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Abstract

growing number of human neurodegenerative diseases are associated with the expres-
Asion of misfolded proteins that oligomerize and form aggregate structures. Over time,

accumulation of misfolded proteins leads to the disruption of cellular protein folding
homeostasis and eventually to cellular dysfunction and death. To investigate the relationship
between misfolded proteins, neuropathology and aging, we have developed models utilizing
the nematode C. elegans. In addition to being genetically tractable, C. elegans have rapid growth
rates and short life-cycles, providing unique advantages for modeling neurodegenerative dis-
eases of aging caused by the stress of misfolded proteins. The C. elegans models described here
express polyglutamine expansion-containing proteins, as occur in Huntington’s Disease. Through
the use of tissue-specific expression of different lengths of fluorescently tagged polyglutamine
repeats, we have examined the dynamics of aggregate formation both within individual cells
and over time throughout the lifetime of individual animals, identifying aging and other ge-
netic modifiers as an important physiologic determinant of aggregation and toxicity.

Introduction

Misfolded proteins, aggregates, and inclusion bodies are hallmarks of a range of
neurodegenerative disorders including Alzheimer’s disease (AD), Parkinson’s disease (PD), prion
disorders, amyotrophic lateral sclerosis (ALS), and polyglutamine (polyQ) diseases that in-
clude Huntington’s disease (HD) and related ataxias.!” Each of these disorders exhibits
aging-dependent onset and selective neuronal vulnerability despite widespread expression of
the related proteins, and a progressive, usually fatal clinical course. The deposition of intra- or
extracellular protein aggregates is a well-conserved pathological feature and has been the focus
of extensive investigation.” Despite differences in the underlying genes involved, inheritance
and clinical presentation, the similarities observed have led to the proposal of shared patho-
genic mechanisms and the hope that insights into one process may be generalized to others.

In support of this premise is growing evidence that the cellular protein guality control
system appears to be an underlying common denominator of these diseases.” For example,
genes involved in protein folding and degradation, including molecular chaperones and com-
ponents of the proteasome, have been shown to modulate onset, development and progression
in models of multiple neurodegenerative diseases.”” Further, it has been suggested that despite
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the absence of sequence homology, different disease-related proteins share a common ability to
adopt similar proteotoxic conformations and that these might be used as therapeutic targets.®”

Models of Neurodegenerative Disease

Some of these disorders, including the polyQ diseases, exhibit familial inheritance, allowing
the use of genetic studies and positional cloning to identify single gene alterations underlying
the disorders.'%'3 Other diseases are sporadic, but rare familial forms have allowed the identi-
fication of candidate genes that could reveal insights into pathology. These include mutations
of amyloid Jprecursor protein in AD, parkin and a-synuclein in PD and superoxide dismutase
in ALS.""? Identification of these genes has led to the development of many model systems to
investigate the underlying pathology and to identify factors and pathways that modify the
disease process.

In addition to transgenic mouse and cell culture models has been the development of inver-
tebrate models using Drosophila and C. elegans for the study of neurodegenerative disease.”%>4
As described here for C. elegans, these systems provide a genetic approach for identification of
modifiers of both cellular and behavioral phenotypes which together with a relative ease of
technical manipulation facilitates rapid, high-throughput testing of hypotheses.

In a number of cases, disease gene orthologs have been identified and their loss of function
phenotypes observed. For example, inactivation of the fly parkin gene results in a degenerative
phenotype.?>?® However, pathogenic mechanisms in neurodegeneration often involve a gain
of function toxicity allowing these disorders to be modeled using transgenic overexpression of
human disease-related proteins regardless of whether a clear ortholog can be identified. Expres-
sion of polyQ containing proteins is neurotoxic in both Drosophila retinal neurons and C.
elegans chemosensory or mechanosensory neurons despite the absence of clear disease gene
orthologs.””° Similar strategies have been used to examine the toxicity of APP, SOD, a-synuclein
in flies and worms.?!"31-3¢ Despite the idiosyncrasies of different models, each provides unique
insights that clearly validate the general approach.

C. elegans Model of polyQ Disease

Our studies have focused initially on polyQ expansions as occur in Huntington’s Disease
and related disorders including several spinocerebellar ataxias and Kennedy’s Disease.” 1" At
least nine human neurodegenerative diseases are associated with polyQ expansions within oth-
erwise unrelated genes. In addition to a shared pathogenic motif, gene products associated with
this class of neurodegenerative diseases are ubiquitously expressed but affect only neurons.
Even within neuronal tissues, discases show subset-specific aggregation, toxicity, and death, 14!

Expression of expanded polyQ, with or without flanking sequences from the endogenous
proteins—or when inserted into an unrelated protein—is sufficient to recapitulate pathologi-
cal features of the diseases in multiple model systems including the appearance of protein
aggregates, loss of cell function, and cell death.“*#>*> This suggests a central role for the polyQ
expansion in these disorders and supports an approach whereby expression of isolated polyQ
expansions without flanking sequences could lend insight into shared features of these disorders.

In vivo, pathogenesis is length-dependent and results from a toxic gain of function.?” 404647
Genetic studies have established that Huntingtin alleles from normal chromosomes contain
fewer than 30-34 CAG repeats, whereas those from affected chromosomes contain greater than
35-40 repeats.*s Analysis of patient databases has established a strong inverse correlation be-
tween repeat length and age of onset.®®* Similar length dependencies are seen for the other
polyQ repeat diseases suggesting a 35-40 residue threshold at which the disease gene products
are converted to a proteotoxic state.

C. elegans, as a model has certain advantages for the study polyQ expansions. C. elegans is
a roundworm that in its free-living form can be found in a variety of soil habitats. In the
laboratory, the animals can be readily cultured in large numbers on agar plates seeded with a
lawn of E. coli, as wild-type adult animals reach a maximum length of approximately 1mm.
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The adult stage is preceded by progression through embryonic development, four stereo-
typed larval stages and an additional alternative quiescent form—termed the dauer larva—
that can be accessed under conditions of low food, high population density or conditions
otherwise unfavorable for growth. This life cycle is completed in approximately 2 days under
typical growth conditions (20-25°C).

Atall stages of development, C. elegans are transparent, permitting easy detection of fluores-
cent proteins in live animals. The hermaphrodite body plan is relatively simple, comprised of
959 somatic cells of which 302 cells are neurons. Despite the small number of cells C. elegans
have multiple complex tissues types including intestine, muscle, hypodermis and a fully differ-
entiated nervous system. Furthermore, C. elegans displagf conservation of basic molecular mecha-
nisms enabling comparison with vertebrate models.”*? Thus, despite its simplicity and ease of
handling, studies in C. elegans can offer insight into processes unique to complex multicellular
organisms.

The C. elegans polyQ Series in Neurons

To determine the effect of polyQ proteins in the neurons of C. elegans, we took a broad
approach and expressed polyQ proteins throughout the nervous system. Phenotypes such as
aggregation and neurotoxicity would therefore be the result of an integrated, system wide stress
response rather than the stress response of a few isolated cells. Transgenic lines were generated
using a range of polyQ expansion proteins (Q0, Q19, Q35, Q40, Q67, Q86) tagged with a
fluorescent protein, and then expressed in neurons.

In young adult animals, expression of Q19 resulted in a pattern of diffuse neuronal distri-
bution that persisted throughout the life of the animal, similar to control animals expressing
the fluorescent marker (Q0). In Q19 animals cell bodies of commissural neurons (Fig. 1B,
arrow) and the dorsal nerve cord (DNC) (Fig. 1B, open arrow), can be observed. The DNC is
formed almost exclusively of neuronal processes and therefore displays a smooth, diffuse fluo-
rescent intensity in Q19 animals. By comparison, the ventral nerve cord (VNC) contains vis-
ible cell bodies scattered along its length (Fig. 1B, triangle).

Figure 1. Poly-Q length dependent changes in protein distribution patterns. Pan-neuronal
Q19::CFP has a soluble distribution pattern (A,B) while Q86::CFP is distributed into discreet
foci (C,D). Arrows indicate commissural neurons. Open arrow indicates DNC, triangle indi-
cates VNC, scale bar = 100 um. E) Flattened z-stacks of C. elegans head, scale bar = 50 um.
Expressing arange of polyQ lengths reveals that proteins with tracts of <Q40 maintain a soluble
distribution pattern while those =Q67 form foci. All animals depicted are young adults, four
days post-hatch.
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Distribution of Q86 protein was strikingly different from the diffuse distribution of Q19
protein. Throughout the nervous system, Q86 protein was limited to discrete foci, indicating
polyQ length-dependent aggregation in C. elegans neurons (Fig. 1C-D). Q86 foci were de-
tected in the earliest larval stage and persisted throughout the lifespan of the animal suggesting
that length-dependent changes in distribution of proteins with long polyQ expansions oc-
curred independent of neuronal subtype in C. elegans.

To determine the threshold length required to change the distribution pattern from diffuse
(Q19) to foci (Q86), we expressed Q35, Q40, and Q67 fused to a fluorescent reporter. Ani-
mals expressing proteins with =Q40 display clearly delineated neuronal cell bodies and pro-
cesses, suggesting the presence of soluble proteins. The soluble distribution pattern of QO,
Q19, Q35 and Q40 can be clearly observed in the head of C. elegans where the distinctive
neuroanatomy of chemosensory processes (Fig. 1E, arrow) and the circumpharyngeal nerve
ring can be identified (Fig. 1E, triangle). Q67 formed foci exclusively, similar to those observed
in neurons of Q86 C. elegans (Fig. 1E). In contrast, the distribution pattern of proteins =Q40
never resembled that of Q67 or Q86. The polyQ length-dependent changes in protein distri-
bution shown here, together with a threshold for foci formation of >Q40, recapitulate two of
the major features of most polyQ-repeat diseases.

Biophysical Properties of polyQ Proteins in Neurons of Live Animals

The soluble distribution pattern of protein with <Q40 was visually distinct from Q67 and
Q86. To assess whether the visual changes in distribution correspond to changes in protein
solubility, we employed fluorescence recovery after photobleaching (FRAP) analysis. Deter-
mining the rate of recovery after photobleaching in an individual neuron provides a direct
measure of protein solubility and mobility and therefore enabled us to discriminate between
changes in distribution due to protein aggregation, in which interacting proteins are stably
associated and immobile, or changes due to restricted subcellular localization.>>>*

FRAP experiments on live animals that expressed a soluble control, Q0 or Q19, showed
rapid recovery from photobleaching (Fig. 2A,B) consistent with soluble protein (Fig. 2D).
However, foci bleached in Q86 neurons did not recover, indicating that the protein was immo-
bile, from which we concluded that protein aggregates had formed (Fig. 2C,D). FRAP results
were confirmed by Western blot analysis showing that Q86 aggregates were resistant to 5%
SDS treatment, characteristic of polyQ aggregates.”>>® Therefore, aggregates in our analysis of
C. elegans neurons were visually distinct foci formed by stably associated, immobile proteins.
Q86 aggregates failed to recover from photobleaching in all neurons examined, a result which
suggests that polyQ aggregates form independently of cell-type. This observation is consistent
with the extensive distribution of Q86 proteins into foci as described (Fig. 1C-E).

It has been proposed that polyQ expansions result in the formation of B-sheet structures
that self-associate and lead to aggregation.””® This hypothesis predicts that in addition to
being immobile and resistant to SDS, polyQ proteins in aggregates would be closely associated
in an ordered structure. Fluorescence Resonance Energy Transfer (FRET) is a technique devel-
oped for in vitro biochemical studies and applied to cell culture to determine in vivo, the
proximity of two proteins. The resolution of this technique is in the nanometer range; FRET is
maximal at 50A and will not occur if proteins are more than 100A apart. This technique has
been widely employed to show protein interactions in vitro and in cell culture.”>*® We there-
fore performed FRET experiments to determine whether polyQ proteins in C. elegans neurons
are sufficiently ordered, and in molecular proximity for energy transfer between CFP and YEP.

FRET efficiencies were determined for neurons of a live animals using the acceptor
photobleaching technique in which donor (CFP) intensity is compared before and after accep-
tor (YFP) photobleaching.®! In C. elegans expressing both Q19::CFP and Q19::YFP, acceptor
photobleaching had no effect on donor intensity, similar to negative control animals (Fig.
3C-F). These results show that, indirectly, FRET was not occurring between Q19 proteins. In
contrast, FRET was observed in neuronal aggregates of expanded polyQ proteins. C. elegans
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Figure 2. Solubility of PolyQ foci is consistent with aggregation. FRAP in C. elegans neurons
expressing Q19::YFP, a photobleached area (box) recovers rapidly (B,D), similar to QO (A,D)
indicating soluble proteins while bleached Q86::YFP foci do not recover (C,D). Therefore,
Q86::YFP foci are insoluble, consistent with aggregation. Quantification (D) is =5 experiments
with SEM. Signal intensity is measured in the color scale (A) where blue is least intense and red
ismostintense. Bar=5um. Acolor version of this figure is available online at www.Eurekah.com.

coexpressing Q86::CFP and Q86::YFP showed an increase in donor intensity following accep-
tor photobleaching, similar to positive of animals expressing a chimeric protein of CFP linked
to YFP (Fig. 3A-B,G-H).”” FRET positive aggregates were detected in a wide range of neurons
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Figure 3. Q86 protein in neuronal aggregates exhibits FRET, indicating close and roughly
ordered interactions at the molecular level. YFP photobleaching is seen on the YFP channel,
(panels A,C,E,G) and its effect on CFP donor intensity in the same cell (panels B,D,F,H). Control
animals expressing CFP::YFP FRET (A,B), Ej = 0.248(x 0.089) while CFP and YFP coexpression
(C,D) do not FRET, Ej = 0.001 (+ 0.025). Neurons coexpressing Q19::CFP and Q19::YFP (E,F)
do not FRET, E; =-0.090(+ -0.057) while coexpression of Q86::CFP and Q86::YFP (G,H) does
produce FRET, E; = 0.224(+ 0.076). Cells shown are representative of FRET experiments.

Intensity is by a color scale (G) where blue is least intense and red is most intense. Scale bar
= 2 um. A color version of this figure is available online at www.Eurekah.com.

86:CFP, 86:YFEP

with no clear correlation between FRET intensity and cell-type. The visible redistribution of
Q67 and Q86 into foci, combined with SDS resistance, FRAP and FRET data, shows that
large polyQ expansions form insoluble, ordered aggregates in neurons throughout the nervous
system of C. elegans with no evidence of cell-specific solubility.

PolyQ Length-Dependent Aggregation Correlates
with Neuronal Dysfunction

In human disease, and in mouse, Drosophila, and cell culture studies of polyQ pathogenesis,
aggregation is often accompanied by cellular dysfunction, although it remains unknown whether
the toxic species are polyQ aggregates visible by light microscopy or some intermediate oligo-
meric species along the pathway to aggregate formation.®® To test whether polyQ aggregation
in C. elegans neurons was accompanied by neurotoxicity, we examined behavioral phenotypes
regulated by the nervous system. The most striking phenotype was a polyQ length-dependent
loss of coordinated movement leading to nearly complete paralysis. More than 60 neurons in
C. elegans enervate muscle cells. Dysfunction or loss of these neurons results in lack of coordi-
nation or paralysis.®**> Q0 or Q19 animals with no visible polyQ aggregates showed rapid
movement similar to wild type (N2) animals and Q19 showed a slight decrease. Animals with
visible aggregates, Q67 and Q86, had limited capacity for coordinated movement exhibiting a
decrease of 85% and 89% respectively, relative to QO (Fig. 4). These results suggest that forma-
tion of visible polyQ aggregates correlates with neuronal dysfunction.

Unexpectedly, pan-neuronal expression of intermediate polyQ lengths, Q35 and Q40, also
affected behavior. In contrast to the clear phenotypic differences observed between transgenic
animals that expressed short or long polyQ proteins, individual Q35 and Q40 animals dis-
played heterogeneity in behavioral phenotypes (Fig. 4). These results did not seem to correlate
with the soluble distribution pattern of Q35 and Q40 proteins, visually distinct from the
extensive foci formation in Q67 and Q86 animals (Fig. 1E). Behavioral toxicity in intermedi-
ate animals may have resulted from aggregation in a sub-set of neurons, or Q35 and Q40
proteins may display subtle differences in biochemical state, both of which could result in
neurotoxicity without overt foci formation.
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Figure 4. Increases in polyQ length correlate with neuronal dysfunction. Each point represents
the average motility of a single young adult animal (4 days) over thirty seconds. Motilit}/ was
quantified by determining the frequency with which animals thrashed when in liquid.'%*

Dynamic Biophysical Properties of Intermediate polyQ Tracts
in the Ventral Nerve Cord

To determine whether there was a link between behavioral phenotypes and biochemical
states in Q40 animals we examined neurons associated with motility, where the most signifi-
cant differences in polyQ length-dependent toxicity were observed. The highest concentration
of neurons that regulate motility are found in the VNC. FRAP experiments on multiple neu-
rons distributed throughout the VNC of a single animal reveals that Q40::YFP solubility is
heterogeneous. Recovery of Q40 protein ranged from soluble, similar to Q19, or insoluble like
Q86 despite the absence of overt visual foci. Areas displaying rapid, but incomplete recovery
were also observed, suggesting some neurons may combine both soluble and immobile protein
components. While areas of insoluble Q40 protein were observed all along the VNC, only
soluble Q40 was observed in neurons in head or tail ganglia.

The heterogeneity of intermediate polyQ protein solubility led us to hypothesize that het-
erogeneity might also exist in the distribution pattern of Q40 proteins, although it was not
detected at the resolution of our earlier microscopy studies. Upon reexamination of the visual
distribution of Q40 protein at higher magnification, we found subtle yet consistent changes in
distribution, with Q40::YFP proteins localized to areas of increased fluorescent intensity form-
ing oblong shapes with well defined, tapered ends that were not observed in animals expressing
either short or long polyQ expansion. Although the distribution pattern of Q40 protein local-
ization at high magnification was distinct from other polyQ containing animals, it could not
be detected under a simple dissection microscopes.

To determine whether the intermediate length Q40 protein displays intermolecular inter-
actions distinct from short (Q19) or long (Q86) polyQ proteins we performed FRET analysis.
In a single young adult Q40 animal, we tested areas along the entire length of the VNC by
FRAP to enable correlation of FRET results with Q40 solubility. Immediately following FRAP,
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the same region was tested for FRET. In regions of where FRAP results indicate soluble
Q40 protein, photobleaching of the acceptor has little effect on donor intensity suggest-
ing that no significant Q40-Q40 protein interactions are occurring. Conversely, in re-
gions where FRAP reveals insoluble Q40 protein, intermolecular interactions of Q40
proteins causes FRET. The efficiency of interaction for Q40 proteins reveals two distinct
populations coexist within the neurons of a single Q40 animal whereas Q19 or Q86
animals display only a single type of intermolecular interaction. Together, the comple-
mentary techniques of FRET and FRAP present a profile of Q40 proteins in vivo that
reveals heterogeneity of biophysical states of an intermediate-length polyQ protein which
is distinct from the homogeneous states observed for long or short polyQ proteins in the
neurons of a multicellular organism.

These results suggest that Q40 protein can exhibit polymorphic subcellular distribu-
tion, solubility, and intermolecular interactions in an individual animal, unlike Q86 that
exhibits an invariant immobile state, consistent intermolecular interactions and consis-
tent distribution into foci. Variable biophysical properties of Q40 protein combined with
the motility assay in which behavior of individual Q40 animals ranges from wild type to
severely impaired, shows that polyQ-mediated neurotoxicity in C. elegans can be ob-
served in the absence of overt foci formation.
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Figure 5. Solubility of polyQ proteins in specific neurons is independent of aging. A) Specific
neurons are identified in the flattened z-stack of a representative Q40 animal (8 days old) and
(B) FRAP results are shown for each neuron. Q40 protein in the neurons analyzed remains
soluble even as animals age. C) FRAP data shown are the average for each specific neuron, with
standard deviation, analyzed in animals from 4 to 8 days of age.
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Neuron-Specific Responses to polyQ Proteins

Our observation that solubility of Q40 proteins in C. elegans can vary between different
areas of the nervous system suggests that there are modifiers acting on simple polyQ proteins
independent of protein context. The observed variability in polyQ protein solubility could be
stochastic rather than a neuron-specific response. To address this, we performed FRAP experi-
ments on several specific neurons in addition to the VNC. We reasoned that if solubility of
Q40 protein is stochastic, protein solubility in a specific neuron will vary between animals.
However, if polyQ protein solubility is neuron-specific, FRAP results should be consistent in
all animals tested. FRAP analysis of specific neurons in multiple animals and show that Q40
protein is consistently soluble whereas the VINC displays polymorphic Q40 solubility in all C.
elegans examined (Fig. 5A,B). These results suggest that polyQ solubility is consistent in spe-
cific classes of neurons. We hypothesize that polyQ solubility is modulated by some property of
the neuron in which it is expressed, such as neuronal function, connectivity, activity levels, or
expression levels of the polyQ protein.

Another characteristic that could have a major effect on polyQ solubility in neurons is the
age of the animal. Aging is well established as a major contributor to the onset of polyQ repeat
diseases in both humans and in model systems. We therefore examined specific neurons in
animals of different ages show that in specific neurons, Q40 protein remains soluble in animals
up to 10 days of age (Fig. 5C). In contrast, the VNC displays insoluble protein as early as three
days and polymorphic solubility of Q40 persists as the animals age. These results showed that
Q40 can exhibit polymorphic biochemical properties and remained soluble in some neurons
while becoming aggregated in the VNC. It also suggested that some neurons displaying soluble
Q40 protein are able to maintain solubility as they age. These properties of Q40 are in contrast
to the complete aggregation of Q67 or Q86 proteins observed in C. elegans nervous system
(Fig. 1) and suggest that for intermediate Q lengths, age is not the only modifier of polyQ
protein solubility.

C. elegans model provides a unique tool for investigating the basis of neuron-specific toxic-
ity associated with the expression of polyQ proteins. Behavioral and molecular characterization
of polyQ expansions in a pan-neuronal system is the first step in establishing a model in which
neuron-specific, novel modifiers of polyQ-mediated pathogenesis can be identified. Addition-
ally, establishing this system in neurons provides the baseline for future studies to examine one
of the major modifiers of polyQ pathogenesis: tissue type. Development of a neuronal model
in C. elegans opens the way to comparative studies on how nonneuronal tissue, such as muscle,
responds to polyQ proteins.

The C. elegans polyQ Series in Muscle Cells

In addition to providing a second tissue for comparative studies, C. elegans muscle cells have
some advantages for studying the basic properties of misfolded proteins in vivo. Muscle cells
are significantly larger than neurons facilitating work under comparatively low magnification.
In addition, C. elegans muscle cells are sensitive to RNA interference (RNAI) while neurons are
refractory. Therefore, a muscle cell model is ideal for rapid, genome wide screening.

Using a similar approach to that described above, fluorescently tagged polyQ proteins
were expressed in muscle cells of C. elegans. We generated a series of transgenic animals
expressing polyQ repeats of different lengths, with greater resolution at the intermediate
lengths (Q0, Q19, Q29, Q33, Q35, Q40, Q44, Q64, and Q82). In young adult animals
expressing repeats of Q35 or fewer, we observed diffuse fluorescence in all expressing cells
while animals expressing muscle Q44, Q64 or Q82 exhibited fluorescence in discreet foci
similar to that observed in neurons (Fig. 6A, Fig. 1). Muscle Q40 animals displayed a poly-
morphic distribution with diffuse fluorescence in some cells and foci in others, similar to
neuronal Q40 but more easily observed due to the size of muscle cells. In the C. elegans
muscle cell model, there is a shift in the cellular distribution of polyQ protein in young adult
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Figure 6. Expression of different polyQ::YFP lengths in C. elegans body-wall muscle cells
shows a length-dependent aggregation phenotype. Fluorescence images of young adult C.
elegans expressing different lengths of polyQ::YFP (QO0, Q19, Q29, Q33, Q35, Q40, Q44,
Q64,Q82). Animals expressing repeats of <Q35::YFP show a diffuse fluorescence in all muscle
cells; in contrast, animals expressing =Q44 repeats exhibited punctate distribution of fluores-
cence Animals expressing muscle Q40 showed a polymorphic phenotype with both diffuse
and punctate fluorescence distribution. (Bar = 0.1 mm). B) Quantification of motility index for
young adult Q0, Q19, Q29, Q35, Q40, Q82, and unc-54(r293) animals. Data are mean = SD
for at least 50 animals of each type as percentage of N2 motility. C) Correlation between the
number of Q40 foci in the muscle cells of an individual animal and their motility.

animals between 35-40 repeats, reminiscent of the pathogenic threshold, of 30-40 repeats,
observed in the human diseases.

To determine whether there is polyQ-mediated dysfunction in muscle, we examined motil-
ity and found that Q19, Q29 or Q35 animals behaved similarly to wild type (N2) while Q82
animals displayed severely decreased motility (Fig. 6B). The intermediate Q40 animals, which
had aggregates in some cells but not in others, exhibited an intermediate motility defect with a
high degree of variation. The polyQ-dependent motility phenotype observed in the muscle cell
model was parallel to that of the neuronal model. However, the larger size of body wall muscle
cells made it possible to examine how polyQ aggregation correlates with cellular dysfunction.
When individual animals were assayed for motility and then scored for the number of Q40
aggregates, it became clear that in muscle cells, aggregation is directly correlation with cellular
dysfunction (Fig. 6C).%°

Aging Influences the Threshold for polyQ Aggregation and Toxicity
Despite the expression of aggregation-prone proteins throughout the lifetime of the or-
ganism, pathology associated with diseases such as Huntington’s, Alzheimer’s and Parkinson’s
are typically not manifest until late in life. This motivated us to study the behavior of polyQ
proteins during aging. We performed experiments in which individual Q0, Q29, Q33, Q35,
Q40, and Q82 animals were examined daily for the appearance of protein aggregates and
motility. Relative to Q40 and Q82 animals that quickly accumulated aggregates and exhib-
ited a rapid decline in motility, Q33 and Q35 animals exhibited an initial lag prior to the
gradual accumulation of aggregates, however to levels much lower than for Q40 or Q82
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Figure 7. Influence of aging on polyQ aggregation and toxicity. A) Accumulation of aggregates
in Q82, Q40, Q35,Q33,Q29, and QO during aging. Data are mean = SEM. Twenty-four animals
of each type are represented at day 1. Cohort sizes decreased as animals died during the
experiment, but each data point represents at least five animals. B) Motility index as a function
of age for the same cohorts of animals described in A. Data are mean = SD as a percentage of
age-matched QO animals. C-E) Fluorescence images of the head of an individual Q35 animal
at4 (C), 7 (D), and 10 (E) days of age, illustrating age-dependent accumulation of aggregates.
Arrowheads indicate positions of the same aggregates on different days. In E, the animal is
rotated slightly relative to its position in D.
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(Fig. 7A). For example, aging-dependent aggregate accumulation can be readily observed by
comparison of the same Q35 animal at 4, 7, and 10 days (Fig. 7C-E).

In all cases, we observed an aging-dependent loss of motility relative to controls. These
results reveal that the threshold for polyQ aggregation and toxicity in C. elegans muscle cells
is not static, but rather age-dependent. At 3 days of age or less, only animals expressing Q40
or greater exhibit aggregates (Figs. 6, 7), whereas at 4-5 days the threshold shifts and aggre-
gates appear in Q33 and Q35 animals (Fig. 7A). In Q29 animals, the threshold again shifts
(>9-10 days) (Fig. 7). Thus, the threshold for polyQ aggregation is dynamic and likely re-
flects a balance of different factors including repeat length and changes in the protein fold-
ing environment.

Longevity Genes Influence Aging-Dependent Aggregation
and Toxicity of polyQ Proteins

Our results reveal that the threshold for polyQ aggregation and cytotoxicity in vivo is dy-
namic over the lifetime of an animal. Does this dynamic behavior result from the intrinsic
properties of a protein motif, or, do changes over time reflect the influence of aging-related
alterations in the cell? The idea that the molecular determinants of longevity might influence
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Figure 8. An extended lifespan mutation delays polyQ aggregate accumulation and onset of
toxicity. A) Differential interference contrast (Left) and fluorescence (Right) micrographs show-
ing embryos expressing Q82 in wild-type (A), age-1(hx546) (B) genetic backgrounds. (Bars =
5 um.). C) Aggregate accumulation in larval animals expressing Q40 or Q82 in the indicated
genetic backgrounds relative to aggregate accumulation in wild-type background. Mean =
SEM. D) Motility index for animals expressing Q40 or Q82 in the indicated genetic back-
grounds. Data are mean = SEM for 30 animals of each type. Motility of nontransgenic wild-type
and age-1 animals was similar to that of wildtype (N2).
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polyQ-mediated toxicity is supported by observations that the time until pathology develops -
days in C. elegans, weeks in Drosophila, months in mice, and years in humans - correlates
approximately with the lifespan of the organism. Here, again, the C. elegans model was a tre-
mendous advantage as the availability of mutants with extended lifespans allowed us to test
these ideas directly.

To accomplish this, we generated transgenic animals expressing Q82 in the background of
the age-1(hx546) mutation or age-1 RNAI. age-1 encodes a phosphoinositide-3 kinase that
functions in an insulin-like signaling (ILS) pathway, and mutations in this gene can extend
lifespan by 1.5-2 fold.®”%® Q82 in the age-1 background (Q82;age-1) exhibited reduced aggre-
gate formation in embryos relative to Q82 in the wild type background (Fig. 8). Q82 aggregate
formation was also reduced 30-50% during larval stages (1-2 days old) in age-7 animals com-
pared to wild type background and remained significantly lower through 4-5 days of age.%®
Parallel motility assays also demonstrated a delay in onset of the motility defect, consistent
with slower aggregate accumulation in Q82;age-1 animals (Fig. 8).

In wild type animals, the kinase activity of AGE-1 is required in a signaling cascade that
results in constitutive repression of the fork head transcription factor DAF-16 leading to nor-
mal lifespan.®”*>7% Derepression of DAF-16 in age-1 animals results in extended lifespan, and
daf-16 mutations suppress the longevity phenotype. To examine whether age-1 effects on lon-
gevity and polyQ aggregation and toxicity are mediated through similar regulatory pathways,
we tested whether age-1 suppression of Q82 phenotypes was affected by inactivation of daf-16
using RNAI. Q82;age-1;daf-16 animals exhibited aggregation and motility phenotypes similar
to Q82 expressed in wild type background. Thus, the dual effects of age-1 on longevity and
polyQ-mediated toxicity share a common genetic pathway.

Our demonstration that a mutation conferring longevity also delays polyQ aggregation and
toxicity suggests a novel link between the genetic regulation of aging and aging-related disease.
In subsequent studies, we and others have demonstrated that the molecular link between these
pathways is regulated, in part, by factors that detect and respond to misfolded proteins - namely
heat shock transcription factor (HSF) and molecular chaperones/heat shock proteins. For ex-
ample, it has been shown that inhibition of HSF-1 function leads to decreased lifespan and an
accelerated aging 7pz)henotype in C. elegans.”'7® Conversely, overexpression of HSF-1 in C. elegans
extends lifespan.”#”? Additionally, inactivation of d2f16, hsf-1 or small heat shock proteins in
C. elegans accelerated the aggregation of polyQ expansion proteins supporting the idea that ILS
could coordinately influence aging and protein aggregation through the action of DAF-16,
HSF-1 and molecular chaperones.

Genome-Wide RNAi Screening Identifies Novel Regulators of polyQ
Aggregation and Toxicity

The results described above identify ILS as a genetic pathway that can influence the course
of polyQ-mediated phenotypes. What other pathways might exert similar effects? Numerous
over-expression and genetic studies in mammalian and Drosophila models have identified vari-
ous enhancers or suppressors of polyQ-mediated aggregation and toxicity.”*7® This is
well-illustrated by the large number of approaches in which various molecular chaperones ei-
ther alone or in combination have been shown to influence polyQ-mediated pheno-
types.””747678 While one could argue which of these modifiers is the “key” to determining the
fate of aggregation-prone proteins, we interpret these results to suggest that the transition of
polyQ proteins from a soluble to an aggregated state is the result of a balance in which multiple
pathways are likely to cooperate. To identify the complete protein-folding buffer involved in
polyQ transition from a soluble to an aggregated state we used a genome-wide RNAi approach.

RNAI is a commonly used reverse-genetics approach in C. elegans allowing the targeted
down-regulation of specific genes by introduction of small fragments of cognate double-stranded
RNAs.””%° This technique has been adapted to genome-wide screens with a library consisting
of 16,757 bacterial clones covering 86% of the predicted C. elegans genome.®#* RNAi has the
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Table 1. Genome-wide RNAI screen for modifiers of polyQ aggregation identified
186 genes, in five classes. These genes all function normally to suppress
aggregation; therefore knockdown by RNAI resulted in increased aggregation.

tProduction Misfolded Proteins | Clearance of Misfolded Proteins
= l i, ™ &
—
W
RNA synthesis & Protein Protein Protein Protein
processing (31) synthesis (59) folding (11) transport (18) degradation (16)
Transcription Intitiation (6) Chaperonin (6) Endocytosis (1) 19S (8)

regulation (5)
T27F2.1 (Skip)  Y39G10AR.8 (elF-2-y) cct-5(TCP-1-e) YTO5E8A.9 (y-adaptin)  rpt-5 (26S 6A)

Transcription (2) Elongation (4) Hsp70 (4) Nuclear import (4) 20S(10)
ama-1 (RPB1) eft-3 (eEF1A-2) hsp-1 (Hsc70) C53D5.6 (Importin 3 -3)  pas-4 (o type 7)
Splicing (17)  Ribosomal subunit (43) DnaJ (1) Cytoskeleton (6) Ub ligase (2)

T13H5.4 (SAP61) ps-26 (S26) F18C12.2A  KO1G5.7 (Tubulin $-2)  C47E12.5 (E1)

additional advantages of allowing detection of lethal positives and the immediate identification
of the target genes. Although genome-wide RNAI screens may miss certain genes secondary to
variation in mRNA depletion and relative inefficiency of the mechanism in neurons, this ap-
proach offers an extremely powerful and rapid tool to identify the set of genes that modify a
given phenotype.

To identify genes that prevent polyQ aggregate formation we used C. elegans strains ex-
pressing polyQ lengths close to the aggregation threshold, Q33 and Q35 strains, in an RNAi
genetic screen. To validate this strategy, we first tested the full range of polyQ strains with a
group of candidate modifiers, genes containing the TPR domain and therefore likely to act
as molecular chaperones. Animals with knock down of candidate modifiers were analyzed
for premature appearance of aggregates upon selective RNAi. Of the 72 candidate gene modi-
fiers analyzed only four showed an earlier appearance of foci in Q33 and Q35 animals reveal-
ing an unexpected specificity among known modifiers of protein folding.®> These effects
were dependent on the presence of an expanded polyQ motif as no foci were observed for
any of the 72 RNAI bacterial clones in either Q0 or Q24 animals. The fluorescent foci
induced by RNAi-treatment were biophysically and biochemically identical to aggregates of
long polyQ stretches as judged by FRAP analysis and SDS-PAGE.

Having validated the reliability of our approach, we screened the C. elegans genome and
identified a total of 186 genes that induced earlier onset of the aggregation phenotype in
Q35 animals. These modifiers fall into 5 major classes: genes involved in RNA metabolism,
protein synthesis, protein folding, protein trafficking and protein degradation (Table 1).
Examples of some of these genes are: RNA helicases, splicing factors and transcription fac-
tors for RNA metabolism; initiation and elongation factors and ribosomal subunits for pro-
tein synthesis; chaperonins and Hsp70 family members for protein folding; nuclear import
and cytoskeletal genes for protein trafficking and proteasomal genes for protein degradation.
A common feature is an expected imbalance between protein synthesis, folding and degrada-
tion triggered by their disruption. In this context, these 5 classes can then be further grouped
in two major categories: genes whose disruption leads to an increase in misfolded protein
production and genes that when disrupted lead to a decreased clearance of misfolded pro-
teins and proper protein turnover. Our results reveal that the transition between soluble and
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aggregated states of polyQ proteins is regulated by a much more complex integration of
events, extending beyond the immediate involvement of chaperone-mediated folding and
proteasomal degradation.

Our findings suggest a model in which each step in the birth, life and death of a protein
influences the capacity of the cellular protein folding buffer. For example, perturbation of the
RNA-processing machinery caused accelerated aggregation of Q35 perhaps due to an increased
burden of abnormal proteins requiring the activity of the protein folding buffer. Uncovering
the role of these genes in the disease process suggests that there may be no single molecular
mechanism responsible for polyQQ-mediated pathology.

Global Disruption of Folding Homeostasis by polyQ Proteins

The widespread effect of polyQ proteins leads to the question of whether polyQ proteins
cause cellular dysfunction by a generalized destabilization of the cellular protein folding
environment. We utilized our C elegans models of polyQ aggregation in neuron or muscle cell
models to examine the effect of polyQ protein on cells” ability to maintain protein-folding
homeostasis. To test the hypothesis that polyQ proteins disrupt protein homeostasis, we took a
genetic approach using diverse C. elegans temperature-sensitive (ts) mutations to examine whether
their functionality at the permissive condition is affected by expression of aggregation-prone
polyQ-expansions. Since many ts mutant proteins are highly dependent on the cellular folding
environmentthey represent highly sensitive indicators of a disruption in protein homeostasis.
The neuronal and muscle polyQ models described above were crossed into ts mutants to deter-
mine the effect of polyQ proteins on cellular homeostasis.** 5

Animals expressing ts mutant of the C. elegans homolog of a muscle paramyosin (UNC-15)
were crossed to C. elegans polyQm strains, and phenotypes were examined at both permissive
and restrictive temperature conditions. With the paramyosin ts mutation alone, animals do not
display overt phenotypes at the permissive temperature, however at the restrictive temperature
the ts mutation disrupts thick filament formation and leads to phenotypes including embry-
onic and larval lethality and slow movement in adults (Fig. 9A). In animals expressing only
Q40m, neither lethality nor paralysis was observed.®” In contrast, more than 40% of embryos
coexpressing Q40m and paramyosin ts failed to hatch or move at the permissive temperature
(Fig. 9B). This effect was polyQ length-dependent, because coexpression of smaller polyQ
expansions with paramyosin(ts) decreased penetrance of ts phenotypes (Fig. 9B). Examination
of muscle structure in paramyosin(ts) + Q40m embryos at the permissive temperature revealed
a disrupted pattern of actin staining, similar to the pattern in paramyosin(ts) embryos at the
restrictive temperature and absent at the permissive temperature or in wild-type animals. Thus,
in muscle cells expression of an aggregation-prone polyQ protein is sufficient to cause a
paramyosin ts mutation to exhibit its mutant phenotype at the permissive condition.

To determine whether this effect of polyQ expansions is specific to muscle or extends to
other tissues, we examined neurons. Animals expressing a ts mutation in the neuronal protein
dynamin-1 [dynamin(ts)] become paralyzed at the restrictive temperature but have normal
motility at the lower, permissive temperature.®® With the coexpression of pan-neuronal Q40,
dynamin(ts) animals display severe impairment of mobility at the permissive temperature (Fig.
9C). This effect was length dependent since no phenotypes were observed in animals coexpressing
the nonaggregating Q19n. Thus, expression of polyQ expansions phenocopies temperature-
sensitive mutations in both muscle and neuronal cells at permissive conditions, and this ge-
netic interaction reflects the propensity of polyQ proteins to aggregate. These observations
were confirmed by testing a wide range of characterized ts mutations. Strains expressing ts
mutant proteins UNC-54, UNC-52, LET-60 (C. elegans homologs of myosin, perlecan, and
ras-1, respectively), or UNC-45 together with Q24m or Q40m were scored for specific ts
phenotypes at the permissive temperature. For all lines generated, the ts mutant phenotype was
exposed at permissive conditions in the presence of the aggregation prone Q40m but not by



182 Molecular Aspects of the Stress Response: Chaperones, Membranes and Networks

C 1o
80
B
8604
c
240
- a
] B
I 20
I —— - 0 . — —
O o L& S0 o8 .0 O S oo
ST EaE S oS o o of
oL ¥ " IO PP P go IO
& & & & 0@\5”\ &
¥ & ¢ S @
15°C 20°C
D E
100 T = 1004 T
OLetLva W par(ts) =
390 W Osm 35”' M parits)+Q35m
‘Eﬁﬁ ) £ 80
[
]
2 a0 % 404 -
2 .
= 20 & 904
el Baleemdl 8 i s
6.0 & o A oAt 15°C 1759 20°C 225°C 25°C
e H FFFTFE FFSF
P @ FF S S
& & & & &
< &F F g @
s 4
15°C

Figure 9. Aggregation-prone proteins alter the conditions required to expose phenotypes depen-
dent on temperature sensitive mutations. Aggregation-prone proteins expose temperature sen-
sitive phenotypes of paramyosin(ts) (B,F), dynamin(ts) (C) and ras(ts) (D) mutants at permissive
temperatures. A) DIC images of age-synchronized 3-fold paramyosin(ts) embryos at indicated
temperatures. Arrows indicate embryos with abnormal body shape. (B) Percentage of unhatched
embryos and paralyzed L1 larvae. Data are the mean = SD, =380 embryos per data point. C)
Percentage of uncoordinated age-synchronized young adult animals. D) Percentage of animals
exhibiting either Osm (black) or the combined Let/Lva (grey) phenotypes. Data are the mean =
SD, 270 synchronized adults for Osm and =270 embryos for Let/Lva. ras(ts) + Q40m denotes
ras(ts) animals heterozygous for Q40m. E) Synergistic effect of elevated temperature and polyQ
expansions on paramyosin(ts). Percentage of unhatched embryos and paralyzed L1 larvae for
paramyosin(ts) (grey) and paramyosin(ts)+Q35m (black) at indicated temperatures. Data are the
mean = SD, 2300 embryos for each data point. In animals expressing polyQn (neuronal)-YFP
proteins (Q19n, Q40n, Q67n). Data are the mean = SD, =80 animals per data point.

non aggregating Q24m (Table 2). Thus, the chronic expression of an aggregation-prone polyQ
protein interferes with the function of multiple structurally and functionally unrelated proteins.
The interaction between polyQ expansions and ts mutant proteins could be cell autono-
mous or dependent on intercellular interactions. We took advantage of tissue-specific pheno-
types caused by expression of ras(ts) protein to examine this question. At the restrictive tem-
perature, animals carrying the ras(ts) mutation display phenotypes of embryonic lethality/larval
development phenotype (Let/Lva), a defect in osmoregulation (Osm) likely reflecting neuronal
dysfunction and a multivulva phenotype (Muv), resulting from dysfunction in the hypoder-
mis.?? We scored these phenotypes upon expression of polyQ in neuronal or muscle cells.
PolyQ expansions in neurons led to exposure of the Osm phenotype in ras(ts) animals at the
permissive temperature but had no effect on the Let/Lva phenotype (Fig. 9D). Conversely,
expression of Q40m in muscle cells of ras(ts) animals caused increased penetrance of Let/Lva
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par(ts )15°C  par(ts) 25°C

par(ts)+Q40m 15°C

paramyosin  Q40m-YFP overlay

Figure 10. PolyQ expansions affect the folding of a ts mutant of paramyosin. A,B) Confocal
images of anti-paramyosin immunostained (red) body wall muscle cells of synchronized young
adults expressing indicated proteins. Arrows: normal muscle sarcomeres, arrowheads: abnormal
paramyosin(ts) assemblies. Green color is Q40m-YFP fluorescent protein. Scale bar is 10 um.

phenotype but did not expose the neuronal Osm phenotype (Fig. 9D, Table 2). Neither neu-
ronal nor muscle cell expression of polyQ expansions caused the hypodermal Muv phenotype.
A similar control was performed with paramyosin(ts),and was not affected by polyQ expan-
sions in neurons (Q67n). Likewise, polyQ expansions did not affect phenotypes that did not
involve ts proteins (caused either by RNAI or gene deletion). Thus, the effect of polyQ expan-
sions on mutant ts proteins reflects specific genetic interactions within the same cell type and
does not result from decreased fitness of the organism.

To understand the nature of this interaction, we examined the cellular localization of
paramyosin(ts) protein when coexpressed with Q40m. The paramyosin ts mutation affects
protein interactions which, at restrictive temperature, results in mislocalization into foci (Fig.
10A).%” When paramyosin(ts) protein is coexpressed with Q40m, it mislocalizes into foci at
the permissive temperature, distinct from Q40m aggregates (Fig. 10B). Thus, expression of
Q40m uncovers the protein folding defect in paramyosin(ts) mutant. In view of this, the dif-
ferential penetrance of ts phenotypes (Table 2) may reflect the sensitivity of each ts mutation to
disruption of the folding environment.

Aggregation-prone proteins may exert their destabilizing effects by placing a stress on the
folding capacity of the cell. If so, additional stress, such as elevated temperature may act in
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synergy with polyQ aggregates to further destabilize ts mutants. Indeed, expression of an inter-
mediate (Q35m) expansion shifted the permissive temperature at which paramyosin(ts) was
fully inactivated (Fig. 9E). Furthermore, we observed increased penetrance of ts phenotypes in
homozygous Q40 animals as compared to heterozygous, consistent with the earlier onset of
aggregation in homozygous Q40 animals (Table 2). If the levels of polyQ affect the folding of
the ts protein, does the misfolding of the ts protein, in turn, intensify misfolding of polyQ? To
answer that question, we quantified mQ40 aggregation in ts backgrounds and found that ag-
gregation was enhanced dramatically. In contrast, mutations that cause a loss of function rather
than a ts phenotype did not enhance aggregation. From a genetic perspective, temperature-
sensitive mutations in proteins unrelated to cellular folding or clearance pathways behaved as
modifiers of polyQ aggregation. This suggests that a positive feedback mechanism exists to
enhance the disruption of cellular folding homeostasis.

The appearance of misfolded protein in the cell normally activates a stress response that
increases protein refolding and turnover and thus rebalances the folding environment.”>?! In
contrast, our results point to the unexpected sensitivity of cellular folding homeostasis to the
chronic expression of misfolded proteins under physiological conditions. It is possible that the
low flux of misfolded protein in conformational diseases may alone lack the capacity to activate
the homeostatic stress response. This suggests that the stress response fails to compensate for
the chronic expression of misfolded proteins in human disease.

One potential interpretation of our results is that the protein folding capacity of the cell,
integrated at a systems level, is a reflection of expressed protein polymorphisms and random
mutations,”” which in themselves do not lead to disease because of the balance achieved by
folding and clearance mechanisms. However, these proteins may misfold and in turn contrib-
ute to the progressive disruption of the folding environment when this balance becomes over-
whelmed, e.g., by the expression of an aggregation-prone protein in conformational diseases.

Conclusion

In our C. elegans model for the expression of isolated polyQ repeats we focused on the
effects of polyQ-containing proteins in neurons or muscle cells. Expression of isolated polyQ
motifs rather than full-length disease-related proteins enables us to uncover conserved features
underlying a range of neurodegenerative diseases. A genome wide RNAI screen identified mul-
tiple molecular chaperones that have been implicated in polyQ diseases, as well as AD and PD.
These studies have revealed a common set of factors that link the genetic regulation of protein
homeostasis, stress responsiveness and longevity. Thus, longevity and fitness may be, at least in
part, a consequence of the efficient detection, capture and resolution of misfolded and
aggregation-prone proteins. The presence of marginally stable or folding-defective proteins in
the genetic background of conformational diseases reveals potent extrinsic factors that can
modify aggregation and toxicity. Given the prevalence of polymorphisms in the human ge-
nome,”” the expression of metastable proteins could contribute to variability of disease onset
and progression.”® This interpretation also provides a mechanistic basis to the notion that the
late onset of protein misfolding diseases may be due to gradual accumulation of damaged
proteins, resulting in a compromise in folding capacity.”” Cellular degeneration in diseases of
protein conformation is unlikely to be due to a single defect. Thus, the many toxic effects on
various cellular processes attributed to misfolded proteins”>*?1% could in fact be an integral
part of the global disruption of protein homeostasis.
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