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1. Protein folding problem in ageing

Proteins are among the predominant products of gene expression and contribute significantly
to the shape and functionality of the cell. The status of the expressed proteome has an
important role in the health of individual cells and the lifespan of the organism. In addition
to cell-type- and tissue-specific regulation of protein expression, maintenance of the
proteome depends on efficient protein folding homeostasis, or proteostas's, that monitors
and ensures folding, assembly and targeting of newly-synthesized proteins, repair of
damaged proteins, and clearance. Proteotoxic conditions arise by external stresses, or asa
byproduct of normal cellular metabolic and signaling events during development and aging
(Figure 1). Thisisin addition to theintrinsic variation in the proteome due to
polymorphisms, which is further exacerbated by random errors that can occur at every step
of protein biogenesis. Together, these factors contribute to a flux of metastable proteins that
are at risk for misfolding and aggregation (1-4). In healthy young cells, these processes are
balanced by the concerted action of molecular chaperones, detoxifying enzymes,
degradation machinery, and adaptive stress responses (Figure 2) (5-7). In aging and disease,
damaged proteins accumulate, leading to both loss-of-function and gain-of-function toxicity
as these homeostatic mechanismsfail and contribute to pathology.

Sources of protein damage — oxidative modifications

The* free radical theory (8) and the* oxidative stress theory (9, 10) of aging postulate that
aging and many age-related diseases may be attributed to the generation of oxygen free
radicals and reactive oxygen and nitrogen species (ROS and RNS), in excess of cellular
antioxidants, resulting in oxidative damage to DNA, lipids and proteins. Early evidence
connected many of the aging-associated diseases, including atherosclerosis, arthritis,
muscular dystrophy, cataracts, pulmonary dysfunction, neurological disorders and cancer
with oxidative damage (11). Levels of oxidized proteins increase exponentialy in regions of
aging brains, concomitant with a decrease in the activities of the enzymes glutamine
synthetase and a cohol dehydrogenase, which are susceptible to oxidative damage (12). The
decrease in glutamine synthetase activity was found to distinguish the brains of Alzheimer
disease (AD) patients from age-matched individuals, leading to the suggestion that AD may
represent a specific brain vulnerability to age-related oxidation. Furthermore, a functional
connection between the accumulation of oxidized proteins and the phenotypic
manifestations of cellular disfunction in aging has been suggested (13).
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In addition to oxygen radicals, glucose, galactose, fructose, and many glycolytic
intermediates participate in non-enzymatic protein glycosylation (glycation) and
glycoxidation, contributing to age-related protein modifications. Some glycolytic
intermediates can generate methylglyoxa (MG), which is a highly reactive glycating agent
(14, 15) leading to the formation of advanced glycation end products (AGES), that has been
implicated in age-related diseases, including Alzheimer’ s disease and complications
associated with diabetes (15-17). A decrease in circulating glucose and reduction of MG,
resulting from dietary restriction or fasting, may explain some of the health-improving
effects of these treatments (18). Recently, an inactivating mutation in a glycolytic enzyme
triosephosphate isomerase (Tpi) was shown to cause progressive motor impairment, severely
reduced lifespan, and neurodegeneration in Drosophila presumably by causing an
accumulation of methylglyoxal and subsequent increase in generation of AGEs (19).

Loss of protein function due to oxidative modification can be due either to direct inhibition
of activity of aprotein (for example, covalent modification of aside chain in proximity of an
active site), or to conformational changes or alteration of protein stability. Most
modifications of the first type areirreversible, with the exception of cysteine and methionine
modifications, which can be reversed by thiol transferases, thioredoxin, glutaredoxin, and
methionine sulfoxide reductases (MsrA and MsrB). The detoxification of methylglyoxal and
glyoxa is achieved by the glutathione-dependent glyoxalase system. These and other
enzymes are part of the cellular proteostasis machinery that is activated in response to
various protein damaging conditions. For example, MrsA and B allow recovery of protein
function in specific cases (20, 21), and their overexpression confers protection against
oxidative damage in yeast, Drosophi/laand human fibroblasts (21).

In addition to functional inactivation of proteins, free radicals can have alocal effect on
charged side chains, or cause cleavage of the polypeptide backbone, leading to a spectrum of
conseguences, from complete unfolding, to local conformational changes (22-24), to
targeting for disposal. If not degraded, modified proteins often become cross-linked, leading
to the accumulation of non-specific aggregated material, such as lipofuscin, ceroids and
AGE-containing pigments. Nuclear and cytosolic oxidized proteins have been shown to be
degraded by an ATP- and ubiquitin-independent 20S proteasome (25, 26), as well as by
classical ubiquitin-26S proteasome system (27), whereas mitochondrial oxidized proteins
are degraded by the ATP-dependent Lon protease (28). I nterestingly, the 20S proteasome
appears to be resistant to oxidative damage, while 26S proteasome is not (29). Chaperone-
mediated autophagy represents an alternative protein degradation pathway that isinduced
under oxidative stress conditions (30). Under chronic oxidative stress conditions, there
seems to be a damage cascade, whereby the initial appearance of modified proteins, which
signifies the insufficiency of the repair and degradation arm of proteostasis machinery,
results in further inhibition of both proteasomal and lysosomal functions (reviewed in (21,
24)), and thusin further accumulation of protein damage.

Sources of damaged proteins — misfolding

One source of damaged — often misfolded, mislocalized, or aggregated — proteins are errors
inherent in protein biosynthesis and turnover. Variationsin amino acid sequence, which may
result from genetic mutations and polymorphisms, genomic instability, mistranslation, or
incorporation of amino-acid anal ogues (such as certain antibiotics or plant metabolites,
Figure 1), have the potential to affect folding pathways and the stability of the native state
(2, 31-35). For example, coding polymorphisms are not rare and are estimated to occur at an
average of two per coding sequence (36), while misincorporation during translation might
cause up to 18% of expressed proteins to contain an amino acid substitution (37). Our ability
to understand, let alone to predict, the consequences of missense mutations on the folding,
stability or functionality of agiven protein /n vivoremains very limited, with data limited to
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afew model proteins studied /n vitro, or to computational models. Thisis further
complicated by the fact that the phenotypic expression of mildly destabilizing protein
polymorphisms appears to depend on the robustness of the protein folding environment (1,
4, 38) and the capacity of the proteostasis network. Recent work on the evolution of protein
seguences suggests that selection against the toxicity of misfolding due to mistranslation
may represent an important evolutionary pressure, when considering highly expressed
proteins (37). From a physiological perspective, this may be interpreted to indicate that the
flux of misfolded or destabilized proteinsin acell bears a significant fitness cost, not only
through the loss-of-function of the misfolded proteins, but also because of the toxic effects
of induced aggregation and the consequences of inappropriate intermolecular interactions (2,
7, 39, 40), aswell as abnormal engagement of molecular chaperones and degradative
machinery. Because of these gain-of-function properties of destabilized proteins, their
chronic presence may exceed the capacity of the proteostasis machinery to cope, leading to
the disruption of folding homeostasis and cellular dysfunction. Indeed, introduction of even
one protein with a strong tendency to misfold into a cell has been shown to interfere with the
folding and function of proteins harboring mildly destabilizing amino acid substitutions
(Figure 4) (3, 38).

Organismal consequences of misfolding due to biosynthetic errors can be gleaned from a st/
mouse model, in which low levels of mischarged transfer RNAs due to an editing defect in
alanyl-tRNA synthetase |ead to neurodegeneration, with cerebellar Purkinje cell loss and
ataxia (41). Neurodegeneration is also a consequence of a mutation of the tyrosyl-tRNA
synthetase in a subtype of Charcot-Marie-Tooth neuropathy (42). The mouse s/ mutation
leads to the production of heterogeneous misfolded proteins, accompanied by increased
expression of chaperones in the cytoplasm and the ER (41). Thisincrease in the components
of the proteostasis machinery indicates that adaptive transcriptional responses — the heat
shock response and the unfolded protein response — are activated in the face of protein
misfolding, as cells attempt to maintain folding homeostasis (7). However, the cellular
dysfunction and degeneration in this mouse model together indicate that proteostasisis
overwhelmed by the chronic elevation of misfolded proteins. A provocative question, then,
iswhether all misfolded and damaged proteins are recognized, refolded or cleared with
equal efficiency, or whether certain proteins, such as those implicated in neurodegenerative
diseases and other misfolding diseases of aging, are particularly challenging for the quality
control machineries.

The lack of robustness of cellular folding homeostasis to chronic misfolding has significant
implications for aging and age-related diseases. First, the aging of an organism s
accompanied by an increased accumulation of damaged proteins, with contributions from
both external stresses and physiological processes (Figure 1). Second, the fidelity of
biosynthetic processes decreases, exacerbated by a declinein the functionality of repair
enzymes (reviewed in (43)) and the dampening of the heat shock response lead to the
compromise of protein quality control (reviewed in (44)). As accumulated misfolded
proteins deplete essential components of the proteostasis machinery (45-47), and the quality
control and repair mechanisms fail to respond and keep damaged proteinsin check, the
maintenance of the proteome becomes further compromised. With as much as 70% of rare
missense alleles predicted to be mildly deleterious in humans (48), and approximately half
of the genetic changes known to cause inherited disease (in OMIM and HGMD databases)
being due to nonsynonymous changes (33), such compromise should manifest in gradual
increase in cellular dysfunction and onset of disease. In this scenario, the strength and
composition of the proteostatic buffer, the specific complement of mutations and
polymorphisms in expressed genes, and the accumulation of molecular damage, al serve to
set adynamic threshold for the onset of dysfunction, both in a cell-specific, and an
individual organism-specific manner.
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Proteostasis regulation in aging and late onset diseases

Adaptive transcriptional stress responses such as the heat shock response and the unfolded
protein response (UPR) serve to protect cells from extreme flux of misfolded and damaged
proteins when cells or organism are exposed to an acute proteotoxic condition (reviewed in
(49, 50)). Paralldl to the sharply increased transcription/translation of molecular chaperones
and components of degradative quality control machineries, mediated by the transcription
factor HSF1, a generalized inhibition of protein synthesis allows the switch to refolding or
degradation of existing proteins that become unstable during such proteotoxic shock (51).
However, the fact that HSF1 (52, 53), the components of the UPR signaling (54-56), as well
as some of the stress-inducible molecular chaperones are essential for life or devel opment
suggests that these adaptive stress responses are a so necessary for the maintenance of
proteostasis under normal, non-stress conditions. On the other hand, forced overexpression
of molecular chaperones is deleterious to growth of normal cells (57, 58), while the
transformed phenotype of cancer cells depends on HSF1 and on an increased expression of
chaperones (59-61). It appears then that the precise regulation of proteostasis networksis
essential for the health of the organism, while accumulating evidence points to its
disregulation during aging as one of the main causes of cellular disfunction and disease
onset.

The association with aging is one of the most distinctive characteristics of protein
conformation diseases. This connection is particularly striking in neurodegeneration where,
for each specific disease, age is the strongest predictor of disease onset even for the familial
variants. On the other hand, age appears to have a modifying, rather than causative,
influence on disease onset, as each disease has its characteristic age of onset, with
Alzheimer’'s disease and Parkinson’s disease being late onset, AL S occurring most
frequently in early to mid-life, and Huntington’ s disease exhibiting a strong positive
correlation between age of onset and polyQ length polymorphism (62). Aging has been
shown to be a potent enhancer of aggregation toxicity in C. éegarns, in which length-
dependent polyQ aggregation and toxicity phenotypes are enhanced during aging, but
suppressed in animals rendered long-lived by mutationsin the lifespan regulating insulin-
like signaling (ILS) pathway (Figure 2) (63).

The modulatory effects of aging are most likely due to the functional and regulatory
connections between aging and protein homeostasis. Activation of the kinase activity of
IP3K (AGE-1), by downregulation of the insulin-like growth factor receptor DAF-2, in wild
type C. élegans, initiates a signaling cascade that represses the fork head transcription factor
DAF-16 (64, 65). De-repression of DAF-16 in age-1 or daf-2mutant animals extends
lifespan, while inactivating daf-16 mutations suppress longevity. The adaf-2 age-1 effects on
polyQ aggregation toxicity also require DAF-16 activation, revealing that the dual effects of
dar-2 age-1 on longevity and polyglutamine toxicity share a common genetic pathway (ILS
pathway, Figure 2) (66, 67). The modulation of protein misfolding and aggregation by the
ILS pathway appears to be a general feature, and has also been observed in C. éegans
expressing AP as amodel for Alzheimer’s disease (68).

How do genetic pathways that regulate lifespan suppress proteotoxicity? The molecular
interactions between these pathways are mediated, in part, by factors that detect and respond
to misfolded proteins-- molecular chaperones, HSF1, DAF-16, and other transcription
factors (Figure 2), while molecular chaperones have been shown to accumulate in the long-
lived mutants of C. éegans. Downregulation of Asf-1 suppresses both the ILS-mediated
lifespan extension and the protection against proteotoxicity. Moreover, Asf-1 downregulation
leads to a decrease in normal lifespan and an accelerated aging phenotypein C. éegans,
while overexpression of HSF1 extends lifespan (66, 67). The functional relationship
between ILS and protein folding homeostasis can be demonstrated by the induction of both
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thermotolerance and life span extension not only by mutationsin the ILS pathway, but aso
by asublethal heat stress (69). Furthermore, cells from naturally long-lived (70) or lifespan
mutant (71) rodents appear to be resistant to multiple proteotoxic stresses. The mechanistic
relationship can be shown by the induction of stress resistance by ablation of cells making
insulin-like ligandsin wild type Drosgphila(72), thus excluding indirect effects and
adaptation to mutations. In C. élegans, inactivation of dar-16, hsf-1, hsp-1 (the mgjor
cytosolic Hsp70 chaperone), and small heat shock proteins accel erates polyQ protein
aggregation (Figure 3C), supporting the proposition that the ILS could coordinately
influence aging and proteostasi s through the action of DAF-16 and HSF1 (66, 67). The
regulation of ILS pathway and of HSF1 and other transcription factors (such as SKN-1 (73),
the C. éegansNrf2 homologue) in the context of adaptive stress responses must serve to
integrate organismal growth and development with multiple networks that regul ate different
aspects of protein homeostasis (7, 66-68). We are only now beginning to understand how
such integration could be achieved, with recent evidence showing that the ability of
individua cellsin an organism to respond to proteotoxic conditionsis controlled by the
activity of asubset of neurons (74)

In addition to the control of the heat shock response by neuronal signaling, there have been
numerous observations in which the heat shock response is poorly or incompletely activated,
including early in development (75). Of particular interest are studies of the deficiency of
the heat shock response in the brain and during aging (76, 77). Restricted expression of heat
shock genes has been observed in different regions of the brain, while neuronal cellsin
culture can exhibit selective induction of chaperone genes. Human neuroblastoma Y 79 cells,
for example, respond to heat shock by induction of many chaperones including Hsp90, but
not Hsp70, despite activation of HSF1 (78). Intact primary hippocampal neurons from
neonatal rat embryos express HSF2 but not HSF1 until later stages of development (79).
Consequently, the heat shock response of primary hippocampal neurons is deficient, while
astrocytes have arobust stress response. Similar observations have been made in primary
motor neurons that exhibit a deficient heat shock response thought to be due to adefect in
activation of HSF1 (80).

Theinvolvement of proteostasis networksin conformational diseases and aging is
underscored by a decrease in toxicity when individual molecular chaperones are
overexpressed in various cell-based and animal models (reviewed in (81)). Overexpression
of HSF1 and certain molecular chaperones has been shown to extend lifespan (66, 67, 82,
83). Furthermore, the ability to induce the heat shock response under conditions of
environmental proteotoxic stressis predictive of the remaining post-stress lifespan (84, 85).
Likewise, proteasomal adaptation (by modulation of substrate accessibility to the
proteasome core) to environmental stressin C. eélegansensures both resistance to proteotoxic
conditions and maintenance of life span under normal conditions, arguably through
regulating degradation of misfolded proteins (86). Moreover, because both HSF-1 and
DAF-16 are regulated by the NAD-dependent sirtuin, SIRT1 (87-89), in addition to the ILS-
pathway, it is reasonable to suggest that regulation of proteostasis is intimately linked by
multiple pathways to metabolic control and lifespan.

Late onset diseases are mainly protein folding diseases

Common features of protein conformation diseases are the accumulation of protein deposits
- aggregates, inclusion bodies, and plaques, and a presumably consequential “ gain-of-
function” proteotoxicity (90, 91). These features, which are characteristic of misfolded
protein species, are present in heurodegenerative diseases of aging such as Parkinson's
disease, amyotrophic lateral sclerosis (ALS), prion disease, Alzheimer’s disease and the
family of disorders generally referred to as the CA G-repeat/polyglutamine-expansion
diseases (Huntington’ s disease (HD), Kennedy’ s disease, spinocerebellar ataxias). Each
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disease has the distinctive characteristic of age-dependent onset, a progressive, usualy fatal,
clinical course, and selective neurona vulnerability despite broader expression of the
causative protein.

Despite the fact that the proteins that are now known to “cause” neurodegenerative diseases
lack similarities in primary sequence (other than the polyQ tract in CAG-repeat expansion
diseases), they all share the ability to form alternate unfolded or misfolded statesthat in turn
aggregate and/or are toxic. Thus, misfolding and aggregation has been proposed to be the
molecular underpinning of disease. Thisis supported by evidence from transgenic model
systemsincluding S cerevisiae C. elegans, and Drosophila(92-97), in which it has been
possible to recapitulate many molecular, cellular, and behavioral phenotypes associated with
neurodegenerative disease. The development of these non-mammalian models for protein
conformational disease has been invaluable for the discovery of modifiers and pathways,
underlying mechanisms of toxicity, and for the testing of small molecules (63, 98-101).
Additionally, these models have solidified our understanding of the link between protein
conformational disorders, molecular chaperones and proteostasis regulators, and aging (66,
68).

2. Invertebrate models of late onset conformational diseases

PolyQ

The link between protein misfolding and human neurodegenerative disease, and the fact that
the machinery involved in proteosasis maintenance, is highly conserved amongst

eukaryotes, has led to the widespread use of invertebrate models systems, such as C. eegans
and Drosophila Ultimately, modeling aspects of human neurodegenerative diseasesin
invertebrates allows for genetic manipulations, such as mutant screens/identification of
modifiers, and aging studies that would be prohibitively time consuming if carried out in
vertebrate animals.

These studiesin C. éegansand Drosgphilabenefit from the sequenced genomes, relatively
short life cycles, and abundant genetic tools of these well-characterized model organisms. C.
éegansis particularly well suited for the study of neurodegenerative diseases of aging due
toitsarelatively simple (but still sufficiently complex) nervous system, its genetically
defined aging pathway, and the relative ease to perform live cell imaging of fluorescent
proteins for studies of disease-causing protein aggregation dynamics. Likewise, in
Drosgphilathe photoreceptor neurons have proven to be highly amenable to these types of
studies, as human proteins can be ectopically expressed, and the readout for proteotoxicity is
revealed by effects on eye morphology.

To date, arelatively large number of invertebrate models of human neurodegenerative
diseases have been generated. Importantly, these models have solidified our understanding
that protein misfolding underlies the mechanism(s) of disease action. Furthermore, the
invertebrate models have opened up new ways to study the molecular underpinnings of
disease, and to identify genes and gene networks whose activities are involved, positively or
negatively, in modulating aggregation/toxicity. We begin with an overview of the existing
models, and discuss what has been learned from them generally and in what ways they
recapitul ate key aspects of human disease.

Huntington's disease, and a number of related neurodegenerative diseases are caused
genetically by expansions of polyQ-encoding CAG tracts in specific individual genes/
proteins. Expressing these proteins, with WT or expanded polyQ tracts, in invertebrates has
proven to be an effective way to study the molecular underpinnings of protein misfolding/
toxicity associated with polyQ disorders. Specifically, SCA3/MJD (Figure 3D) (92) and HD

Adv Exp Med Biol. Author manuscript; availablein PMC 2012 July 23.
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(102) were modeled in Drosophilaand shown to recapitulate many important aspects of
disease including cell-type specific sensitivity to the expressed protein, nuclear inclusion
formation, and late-onset cellular degeneration. These findings were furthered by the
expression of polyQ proteinsin C. elegans (Figure 3B, C). Huntington’s Disease (HD)
models have been generated viathe expression, in neuronal subsets, of an N-terminal
fragment of the protein Huntingtin (Htt) with the wild type or along polyglutamine (polyQ)
tract (93, 97). Ultimately, it was shown that human Htt with expanded polyglutamine tract
led to aggregate formation in, and apoptotic cell death of, ASH sensory neurons, in a
sensitized genetic background (93). Additionally, Htt fused to Y FP aggregated when
expressed in PLM mechanosensory neurons with 128 glutamines and caused neuronal
abnormalities but not death (97). Having such fluorescently tagged variants of disease-
causing proteinsin C. éeganshas proven highly advantageous by allowing for the real-time
monitoring of aggregation and using dynamic imaging techniques in this transparent
organism (38, 63, 96, 103).

The overall similarities between various polyQ disorders suggested that the polyQ
expansions are predominantly, if not solely, responsible for the observed disease
pathologies. To address this, general polyQ models, in which only the polyQ tract, without
any of its normal flanking protein sequences (but fused in some casesto YFP, or to another
protein not usually containing a polyQ tract) were developed (Figure 3B) (63, 96, 104). The
data from these models provided the first direct /n vivo evidence that polyQ tracts
themselves, independently of their protein context, aggregate and are toxic.

The significance of recapitulating key aspects of disease by expressing a single human
protein in an invertebrate should not be underestimated. It confirmed that the mutant
proteins are generally toxic even across species, and in different cell types. This, in turn,
lead to the hypothesis that the highly conserved cellular quality control system, involving
protein folding/clearance, isinherently lacking the ability to prevent damage by these
polyQ-containing disease-causing proteins.

Alzheimer’s Disease (AD) is arelatively common neurodegenerative disorder affecting
nearly 30% of al individuals greater than 85 years of age. It is characterized by the
accumulation of B-amyloid plaques and neurofibrillary tangles. The major proteinaceous
components of B-amyloid plaguesin AD patients are AP peptides; specifically, Ap1-40 and
APB1-42, Which are produced via proteolysis of APP, the amyloid precursor protein. To model
AP aggregation/toxicity in an invertebrate model system, AB1.4o2 was expressed in C.
éegansbody wall muscle cells and was shown to form amyloid plagues that have
biochemical characteristics similar to those found in the brains of AD patients (105).
Additionally, AB1.42 and AP1.49 Were expressed in Drosophilaphotoreceptor neurons (106).
It was shown that AB1.4o Was substantially more toxic than AB1.49 (106), consistent with the
ideathat Ap1.42 has a higher amyloidogenic propensity.

In addition to amyloid plagues, AD, and other neurodegenerative diseases are characterized
by the formation of neurofibrillary tangles comprised of the protein tau. Expression of
mutant tau in specific neuronal subtypes or under pan neuronal control in Drosgphila
resulted in neurodegeneration, but not neurofibrillary tangle/filamentous aggregate
formation, as determined by EM, suggesting that the tangles themselves are not the source
of mutant tau toxicity (107). Expression of tau in all C. élegansneurons resulted in motility
defects indicative of tau proteotoxicity, providing further support to the ideathat low levels
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of tau protein, not necessarily neurofibrillarly tau tangles or otherwise insoluble tau, are
required for toxicity (108).

alpha-syncuclein

SOD1

Familial forms of Parkinson’s Disease (PD) are caused by mutations in the protein a pha-
synuclein (109, 110). Expression of alpha-synucleinin C. eegansneurons was shown to
cause neurodegeneration of neuronal subsets (111). Expression of apha-synuclein in body
wall muscle cells resulted in age-dependent aggregation; a phenotype that was used to
perform a genetic screen for suppressors of aggregation (see below) (112).

Amyotrophic Lateral Sclerosis (ALS) is aneurodegenerative disease that, in itsinherited
form, is often associated with mutation of superoxide dismutase 1 (SOD1). A large number
of mutationsin SOD1 have been identified and shown to be linked to AL S (113). Evidence
suggests that mutations in SOD1 cause disease not by loss of SOD1 function, but instead by
gain of toxic function by the mutant protein. Therefore, to model SOD1 protein misfolding/
toxicity, these mutations have been expressed in a number of genetic systemsincluding
mouse, Drosophilaand C. elegans To model SOD1 protein misfolding in Drosophila wild
type human SOD1 (hSOD1), two mutant forms of SOD1 (G85R and A4V), and Drosophila
SOD1 (dSOD1) were overexpressed in Drosgphi/lamotor neurons (114). It was shown that
unlike dSOD1, wild type and mutant hSOD1 are toxic, but non-aggregating in Drosgphila
(114). Thisisin contrast to what was observed when hSOD1 was expressed in C. élegans
body wall muscle cells (38), or neurons (115). Namely, expression of Y FP-tagged SOD1
(G85R) under the control of a pan-neuronal promoter resulted in motility defects and distinct
neuronal subtype-type-specific aggregation phenotypes that were confirmed by FRAP
analysis (115). Likewise, expression of a number of different disease-associated SOD1
mutantsin C. éegansbody wall muscle cells resulted in the formation of SOD1 protein
aggregates (Figure 3A) (38). Interestingly, the toxic effects of mutant forms of SOD1 were
subtle in body wall muscle cells, but enhanced in the background of metastable ts proteins
(38), consistent both with the finding that temperature sensitive proteins can exacerbate the
toxic effects of polyQ protein expression (Figure 4) (3) and with the idea that disease
phenotypes and/or proteotoxicity are highly sensitive to changes in the folding environment,
presumably due to limited folding resources (see discussion below).

Why are these disease-causing proteins toxic to cells? In other words, why can’t cells, or
more specifically, affected neurons, combat the toxic effect of their expression either by
activating the machinery responsible for assisting in the folding of misfolded protein species
or in clearing them via autophagy and/or proteasome-mediated degradation?

3. Failure of homeostasis in conformational disease of aging

Failure of adaptive stress responses

The cytoplasmic heat shock response and the ER and mitochondria unfolded protein
responses are the adaptive responses employed by cellsto combat proteotoxic stress. The
heat shock response is a multistep process that results in the immediate induction of
transcription and tranglation of genes encoding molecular chaperones, proteases, and other
proteostasis regulators, and in a generalized tranglational silencing. Although recent
evidence indicates that additional signals may activate heat shock response (116-118),
appearance of misfolded proteins is thought to serve as the predominant signal for its
induction (119-123). Misfolded proteins are thought to titrate HSF1-associated chaperones,
releasing the inhibition of HSF1and enabling it to trimerize and translocate into the nucleus.
Thisresultsin the activation of Hsp gene transcription, rebalancing of proteostasis, and,
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finally, the attenuation of the heat shock response (reviewed in (124)). The main function of
heat shock proteins during stressis to prevent inappropriate protein interactions and
aggregation, mainly through binding to the exposed hydrophobic areas on a variety of
cellular proteins, followed by the facilitation of refolding, or targeting to degradation during
the recovery phase. Many of these proteins also function as molecular chaperonesin the
absence of stress, by guiding conformational transitions during synthesis, folding,
translocation, assembly, and degradation of proteins (124-126). As chaperones affect other
cellular functions, such as signaling (127), the proper regulation of chaperone expressionis
critical to the health of the cell.

The ability of cellsto manage general/widespread protein misfolding during heat shock and
other proteotoxic stress conditions suggests that the combination of the abundant expression
of chaperones under basal conditions (50, 128), together with the adaptive stress responses,
provides sufficient ‘folding capacity’ to buffer unexpected folding requirements. Thus, the
accumulation of misfolded and aggregated proteins associated with the aging-related
conformational diseases, and the misfolding-associated toxicity, indicate afailure of folding
homeostasis.

Understanding the molecular mechanisms underlying this dysfunction is essential to both
defining the mechanisms of toxicity, and finding targets for corrective interventionsin
conformational disease, and, perhaps, aging. Several possible, but not mutually exclusive,
mechanisms are indicated by observations of dysregulation of proteostasis under these
conditions. First, Hsp expression is often not induced in symptomatic cells, despite the
accumulation of misfolded and aggregated proteins; moreover, decrease in specific
chaperone expression has been noted (129-134). In C. elegans, intracellular accumulation of
misfolded and aggregated polyQ proteins only sporadically activated HSP expression (96),
and in fact required the downregulation of ILS signaling for modulation of its toxicity (66,
68). This pointsto a potential override of the cellular stress response at the organismal level
(74), which traditionally has been considered to be cell-autonomous. Alternatively, it is
possible that the accumulation of misfolded proteinsin models of conformational diseasesis
either too gradual, or does not reach the threshold for heat shock activation. Second,
molecular chaperones, components of degradative machinery and other proteins are often
found trapped in aggregates, potentially mimicking hypomorphic phenotypes (96, 135, 136).
Third, there is evidence that the accumulation of misfolded proteins leads to the inactivation
of components of proteostasis networks, in particular the proteasome (45, 137, 138), and of
the cell’ s ability to induce a heat shock response (139), by the disease-associated misfolded
proteins. The downregulation of specific chaperones and the inhibition of heat shock
induction could potentially indicate that cells (or organisms) adapt to the chronic expression
of misfolded proteins by actively preventing stress induction.

Whatever the specific mechanism of proteostasis dysfunction, it is clear that our ability to
potentially adjust, if not correct, proteostatic networks, to cope with the chronic protein
misfolding may be essential to our ability to manage, or even prevent, conformational
diseases of aging (7).

Disruption of proteostasis by chronic misfolding

Our knowledge of how protein misfolding and the disruption of proteostasis translates into
cell-specific and disease-specific toxicity is still quite limited. Evidence from C. élegans
suggests that the toxicity associated with expression of expanded polyQ and mutant SOD1
proteinsis caused, in part, by the global disruption of the cellular protein folding
homeostasis, resulting in a destabilization or misfolding of various metastable proteins (3,
38). The potential sources of metastable proteins, as described above, range from expressed
protein polymorphisms, to protein damage from environmental stresses, to what has been
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termed ‘ activities of daily living’, for example cell signaling, glycolysis, or respiration.
When temperature-sensitive (ts) metastable proteins were used to mimic naturally occurring
mildly destabilizing polymorphisms, they acted both as sensors of cellular protein folding
capacity, and contributors to cellular dysfunction. Expression of polyQ or mutant SOD1 in
muscle or neurona cells of C. elegansleads to the exposure of the temperature-sensitive
phenotype at permissive conditions, mediated by misfolding and loss-of function of ts
mutant protein present in the same cell (Figure 4A) (3, 38). Furthermore, the misfolding of
ts proteins not only directed the specific phenotypes, but further increased aggregation of the
polyQ proteins (Figure 4B). The misfolding of ts proteins was most likely due to the
depletion, by the polyQ or mutSOD1 proteins, of folding resources, necessary for
maintaining these ts proteinsin their folded and functional conformations (140, 141). A
recent finding that many of the modifiers of toxicity of polyQ-expanded ataxin-3in
Drosophila a so rescue the generic toxicity of protein misfolding due to the reduced function
of Hsp70 (142) strongly supports the disruption of proteostasis as a mechanism of toxicity.
Furthermore, both the functionality of metastable proteins and the aggregation of
polyglutamine expansions can be compromised by neuronally-mediated overexcitation of
themuscle cellsin C. eegans(101).

These findings parallel the evidence discussed above, that the selection against the toxicity
of misfolding due to mistranslation exerts strong evolutionary pressure specifically on the
highly expressed proteins (37), which we take to indicate that the flux of destabilized
proteinsin acell bears a significant fitness cost, and that folding homeostasis isindeed not
robust, at least when it comes to chronically misfolded proteins. Importantly for this
proposition, the toxic interaction between the destabilized protein polymorphisms (ts
proteins) and the disease-related polyQ or mutSOD1 was reversed not only by
overexpression of HSF1, but also by the aging regulator DAF-16 (38).

The causative connection between proteostasis, aging, and cellular dysfunction was further
illustrated in C. elegansby showing that, unlike in young animals, the ts proteinsin older
adults kept at the permissive conditions begin to gradually misfold and lose function,
coincident with areduced ability to activate the heat shock response and the unfolded
protein response (143). Increasing the activity of either HSF1, or DAF-16, suppressed the
misfolding of metastable proteins, and restored cellular proteostasis. Thus, the dysregulation
of protein folding homeostasis may represent a set of early molecular eventsin aging, with
an ability to amplify the protein damage cascade in age-related conformational diseases,
while the complement of mutations and polymorphisms, together with the life history of an
organism (environmental stress exposure, metabolic state, etc.), set the threshold for the
onset of dysfunction and direct specific phenotypes.

Consistent with the proposal that adisruption in proteostasisis a key element of mechanism
of toxicity in conformational diseases, genetic screens in invertebrate models described
above have revealed proteostasis components as modifiers of aggregation/toxicity.

4. Modifiers of conformational disease

Genetic screens for modifiers of disease-related phenotypes

The versatility of C. eegansas amodel system to study molecular processesinvolved in
human disease has been demonstrated via the implementation of genome-wide RNA
interference (RNAI) screens to identify genetic modifiers of disease-related phenotypes.
Such screens have been facilitated by the availability of RNAI libraries, consisting of E. coli
clones containing | PTG-inducible double stranded RNAs for the mgjority of C. eegans
genes (144). Feeding of dsRNA-producing £. coli to C. éleganshas proven to be ahighly
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efficient method for targeted gene silencing, making high-throughput RNAi screens
relatively straightforward (145).

One such study identified modifiers of polyQ protein aggregation in body-wall muscle cells
in C. eegans(100). The genome-wide screen took advantage of a polyQ length at the
threshold for aggregation (Q35), thereby allowing for a sensitized screen aimed at the
identification of factors, which, when knocked down in the background of polyQ-Y FP, led
to the accumulation of visible protein aggregates. This screen identified 186 proteins that
normally suppress age-dependent polyQ protein aggregation, including HSF-1 and Hsp-1
(Figure 3C). The authors found that the suppressors fall into five distinct biological classes,
including RNA metabolism, protein synthesis, protein folding, protein trafficking, and
protein degradation.

Theidentification of chaperones and factorsinvolved in protein clearance was expected, and
consistent with the results of a screen for genetic modifiers of polyQ protein toxicity in
Drosophila, that uncovered homologs of Hdj1 and Tpr2, both J-domain-containing co-
chaperones (99). Additionally, Hsp70 or Hdj1 overexpression significantly ameliorated
toxicity of the polyglutamine-containing proteins ataxin-1 and ataxin-3 in Drosgphila
(Figure 3D) (146, Warrick et. a. 1999). Thus, chaperones have been found consistently as
modifiers of aggregation and toxicity across different tissues and aggregation models. The
C. élegansscreen also uncovered six of the eight subunits of cytosolic chaperonin CCT,
whose role as a suppressor of polyQ protein aggregation was previously unknown. This
finding was later validated by using both S, cerevisiacand mammalian tissue culture cells
expressing aggregation-prone Htt-polyQ proteins (147-149), supporting the idea that
common mechanisms underlie polyQ protein aggregation/toxicity. These findings
underscore the involvement of molecular chaperone activity in modulating the aggregation/
toxicity of polyglutamine proteins. However, the identification of factorsinvolved in other
biosynthetic processes led to the conclusion that protein homeostasis is more complex than
previously understood, and likely begins with gene expression, thus explaining the large
fraction of modifiersinvolved in RNA and protein biosynthesis (100).

An independent RNAI screen was also performed in C. éegansfor factors that normally
suppress tau-induced motility defects (150). Wild-type and mutant tau protein become
hyperphosphorylated, aggregate, and form neurofibrilllary tangles that are associated with
neurodegeneration in patients suffering from Alzheimer’s disease (AD), and a number of
related neurodegenerative diseases (151). Expression of tau in C. eegansneurons caused
motility defects that were used as the basis to identify factors, via genome-wide RNAI
screening, which, when absent, enhanced the motility (unc) phenotype (150). This analysis
led to the identification of 75 suppressors of tau toxicity falling into the following functional
categories: kinases, chaperones, proteases, and phosphatases, in addition to a number of
genes whose function is unknown (150). Interestingly, the only RNAI hitsin common
between this and the polyQ screen described above are the Hsp70 molecular chaperone,
hsp-1, and the heat shock transcription factor, /Asf-1. Consistent with the idea that tau and
polyQ proteinsinteract differentially with the cellular environment, a complementary study
in a Drosophilatau model identified mostly kinases and phosphatases (152). Significantly,
no HSPs, molecular chaperones, or components of the protein clearance machineries were
identified (152).

A recent screen for suppressors of a-synuclein (a-syn) aggregation in body wall muscle
cellsrevealed factorsinvolved in vesicle trafficking and lipid metabolism (112). This screen,
however, did uncover several regulators of life-span, including /agr-1 and sir-2.1, consistent
with aging being a potent modifier of aggregation/toxicity. Interestingly, knock-down of
Hsp70 had no effect on a-syn aggregation (112), suggesting that a.-syn has distinctly
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different mechanisms of aggregation/toxicity than polyQ or tau proteins. In support of a.-syn
and polyQ having different mechanisms of aggregation, only one modifier was identified in
C. degansthat was in common for both proteins (100, 112). Alternatively, since thiswas an
aggregation screen that did not directly examine toxicity, it is possible that aggregation and
toxicity of a-syn are uncoupled in the presence of Hsp70 RNAI, afinding that would be
consistent with one from Drosophila(153).

The striking lack of overlap between modifiers of aggregation/toxicity for unique
aggregation-prone proteins could presumably be due to different factors acting on different
misfolded species, in addition to different factors acting in different tissue types, for
example, body wall muscle cells as compared to neurons. Certainly, the identification of
kinases and phosphatases in the screen for suppressors of tau toxicity provides support for
the hypothesis that tau hyperphosphorylation is a prerequisite for disease. Consequently,
these data also provide evidence that C. éegansand Drosophilamodels are valid system for
the identification of factors which are capable of acting on particular human disease-causing
proteins to suppress aggregation/toxicity.

In contrast to a-syn, a screen for modifiers of SOD1 aggregation and toxicity in C. degans
neurons yielded mostly molecular chaperones and other factors generally involved in protein
quality control (115), more consistent with what was seen previously with respect to
modifiers of polyQ protein aggregation/toxicity. Furthermore, the hits obtained by an RNAI
screen aimed at the identification of suppressors of osmotic stress-induced gene expression
overlapped to a great extent with those identified as suppressors of polyQ protein
aggregation (154). In that study, the authors identified genes, including gpah-1, that are
upregulated in response to osmotic stress, which is known to cause generalized, non-specific
protein misfolding. Although goah-1 expression does not respond to stresses other than
osmoatic stress (154), almost 30% of all the genesidentified in this study overlap with those
identified in the screen for suppressors of polyQ protein aggregation. Furthermore, 73% of
the overlapping genes are predicted to fall into biological classes usually associated with the
regulation of proteostasis, including RNA processing, protein synthesis, protein folding, and
degradation (154). Finally, many of the modifiers of ataxin-3 toxicity in Drosgphilawere
also able to rescue the toxic phenotypes due to the reduced function of HSP70, which also
causes generalized protein misfolding (142). Ultimately, these data suggest that a core set of
factors function generally in response to stress-induced protein damage, and others respond
specificaly to a particular stress, for example the stress of a misfolded, disease-causing
protein, to tailor the response to the situation at hand.

However, the extent to which the molecular mechanisms of disease are conserved between
aggregation-prone proteins is unknown. To addressthis, it will be necessary to express
unrelated aggregation-prone proteins, such as Ap, SOD1, tau, a-syn, and a polyQ-
containing proteins, in the same cell type in agiven model organism, for a direct comparison
of modifiers of aggregation/toxicity. The expectation is that common modifiers would be
those whose molecular function isin the general folding/clearance of misfolded proteins. On
the other hand, modifiers that act on one or the other aggregation-prone protein would most
likely be more closely associated with the specific function, or mode of disease progression,
of aparticular protein. For example, a screen performed in yeast expressing mutant Htt or a-
synuclein, revealed almost entirely non-overlapping sets of genes, many with human
homologs, acting as modifiers either of mutant Htt or a.-synuclein toxicity (155). The
authors speculate that their modifiers likely define mechanisms or pathways that are specific
for particular disease-causing proteins, such as vesicle transport playing arolein a-
synuclein toxicity (155).
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In addition to RNAi and overexpression screens, forward genetic screens have aso been
performed to identify modulators of polyQ protein aggregation/toxicity in C. eélegans One
such screen revealed anovel gene, pge-1, which normally functions to suppress the
proteotoxicity of an Htt exon 1 fragment with an expanded polyQ tract (156). Another
forward genetic screen was aimed at the identification of genes that normally function to
suppress the aggregation of polyQ-YFP in body wall muscle cells (101). This screen
uncovered mutationsin unc-30which is the transcription factor that regul ates the synthesis
of the neurotransmitter GABA (101). The findings described in (101) are of particular
interest, because they demonstrate that the ability of an organism to manage proteotoxic
stressis not a cell autonomous process as previously thought, but may be affected by cell-
cell communication, for example vianeuronal cholinergic signaling. Consistent with this,
treating Q35-expressing C. eleganswith small molecules, acting positively or negatively on
neuronal signaling, suppressed or enhanced, respectively, polyQ protein aggregation (101)
in post-synaptic cells. The identification, via chemical genetic screens, of additional small
molecules that alleviate disease-causing protein aggregation/toxicity will be an important
step in the development of pharmaceuticals.

Small molecule drug screens

The search for therapeutics to treat neurodegeneration is turning to the identification of
small molecule proteostasis regulators. Such small molecules could function by enhancing
the expression or activities of molecular chaperones, thereby effectively increasing the rates
of folding of client proteins, or, alternatively, they could act by enhancing degradation/
clearance (157) or by modulating protein trand ation rates.

A number of small molecule regulators of the heat shock response have been identified.
These compounds include proteasome inhibitors, serine protease inhibitors, Hsp90
inhibitors, nonsteroidal anti-inflammatory drugs (NSAIDS), triterpenoids such as celastrol,
and inhibitors of HSF1, including triptolide (49, 158). Protease inhibitors (DCIC, TPCK,
and TLCK) and proteasome inhibitors (MG132, lactacystin) induce the heat-shock response
by elevating the effective concentrations of misfolfed, damaged, or otherwise no longer
needed, proteins that are normally targeted for degradation (159, 160). In contrast, other
inducers of the heat shock response act as inhibitors of Hsp90. These include the fungal
antibiotic radicicol, the benzoquinone ansamycins geldanamycin, and 17AAG. They activate
HSF1, in part because Hsp90 is a negative regulator of HSF1 (61, 161, 162). NSAIDS,
including sodium salicylate, have multiple properties. At higher concentrations they partially
activate HSF1, while at lower concentrations they synergize with other stress conditionsto
induce the heat-shock response (163). Specifically, exposure of human tissue culture cellsto
sodium salicylate resultsin activation of HSF1 with respect to /n vivobinding to the Hsp70
gene; however, transcriptional induction failsto occur. Salicylate-treated cells, however, are
sensitized to stress and readily activate HS genes upon exposure to other mild stress
conditions, often not sufficient themselves to activate the heat shock response. In asimilar
manner, indomethacin induces HSF1 DNA binding with full Hsp70 transcription upon
exposure to a secondary stress (164). Of the inflammatory modulators, arachidonic acid, and
the cyclopentenone prostaglandins, including PGA 1, PGA2, and PGJ2, al induce the full
complement of HSF1 activities (165, 166). The triterpenoid celastrol isolated from the
Chinese plant Triptergium wilfordii represents an herbal medicine class of bioactive
molecules that induces two protective stress responses, the heat shock response and the anti-
oxidant response (167, 168). The effects of celastrol are rapid like heat shock; however,
unlike the heat-shock response that self-attenuates, the celastrol induction of HS genes
persists for an extended period (167). Consistent with small molecule inducers of HSF-1
acting to aleviate the toxic effects of misfolded disease-causing proteins,
geranylgeranylacetone (GGA) (169) and celastrol (170) treatment of polyQ protein-
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expressing cells inhibited polyQ-associated cell death in tissue culture and mouse models of
polyQ protein misfolding .

The modulation of protein translation rates also play an important role in inducible stress
responses. A screen for small molecule inhibitors of ER stress-induced apoptosisin PC-12
cellsyielded salubrinol, a selective inhibitor of elF2a dephosphorylation (171). elF2a isa
trand ation initiation factor that, when in its phosphorylated state, either under conditions of
heat stress or salubrinol treatment, is responsible for mediating a general decrease, but a
selective increase in the trand ation of chaperones and other stress-associated proteins. Like
small molecule inducers of HSF1, salubrinol, or other translational regulators might be
expected to modulate the toxic effects of misfolded disease-associated proteins.

Most of the chemical genetic analyses that have yielded the small molecules described
above have been performed in tissue culture cells. A limited number of studies aimed at the
identification of small molecules that act in invertebrate modelsto aleviate the toxicity of
misfolding-prone disease-associated proteins have been performed. More commonly, small
molecules that were identified in tissue culture systems as having the properties of inducing
the HSR have been tested in invertebrates. For example, it was shown that the treatment of
Htt-expressing C. é/eganswith the antioxidant resveratrol reduced Htt toxicity in a manner
dependent on the sirutuin, sir2.1 (172).

A small-scale chemical genetics analysis was performed with a C. éegansHtt-polyQ model,
using a screening approach which circumvented the inherent problems associated with
screening based on motility defects. The authors examined treated worms for lack of
neuronal cell death by visualizing the loss, or lack thereof, of GFP fluorescence in ASH
neurons of a sensitized line that rapidly undergoes polyQ-dependent neurodegeneration
(173). These conditions were used to validate candidate compounds identified previously in
alarge-scale, tissue culture-based, screen (174, 175), and revealed two compounds, lithium
chloride and mithramycin, which suppressed HD neurotoxicity in the C. elegansHtt-polyQ
model (173). The use of this, and similar assays, should make it possible to rapidly screen
large chemical libraries for their effect on toxicity in C. elegansmodels of
neurodegenerative diseases.

Because C. éegansisamulticellular organism, we would expect that the successful
implementation of large-scale chemical genetics screenswill be highly effectivein
identifying novel therapeutic compounds, not previously identified in cell culture models,
that act either cell autonomously or cell non-autonomously. Finally, fluorescent |abeling of
candidate molecules will be instrumental in elucidating the mode of drug action, and to
determine whether the drug is acting directly or indirectly on the disease-causing proteins,
and will berelatively straightforward in C. élegansdue the easy visualization of fluorescent
markers.

Taken together, the work discussed here highlights the utility of invertebrate modelsin the
study of neurodegenerative diseases of aging. Recent findings with these model systems
have strengthened our understanding of protein conformational diseases. Specificaly, they
have led to the proposal that protein folding homeostasis, while sufficiently robust to
manage protein damage/misfolding caused by acute environmental stress such as heat shock,
is apparently ineffective when faced with the chronic expression of an aggregation-prone
disease-causing protein. Thislimited capacity of the cell to manage chronic misfolding is
especially pronounced under conditions of additional stress on the proteome caused by the
expression of metastable proteins, partially compromised in their folding and providing a
relatively high demand for folding resources. To combat this inherent limitation for the
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purpose of treating patients, small molecule drugs are being sought that will enhance the
ability of acell, or organism, to deal with the expression of chronically misfolded proteins.
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Factors detrimental to protein folding

Stressors - pathophysiological states (fever, inflammation, infection, hypoxia, reperfusion, etc.)
- hormonal imbalance (thyroid and growth hormone, IGF-I, etc.), emotional/psychological stress
- nutrient intake and imbalance
- amino acid analogues (including from food sources - azetidine, canavanine)

- physical stress (temperature, irradiation, UV light, mechanical stress)
- environmental stressors
(heavy/transition metals, alcohols, arsenates, pesticides, mutagens, irritants, etc.)
- aberrant physiological conditions (oxidation, osmolarity, pH)
- trauma, injury
- antibiotics and anti-inflammatory drugs (puromycin, tetracycline, NSAID, indomethacin)
- alcohols, nicotine

- anesthetics
“Activities of - respiration, glycolysis
daily living” - neurotransmission
- bursts of protein synthesis (differentiation)
- signaling
Mutations, - protein conformation
Polymorphisms, - subunit stoichiometry protein misfolding =3 protein conformation diseases of aging

Mistranslation - protein stability
chaperonopathies
Damaged/ - protein misfolding
mutated
chaperones

Figure 1.
Extrinsic and intrinsic factors detrimental to protein folding.
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Figure 2. Proteostasis pathways

Multiple interconnected pathways regulate expression of genes that contribute to
maintenance of protein folding homeostasis during growth, development, and under various
stress conditions. The complex genetic interactions among these pathways necessitate
precise control over their activities. Many of these pathways also possess regulatory
feedback mechanisms, which are not well characterized/understood.
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Figure 3.

A) SOD1 mutant proteins aggregate in the body wall muscle cells of C. eélegans.
Fluorescent micrographs of SOD 1transgenic embryos (/—/V) and adult animals (/x through
xif) showing the distribution of the SOD-Y FP fluorescence (green) and Rhodamine-
phalloidin stained myofilaments (red). WT SOD1 protein exhibits diffuse, if patchy,
fluorescence, while all mutant strains contain discrete fluorescent foci aswell as some
diffuse fluorescence. Panels v through vi/i show G85R animalsin all larval stages (L1
through L4).

B) Length-dependent aggregation of polyQ-Y FP fusion proteinsin C. éegans
Epifluoresence micrographs of 3- to 4-day-old C. eegansexpressing different lengths of
polyQ-Y FP (QO0, Q19, Q29, Q33, Q35, Q40, Q44, Q64, Q82).

C) RNAI for hsp-1 and Asf-1induces aggregate formation of polyglutamine Y FP proteinsin
a Q stretch length-dependent manner.

Fluorescence microscopy pictures of 4-day-old C. eegansadults expressing QO-Y FP or
Q35-YFP. RNAI of either Asp-1 or Asf-1 resultsin premature onset of aggregation in Q35
animals.

D) HSP70 overexpression suppresses polyglutamine-induced neurodegeneration in
Drosophila

Eyes (/—/v) and retinal sections (v, Vi) of flies expressing expanded polyglutamine protein
and human HSPA1L are shown. i,v, Control fly expressing only the promoter transgene.
ii,vi, Fliesexpressing HSPA 1L, coding for Hsp70 protein. Eye structure appears grossly
normal. More detailed analysis revealed abnormalitiesin nuclear position and photoreceptor
expanded polyglutamine protein MJDtr-Q78. These flies have degenerate eyes that lack
pigment and show severe loss of retinal structure. iv,viii, Flies expressing both MJDtr-Q78
and HSPA1L. Co-expression of HSPA1L ameliorates the degenerative effects of MJDtr-
Q78. The eye appears normal externally. Internally, eye structure is largely restored,
although photoreceptor rhabdomere specializations are not made.
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Adapted from Gidalevitz et. al. 2006

Figure 4. Progressive disruption of cellular folding capacity by misfolded proteins

(A and B) Confocal images showing cellular localization of ts mutant paramyosin in the
absence (A) or presence (B) of Q40-YFP. Arrows, hormal muscle sarcomeres, arrowheads,
abnormal paramyosin(ts) assemblies in the presence of Q40, both under permissive
conditions.

(C and D) Images of Q40-Y FP fluorescencein L2 larval stage animals expressing wild type
(C) or tsmutant paramyosin (D) under permissive conditions.

Adv Exp Med Biol. Author manuscript; availablein PMC 2012 July 23.



