Labor

The distinctions used by researchers in the 1380gferentiate the UPS from autophagy
remain the key characteristics of these systentisegsare defined today. The UPS is a
highly selective catabolic process which servethagprimary route of degradation for
thousands of short-lived proteins, many of whictvegegulatory functions in such key
processes as cell cycle control, transcriptiongilaion, and signal transduction. An
important class of substrates for degradation byU4RS is misfolded and damaged
proteins, since elimination of these proteins ipamant to prevent their accumulation in
protein aggregates that are inherently toxic. Ul sates are first marked for

degradation by the covalent addition of a ubigqumtiolecule to particular lysine(s) within
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the target protein; these ubiquitin molecules aded in an ATP-dependent manner
through the sequential action of ubiquitin-actimgt(E1), -conjugating (E2), and -ligating
(E3) enzymes. An additional ubiquitin moiety is addo a specific lysine residue in the
preceding ubiquitin molecule, and this procesgjmeated to form a polyubiquitin chain
on the substrate, sometimes involving the actieftg polyubiquitin (E4) ligase.

Ubiquitin molecules have a total of seven lysingdees (at positions 6, 11, 27, 29, 33,
48, and 63), and the particular lysine residue @isedonjugation of one ubiquitin
monomer to another — defining distinct ubiquitipatbgies — appears to have important
functional consequences for the substrate. Fanphkag K48-linked polyubiquitin chains
are targeted to the proteasome, while K63-linkdglydmquitin chains are involved in
other functions, as will be explored below (Chaalet1989; Arnason and Ellison, 1994).
Those substrates targeted for UPS degradationraet! to the proteasome, where
ubiquitin molecules are recycled and substrategmzgmatically degraded to
oligopeptides. These oligopeptides are subsequerdken down into amino acids by
non-specific peptidases, thereby regenerating mt@s@ssential to metabolic

homeostasis.

In contrast, autophagy (literally “self-eating”)sieibes a process in which cellular
components such as organelles and longer-live@ipoare delivered to the lysosome
for degradation. While autophagy serves a divensgyaf functions (reviewed in
(Mizushima, 2005)), this chapter will focus onetgolutionarily conserved function as
the critical mediator of metabolic homeostasishim fiace of changing nutrient availability
(Abeliovich and Klionsky, 2001) as well as its radeneuroprotection. Autophagy is
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generally considered to be a less selective detivadsystem than the UPS, and is
typically described as a process in which largeipas of cytoplasm are engulfed within
membranes and delivered to the lysosome in bulls diaracterization describes the
best-studied subtype of autophagy, known as matophagy. However, more several
specialized forms of autophagy exist, includingnmétitophagy and chaperone-mediated
autophagy (CMA). These subsystems are distinguiblpetie identity of the substrates
and the route by which these substrates reaclysbedmal compartment.
Microautophagy consists of direct engulfment of Bw@umes of cytosol by lysosomes,
while CMA involves selective, receptor-mediatechiiiacation of proteins into the
lysosomal lumen. In contrast, macroautophagy ire®bhede novdormation of an
isolation membrane which expands to engulf a poritthe cytosol, eventually fusing to
form a new vacuole termed an autophagosome. Augmsioenes undergo a series of
maturation steps before fusing with lysosomes tiveletheir cargo for degradation by
lysosomal proteases. Breakdown products from theslyme are translocated across the
lysosomal membrane to the cytosol, where theyearsed in metabolic processes. There
appears to be capacity for selectivity within thegess of macroautophagy, as some
processes have been observed that appear to becsjpeenitochondria (mitophagy),
portions of the nucleusiicleophagy, peroxisomespexophagy, endoplasmic reticulum
(reticulophagy, microorganismsxenophagy, ribosomegribophagy)or protein
aggregatesaggrephagy (reviewed in (Kundu and Thompson, 2008)). Mactopbagy

forms the basis of this chapter and will be ref@tehereafter simply as “autophagy”.
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The UPS and Autophagy: Functional Parallels

Despite such gross differences between the UP@&uatogphagy at a mechanistic level,
two key functional parallels have been well-esti®@d. First, both systems play
important roles in maintaining cellular pool oféramino acids, particularly in the setting
of limited nutrient availability. Protein catabatismediated by the UPS and autophagy
are crucial for recycling amino acids during acane chronic starvation, respectively.
Second, both systems play essential roles in gintethe integrity of the proteome
which is continually threatened by non-native pirofgrotein interactions and can lead to
the formation of insoluble aggregates. Even undemal conditions cells constitutively
produce aberrant proteins, and the challenge t@iprquality control can become even
greater with proteotoxic insults such as proteiidation, aberrant translation, or mutant
gene products. To counteract protein aggregatidritartonsequences, cells are
equipped with protective mechanisms that scrutitheecell for non-native proteins and
assist in their refolding or degradation. The UIR8 autophagy are both important to this
guality control system and deficiency of eitherteys is associated with accumulation of

defective proteins in insoluble aggregates withratant cytotoxicity.

The importance of eliminating misfolded or defeetpwoteins is perhaps most evident in
the context of the nervous system. As post-mitdiighly metabolically active cells,
neurons are particularly vulnerable to the longataccumulation of proteins that engage
in aberrant interactions or acquire other toxicperties. Indeed, a broad array of
neurodegenerative diseases are characterized lagt¢henulation of misfolded proteins

in affected brain regions. These deposits are &ty immuno-positive for ubiquitin

141



and other UPS components, suggesting a failuteeicell’'s capacity to clear proteins
marked for degradation. In addition, accumulatiohautophagic vacuoles in affected
brain regions of patients with Alzheimer’s dised3arkinson’s disease, Creutzfeldt-
Jakob disease, and many of the polyglutamine désemgggest that autophagy could play
arole in the initiation or progression of dise@&eglade et al., 1997; Sapp et al., 1997;

Sikorska et al., 2004; Nixon et al., 2005).

The observation that these protein deposits irséting of disease occur alongside (and
despite) signs of both UPS and autophagic actraises the question of which system
has failed in its task of degrading these misfoldexteins. The answer may be both: the
in vitro turnover of neurodegenerative disease-causingipsosech as polyglutamine-
expanded proteins, polyalanine-expanded protemsgasynuclein can be altered by
manipulation of either the UPS or the autophaggdgsnal system (Bennett et al., 1999;
Cummings et al., 1999; Kegel et al., 2000; Martipahicio et al., 2001; Ravikumar et al.,
2002; Taylor et al., 2003b; Webb et al., 2003; @a\at al., 2006). Such wide-ranging
sensitivities indicate that more than one degradabute may be available to some
proteins, and have led to the suggestion thathbee of route for a particular substrate
may be influenced by which system is most capabtkegrading it. For example, in the
case ofn-synuclein, it has been suggested that solubledainthe protein can be
efficiently degraded by the proteasome, while aggted or oligomeric forms require the
bulk degradation of the autophagic pathway (Weldd.eP003). Such a model further

suggests that autophagy could provide an alternatepensatory route of degradation
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when a particular substrate cannot be clearedaftiy by the proteasome, or when the

UPS is more globally compromised.

While the clearance of disease proteins is likellge cytoprotective in and of itself,
degradation of intracellular proteins in generalhether misfolded, damaged, or simply
no longer useful — has the advantage of recyclimga acids for further use by the cell.
As mentioned above, the best-characterized andigmodérily conserved role for
autophagy lies in its response to chronic starmatis such, autophagy is negatively
regulated by the nutrition-dependent insulin/PI3Kl 3OR signaling pathways; when
nutrients are removed, active PI3K inhibits TORywing autophagy to reallocate
nutrients from nonessential cytoplasmic compontmntstal cellular processes. The UPS
has also been implicated in response to starvationgh its major role appears to be

mobilization of nutrients in the context of acutarsation.

The UPS and Autophagy: Molecular Parallels

Apart from functional parallels between the UPS antbphagy with respect to recycling
amino acids and implications of impaired functiarthe setting of neurodegenerative
disease, a number of molecular parallels betwetsphagy and the UPS have emerged
as the details of each system have been delingatgmarticular note is the striking
similarity between the processes of autophagy itiolu@nd ubiquitin conjugation. Both
processes utilize molecules that have come to fieedieas UBLs (ubiquitin-like

proteins): while the UPS uses the eponymous ulbngonblecule, autophagy induction is
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regulated by post-translational modification by tWBL proteins, known as Atg8 and
Atgl2. Atg8 and Atgl2 are also members of a familgvolutionarily conserved

proteins known as the Atg (autophagy-related) jmete¢hese Atg proteins are the
effectors and regulatory proteins that initiate atehgate the autophagosomal membrane
(reviewed in (Xie and Klionsky, 2007)). UBLs shaimilar structural domains and are
likely ancestrally related (Figure A2.1) (Love &t 2007). Moreover, the UBL
conjugation system is also highly conserved betwieetJPS and autophagy (Figure
A2.2): in both cases, the carboxyl group of thee@rinal glycine of the UBL is activated
and attacked by a thiol-group-containing E1-acihgaenzyme to generate an E1-UBL
thiolester. The activated UBL is then transferr@en E2-conjugating enzyme, and
finally ligated to the target. In the case of thBLUAtgS8, this target is not a protein, but
the membrane-bound phospholipid phosphotidylettzamivle (PE). As PE is a
component of the autophagosomal membrane, this @& action results in the
studding of the inner and outer membrane of thegagosome with Atg8. A
mammalian homolog of Atg8 known as MAP-LC3 (micimile-associated protein light
chain 3, typically abbreviated as LC3) associatéis phagophores in an analogous
manner, and is therefore used as a primary hisgtabmarker of autophagosomes. Pro-
LC3 is cleaved cotranslationally to yield a protkimown as “LC3-1.” When LC3-I
becomes conjugated to PE and covalently assoaigiieshe phagophore, it forms “LC3-
II.” Consequently, the generation and turnover G8HII is used as an index of autophagy
induction and/or flux (Klionsky et al., 2008). Bersz LC3-1l remains on the inner
membrane of autophagosomes until lysosomal enzgegsde it, increased steady-state
levels of LC3-1l may be due to induction of autogbsome formation, a blockade in
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their maturation, or both. The striking similargibetween the ubiquitination system that
precedes proteasomal digestion and the autophdggtion system that culminates in
lysosomal digestion have led to the suggestionttieste two catabolic pathways may

have evolved from a common, ancestral biologicthpay.

Points of Intersection Between the UPS and AutophggCross-Regulation

As the list of similarities between the UPS andpbagy continued to grow, several
groups began to realize that these shared chastictiedid not simply reflect two
parallel systems, but that these pathways coudatsatt in meaningful ways. This
intersection was not predicted by the early reseascworking to characterize the UPS,
because of the apparently strict rule that agdwaisdisrupt lysosomal function have no
effect on the ATP-dependent turnover of short-liaed abnormal proteins (Pickart,

2004).

The first solid evidence that the UPS intersectél autophagy emerged in the mid-
1990s, when ubiquitin modification was identifieslan essential signal in the
endosomal-lysosomal system that permits lysosoegiadiation of certain integral
membrane proteins. Specifically, several groupsveldahat a subset of endocytosed
proteins requires ubiquitin conjugation in ordeatdieve internalization from the
plasma membrane (Kolling and Hollenberg, 1994; Hiakd Riezman, 1996) and that
monoubiquitination is sufficient as an endocytitemalization signal (Terrell et al.,

1998). In addition, K63-linked ubiquitin topologiegre found to stimulate endocytosis
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(Galan and Haguenauer-Tsapis, 1997). Ubiquitinatias also found to serve as a
sorting signal for endosomes, targeting endosoargjocto multivesicular bodies
(MVBSs) in the lysosomal degradation pathway (Komadd Kitamura, 2005). This
pathway is also used in lysosome biogenesis, itidg#hat ubiquitination can influence
the autophagy-lysosomal pathway at its most funaaahéevel. This latter observation
was also the first of several observations sugggstihierarchical relationship between
these catabolic pathways, with autophagy undecdinérol of the ubiquitin-proteasome

system, as discussed below.

More recent evidence linking the UPS and autopltagyes from research into p53, a
short-lived transcription factor whose steady-skatels are tightly controlled by the
UPS. p53 plays multiple well-described roles intgulation of the cell cycle and cell
death, and several groups have now confirmed ami@ul function for p53 in the
regulation of autophagy. Activation of p53 is beéd to activate autophagy through both
transcription-dependent and -independent mechar(iSemg) et al., 2005; Crighton et al.,
2006; Amaravadi et al., 2007; Zeng et al., 2007idaland Gu, 2008; Maclean et al.,
2008), while inhibition of p53 also appears to e autophagy, though strictly in a
transcription-independent manner (Tasdemir eR@DB). The paradox in which
autophagy may be induced by both activation anibitiin of p53 remains to be
resolved, though it has been suggested that tfexelit types of p53-dependent
autophagy activation could potentially be dictabgdhe nature of the stress signal
(Levine and Abrams, 2008). The notion that the RS dictate the steady-state levels of
a key autophagy signaling molecule such as p53esig@ model in which the UPS
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holds the reins of autophagy induction, acting igash of autophagy to control the

signals that induce or inhibit this degradativehpaty.

Further intersection of the UPS and autophagy ediolnd in the specialized form of
macroautophagy known as mitophagy (mitochondrigifpeautophagy), a process vital
to protecting cells from oxidative stress (Kim kf 2007). Parkin, a protein best known
as a gene deleted in juvenile Parkinson’s diseasdso an E3 ubiquitin ligase that was
recently shown to be recruited to impaired mitoatra where it mediates the
engulfment of mitochondria by autophagosomes (Nfreegt al., 2008). Though the
ubiquitination activity of Parkin was not directigsted in this paper, it will be interesting
to determine whether its ubiquitination signal ilwes mono- or poly-ubiquitination. Of
particular interest is Parkin’s ability to assemkgS8-linked polyubiquitin chains, which
form a ubiquitin chain topology that has been lohke autophagy and will be discussed

more below (Lim et al., 2005).

Autophagy and the UPS: Coordinated Function

While these points of intersection highlighted degary crosstalk between the UPS and
autophagy, there was until recently little evidetewshow functional overlap between the
two systems beyond their shared abilities to degythskease-associated proteins.
However, two papers published back-to-backlaurein 2006 revealed a level of
interaction that few would have predicted (Haralet2006; Komatsu et al., 2006). Both

of these papers described conditional knockouisdividual Atg genes within the
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nervous system, and both reported that these rhm@exl neurodegeneration with
extensive ubiquitin-positive pathology despite evide of an intact UPS (Figure A2.3).
These papers were significant in two respectst,Firay revealed an essential role for
basal autophagy (as opposed to nutritionally-induagophagy) in the development and
maintenance of the central nervous system, evéreiabsence of any disease-related
mutant proteins. Second, the accumulation of ubiigaonjugates despite an intact,
functioning UPS was the first evidence that autggiaight play a role the degradation
of ubiquitin-tagged substrates. Subsequent to éerchination that a deficiency of
autophagy leads to neurodegeneration with accuranlaf ubiquitin conjugates, it was
determined that induction of autophagy was abkufgpress degeneration associated
with UPS impairment and accelerate the clearanceisfblded protein ibrosophila
melanogasterThese results demonstrated for the first timérnlbaonly does

autophagy functionally complement the UPS, bubis o compensate for an impaired
UPS (Pandey et al., 2007b). In fact, impairmerthefUPS is such a potent and
consistent stimulus of autophagy that it has becarinequent method of experimentally

inducing autophagy botih vitro andin vivo (Rideout et al., 2004, lwata et al., 2005a).

Molecular links between the UPS and autophagy

The UPS and autophagy clearly share roles in maintametabolic homeostasis and
degrading abnormal proteins, while ubiquitin mazdfion evidently can lead substrates
into the autophagic system. What signals might atedhis coordination between the

UPS and autophagy? Several clues have come tdiaghtn vitro studies in which cells
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are challenged by either high-level expression isfatded protein or direct impairment
of the UPS. In such contexts, many cells activepgport ubiquitinated, misfolded
proteins to juxtanuclear bodies termed aggresodwméton et al., 1998). Aggresomes
are thought to be cytoprotective, acting as a n@shato sequestrate potentially toxic
proteins and facilitate their clearance by autogh@aylor et al., 2003b). While
controversy surrounds the question of whether aggnes are formeid vivo, they have
provided significant insight into the molecular rmamery that protects cells from
misfolded stress. In particular, several protemlived in aggresome formation have
subsequently been shown to play roles in managixig proteinsn vivo,including
Parkin,histone deacetylase 6 (HDACG6) and p62. The comimeatls linking HDACG6

and p62 to aggresomes are K63-linked polyubiqeitiains, which are thought to target
proteins to aggresomes, among other functions EBhebiquitin ligase Parkin is capable
of generating such K63 linkages (Lim et al., 20@®)J overexpression of Parkin leads to
aggresome formation (Junn et al., 2002). HDACG6agtaplasmic deacetylase whose
targets includex-tubulin, Hsp90, and cortactin. HDACG6 interactshwiolyubiquitinated
proteins through a Zn-finger ubiquitin-binding damand also interacts with dynein
motors, suggesting that it may provide a link betwabiquitinated proteins and transport
machinery (Kawaguchi et al., 2003; Kopito, 2003atavet al., 2005a). Indeed, HDAC6
was recently demonstrated to operate as an adagitween Parkin-mediated K63-linked
polyubiquitinated substrates and the dynein matonmex, effectively coordinating
delivery of substrates to autophagic machineryf@ian et al., 2007; Olzmann and Chin,
2008). InDrosophila,HDAC6 overexpression was found to suppress degenera

associated with UPS impairment as well as degdoarehused by toxic polyglutamine
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expression; this suppression was autophagy-depersigporting a role for HDACG in
linking the UPS with compensatory autophagy (Paredeyl., 2007b). p62 is a second
aggresome-related cytosolic protein that is thotuglaperate as an adaptor between
ubiquitinated proteins and autophagic machineryt laarbors both a ubiquitin-associated
domain and an LC3-interacting region (Geetha andtéfg 2002; Seibenhener et al.,
2004; Pankiv et al., 2007). p62 has been observediguitin-positive inclusions in a
variety of neurodegenerative disease brains (Ktwsisal., 2001a, 2002; Zatloukal et al.,
2002), and converging evidence from experimentalies suggest that p62 protects
against misfolded stress by facilitating a conrmecbetween ubiquitinated substrates and
autophagic machinery (Bjorkoy et al., 2005; Komadsal., 2007; Pankiv et al., 2007,
Ichimura et al., 2008; Nezis et al., 2008; RameahBet al., 2008). In a model similar to
that described for HDACG6, p62 has been proposeadtimer specifically with K63-

linked polyubiquitin to promote the clearance abtein inclusions by autophagy (Tan et

al., 2007).

Autophagy is Cytoprotective (Except When it Isn’t)

Whereas the neurodegeneration with ubiquitin-patiypobbserved in autophagy-
deficient mice was unexpected, it was consistetit piiior observations that genetic
alteration of lysosomal activity has dramatic imipac the central nervous system. For
example, knockout of cathepsin D, a lysosomal jasseenriched in neuronal tissues,
resulted in neurodegeneration and accumulationiigagosomes and lysosomes in

both mice andDrosophila (Koike et al., 2000; Myllykangas et al., 2005a8ka et al.,
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2007). On the basis of these observations one might gréditimpairment of
autophagy could contribute to neurodegenerativeadis in humans. Indeed, primary
lysosomal dysfunction imherited congenital “lysosomal storage disordéias long
beenrecognized to cause severe neurodegenerative pipesatharacterized
pathologically by accumulations of lysosomes andhagicvacuoles (Nixon et al.,
2008). For example, the neuronal ceroid lipofuseaso(NCLshre a heterogeneous
group of inherited, neurodegenerative disoraéts onset ranging from infancy to late
adulthood that are caused byaiety of defects in lysosomal function. Furthersa
growing list ofadult-onset, familial neurological diseases hawenldmked tomutations
expected to have an impact on autophagy-lysosamation (reviewed in (Nixon et al.,
2008)), including Parkinson’s disease (mutationthelysosomal protein ATP13A2 are
linked to early-onset PD) (Ning et al., 2008), Glwr Marie-Tooth type 2B (a
dominantly inherited form of peripheral neuropatiayised by mutations in the
endosomal-lysosomal trafficking protein Rab7 ) (ueven et al., 2003), and distal-
spinobulbar muscular atrophy (a form of motor naeuwlsease caused by mutations in the
lysosomal trafficking protein dynactin) (Puls et &005).These latter two diseases are
caused by mutations in components of the vesi¢tdasport machinery, implicating
impaired trafficking of autophagic components apantant to pathogenesis. Indeed,
microtubule-based vesicular trafficking is essdntiahe delivery of autophagosomes to
lysosomes (Kimura et al., 2008), and the relatiVehg axons of the sensory and motor

neurons affected in these diseases may impartpkativulnerability.
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How might autophagy be cytoprotective? One possibdiven the evidence that
autophagy can degrade disease-causing proteithgtiautophagy’s protective action is
mediated through accelerated turnover of misfolg®dieins. This idea is supported by
experimental evidence in models of neurodegenerdiisease. In these studies, genetic
inhibition of autophagy enhanced degeneration inaqlbar muscular atrophy (SBMA)
and Alzheimer’s disease models (Pandey et al.,20@ickford et al., 2008) and was
associated with higher levels of disease-relateteprs, suggesting that augmenting
autophagic clearance of these cytotoxic proteingdcprovide benefit. Indeed,
pharmacological activation of TOR using rapamycipmessed toxicity im vitro andin
vivo models of SBMA and Huntington’s disease (Ravikuetaal., 2002; Ravikumar et

al., 2004; Berger et al., 2006; Pandey et al., Bp07

Such a model, however, may be too simplistic. A&a@ed turnover of mutant disease-
causing proteins would be predicted to be cytoptte, but such a mechanism does not
explain how autophagy can suppress degeneratimodels of proteasome impairment.

It seems unlikely that autophagy upregulation cammalize the turnover of short-lived
proteins that are normally degraded by the UP&c#tfely replacing the UPS function
with respect to regulatory networks. Instead, @se reasonable to invoke another shared
function of the UPS and autophagy — that of maning metabolic balance. Perhaps,
through induction of autophagy, the metabolic bedatinat is disrupted with UPS
impairment can be restored, replenishing the @ellpbol of nutrients and allowing the

cell to regain essential functions.
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However, the role for autophagy in neurodegenenatiay not always be so
straightforward. In the case of Alzheimer’s disge@seomplex picture is emerging in
which impaired autophagosome-lysosome fusion, coetbivith decreasing efficiency of
the lysosomal system, causes accumulation of aatpplracuoles (Nixon, 2007). These
vacuoles may contribute to pathology by interfemvith normal cellular functions such
as intracellular trafficking and metabolic turnow#mutrients. In addition, recent studies
have suggested that the toxic amylBidpecies may be generated by autophagic
degradation of the amyloid beta precursor protéinét al., 2005). These findings
support a model of Alzheimer’s disease pathogenesidich autophagy induction
produces toxic species, while defective cleararfi@itophagic vacuoles lead to

exacerbation of disease (Nixon, 2007).

Final thoughts

The complex relationship between autophagy andodkegeneration, as illustrated by the
example of Alzheimer’s disease, highlights severasksolved questions. As mentioned
above, many neurodegenerative diseases show aationslof autophagic vacuoles; in
addition, autophagosomes are frequently found ingdgeurons. However, these
morphological studies cannot determine whethemteased frequency of autophagic
vacuoles in disease brain is due to induced autppbaimpaired autophagic flux.
Furthermore, these studies cannot distinguish lestlee role of autophagy in

cytoprotection or in cell death. Finally, if thecheased autophagic vacuoles reflect
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endogenous upregulation of autophagy, it is uncldsyrthis induction is insufficient to

protect against proteotoxicity.

Further questions concern the details of the ialatedness of the UPS and autophagy.
Several questions in particular concern the congiengfunction of autophagy in the
context of UPS impairment. For example, it is nebwn whether this compensatory
relationship is reciprocal — that is, whether ingre of the UPS is able to compensate for
impaired autophagy. Few reagents exist to upregtitet UPS, though one study found
that upregulation of the UPS may afford neuropridedrom toxicity caused by disease
proteins (Seo et al., 2007). However, the authmrsidt examine the effects of UPS
upregulation in autophagy-deficient cells. In anbhif the molecular players that might
transduce signals to induce compensatory autopteaggin unknown. Also, how is the
decision made between degradative pathways foparticular protein substrate when
more than one route is available? HDACG6 and p62 tth been implicated in directing
ubiquitinated proteins for autophagic degradatmr,the mechanisms whereby these
proteins identify their targets and influence thlaggradation are still unknown. Some
evidence suggests that different ubiquitin topaegnight identify different classes of
substrates, with K48-linked chains being degradethe UPS, while K63-linked chains
are recognized by HDACG6 and p62 and possibly degtéy autophagy (Figure A2.4).
However, experimental limitations in distinguishiting effects of K48- and K63-
ubiquitin chains must be overcome in order thesstons, andh vivo evidence for a

link between K63-linked chains and autophagy i§latiking.It is further evidence of the
irony of nature that the molecule that Ciechanokershko, and Rose discovered at the
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heart of their search for a non-lysosomal protéolyathway appears to be intimately
linked to lysosomal proteolysis. At the very ledisgir decision to name the molecule

“ubiquitin” turns out to have been made with renadnle foresight.
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Figures and Legends

Figure A2.1. Ubiquitin-like (UBL) molecules share hree-dimensional structures and
common ancestry.
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Figure A2.1. Ubiquitin-like (UBL) molecules share hree-dimensional structures and
common ancestry.(a) Ribbon diagrams of the UBL proteins Atg8, A2gand ubiquitin
reveal a common ubiquitin fold+helices are shown in greenstrands in purple, and
unstructured loops in orange. Images were geneusied PDB codes 1UBQ (ubiquitin),
1UGM (Atg8), and 1WZ3 (Atgl2) and PYMOL. (b) Cladag of human UBL proteins
demonstrate the evolutionary relationships betw#®h molecules and illustrate the
ancestral relationship between ubiquitin and awtgptrelated genes. Cladogram
generated by multiple sequence alignment of humab poteins using Clustal

W2.0.10.

157



Figure A2.2. Autophagy, the UPS, and SUMOylation wsparallel conjugation
systems of UBL modification.
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Figure A2.2. Autophagy, the UPS, and SUMOylation wsparallel conjugation
systems of UBL modification.(a) In the autophagy pathway, the UBL Atgl2 is
activated by the E1-like molecule Atg7, transfenethe E2-like Atgl0, and is
subsequently conjugated to Atg5. No E3-like proteas been identified in this pathway.
(b) Also in the autophagy pathway, the UBL Atg&divated by the E1-like molecule
Atg7, transferred to the E2-like Atg3, and is caygted to phosphotidylethanolamine
(PE) via the E3-like activity of the Atg5-Atgl2 cpiex. (c) In the UPS, the UBL protein
ubiquitin is activated by an El-activating enzymnansferred to an E2-conjugating
enzyme, and linked to its target substrate thrahghaction of an E3-ligating enzyme. (d)
In the SUMOylation pathway, SUMO is first activated the E1-like complex formed
by AOS1 and UBAZ2, transferred to the E2-conjugagngyme Ubc9, and finally ligated
to its substrate through an E3-ligating enzyme.ufmoeach conjugation pathway is

similar, each has significantly different downstreeffects.

159



Figure A2.3
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Figure A2.3. Conditional knockout of Atg5 in the maise nervous system results in
ubiquitin-positive inclusions and accumulation of plyubiquitinated proteins.

(a) Immunohistochemistry of brain sections fromtooinand Atg5 conditional knockout
mice at six weeks of age. Ubiquitin staining (1B&)eals ubiquitin-positive inclusion
bodies in the cytoplasm of large neurons in th&athas, pons, medulla, and dorsal root
ganglion (DRG). Genotypes shown: control (Atg5flexhestin-Cre) and Atg5 knockout
(Atg5flox/flox; nestin-Cre). Scale bar fith. (b) Triton-X-100-soluble polyubiquitinated
proteins accumulate in Atg5flox/flox; nestin-Crealms. Brain homogenate was prepared
at indicated times and separated into Triton-X-&0ble (S) and —insoluble (P)
fractions and immunoblotted with anti-ubiquitin idadies. Arrowhead indicates the

stacking gel. Reprinted from (Hara et al., 200@hvpiermission.
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Figure A2.4
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Figure A2.4. Protein degradation can be accomplisiieby two major intracellular
pathways: the UPS and autophagyin the UPS pathway, misfolded protein substrates
are tagged with K48-linked polyubiquitin chains datgeted to the proteasome for
degradation. The signal for degradation by macazhagy is not known, burh vitro
evidence suggests that K63-linked polyubiquitimateads to aggresome formation and
subsequent degradation of misfolded proteins bypnzgy. The process of
macroautophagy involves the expansion of a phagepbrasolation membrane that
surrounds a portion of the cytoplasm. The phagaphkeals and matures to form an
autophagosome, which in mammals joins with lateosenthes and multivesicular bodies
(MVBs) to form a new structure termed an amphisofmphisomes then fuse with

lysosomes to deliver their cargo for lysosomal ddgtion.
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Abstract

Protein degradation is an essential cellular fmcthat, when dysregulated or impaired,
can lead to a wide variety of disease states. Whanajor intracellular protein
degradation systems are the ubiquitin-proteasostesy(UPS) and autophagy, a
catabolic process that involves delivery of celldamponents to the lysosome for
degradation. While the UPS has garnered much etteas it relates to
neurodegenerative disease, important links betwea&yphagy and neurodegeneration
have also become evident. Furthermore, recentestindive revealed interaction between
the UPS and autophagy, suggesting a coordinatedanglementary relationship
between these degradation systems that becomiealdnttimes of cellular stress. Here
we describe autophagy and review evidence impligatis system as an important
player in the pathogenesis of neurodegenerativeades We discuss the role of
autophagy in neurodegeneration and review its meatective functions as revealed by
experimental manipulation in disease models. Rmalk explore potential parallels and
connections between autophagy and the UPS, higimniggtheir collaborative roles in

protecting against neurodegenerative disease.

A precarious balance

The energy expenditure needed to produce protanlstantial; thus, the degradation of
these macromolecules comes at a high cost. Nelestherotein turnover is essential for

removing defective proteins and for contributinghe pool of amino acids required for
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continued protein synthesis, particularly in tineééimited nutrient availability.
Furthermore, many essential cellular functionsctuding cell division, transcription,

and signal transduction — are regulated by fluainah protein levels accomplished by
altering the balance of protein synthesis and digian. The role of protein catabolism

in protecting cells from defective, misfolded piatehas been the subject of increased
attention as its relevance to human disease hasrgeapparent. A substantial fraction of
newly synthesized proteins are translated incdgrectfold incorrectly due to errors in
synthesis or genetic mutations (Wheatley and In@B80; Schubert et al., 2000; Vabulas
and Hartl, 2005; Yewdell, 2005). Oxidative or n#ytative damage adds to the burden of
defective proteins. Efficient degradation of thpsateins is essential, as cells cannot risk
the long-term accumulation of proteins that engagerrant protein-protein
interactions, form insoluble aggregates, or acquiiner toxic properties. Considering the
importance of protein catabolism in maintaining beimeostasis, it is not surprising that
dysregulation of protein turnover is associatedhwityriad disease states such as cancer

and neurodegeneration (Kundu and Thompson, 2008).

Two major pathways accomplish regulated proteialmalism: the ubiquitin-proteasome
system (UPS) and the autophagy-lysosomal systemlUHS serves as the primary route
for degradation for thousands of short-lived prwgeand provides the exquisite
specificity and temporal control needed for finaihg the steady-state levels of many
regulatory proteins (Ciechanover et al., 2000). WiRSliated catabolism is also essential
to maintain amino acid pools in acute starvatioth emntributes significantly to the
degradation of defective proteins (Wheatley andisn@980; Ciechanover and Brundin,
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2003; Vabulas and Hartl, 2005). Autophagy, by castiris primarily responsible for
degrading long-lived proteins and maintaining anmaci pools in the setting of chronic
starvation, although its contribution to the degtazh of defective proteins may equal
that of the UPS. Though it has received less atterthan the UPS historically,
breakthroughs in the molecular genetics of autopihaye led to a renaissance of interest
in this catabolic pathway and has revealed manyisimg insights about its regulation,
function, and contribution to protein degradationhoth normal and disease states. This
review will (1) highlight the parallels between ti®S and autophagy in their roles and
regulation, (2) explore the role of autophagy innoglegeneration, noting parallels with
the UPS, and (3) discuss emerging evidence of etiural relationship between the UPS

and autophagy and its relevance to neurodegeneratio

The basics: roles and regulation

“Autophagy”, literally “self-eating”, describes atabolic process in which cell
constituents such as organelles and proteins éxeds to the lysosomal compartment
for degradation. Autophagy is an evolutionarily served process whose primary task in
lower organisms is the maintenance of metabolicdustasis in the face of changing
nutrient availability (Abeliovich and Klionsky, 2@ This role in recycling is
complementary to that of the UPS, which degradeteprs to generate oligopeptides that
are subsequently degraded into amino acids whplemeshing the cell’s supply of free
ubiquitin. Recent advances have demonstrated tii@plaagy also serves a surprisingly

diverse array of additional functions, includingyanelle clearance, antigen presentation,
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elimination of microbes, as well as regulation efdlopment and cell death (Mizushima,
2005). Traditionally, autophagy has been considarkds selective degradative pathway
than the UPS and is frequently illustrated as tigpiEment of large portions of
cytoplasm (including nearby cytosolic bystanders) delivery of the contents to the
lysosome in bulk. This view of autophagy as a cruaselective form of catabolism has
been challenged by the appreciation of speciafiaads of autophagy that are
distinguished by the identity of the substrates thedroute by which these substrates
reach the lysosomal compartment (Figure AVligroautophagyconsists of direct
engulfment of small volumes of cytosol by lysosorffsiberg et al., 1982), whereas
chaperone-mediated autopha@MA) involves selective, receptor-mediated
translocation of proteins into the lysosomal lun@@ite, 1990). These processes are
distinguished fronmacroautophagyin which an isolation membrane expands to eraulf
portion of the cell, eventually fusing to form amnautophagic vacuole that subsequently
fuses with a lysosome (Arstila and Trump, 1968erfewithin the category of
macroautophagy, there appears to be capabilitydi@ctivity, as autophagic processes
have been observed that appear to be specificifochondria fhitophagy, portions of

the nucleusr{ucleophagy, peroxisomespexophagy, endoplasmic reticulum
(reticulophagy, microorganismsxenophagy, ribosomegribophagy)or protein
aggregatesaggrephagy (reviewed in (Kundu and Thompson, 2008)).

While the molecular regulation of microautophagynans obscure, there has been
substantial insight into the regulation of CMA andcroautophagy. CMA is a process in
which proteins harboring a pentapeptide motif eglab the sequence KFERQ are
specifically recognized by a cytosolic chaperohe,tlieat shock cognate protein of 70
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kDa (hsc70). The substrate-chaperone complex rstdrgeted to the lysosome by
binding to lysosome-associated membrane protei@L2MP-2A) which carries out
receptor-mediated translocation of the substratetire lysosome for degradation (Dice,
1990; Cuervo and Dice, 1996). Up to 30% of all sgl@ proteins harbor the CMA
recognition motif and are potentially subject t@lation by this catabolic pathway

during long-term nutrient deprivation (Dice, 192007).

While it remains unclear how substrates are spedifi marked for degradation by
macroautophagy (hereafter referred to as autophtgy)dentification of a family of
autophagy-related (Atg) genes in yeast and theirdlogues in higher organisms has
permitted minute dissection of the general probgsshich autophagy engulfs and
degrades its targets. The initial step in autophagglves expansion of a membranous
structure called the “isolation membrane” or “phplgare” that engulfs a portion of the
cell; the membrane eventually fuses to form a neubte-membraned structure known
as an autophagosome (Figure A3.1). The processtoplaagy is controlled by parallel
activation cascades that involve ubiquitin-like (UBrotein modification, strikingly
similar to the activation cascade that regulatedtRS (Figure A3.2a). In the first arm of
the Atg conjugation system, phagophore membramegaten is triggered through the
sequential action of an E1-like protein (Atg7) amdE2-like protein (Atgl0) leading to
an isopeptide linkage between the C-terminal gy@mthe UBL protein Atgl2 and a
lysine residue of Atg5 (Figure A3.2b). These AtgAig5 conjugates are further cross-
linked to Atg16 to form a large (~350 kDa) multintecomplex, which has been thought
to act as a structural support for membrane expar{®eggiori and Klionsky, 2005).
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More recent work has demonstrated that the AtglgbAbnjugate can function as an
E3-like enzyme in the second arm of the Atg conjiogecascade to promote lipidation
of Atg8 (Hanada et al., 2007). In a second arnihefAtg conjugation system, Atg4
cleaves the UBL protein Atg8 to promote interactidth Atg7. Atg8 is then conjugated
with the phospholipid phosphotidylethanolamine (Bi}the concerted action of the E2-
like Atg3 and the E3-like Atg12-Atg5 conjugate. @fte, this E3-like activity results in a
protein-lipid conjugation, in contrast to the classE3 protein-protein conjugation of the
UPS. As PE is a component of the autophagosomabmaara, the lipidation reaction
results in studding of the inner and outer memisai@utophagosomes with Atg8

(Figure A3.2c).

Once formed, new autophagosomes move through wiseematuration process that
culminates with fusion to a lysosome permittingraei@tion of the lumenal contents. In
mammals, autophagosomes first fuse with endosonméemaltivesicular bodies to form
amphisomes, which subsequently fuse with lysosdmeseate degradative vacuoles
termed autolysosomes (Berg et al., 1998). Autopbarges and autolysosomes can be
distinguished morphologically, as autophagosomesago contents with densities
similar to cytosol, while autolysosomes appearast®n-dense material with a hollow
rim beneath the limiting membrane. However, becafigecasional ambiguity in
distinguishing autophagosomes, amphisomes, antiyaosomes morphologically, the
term “autophagic vacuole” frequently appears inliteeature to refer to all three

structures.
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Four metazoan homologs of Atg8 have been identidAP-LC3 (microtubule-
associated protein light chain 3), GABARARaminobutyric-acid-type-A-receptor-
associated protein), GATE-16 (Golgi-associated AsERenhancer of 16 kDa), and
Atg8L, although GABARAP, GATE-16, and Atg8L havetiieen extensively
characterized. While GABARAP and GATE-16 may alsacbnjugated to PE in
experimental systems, at present MAP-LC3 (typicabipreviated LC3) is the only
protein that is known to remain associated withah®phagosome in higher eukaryotes.
Pro-LC3 is cleaved co-translationally to createranfof LC3 denoted “LC3-I". LC3-I
becomes conjugated to PE to form “LC3-1I” and tlhgreovalently associates with the
phagophore. Consequently, the generation and terrahL.C3-11 is used as an index of
autophagy induction and/or flux (Klionsky et al0B). LC3-II staining is also used as a
primary histological marker of autophagosomes. Beed C3-1l remains on the inner
membrane of autophagosomes until lysosomal enzgegsde it, increased steady-state
levels of LC3-1l may be due to induction of autogbsome formation, a blockade in
their maturation, or both. Distinguishing betwebkese possibilities for experimental
purposes is readily accomplished with the use efrabal inhibitors of maturation

(Klionsky et al., 2008).

A role for autophagy in neurodegeneration

Many neurodegenerative diseases are characteryzacchmulation of misfolded protein
deposits in affected brain regions, suggestinglaréain the cell’'s degradative capacity

(Taylor et al., 2002). Neurons, as highly metalaljcactive, post-mitotic cells, are

170



especially vulnerable to the accumulation of devegproteins, and this may account for
the frequency with which conformational diseaséscafthe nervous system. In most
cases, these proteinaceous deposits are compoabjoitin conjugates, suggesting a
failure in the clearance of proteins targeted fotgasomal degradation. Indeed,
experimental evidence indicates that neurodegenariat frequently associated with
impaired UPS function, although whether this imase or consequence of
neurodegeneration is a contested issue, as isnegielsewhere in this special issue. It
has also been suggested that autophagy plays & tbie initiation or progression of
some neurodegenerative diseases (McCray and T&@08). This suggestion originates
from the observed accumulation of autophagic vasiml neurons from affected brain
regions in a number of neurodegenerative diseasdsding Alzheimer’s disease,
Parkinson’s disease, Creutzfeldt-Jakob diseasemamy of the polyglutamine diseases
(Anglade et al., 1997; Sapp et al., 1997; Sikoedtia., 2004; Nixon et al., 2005). This
notion has since been validated by experimentaesve and insights provided by

human genetics, as described below.

Neurodegeneration is frequently characterized by iareased frequency of

autophagic vacuoles

Huntington’s and Alzheimer’s diseases are amondpést-studied examples where
histopathology implicates autophagy as playinglairodisease pathogenesis.
Alzheimer’s disease pathology features massiveragfation of autophagic vacuoles

within large swellings along dystrophic and degatiag neurites in neocortical and
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hippocampal pyramidal neurons (Nixon et al., 2005 Huntington’s disease, affected
neurons show accumulation of huntingtin in cathe@spositive vacuoles (Sapp et al.,
1997). Cathepsin D is a lysosomal protease enricheduronal tissues, suggesting that
these are autolysosomes. However, the observesbised frequency of autophagic
vacuoles in disease brain is ambiguous with redpeshether autophagy is induced or
whether autophagy flux is impaired. Furthermorépphiagosomes are frequently
observed in dying neurons, where it is unclear ireadutophagy is operating as a futile
cytoprotective response, whether autophagy mediatedeath, or whether it is induced
secondarily in a cell already otherwise commitedying. Insight into the role of
autophagy in neurodegeneration has been providstulies indicating that: 1) some
neurodegenerative disease-related proteins aradisdjby autophagy, 2) impairment of
autophagy promotes neurodegeneration in animal inaae several human
neurodegenerative diseases, and 3) manipulatiantophagy modifies phenotypes in

animal models of neurodegeneration.

Neurodegenerative disease-related proteins are degted by autophagy

That neurodegenerative disease-causing proteirfsegpgently degraded by autophagy
was demonstrated by a seriesrotitro studies which showed that pharmacological
induction or inhibition of macroautophagy alters tate of turnover of a number of
disease-related proteins including polyglutaminpasded proteins, polyalanine-
expanded proteins, as well as wild type and mutants ofa-synuclein (Ravikumar et

al., 2002; Webb et al., 2003). Moreover, ultraduted analysis by immuno-electron
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microscopy showed that in cell culture models, asgerelated proteins are delivered to
autophagic vacuoles (Kegel et al., 2000; Taylalet2003b). CMA has also been found
to contribute to the degradationaifsynuclein (Cuervo et al., 2004). Collectively,sbe
studies suggested that autophagy contributes tdabedation of multiple disease
proteins and the efficiency of this pathway cowdthte to the onset or progression of
disease. Of note, there is evidence that manyesitisame disease-causing proteins are
also degraded by the UPS (Bennett et al., 1999;lngs et al., 1999; Martin-Aparicio
et al., 2001), suggesting that more than one deagjxedroute may be available to them.
In the case ofi-synuclein, for example, Webb et al. concluded sadible forms of the
disease protein are efficiently degraded by the W#e aggregated or oligomeric
synuclein require autophagy for clearance (Weldd.e2003). These observations have
led to the suggestion that autophagy provides tennate, compensatory route of
degradation when clearance by the UPS and CMA@rpmomised. The relative
contribution of autophagy and the UPS to degradisgase-related substrates, and the
relationship of this to the onset and progressioradous diseases, remains to be

elucidated — and this may differ amongst differdiseases.

Impairment of autophagy promotes neurodegeneration

It is becoming increasingly evident that the autaphlysosomal system is essential to
neuronal homeostasis, and may in some settingsureprotective. The consequences of
impaired lysosome function, for example, may besoled in cathepsin D knockout mice

andDrosophila melanogastarathepsin D mutants which show neurodegeneratidn a
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associated accumulation of autophagosomes anclysss(Koike et al., 2000;
Myllykangas et al., 2005; Shacka et al., 2007). ihmgortance of autophagy to neuronal
homeostasis is further illustrated by characteiopadf mice with conditional knockout
of Atg genes. These mice die prematurely with esttenneurodegeneration and
ubiquitin-positive pathology (Hara et al., 2006;Katsu et al., 2006). On the basis of
these observations one might predict that impaitraeautophagy could contribute to
neurodegenerative disease in humans. Indeed, pyriggrsomal dysfunction in inherited
congenital "lysosomal storage disorders” has lomgnlrecognized to cause severe
neurodegenerative phenotypes characterized patballygoy accumulations of
lysosomes and autophagic vacuoles (Nixon et ab8R0-or example, the neuronal
ceroid lipofuscinoses (NCLs) are a heterogeneoospof inherited, neurodegenerative
disorders with onset ranging from infancy to ladeléhood that are caused by a variety
of defects in lysosomal function. Furthermore, @axgng list of adult-onset, familial
neurological diseases have been linked to mutagapscted to have an impact on
autophagy-lysosomal function (reviewed in (Nixorakt 2008)), including Kufor-Rakeb
syndrome (a form of early-onset parkinsonism wemeéntia) (Ning et al., 2008),
Charcot-Marie-Tooth type 2B (CMT2B) (Verhoeven ket 2003), and distal-spinobulbar
muscular atrophy (distal-SBMA) (Puls et al., 20@4utations in CLN3, a
transmembrane protein that localizes to the latlbgomal/lysosomal membrane, cause a
form of NCL. CLN3-related neurodegeneration appé&atse a consequence of reduced
autophagosome-lysosome fusion (Cao et al., 2006dafibns in ATP13A2, which
encodes a primarily neuronal lysosomal ATPase, warently found to cause Kufor-
Rakeb syndrome (previously designated PARK?9). Bisaausing mutations in
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ATP13A2 result in protein retention in the endoplasreticulum and enhanced
proteasomal degradation, suggesting that neuroéeaf@m could be caused by
overwhelming the UPS and/or loss of function iroly@mal protein degradation (Ning et
al., 2008). Mutations in Rab7 cause the dominantigrited axonal neuropathy CMT2B.
Rab7 participates in trafficking autophagosomesfasmn with lysosomes and disease-
causing mutations are predicted to impair this @ssqGutierrez et al., 2004; Jager et al.,
2004; Kimura et al., 2007). Mutations in p150/dyivaare responsible for the motor
neuron disease distal-SBMA. Microtubule-based veaidrafficking is essential for
delivery of autophagosomes to lysosomes and subsefusion (Kimura et al., 2008),
and impaired dynein-mediated trafficking is ass@davith impaired
autophagosome/lysosome fusion and reduced prateiover (Ravikumar et al., 2004;
Fader et al., 2008). Thus, motor neuron loss imEBBMA may result from impaired
autophagosome trafficking and/or fusion with lysoss. Indeed, a mouse model of
distal-SBMA that expresses mutant p150/dynactecharacterized by accumulation of
ubiquitin-positive aggregates and autophagic vasiol affected neurons (Laird et al.,

2008).

Manipulation of autophagy modifies neurodegeneratie phenotypes in animal

models

While deficiency in autophagy results in neurodeggation, a separate question concerns
the role of autophagy in the context of diseasisiad by mutations in genes unrelated

to autophagic function. To investigate this pergipecresearchers have turned to animal
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models of common neurodegenerative diseases tanaenable to genetic and
pharmacological manipulation of autophagy. Thesdist have largely shown that
reduced autophagy worsens disease phenotypes wlergaented autophagy provides
benefit, leading to the conclusion that autophagyytoprotective. For example, in a
Drosophilamodel of X-linked spinobulbar muscular atrophy (SBMa polyglutamine
disease, degeneration was strongly enhanced byigentebition of autophagy (Pandey
et al., 2007b). Similarly, in transgenic mice exgsiag amyloid precursor protein, a
model of Alzheimer’s disease, genetic inhibitioraatophagy by heterozygous depletion
of beclin-1 results in enhancement of neurodegéinaré&ickford et al., 2008). In both

of these studies it was determined that autophaggiency resulted in greater
accumulation of the offending, disease-relatedginaiPandey et al., 2007b; Pickford et
al., 2008), suggesting that autophagy was needédddrmade cytotoxic proteins. This
provided the rationale for investigating whethar@asing autophagic activity might
provide benefit. Pharmacological upregulation dbabagy can be accomplished using
the drug rapamycin, which works by inhibiting TO@r@et of rapamycin), a pleiotropic
molecule that negatively regulates autophagy, anobimgr functions. Indeed, treatment
with rapamycin ameliorates the degenerative phgmoity aDrosophilamodel of

SBMA, as well as ilbrosophilaand mouse models of Huntington’s disease (Ravikuma
et al., 2004; Berger et al., 2006; Pandey et 8D7B). In addition, inducing autophagy in
an TOR-independent manner using lithium (Sarkat.e2008b) or trehalose (Tanaka et
al., 2004; Davies et al., 2006; Sarkar et al., 20@5 been shown to accelerate clearance
of disease proteing vitro (Sarkar et al., 2007) and protect against neuraagtion in
mouse androsophilamodels of Huntington’s disease (Tanaka et al.42@@rkar et al.,

176



2008b). These exciting results have opened the tdabe possibility that
pharmacological upregulation of autophagy by rapamyithium, trehalose, or a newer
generation of small molecules might be of theraipeagnefit for patients with
neurodegenerative disease. Recently, high througgpeening efforts have identified
small molecule activators of autophagy. Some od¢éhmompounds inhibit TOR and
activate autophagy in a manner analogous to rapagyat other compounds are TOR-
independent and reflect multiple points of potdritiarapeutic intervention (Sarkar et al.,
2008a). There have been fewer efforts to manipW&s function for therapeutic benefit
in neurodegenerative disease, but it was recehtws that use of a proteasome activator
enhanced survival in an vitro model of Huntington’s disease (Seo et al., 2007),
suggesting that augmenting other routes of prategradation may also provide

neuroprotection.

However, it should be pointed out that the relagiop of autophagy to the accumulation
of disease protein may not always be straightfodw@here is evidence that in some
cases cellular attempts to degrade cytotoxic pr@ggregates interfere with normal
autophagy function leading to lysosomal “indigestithat ultimately compromises cell
function or viability. For exampley-synuclein is degraded at least in part by CMA
(Cuervo et al., 2004). Mutations irsynuclein that are causative of familial Parkinson
disease are poorly transferred to the lysosoma¢fuand accumulate on the lysosomal
surface, resulting in blockade of receptor-mediatadslocation. This results in
disrupting degradation of other CMA substrates (Coet al., 2004; Massey et al.,

2006). With respect to Alzheimer’s disease, amevere complex story is emerging.
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Several lines of evidence suggest that there impairment of autophagy resulting from
impaired autophagosome-lysosome fusion combineu datreasing efficiency of the
lysosomal system (Nixon, 2007). These vacuoles fondlyer contribute to pathogenesis
by interfering with normal intracellular traffickgnand/or by leaking undigested toxic
contents into the cytosol, or more generally byupisng normal metabolic turnover
required for neuronal homeostasis. Recent evidsanggests that the autophagic turnover
of amyloid beta precursor protein (APP) may unédhie generation of toxic amyloid-
species (Yu et al., 2005).Thus, the relationshiputbphagy to Alzheimer’s disease
progression is complex, with autophagy-related petidn of toxic amyloid-ithat

culminates in impaired autophagy and exacerbatialisease.

Links between UPS and autophagy

The UPS and autophagy were long viewed as indepgnurallel degradation systems
with no point of intersection. This view was iniljachallenged by the observation that
monoubiquitination operates as a key signal in eyihais, a process important for
numerous cell functions including lysosomal biogasi¢Ross and Pickart, 2004).
Subsequently, several lines of evidence have dpedlsuggesting that the UPS and
autophagy are functionally interrelated catabotmcpsses (Rideout et al., 2004; Iwata et
al., 2005a; Pandey et al., 2007b). Specificallgsthdegradation systems share certain
substrates and regulatory molecules, and show twtedl and, in some contexts,
compensatory function. Thus, in contrast to thditi@nal notion of the UPS and

autophagy providing discrete routes of degraddtoshort-lived and long-lived
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proteins, respectively, it is increasingly cleaatth substantial subset of proteins may be
degraded by either pathway. Short-lived proteinsnadly degraded by the UPS can be
selectively degraded by autophagy under certaiditons (Fuertes et al., 2003a; Li,
2006), while longer-lived proteins can also be ddgd by the UPS (Fuertes et al.,
2003b). The neuronal proteirsynuclein, for example, can be degraded by the, UPS
macroautophagy and chaperone-mediated autophagyo(@el., 2003; Cuervo et al.,
2004). Under conditions in which one degradaticstey is compromised, enhanced
degradation by an alternate pathway may becomeatrio maintaining pools of amino
acids for protein synthesis and may protect agdivesaccumulation of a toxic species.
As mentioned above, dramatic illustration of thieirelatedness of the UPS and
autophagy was provided by characterizations of mitle conditional knockout of the
essential autophagy genes Atg5 or Atg7 in the aenérvous system, which resulted in
neurodegeneration with accumulation of ubiquitirsipee pathology (Hara et al., 2006;
Komatsu et al., 2006). Given that these mice shaveedbservable defect in UPS
function, these results suggest that some ubigtatiged proteins may in fact normally
be degraded by autophagy. This model is consistigntan older study showing that
inactivation of the ubiquitin-activating enzyme Eads to a defect in autolysosomal
degradation and to an absence of ubiquitin-posgire¢eins within lysosomes (Lenk et
al., 1992).

Further illustration of the relationship between thPS and autophagy can be found in a
series ofn vitro studies that examined the behavior of cells folt@achallenge to the
UPS. When cultured cells are challenged with exogsflded protein that overwhelms

the UPS, or treated with proteasome inhibitorsquitinated misfolded proteins are
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actively transported to a cytoplasmic, juxtanuckaucture that has been termed an
“aggresome” (Johnston et al., 1998). It has befmried that aggresome formatiom

vitro is a cytoprotective response in cultured cellsesiheir formation correlates
inversely with cell death, whereas interventiors tiiock aggresome formation enhance
cytotoxicity and slow the rate of turnover of misked proteins (Kawaguchi et al., 2003;
Taylor et al., 2003b; Arrasate et al., 2004; Inattal., 2005a; Yamamoto et al., 2006).
While aggresomes superficially resemble the cytpla inclusions present in some
neurodegenerative diseases, evidence of aggreswmatfonin vivois lacking, and

most pathological inclusions found in neurodegetnezalisease are clearly not
aggresomes. Nevertheless, studying the phenomédraggresome formatiom vitro has
provided insight into the cellular management oéfoided proteins; for example,
helping to identify molecular machinery that prdasecells from misfolded protein stress.
It has now been established that clearance of idesdigoroteins from aggresomes is
mediated at least in part by autophagy, implicating pathway as a compensatory
mechanism for degrading misfolded proteins wherptioéeasome is impaired (Taylor et

al., 2003b; Iwata et al., 2005b; Iwata et al., 2Z80B6amamoto et al., 2006).

In addition to aggresome formation, impairmentha UPSn vitro has been found to
induce autophagy (Rideout et al., 2004; Iwata .e2805a). This is observed, for
example, in Hela cells after prolonged proteasdntabition as evidenced by
redistribution of LC3 into numerous puncta (Figld& 3a-c) and the accumulation of
autophagic vacuoles based upon ultrastructuratiatiah (Figure A3.3d-g). Similar
induction of autophagy is observed in responsesteetic impairment of the proteasome
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in Drosophila(Pandey et al., 2007b). The role of autophagyatidn in the setting of
UPS impairment appears to be cytoprotective siegeerative phenotypes associated
with proteasome impairment are enhanced in an hagppdeficient background (Figure
A3.4a-c), whereas this degeneration is suppresbetd awutophagy is induced with the
TOR-inhibitor rapamycin (Figure A3.3d). Similar us have recently been observed
vitro using the proteasome inhibitor lactacystin, astggatment with rapamycin
attenuates lactacystin-induced apoptosis and redactacystin- induced ubiquitinated

protein aggregation (Pan et al., 2008).

Although the mechanism whereby autophagy and UR&ituin are coordinated is little
understood, several regulators have emerged astampplayers in mediating this
crosstalk, including histone deacetylase 6 (HDAQ&ata et al., 2005a; Pandey et al.,
2007a; Pandey et al., 2007b), p62/sequestosom@?]) (Bjorkoy et al., 2005), and the
FYVE-domain containing protein Alfy (Simonsen et 2004); notably, these proteins
have all been found to regulate or be essentiadgresome formation. HDACG6 is a
cytoplasmic microtubule-associated deacetylase avtargets includa-tubulin, Hsp90,
and cortactin. HDACSG interacts with polyubiquitiedtproteins through a highly
conserved Zn-finger ubiquitin-binding domain, amebanteracts with dynein motors,
suggesting that the molecule may provide a phys$iabetween ubiquitinated cargo
and transport machinery (Kawaguchi et al., 2008)AB6 activity appears to be
important for trafficking ubiquitinated proteinscglysosome#n vitro and this has led to
the suggestion that HDACG6 coordinates deliveryutifstrates to autophagic machinery

(Kawaguchi et al., 2003; Kopito, 2003; Iwata et 2005a). IrDrosophila HDAC6
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overexpression was found to suppress degenerasmtiated with impaired UPS

activity and also suppressed degeneration causeukizypolyglutamine expression. In
both cases, this rescue by HDACG6 was found to bepaagy dependent, consistent with
a role for HDACG in linking the UPS and compensgatmuntophagy (Pandey et al.,
2007b). HDACSG activity was also reported to regeilehhaperone expression in response
to heat shock by deacetylating Hsp90 leading asd and activation of the transcription

factor HSF-1 (Boyault et al., 2007).

p62 is another cytosolic protein whose structuggests a function as an adaptor
molecule linking ubiquitinated proteins to autopicagachinery. The C-terminal portion
of p62 harbors both a ubiquitin-associated (UBANndo which interacts non-covalently
with ubiquitinated proteins (Geetha and Wooten,2@&eibenhener et al., 2004) as well
as an LC3- interacting region (LIR) (Pankiv et 2D07). Cellular stresses such as
polyglutamine expression, proteasome impairmentiaiive stress, and increased
misfolded protein burden activate transcription tradslation of p62, suggesting that it
functions broadly in stress situations (Kuusistalet2001b; Nagaoka et al., 2004). p62
localizes to a variety of ubiquitin-positive neuadipological inclusions including Lewy
bodies in Parkinson’s disease, neurofibrillary teagn tauopathies, polyglutamine-
expanded huntingtin aggregates in Huntington’sadiseand aggregates of mutant SOD1
in familial amyotrophic lateral sclerosis (Kuusigtbal., 2001a, 2002; Zatloukal et al.,
2002). A role for p62 in protecting against misfaddprotein stress is supported by the
observation that RNAi-mediated knockdown of p62cexhates polyglutamine toxicity
in vitro and diminishes the formation of ubiquitin-positinelusions in response to
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misfolded protein stress (Bjorkoy et al., 2005) ivmeducing the ability of LC3 to co-
precipitate ubiquitinated proteins (Pankiv et 2007). Very recently, p62 was found to
contain an LC3 recognition sequence that, when teditaesulted in ubiquitin- and p62-
positive inclusion formation (Ichimura et al., 2008hus, it has been suggested that p62
provides a key link between autophagy and the UpPfadilitating autophagic
degradation of ubiquitinated proteins. As predidigdhis model, p62 null mice fail to
form ubiquitin-positive protein aggregates in rasp®to misfolded protein stress
(Komatsu et al., 2007) and show age-related negedation (Ramesh Babu et al.,
2008). Consistent results were obtained in studfi@osophiladeficient in Ref(2)p, the
Drosophilahomologue of p62 (Nezis et al., 2008). Recent nodedpose that p62 and
HDACSG6 function analogously to facilitate autophadegradation of proteins that display
specific polyubiquitin topology. Specifically, & suggested that K63-linked
polyubiquitin chains recruit p62 and HDACS6 providia signal for autophagic

degradation (Olzmann et al., 2007; Tan et al., 2007

Alfy (autophagy-linked FYVE protein) is a third alsle molecular link between
autophagy and the UPS. Alfy is a member of the FXdain family of proteins. In
cells that are exposed to stressors such as stareatUPS inhibition, Alfy relocalizes
from the nuclear envelope to filamentous cytoplasshiuctures that are near autophagic
membranes and ubiquitinated protein inclusionsyelkas within autophagosomes
(Simonsen et al., 2004). Mutationstlue cheeseheDrosophilahomology of human

Alfy, lead to reduced longevity and the accumulatd ubiquitinated neural aggregates,
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suggesting that its role in autophagic degradatiay be involved in the clearance of

ubiquitin aggregates (Finley et al., 2003; Simonseal., 2004).

Summary and unresolved questions

The last few years have led to substantial ingigotthe relationship between autophagy
and the UPS. It has become apparent that theign$icant similarity, and in some cases
overlap, in the regulation of these catabolic patysvoy UBL modification, leading to
the suggestion that they evolved from a commolobical origin (Hughes and Rusten,
2007). Further, it has become evident that thetfonof autophagy and the UPS are
coordinated. For example, impairment of the UP8Itesn upregulation of autophagy
((lwata et al., 2005a; Pandey et al., 2007b) agdrei A3.3), and in some contexts this
upregulation of autophagy can compensate for ireddifPS function (Pandey et al.,
2007b). However, it is not known whether this comgagory relationship is reciprocal, as
few reagents exist to upregulate the UPS. One gtudhd that upregulation of UPS may
afford neuroprotection from toxicity caused by dise proteins, though the authors did
not examine the effects of UPS upregulation in plodgy-deficient cells (Seo et al.,
2007). The mechanism and the molecular playergégatiate the relationship between
autophagy and the UPS are beginning to be eluddatd, perhaps not surprisingly,

recognition of UBL modification is emerging as asistent theme.

CMA is also clearly involved in the coordinated étioning of proteolytic pathways.

CMA can selectively degrade some subunits of tiéepisome, highlighting a
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relationship between CMA and the UPS (Cuervo ¢t18R5). In addition, acute blockage
of CMA results in short-term impairment of both tHiBS and macroautophagy, followed
by a recovery of these catabolic systems as CMAkKalde persists (Massey et al., 2008).
Chronic blockage of CMA results in constitutiveiaation of macroautophagy, which
appears to be compensatory (Massey et al., 20@é}ke€Tinterrelationships suggest a
model in which the preferred route of degradatimmef particular substrate may be linked

to which system is most capable of efficiently detjng it.

While much has been revealed in recent years, aufiit questions remain. Most
notable, it is largely unknown how the decisiomiade between degradative routes for
any particular protein substrate when more thanpatleway is available. HDACG6, p62,
and Alfy have been implicated in directing ubiguatied proteins for autophagic
degradation, but the mechanisms whereby theseipsatkentify their targets and
influence their degradation are still unknown. Bdiming recent evidence suggests that
different classes of substrates may be identifiedddyubiquitin chains of differing
topology, providing the signal for degradation meg@roteolytic system or the other
(Lim et al., 2005; Olzmann et al., 2007). More sfieally, it has been suggested that
polyubiquitin chains with K48-linked chains arerparily degraded by the UPS, whereas
those with K63-linked chains are directed to autaph Indeed, one might envision a
“ubiquitin code” that translates into interactiomttwspecific ubiquitin binding proteins,
including HDACSG, Alfy, p62 or other members of ti8A family (Elsasser and Finley,
2005), which may in turn determine the fate ofsbhbstrate. However, experimental
limitations in distinguishing between K48-, K63-camixed-linkage ubiquitin chains
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must be overcome in order to answer this quesfiectesely, and many of these
relationships remain largely unexplored. This @ptof different classes of
substrates that are destined for degradation bgrohi§ pathways is consistent with one
recent report in which disease-associated proteans found to partition into two
distinct intracellular compartments, with solublgquitinated proteins accumulating in a
proteasome-rich juxtanuclear region, and insolalgigregated proteins accumulating in
perivacuolar inclusions that colocalize with Atg&ganovich et al., 2008). It would be
interesting to determine whether these proteingddo@ distinguished by differing UBL

modifications.

The mechanism by which upregulation of autophagigaties neurotoxicity associated
with UPS impairment is also unresolved. It is ualjkthat autophagy is able to
compensate for the role of the UPS in fine-tunimg dteady-state levels of short-lived
regulatory proteins. More likely, augmentation afaphagy is neuroprotective by 1)
maintaining the overall rate of catabolism, “fregimmino acids that would otherwise lie
useless in aggregated, nonfunctioning proteinslilinating specific protein substrates
that would otherwise accumulate, aggregate andirgctpxic properties, or 3) a

combination of these.

Further illumination of the relationship betweee thPS, autophagy and the relationship
to human disease is vitally important and could lEaharnessing intrinsic catabolic

pathways for therapeutic benefit.

186



Acknowledgments
We thank Brett McCray and Mondira Kundu for helpfoinments and critical review of
the manuscript. This work was supported by a gram the Muscular Dystrophy

Association and NIH grant NS053825 to JPT.

187



Figures and Legends

Figure A3.1. The UPS and the autophagy-lysosomalsgms are the two main
protein degradation systems in the cell.
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Figure A3.1. The UPS and the autophagy-lysosomajsems are the two main

protein degradation systems in the cellProteins that are tagged with polyubiquitin
chains are generally considered to be substratebddJPS, which feeds unfolded
proteins through the barrel of the 26S proteasamdeganerates small digested peptides.
Recent evidence suggests that some ubiquitinatestrates can also be degraded via the
autophagy-lysosomal system. This system is compo$€l) macroautophagy, in which
cytosolic components are engulfed and delivergtiédysosome in bulk, (2)
microautophagy, in which small volumes of cytos@ directly engulfed by lysosomes,
and (3) chaperone-mediated autophagy (CMA), in wkmuble substrates associated
with a specific chaperone complex are translocattedthe lysosome through the LAMP-
2A lysosomal receptor. Macroautophagy involvesreesef maturation steps: first, a
portion of cytoplasm is surrounded by an expandotation membrane or phagophore.
The phagophore seals to form an autophagosomehwhimammals fuses with late
endosomes and multivesicular bodies to form an @opte. The amphisome then fuses
with a lysosome to form an autolysosome, in whigiosolic cargo is degraded by
lysosomal hydrolases. LC3-Il is a protein that agges with the inner and outer surfaces

of autophagic membranes and provides a histologieaker of autophagic vacuoles.
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Figure A3.2. Assembly and elongation of autophagimembranes are accomplished
via sequential action of UPS-like E1-E2-E3 cascades
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Figure A3.2. Assembly and elongation of autophagimembranes are accomplished
via sequential action of UPS-like E1-E2-E3 cascadda each case, an E1 enzyme
activates a ubiquitin-like protein (UBL) such asqubtin, Atgl2, or Atg8. The UBL is
then transferred to an E2 conjugating enzyme, @b by an association with an E3
ligase that promotes association of the UBL anthitget. (a) In the UPS, ubiquitination
of substrates is accomplished by an El-activatimayme, E2-conjugating enzyme, and
an E3-ligase. (b) In the first arm of the Atg caygtion pathway, Atgl2 associates with
the E1-like Atg7, is transferred to the E2-like A@y and is subsequently conjugated to
Atg5. No E3-like protein has been identified instpathway. (c) In the second arm of the
Atg conjugation pathway, Atg8 associates with thdike Atg7, is transferred to the E2-
like Atg3, and is conjugated to PE via the E3-ldation of the Atgl2-Atg5 complex.

Adapted from (Geng and Klionsky, 2008) with pernaas
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Figure A3.3. Proteasome impairment leads to upregation of autophagic activity.
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Figure A3.3. Proteasome impairment leads to upregation of autophagic activity.

(a) HelLa cells that stably express the UPS reptlt€s76V-GFP were treated with the
irreversible proteasome inhibitor epoximicin for f@urs and monitored for cell death.
Increasing levels of the GFP substrate indicateainepd UPS function. Note the 24 hours
time point used in (b)-(g) is within the window ¢hg which proteasome function is
impaired, but the cells remain viable. (b-c) ImageEC3 staining (red) and DAPI (blue)
show accumulation of LC3 puncta in epoximicin-teshtells. (d-e) Transmission
electron microscopy images of cells reveal autoghstguctures and prominent
vacuolization in epoximicin-treated cells. (f-gcteased magnification of structures in

(e) reveal multi-membraned structures consistetit aitophagic activity.
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Figure A3.4

DTS72% DTS72%
atg12 KD + rapamycin

Figure A3.4. ADrosophila model of proteasome impairment is modified by
manipulation of autophagic activity. (a-b) The temperature-sensitive DTS7 mutant
shows a normal eye phenotype at the permissiveaenpe of 22°C and a significant
degenerative phenotype at the restrictive tempezatii28°C. (c) RNAI knockdown of
the autophagy geragl2results in an enhancement of the DTS7 degenerative
phenotype, suggesting that the autophagic actiléyis induced in response to
proteasome impairment is compensatory. (d) TreatofeDTS7 flies with rapamycin
suppresses the degenerative phenotype, demongtiadininduction of autophagy can

compensate for impaired proteasome function. Adbfsten (Pandey et al., 2007b).
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Appendix IV:
HDACG6 Rescues Neurodegeneration and

Provides an Essential Link Between Autophagy and gtnUPS

195



HDACSG rescues neurodegeneration and provides an esgial link between

autophagy and the UPS

Udai Bhan PandéyZhiping Ni€, Yakup Batle\i, Brett A. McCray, Gillian P. Ritson,
Natalia B. Nedelsky Stephanie L. SchwartzNicholas DiProspefo Melanie Knight,
Oren Schuldinér Ranjani PadmanabhamMarc Hild, Deborah L. Berrj; Dan Garz3

Charlotte C. Hubbett Tso-Pang Yab Eric H. BaehrecKe and J. Paul Taylot

1. Dept. of Neurology, University of Pennsylvania Schof Medicine, Philadelphia,
PA 19104 USA

Center for Biosystems Research, University of Mamgl Biotechnology Institute,
College Park, MD 20742 USA

Neurogenetics Branch, NINDS, NIH, Bethesda, MD ZOBEA

Dept. of Biological Sciences, Stanford UniversiByanford, CA 94305 USA
Novartis Institutes for Biomedical Research, Canhdeei MA 02139 USA

Dept. of Pharmacology and Cancer Biology, Duke @rsity, Durham, NC 27710
USA

N

o0k w

This chapter was published inNature (2007).

196



Abstract

A prominent feature of late-onset neurodegeneratiseases is accumulation of misfolded
protein in vulnerable neurons (Taylor et al., 2002hen levels of misfolded protein overwhelm
degradative pathways, the result is cellular taxiand neurodegeneration (Trojanowski and
Lee, 2000). Cellular mechanisms for degrading nidgf protein include the ubiquitin-
proteasome system (UPS), the major non-lysosonggldative pathway for ubiquitinated
proteins, and autophagy, a lysosome-mediated dativacpathway (Rubinsztein, 2006). The
UPS and autophagy have long been viewed as comptargalegradation systems with no point
of intersection (Ciechanover et al., 1984; Pick2d04). This view was challenged by two
observations suggesting an apparent interactigpaimment of the UPS induces autophagy
vitro, and conditional knockout of autophagy in the neolisain leads to neurodegeneration with
ubiquitin-positive pathology (Rideout et al., 2004ata et al., 2005a; Hara et al., 2006; Komatsu
et al., 2006). It is not known whether autophagstigtly a parallel degradation system, or
whether it is a compensatory degradation systemmtee UPS is impaired; furthermore, if there
is a compensatory interaction between these systemsnolecular link is not known. Here we
show that autophagy acts as a compensatory degnadgstem when the UPS is impaired, and
that histone deacetylase 6 (HDACG6), a microtubgknaiated deacetylase that interacts with
polyubiquitinated proteins (Kawaguchi et al., 2Q08)an essential mechanistic link in this
compensatory interaction. We found that compengatotophagy was induced in response to
mutations affecting the proteasome and in resptmE#S impairment in a fly model of the
neurodegenerative disease spinobulbar musculgtst(@&BMA). Autophagy compensated for
impaired UPS function in an HDACG6-dependent mankerthermore, expression of HDAC6
was sufficient to rescue degeneration associatddWRS dysfunctioim vivoin an autophagy-
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dependent manner. These findings have implicatiegarding the pathogenesis of

neurodegenerative proteopathies as well as potémeaventions for these devastating diseases.

Results and Discussion

DTS7 is a temperature sensitive, dominant negativeant of thg32 subunit of the
proteasome (Smyth and Belote, 1999). Using the GASA system (Brand and
Perrimon, 1993), we targeted DTS7 expression t@yleeto cause tissue-restricted
proteasome impairment. At 22, proteasome function is intact and eye morpholeay
normal (Figure A4.1a). However, at®®8substantial degeneration of the retina occurred
due to proteasome impairment (Figure A4.1b). Teatigate the role of HDACG in the
setting of misfolded protein stress, we generataasgenic flies expressing wild type
DrosophilaHDACG6 (dHDACG6) as well as wild type and mutantsiens of human
HDACG6 (hHDACSG). Expression of either dHDAC6 or hHDA strongly suppressed the
degenerative phenotype associated with proteasmpeiiment (Figure A4.1c-d).
However, expression of a catalytically dead mutddtHDAC6 (H216A;H611A) failed

to modify the degenerative phenotype, indicatirag the deacetylase function of HDACG6
is required for suppression. To assess the radmdbgenous HDACG6, we used RNAI
knockdown (Supplemental Figure A4.3). Targeted kdogvn of dHDACG6 did not
noticeably alter eye morphology on its own (Supmatal Figure A4.4), but strongly
enhanced degeneration when the proteasome wasaung&upplemental Figure A4.5).
HDACSG did not modify the rough eye phenotype causgdctopic expression of the

positive regulator of cell deatieaper, indicating that HDACS6 is not a general suppressor
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of cell death pathways (Supplemental Figure AZgjopic expression of dHDAC3 and
dHDAC11 did not suppress degeneration caused bdggsome impairment indicating

that this is not a general response of HDACs (hot).

Impaired UPS functiohas been implicated in a broad array of neurodegéne
disorders, buin vivoevidence is lacking (Ciechanover and Brundin, 208BMA is an
inherited neurodegenerative disease that is camspdlyglutamine (polyQ) repeat
expansion in the androgen receptor (AR) gene (L&t al., 1991). Like most adult-
onset neurodegenerative diseases, SBMA patholagyrés accumulation of ubiquitin-
positive protein aggregates in vulnerable neuranst(al., 1998). To develop a
Drosophilamodel of SBMA, we generated transgenic flies esgirg full-length human
AR with 12-121 glutamine repeats using the UAS/GAlydtem. Flies expressing polyQ-
expanded AR recapitulate key features of human SBiN#uding ligand-dependent,
polyQ length-dependent degeneration (Figure A4 Hnd Supplemental Figure A4.7),

as previously reported (Takeyama et al., 2002).

To evaluate UPS function in this fly model of SBMAe generated transgenic flies
expressing a fluorescent reporter of UPS funci@irl-GFP is a fusion protein created
by introducing a degradation signal to otherwisdblgt green fluorescent proté@dFP)
(Bence et al., 2001This protein is rapidly degraded by the UPS andti&ady state
levels reflect the functional status of this pathfdeefjes and Dantuma, 2004). When
stable GFP was expressed in eye imaginal discstionhinstar larvae, a robust
fluorescent signal was detected by confocal mi@pg¢Figure A4.1k). In contrast, eye
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imaginal discs from control flies expressing theldRFP reporter emitted a low
fluorescent signal reflecting an active UPS (Figh4ell). To test the ability of the UPS
reporter flies to detect proteasome impairmemivo, we co-expressed CL1-GFP in the
eye with DTS7. At 2ZC, CL1-GFP reporter levels remained low in eye imalgdiscs
co-expressing DTS7, consistent with normal proteestunction (Figure A4.1m). In
contrast, at Z&, there was a significant increase in the CL1-GigRal, demonstrating
the ability of the reporter to detect proteasompaimment associated with a degenerative
phenotypén vivo (Figure A4.1n and Supplemental Figure A4.8). UB%rter RNA

levels were not altered by the conditions usedumexperiments (Supplemental Figure

A4.9).

We next expressed the CL1-GFP reporter in SBMAflia AR121 flies not exposed to
ligand, fluorescent signal from the UPS reportema@ed low indicating that proteasome
function was normal despite high expression of Qeékpanded AR (Figure A4.10).
However, flies reared on DHT exhibited a significancrease in reporter signal,
indicating proteasome impairment in associatiomwitluction of toxicity (Figure A4.1p
and Supplemental Figure A4.8). The ligand-dependature of this finding indicates

that UPS impairment is not merely a consequencwy@f-expressed AR121. Proteasome
impairment by AR expression is a polyQ length-dejgert phenomenon because no
impairment was observed in flies expressing ARLipffemental Figure A4.8). The
finding of proteasome impairment in SBMA flies mnsistent with a prior report that

polyQ toxicityin vivois enhanced by proteasome mutations (Chan &042).
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The determination that there is impairment of tiRSUn SBMA flies led us to examine
the ability of HDACG6 to modify the degenerative pbgype in this model of human
neurodegenerative disease. Consistent with thétsasing proteasome mutant flies,
ectopic expression of either dHDACG6 or hHDACG6 s@gsed the ligand-dependent
degenerative phenotype in flies expressing poly@aagded AR (Figure A4.1h, i).
Expression of the catalytically dead mutant of hHEBA(H216A; H611A) failed to
modify the degenerative phenotype, indicating thatdeacetylase function of HDACEG6 is
also required for suppression of polyQ toxicitygiiie A4.1j). Knockdown of
endogenous HDAC6 with RNAI enhanced ligand-depenhdegeneration in AR52 flies
(Supplemental Figure A4.5). Thus, endogenous HDAIS6 plays a role in protecting

cells from polyQ toxicity.

We previously reported induction of autophagy amgugstration of polyQ-expanded AR
in autophagic vacuoles vitro (Taylor et al., 2003b)nduction of autophagi vitro in
response to proteasome impairment has also beentsk(Rideout et al., 2004; lwata
et al., 2005a). To determine whether autophagydadedn vivowhen the UPS is
impaired, we performed ultrastructural evaluatigriransmission electron microscopy
(TEM) in the DTS7 and SBMA flies. In both cases, fmend a significant increase in
morphological features of autophagy (Figure A4.Zflese included autophagic vacuoles
(AVs) such as early autophagosomes in which menalsraanrrounded cytoplasmic
components (Figure A4.2a, b), more mature AVs (FigAd.2c), multilamellar bodies

(MLBs, Figure A4.2d) and multivesicular bodies (M¥B-igure A4.2e).
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To assess the role of autophagy when the UPS igiieth we inhibited autophagy by
RNAI knockdown of the autophagy gersg6andatgl2 Knockdown of eitheatg6 or
atg12did not affect eye morphology (Supplemental Figdel0), indicating that the
Drosophilaeye can tolerate reduced autophagy when UPS funigtimtact, at least in 1-
day-old flies. In contrast, knocking down eitlag6 or atg1l2strongly enhanced the
rough eye phenotype associated with UPS impairmedT S7 flies reared at 28
(Figure A4.2g-i) and in AR52 flies reared on DHTigilre A4.2j-1). From these data, we

can infer that the autophagy induced by UPS impamtnis compensatory.

We hypothesized that ectopic expression of HDAGfpsessed degeneration by
promoting autophagic degradation of aberrant pnofEus, we examined AR levaits
vivo and determined that expression of HDACG6 led to losteady state levels of polyQ-
expanded ARn vivo, whereas inhibition of autophagy by knockdowratgf6 or atg12
resulted in higher steady state levels (Figure A}.Bhese altered steady state levels
occurred despite no significant change in RNA Is\{8upplemental Figure A4.11),
suggesting that HDACG6 accelerates the rate of AgRatkation. To investigate this
further, we adapted the inducible Geneswitch exgimessystem (McGuire et al., 2004)
monitor protein turnover. Ielav-GS;UAS-AR52 flies, no expression was detectedrprio
to exposure to the inducing agent RU486 (data imatva). To induce expression, starved
flies were fed sucrose media containing RU486 fag bbour, which resulted in a pulse of
expression that became detectable within 2 hoeeker after approximately 10 hours,
and then gradually decayed with a half-life of ~1@i@utes (Figure A4.3b-c and
Supplemental Figure A4.12). #lavGS;UAS-AR52;UAS-dHDACEG flies, there was a
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parallel induction of AR52 expression, but an aerkd rate of decay, with a half-life of
~50 minutes (Figure A4.3c-d and Supplemental Figud 2). Importantly, co-
expression of dHDACG not only accelerated the tuen@f AR52 monomers ~2-fold,

but also high molecular weight aggregates that wepgped in the stacking gel (Figure

A4.3d).

We determined that treatment with rapamycin sugeeslegeneration caused by either
proteasome impairment or polyQ toxicity (Figure 4&kd). This finding is consistent
with a prior report in which rapamycin suppressedaheration in fly and mouse models
of Huntington’s disease (Ravikumar et al., 2008s&ue by rapamycin has been
attributed to inhibition of TOR and induction oftaphagy, although a role for other
TOR-regulated pathways could not be excluded (Hamd Lawrence, 2003; Ravikumar
et al., 2004). We found that knockdownatfj12blocked the ability of rapamycin to
suppress degeneration when the proteasome wagaupeerifying that rapamycin
rescue is autophagy-dependent (Figure A4.4e, fottantly, we also determined that
knockdown of dHDACG6 blocked the ability of rapamy¢o suppress degeneration,
indicating that dHDACG is essential in order fodurction of autophagy to compensate
for proteasome impairment (Figure A4.4g, h). Furtiere, we determined that the
ability of dHDACSG to suppress degeneration was pluagy-dependent since rescue was
blocked by knockdown adtg12 (Figure A4.4i-1). Thus, HDACSG is integral to rescaf
degeneration by autophagy and essential for augypisacompensate for impaired UPS

function.
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Our findings extend previous studies in three ingoadrways. First, we determined that
induction of autophagy is sufficient to rescue degation associated with UPS
impairment, dramatically illustrating the compemsgtrelationship between autophagy
and the UPS. Second, we determined that HDACG6igcts/essential for autophagy to
compensate for impaired UPS function. Finally, veéedmined that ectopic expression of
HDACSG alone is sufficient to rescue degeneratiamsed by proteasome mutations and
polyQ toxicity, and does so in an autophagy-depeha@nner. These observations are
consistent with a mechanism in which HDACS6 faciétaturnover of aberrant protein by
autophagy, lowering their steady state levels aitigjating toxicity. We recently
determined that over-expression of HDACG6 also sepgerd degenerative phenotypes in
additional models of neurodegenerative diseasedirad) flies expressing pathologi3A
fragments and other polyQ-expanded proteins (Paadéylaylor, unpublished results).
Thus, the HDAC6-mediated pathway of protein cleeeamay have broad relevance to

degenerative proteopathies.

While the current study indicates that the mechmmEHDACG rescue involves
accelerated turnover of misfolded protein by auéaph further study is required to
determine the precise details of how this occuh& mechanism could involve
modulation of HSP90 activity, since this chapermna substrate of HDAC6 deacetylase
activity (Kovacs et al., 2005). Alternatively, H& may be involved in shuttling
polyubiquitinated substrates to a location condeitovengulfment by autophagosomes,
consistent with a known role for HDACSG in the fotna of aggresomes vitro

(Kawaguchi et al., 2003). A third possibility issttHDAC6 may contribute to the
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transport of lysosomes to the site of autophagguagested by the observation that
HDACG6 knockdown results in dispersal of lysosom&ayfrom the microtubule
organizing center (Ilwata et al., 2005a). Elucidatime precise role of HDACSG in linking
autophagy and the UPS promises to reveal tremendsight to cellular management of

misfolded protein.
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Methods

Fly stocks

All Drosophilastocks were maintained on standard media f€ 25cubators unless
otherwise noted. DHT (Steraloids) was mixed witrsfrly made food once it had cooled
to <50°C to a final concentration of 1 mM. Rapamycin (Sigrwas mixed with freshly
made food once it had cooled to €6Go a final concentration of 1 pM. To generate AR
transgenic flies, cDNA encoding full length humaR vith 12, 77, or 121 CAG repeats
was subcloned into pUAST The cDNA for d(HDAC6 was generated from EST
LD43531 which encodes 1128 amino acids correspgriditiDAC6-RA on Flybase.
Kpnl and Xbal restriction sites were included ie 8 and 3’ primers, respectively, for
subcloning into the vector pAc5.1/V5 (Invitrogefhe cDNA for human HDAC6 and
mutant human HDACG6 were previously described (Grger et al., 1999). The dHDACG6
cDNA plus in-frame V5 tag was subsequently subalianéo pUAST. Transgenic
Drosophilawere generated using standard techniques (Rubiispradling, 1982). The
GMR-GAL4 line was obtained from the Bloomington &denter (Bloomington, IN).
UAS-DTSY flies were provided by John Belote. AR2@ &AR52 flies were provided by
Ken-ichi Takeyama. Plasmid containing the cDNAWRS reporter CL1-GFP was
provided by Ron Kopito. To generate UPS reporiesflcDNA encoding CL1-GFP was
subcloned into pUAST and transgenics were geneeste@ove. UAS-at§B flies were
generated as described previously (Scott et &04)20nverted repeats for UAS-atgt2
flies were generated with primers 5-GGCGCGCCTATCICTGAACGCCACTG-3
and 5-GCGGAATTCCTTAGCAAAGTCATGTGCG TATCG-3’ as dasbed

previously (Scott et al., 2004or dHDAC6 knockdown, amplicon sequences were
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obtained from the Heidelberg Fly Array Databasddldt al., 2003) and a 500bp
fragment was amplified by PCR and inserted intoAlgl and Nhel sites of the pWIiZ
vector as described previously (Lee and Carthe@3R@uantitation of the degree of
knockdown in the RNAIi knockdown lines is shown upplemental Figure A4.3. Eye
phenotypes of 1-day-old anesthetized flies werdéuated with a Leica MZ APO
stereomicroscope and photographed with a Leica RB@8jital camera. For each
genotype and condition, at least 200 to >1000 fliese evaluated. Quantitation of eye

phenotypes is shown in Supplemental Figure A4.2.

TEM and confocal microscopy

For TEM evaluation, fly heads were fixed with 2.5fGtaraldehyde/2% formaldehyde
with 0.1 M sodium cacodylate and stored @@ 4ntil embedding. Heads were post-fixed
with 2% osmium tetroxide followed by an increasgrgdient dehydration step using
ethanol and propylene oxide. Heads were then engoleidd_X-112 medium (Ladd) and
sections were cut ultrathin (90 nm), placed on ate® copper grids, and stained with
0.2% lead citrate and 1% uranyl acetate. Images @emmined with a JEOL1010
electron microscope at 80 kV. To quantitate morpgial features by TEM, we used
longitudinal sections through the retina and idesdiphotoreceptor neurons by the
presence of rhabdomeres. 59-82 neurons from 5géesondition were scored for the
presence of AVs, MVBs, and MLBs, and comparisorta/ben conditions were made
with a paired t-test. To evaluate GFP fluorescendgPS reporter flies, imaginal eye
discs were dissected from wandering third-instard@ in a buffer containing 128 mM
NacCl, 4 mM MgCI2, 2 mM KCI, 0.4 mM CacCl2, 70 mM sose and 5 mM HEPES.
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After dissection, the discs were fixed in 4% panadaldehyde for 30 minutes on ice,
washed with standard saline three times, and mdunt&lycergel Mounting Medium
(DAKO). Imaging was performed on a Bio-Rad MRC1034¢Hnfocal laser scanning

module on a Nikon Eclipse E600 and analyzed bygusaserSharp software.

SEM

SEM samples were collected and fixed in 2.5% galterhyde (EMS) in PBS and post-
fixed for 15-30 minutes in 1.5% osmium tetroxidée{®ns Metallurgical) in PBS.
Samples were then dehydrated in ethanol, immerskdxamethyldisilazane
(Polysciences Inc.) and dried in a desiccatortiozd days. Specimens were then coated
with gold:palladium using a Denton DV-503 vacuunagerator, and analyzed using an

AMRAY 1820D scanning electron microscope.

Biochemistry

Immunoblots were performed as described previo{dsdylor et al., 2003k)sing
antibodies against GFP (ab6556, Novus Biologic&lR)(N20, Santa Cruz Biotech), 119
B-actin (119, Santa Cruz Biotech), tubulin (Sigméj,epitope (Invitrogen), and affinity-
purified antibody against dHDACG6. Protein sighaklrevdetected by chemiluminescence
(Millipore Immobilon). To monitor protein turnovén vivo, 1-day-old adult flies of the
appropriate genotype were collected and starvetiZdrours in a vial that contained only
a Kimwipe soaked with 3 ml of water. After stareatj flies were placed in a vial that

contained a Kimwipe soaked with 3 ml of 5001 RU486 (Steraloids) dissolved in a 2%

sucrose solution (minus DHT condition) or 50 RU486 and 1 mM DHT in a 2%
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sucrose solution (plus DHT condition) for 1 hourgddhen transferred to a vial

containing normal food (minus DHT condition) or éboontaining 1 mM DHT (plus

DHT condition) until collected for extract prepacat Five flies were collected every 2.5
hours up to 20 hours, heads were removed, crushetPiA buffer, sonicated, and
analyzed by Western blot. AR afiehctin protein levels were assessed by immunoblot.
Quantitation of luminescence was performed withoaldk IS2000RT instrument and
Kodak Molecular Imaging software. The mean AR/additios and standard error of the
mean from 3 replicates were plotted on a logarithmic scald @sed to determine the

line of best fit by regression analysis (y ="&® The slope of the best fit line was used to

estimate half-life with the equatiop;t= 0.693/K.

Objective criteria for scoring retinal phenotypes

All of the genotypes presented here exhibit higiiform retinal phenotypes. We
examined the eye phenotypes of at least 200 feeg@notype (>1000 in most cases) and
the phenotypes represented in the SEM images asemrin 100% of the animals.
Among genetically identical flies, there was nor@gpable variability in the phenotypes.
In cases where enhancement or suppression is eepdrvas present in 100% of the
animals. In most cases, changes in the relativerggwf the retinal phenotypes were
gualitatively obvious. Nevertheless, to apply qitative analysis, we randomly selected
50-100 1-day-old flies per genotype and scored ptypic severity using objective
features. Eyes were examined for the presencesenab of the following features and

given 1 point for each if present:
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Feature Absent | Present
Supernumerary IOB 0 1
Abnormal bristle orientation 0 1
Ommatidial fusion 0 1
Ommatidial pitting 0 1
Disorganization of ommatidial array 0 1
Retinal collapse 0 1

IOB, interommatidial bristles

Two points were added if the affected area involwexle than 5% of the eye and 4
points were added if the affected area involvedatiban 50% of the eye. Comparisons

between genotypes were made using Student’s &$esming equal variances.

Real Time Quantitative PCR

Total RNA was isolated from 5-10 animals of the rappiate genotype with TRIzol
reagent (Invitrogen) and cDNA was generated usiegSuperScript Il First Strand
Synthesis System (Invitrogen) following the mantidiaer's protocol. Concentrations for
each primer probe set were individually optimiz@dantitative real-time PCR reactions
were carried out in a total reaction volume offs@f TagMan Universal Master Mix
(ABI) using an Applied Biosystems Fast 7500 machiaretO cycles. Quantitation of
each transcript was determined usingAh€; method. Transcript levels relative to
dGAPDH2 are shown in Supplemental Figure A4.3 &m{o UAS-dHDAC6E® lines,

(b) two UAS-atg6® lines, and €) one UAS-atg1?” line.
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The primer/probe set f@rosophilaGAPDH2 (product number CT25538) were

purchased from Applied Biosystems. Primer probe fetother genes were as follows:

dHDACS6:

Forward primer: 5-CGCTGTCGCGAACTAAATCTG-3
Reverse primer: 5-TCCTTGGTCGCCGATCTC-3

Probe: 5-6FAM-CCTGGAGTTGCCC-TAMRA -3’

Atg6:

Forward primer: 5’-GCCTCTCCTCCAACTCTGAGATT-3’
Reverse primer: 5-GCATGGAGTCGGCACACTCT-3’

Probe: 5-6FAM-ACCATCCGCTGTGCG-TAMRA -3

Atgl2:
Forward primer: 5-TGTGCCCATCATCAAAAAGC-3’
Reverse primer: 5-TCCAGCCGACTGTCTTGTTG-3’

Probe: 5-6FAM-AACCTGGACCGTAGATC-TAMRA -3

GFP:

Forward primer 5-CTGCTGCCCGACAACCA-3'

Reverse 5-GAACTCCAGCAGGACCATGTG-3'

Probe 5-6FAM-AAAGACCCCAACGAGAAGCGCGA-TAMRA-3'
AR:

Forward primer: 5-GCAGGCAAGAGCACTGAAGATA-3'
Reverse primer: 5-CCTTTGGTGTAACCTCCCTTGA-3'
Probe: 5-6FAM-TGCTGAGTATTCCCC-TAMRA-3'
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Figures and Legends

Figure A4.1. HDACG rescues degeneration in flies i proteasome impairment and
in a fly model of SBMA that exhibits impaired UPS tinction.

DTS728°C DTS72EC DTS728°C
DTS722°C DTS72°C dHDACS hHDACSE hHDACS cat mut GFP CL1-GFP

AR52' DT Arsz "
hHDAC6 hHDACS cat mut
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Figure A4.1. HDACG rescues degeneration in flies 1 proteasome impairment and
in a fly model of SBMA that exhibits impaired UPS tinction. (a-e) Scanning electron
microscopy (SEM) images of fly eyes expressing DW&H or without the indicated
HDACSG transgenes. (a) Normal eyes in DTS7 fliesaéat 22C. (b) Rough eyes in
DTS?7 flies reared at 28. Degeneration was suppressed by expression oAdHLc)

or hHDACSG (d), but not a catalytically dead mutahhHDACSG6 (e). (f-j)) SEM images of
fly eyes expressing AR52 with or without the indeshHDACG6 transgenes. (f) Normal
eyes in AR52 flies reared without DHT. (g) Rougle®yn AR52 flies reared with DHT.
Degeneration was suppressed by expression of dHOAC&G hHDACSG (i), but not a
catalytically dead mutant of hHHDACSG (j). (k-p) Det®n of UPS reporter in imaginal
eye discs from third instar larvae by confocal msmopy. High level fluorescence was
found in flies expressing GFP (k, positive contrbl)t fluorescence was barely
detectable in control flies expressing CL1-GFmRégative control). CL1-GFP
accumulates in DTS7 flies with temperature-depengesteasome impairment (compare
m to n) and in AR52 flies with ligand-dependent elegration (compare o to p). The
retinal phenotypes of 200 to >1000 flies of eachafgoe were examined. Quantitative
analyses of eye phenotypes and proteasome impdiarepresented in Supplemental

Figure A4.2 and Supplemental Figure A4.3, respebti(DHT, dihydrotestosterone).
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Figure A4.2. Induction of compensatory autophagy irflies with proteasome
mutations and in SBMA flies.
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Figure A4.2. Induction of compensatory autophagy irflies with proteasome
mutations and in SBMA flies.(a-e) Representative examples of autophagic vasuole
detected by TEM in retinal sections used to gepdts quantitative data shown in (f).
(a) An autophagosome (red arrow) containing cys&pla contents in a photoreceptor
neuron from an AR52 fly reared on DHT. (b) Higheagnification of the
autophagosome in a. (c) Multiple autophagolysosamgsarrows) containing dense,
amorphous material from an AR52 fly reared on DK).A juxtanuclear multilamellar
body (red arrow) from a DTS7 fly reared af@8(e) A multivesicular body (red arrow)
from a DTS7 fly reared at 28. (f) A significant increase in the frequency etinons
with autophagic figures in DTS7 flies reared at@8ompared to those reared at@2
and in AR52 flies reared on DHT compared to theseed off DHT. Data show mean
ts.d.,n = 59-82 neurons in 5 sections/condition. No acdatian of autophagic figures
was found in AR12 flies. (g-1) SEM images of flyesyexpressing the indicated
transgenes. RNAIi knockdown afg6andatgl2enhances degeneration in DTS7 flies
reared at 2& (compare h, i to g) and AR52 flies reared on Dedmpare kK, | to j). 200
to >1000 fly eyes of each genotype were examinedn@tative analyses of eye

phenotypes are presented in Supplemental Figura 4, nucleus; Rh, rhabdomere).
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Figure A4.3. HDACG6 accelerates the turnover of pol@-expanded AR.
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Figure A4.3. HDACG6 accelerates the turnover of pol@-expanded AR.(a, b, d)
Western blots from flies expressing the indicataddgenes. (a) Steady state levels of
AR52 protein are reduced in flies over-expressiHpPACSH, but are elevated in flies in
which atg6 or atgl2has been knocked dowfio) Western blots showing the temporal
profile of AR52 protein monomer and high molecweright aggregate levels after a
brief pulse of expression. AR52 protein becamedalde by 2.5 hours after treatment
with RU486, reached a peak at 10 hours, and tleevysbecayed. (c) A logarithmic plot
of AR52/actin ratios was used to determine the difbest fit by regression analysis (y =
Ae™™). R* = 0.9117 (AR52?™""), R? = 0.7808 (AR5, R* = 0.9719 (HDACS6 +
AR52PHT) R? = 0.9644 (HDAC6 + AR521'T). Half-life was determined by the slope of
the best fit line with the equatiog,t= 0.693/K. Half-life of AR52n vivo was reduced
~2-fold in flies co-expressing dHDACG6 and did ndfet significantly depending on the
presence (broken lines) or absence (solid line§HT. Plots of the mean AR52/actin
ratios are shown in Supplemental Figure A4.12Hbs co-expressing dHDAC6 showed
a nearly identical profile of induced expressionral, but AR protein decayed at an
accelerated rate. Exogenous dHDACG6 was detect@uimynoblot against the V5

epitope.
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Figure A4.4
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Figure A4.4. Rescue of degeneration by HDACSG is ayphagy-dependent.

(a-1) SEM images of fly eyes expressing the ingidatansgenes. The rough eye
phenotypes caused by (a) proteasome mutation @) lexpression of polyQ-expanded
AR were both suppressed by rearing flies on the Tidibitor rapamycin (c, d). (e,f)
Rapamycin failed to suppress degeneration in asphaagy-deficient background created
by knockdown ofatg12,confirming that rescue by rapamycin is autophagyeteent.

(g, h) Rapamycin also failed to suppress degemerathen HDACG levels were knocked
down, demonstrating that autophagy induction veaT®R pathway is HDAC6-
dependent. (k-j) HDACSG failed to suppress degermrah an autophagy-deficient
background, confirming that rescue by HDACSG is dhejent on autophagy (compare K, |
to i, j). 200 to >1000 fly eyes of each genotypeevexamined. Quantitative analyses of

eye phenotypes are presented in Supplemental Fgug
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Supplemental Figure A4.1

(a) Complementary Relationhip (b) Compensatory Relationshij
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Supplemental Figure A4.1.1t was long held that the UPS and autophagy wistendt
degradation systems with no point of intersectildris view was challenged by the
finding of prominent ubiquitin-positive pathologyat accumulates in autophagy-
deficient mice despite normal UPS function. Thdseiges strongly suggest that
autophagy participates in the degradation of uliinatied substrates under basal
conditions and, by so doing, plays a vital neurtgztive role complementary to that of
the UPS §). The data here indicates that when the UPS isndwadmed, for example by
proteasome mutations or excess misfolded protatophaagy also provides
compensatory degradation of misfolded proteb)s Furthermore, we find that the
microtubule-associated deacetylase HDACG is esddatiautophagy to compensate for
impaired UPS function. Most important with respiectherapeutic implications, we find
that over-expression of HDACSG is sufficient to iesdegeneration iDrosophilamodels
of neurodegenerative disease and does so in apregy-dependent manner, a finding
that has important therapeutic implications.
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Supplemental Figure A4.2. Quantitative analyses afye phenotypesWe examined

the eye phenotypes of at least 200 flies per g@eoty1000 in most cases) and the
phenotypes represented in the SEM images are priesEd0% of the animals. Among
genetically identical flies, we did not observensiigant variability in the phenotypes. In
cases where enhancement or suppression is repomed present in 100% of the
animals. In most cases, changes in the relativerggwf the retinal phenotypes were
gualitatively obvious. Nevertheless, to apply qitative analysis, 50-100 flies per
genotype were randomly selected for objective sgpaiccording to the criteria described
in Supplemental Methods. Comparisons were madeg&ndent’s t-test. Data show

mean phenotype score + s.d. * =p<0.01. ** =p<0.001.

221



Supplemental Figure A4.3
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Supplemental Figure A4.3. Quantitation of RNAi kno&down. UAS-dHDAC6E®,
UAS-atg8®, and UAS-atgl? lines were generated as described in Supplemental
Methods. To determine the degree of knockdown ol ealevant transcript, these lines
were crossed with the driver line Actin5c-GAL4 d@nthl RNA was isolated from 5-10
larvae. Quantitation was performed as describ&lipplemental Methods. Data show
mean transcript levels relative to GAPDH2 and séaci@rror. Transcript levels relative
to dGAPDH2 are shown for) two UAS-dHDAC6® lines, p) two UAS-atgéPlines,
and €) one UAS-atg1? line. Knockdown of dHDAC6 was also examined atphatein
level by immunoblot as shown in Supplemental Fighded. Consistent with the results
shown here, the UAS-atg12knockdown line used here was previously showreduce
autophagy induction by approximately 75% in Br@sophilafat body based on a

Lysotracker assay (Scott et al., 2004).



Supplemental Figure A4.4
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Supplemental Figure A4.4. Knockdown of endogenousHDACSG in the eye causes

no overt phenotype in 1-day-old adult flies(a) Western blot with affinity-purified anti-
dHDACSG validating knockdown of dHDAC6 when the dsiRid ubiquitously expressed
in larvae using the driver Tub-GAL4. Western blat fubulin serves as a loading control.
(b) Targeted RNAI knockdown of dHDACSG in the eye wpthe driver GMR-GAL4 has
no overt effect on the external morphology of tjie ef a 1-day-old fly. UAS-HDACE’
line 13A3 is shown. ~200 fly eyes of each genotypee been examined. Quantitative

analyses of eye phenotypes are presented in Supplahfrigure A4.2.
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Supplemental Figure A4.5

DTS7 28°C DTS7: dHDACS P 28°C
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Supplemental Figure A4.5. Targeted knockdown of dHBC6 enhances the
degenerative phenotype in flies with mutations intte proteasome and in SBMA flies
that have impaired UPS function.(a) GMR-GAL4; UAS-DTSY flies develop a rough
eye phenotype when reared af@8(b) In GMR-GAL4; UAS-DTS7; UAS-dHDACS
flies the rough eye phenotype is enhanced. (c) GBMR4; UAS-ARS2 flies develop a
rough eye phenotype when reared on food contalb@. (d) In GMR-GAL4; UAS-
AR52; UAS-dHDACE® flies the rough eye phenotype is enhanced. ~308yks of
each genotype have been examined. Quantitativgsasabf eye phenotypes are

presented in Supplemental Figure A4.2.
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Supplemental Figure A4.6

Reaper Reaper; dHDACG

Supplemental Figure A4.6. Ectopic expression of dHRC6 does not suppress the
phenotype associated with mis-expression of the ptige cell death regulatorreaper.
(&) GMR-GAL4; UAS-reaper flies develop a rough eyempdtype. ) In GMR-GALA4;
UAS-reaper; UAS-dHDACSEG flies the rough eye phenetigpunchanged. ~200 fly eyes
of each genotype have been examined. Quantitatidyses of eye phenotypes are

presented in Supplemental Figure A4.2.
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Supplemental Figure A4.7. ADrosophila model of SBMA.
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Supplemental Figure A4.7. ADrosophila model of SBMA. Expression of human AR
resulted in ligand-dependent, polyQ length-depethdegeneration. Flies not treated with
DHT had normal eyeddp row). Flies reared on food containing DHT showed polyQ
length-dependent degeneratidmoifom row). Degeneration was most severe at the
posterior eye margin. There was disorganizatioth@fommatidial array, fusion of
ommatidia, and abnormal bristles. Longer repeajttenaused a more severe
degenerative phenotype that extended further anferLigand-dependent, polyQ
length-dependent degeneration recapitulates twddayres of human SBMA. >1000

fly eyes of each genotype have been examined. @aiard analyses of eye phenotypes

are presented in Supplemental Figure A4.2.
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Supplemental Figure A4.8
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Supplemental Figure A4.8. Monitoring UPS function in vivo. (a) Quantitation of
fluorescent signal from 8-10 imaginal eye discerif@ach genotype and condition reveals
significant UPS impairment in DTS7 flies reare@&iC and in AR52 flies reared on

DHT, but not in AR12 flies reared on DHh)(Quantitation of Western blots for GFP in
adult flies expressing the indicated transgenegutiet indicated conditions reveals
significant UPS impairment in DTS7 flies reare@&iC and in AR52 flies reared on

DHT. Protein levels were normalized to actin. Congmms were made using Student’s t-
test assuming equal variances. Data shows meastamdard deviation. *= p<0.0&-()
Detection of CL1-GFP reporter in imaginal eye disosn third instar larvae by confocal

microscopy reveals no evidence of ligand-depend@&8& impairment in AR12 fliesc)
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GMR-GAL4; UAS-CL1-GFP; UAS-AR12Q (-DHT)d) GMR-GAL4; UAS-CL1-GFP;
UAS-AR12Q (+DHT).

Supplemental Figure A4.9
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Supplemental Figure A4.9. Accumulation of CL1-GFP eporter protein with UPS
impairment occurs without significant change in transcript levels as determined by
real-time quantitative PCR. Total RNA was isolated from 5-10 flies and realdim
guantitative PCR was performed as described in IsBopmtal Methodsa) RNA
guantitation from larvae, corresponding to FigurkeJAand Supplemental Figure A4.8a.
(b) RNA quantitation from adult flies, corresponditagSupplemental Figure A4.8b. Data

show mean GFP/GAPDH?2 ratios and standard error.
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Supplemental Figure A4.10

Supplemental Figure A4.10. Knockdown of atg6 and gtl2 does not affect eye
morphology. One-day-old §) GMR-GAL4;UAS-atgé® and p)GMR-GAL4;UAS-

atg1X® flies reared at 2& were examined by SEM.

230



Supplemental Figure A4.11
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Supplemental Figure A4.11. Reduced levels of AR52qgiein with ectopic expression
of dHDACG6 occurs without significant change in AR tanscript levels. This was
determined by real-time quantitative PCR as desdrib Supplemental Methods.

AR/GAPDH2 ratios and standard error for each coodiare shown.

231



Supplemental Figure A4.12

Log AR52 protein levels

Supplemental Figure A4.12. HDACG6 accelerates the tnover of polyQ-expanded

AR. A logarithmic plot of the AR52/actin ratio in 3ebnsecutive experiments showed
accelerated turnover of AR52 with co-expressiodldDACG6. The experiment was
performed with or without exposure to DHT, as iradéd. Exposure to DHT did not
significantly influence the rate of AR52 turnov&his data was used to determine the
line of best fit by regression analysis (y ="&¢as presented in Figure A4.3. The slope
of the best fit line was used to estimate half\figh the equatiomp = 0.693/K. Half-life

of AR52in vivowas reduced approximately 2-fold in flies co-exgieg dHDAC6

o
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