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Abstract
Huntington’s disease (HD) is a progressive neurodegenerative disorder characterized by the
insidious onset of choreiform movements (rapid, jerky involuntary movements), cognitive
decline, and early death. Huntington’s Disease is caused by a polyglutamine (polyQ) expansion
in the human Huntingtin protein (Htt) that induces Htt protein misfolding and cytotoxic
aggregation later in life. The expanded polyQ tracts embedded within Htt target the protein for
pro‐apoptotic caspase cleavage, and the formation of nuclear inclusions by Htt fragments is
reported to contribute to the neurodegeneration and dysregulated muscle tissue metabolism
canonical of HD. Of note, the activities of polyQ‐expanded Htt in HD neuropathology have been
well studied, whereas the molecular pathways by which aggregated Htt confers disease‐
associated muscle tissue phenotypes have been incompletely described. To investigate tissue
phenotypes mediated by Htt aggregation, it is purposeful to utilize simple model organisms that
accurately recapitulate Htt molecular pathology in target tissues. To this end, the Kikis
laboratory expressed disease‐associated, polyQ‐containing Htt fragments within body wall
muscle cells of Caenorhabditis elegans and assessed muscle tissue phenotype throughout
aging. I report that the Htt fragments aggregate and confer cytotoxicity in a polyQ length‐
dependent manner in C. elegans body wall muscle cells, with tissue toxicity manifesting as
decreased motility and curtailed lifespan. Apart from introducing a novel, biologically relevant
model of Htt fragment toxicity in muscle cells, the data presented herein corroborates the
notion that Htt‐associated toxicity, and more generally the nature of polyQ protein‐protein
interactions within tissue microenvironments, is based on inherent protein characteristics and
not simply an artifact of protein overexpression.
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Introduction
Huntington’s disease (HD) is an inherited progressive neurodegenerative disorder
characterized by insidious onset of distinctive choreiform movements, psychiatric alterations,
cognitive decline, and early death that affects roughly 1 in 10,000 individuals of European origin
(1). Genetic linkage analyses have mapped HD to an autosomal‐dominant mutation in gene IT15
(HD gene), located on chromosome 4p16.3, that encodes the huntingtin (Htt) protein (1,2).
The molecular underpinning of Huntington’s Disease is a mutation near the 5’ end of the
Htt gene that results in an expanded CAG trinucleotide repeat (encoding a polyglutamine, or
polyQ, repeat), with tract length inversely correlating with age of onset of HD symptomology (2‐
4). Htt CAG repeats begin 18 codons downstream of the start ATG codon and are preceded by a
moderately polymorphic proline‐encoding (CCG) repeat region that is suggested to contribute
to inherited polyQ repeat length (5). Indeed, non‐pathological CAG repeat lengths (6‐26 Qs) are
inherited as Mendelian alleles; however, expanded (27‐35Qs) CAG lengths may develop across
generations and become increasingly unstable while undergoing meiotic transmission,
sometimes resulting in de novo HD individuals from asymptomatic parents (10% of cases) (5,6).
CAG repeats have an increased tendency to mutate and expand during male disease
transmission, and HD symptoms usually manifest with low penetrance for individuals with 36‐
39 repeats (6,7). Pathological repeat lengths (40Qs or greater) are inversely related to the initial
presentation of HD symptoms, and incrementally larger CAG expansions transmitted across
subsequent generations are associated with increased disease anticipation and symptom
severity (Fig 1) (7).
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Figure 1. Pathogenesis of Huntington’s Disease (HD).
Schematic representation of polyglutamine (polyQ) expansion‐mediated pathogenesis of HD. A
moderately polymorphic proline‐encoding (CCG) region (blue circles) precedes the polyQ
expansion region of human Htt protein. During meiotic transmission, the polymorphic prolines
may mutate into glutamines and thus incrementally expand the inherited polyQ tract towards
symptomatic expansion lengths of 40+ CAG repeats. Longer polyQ expansions above 40 CAG
repeats are inversely related to symptom age of onset, disease anticipation, and symptom
severity.
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Larger polyQ expansions beyond 60 repeats may manifest in HD symptom presentation
before the age of 21, a phenomena specified as Juvenile Huntington’s Disease (JHD) (8‐10). In
JHD, early disease onset manifests clinically without chorea but rather parkinsonian movements
(e.g., bradykinesia), muscle dystonia, cerebellar dysfunctions (e.g., motor incoordination), and
seizures. These symptoms, the severity and onset of which increase monotonically with CAG
repeat length, are associated with increased brain atrophy and distinctive neurological
symptoms that overlap with adult‐onset HD cognitive alterations (10,11). Moreover, CAG
repeats of 80‐90 or greater often confer infantile HD, a highly progressive form of HD that has
distinctive clinical phenotypes that deviate from typical JHD and adult HD pathology: infant HD
can present with Autism‐spectrum behavioral changes, epilepsy, learning abnormalities,
abnormal EEG activity, and muscle spasticity (11).
The enhanced disease anticipation that results from extensive (60‐90) CAG repeats
manifests in a more severe pathology for affected individuals; however, patients with high‐
number CAG expansions often show a diminished correlation between repeat length and age of
onset (10‐12). Indeed, CAG repeat length accounts for only 20% of the variance in age of onset
in patients with more than 52 repeats (12). These studies, in tandem with the aberrant
progressive clinical features of infantile HD and JHD, give credence to the assumption that
various other factors besides CAG repeat length influence age of onset and disease prognosis
(10). To accurately characterize molecular factors that contribute to HD presentation, it is first
important to understand the global functionality of wildtype Htt protein in various tissues, and
how the disparate Htt‐mediated cellular activities each contribute to overall disease
pathophysiology.
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Wildtype Htt protein is widely expressed throughout nearly all human tissues, with the
highest levels occurring in the testes and brain (13). Although it demonstrates limited homology
in protein databases, Htt protein has been shown to associate with various organelles and
structures in both the cytoplasm and nucleus, including clathrin‐coated vesicles, mitochondria,
plasma membranes, endosomal and endoplasmic compartments, and microtubules (13,14). As
such, Htt interacts with proteins involved in manifold processes, such as gene expression,
intracellular trafficking and signaling, apoptosis, and mitochondrial metabolism (13).
Gene Expression
HD is characterized by both a loss of wildtype Htt activities and a gain of toxic function
by mutant Htt proteins, and as the functions of wildtype Htt are poorly understood, much of
what is currently know about Htt cellular activities comes from investigations into mutant Htt
proteotoxicity. Many studies demonstrate a pronounced nuclear translocation of mutant Htt
aggregates from the cytoplasm, implicating Htt protein in influencing aspects of gene
expression such as interacting with transcription factors and gene response elements (15‐17).
The enhanced translocation of mutant Htt to the nucleus confers an increased
propensity for mutant Htt to aggregate and for toxic function to ensue (15). To enter the
nucleus, the N‐terminus of Htt is shuttled through the nuclear envelope in a Ran GTPase‐
dependent manner (18). Once inside, the Htt N‐terminus interacts with the nuclear pore
protein translocated promoter region (TPR), which is involved in nuclear export of the protein;
however, polyQ expansions on mutant Htt proteins induce associations with other Htt polyQ
domains to form nuclear aggregates. As aggregates form, the Htt‐TPR interactions are
diminished, resulting in sequestration of Htt in the nucleus (18). Hence, the enhanced
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sequestration of mutant Htt aggregates in the nucleus of HD cells potentiates the disruption of
gene expression pathways that are proposed to underlie the neuronal atrophy and cognitive
decline of HD pathogenesis (17,19).
Two Htt‐associated proteins are specificity protein 1 (SP1) and the co‐activator CREB
(cAMP‐response element binding protein) binding protein (CBP) (15‐17). Many transcription
factors, including SP1 and CBP, possess a polyQ‐rich domain that has been shown to associate
with other polyQ proteins (15). However, it is an acetyltransferase domain on CBP that interacts
with Htt, and these CBP‐Htt interactions were further demonstrated to reduce histone
acetylation in HD cells (19,20). The interactions between CBP and mutant Htt aggregates are
important to HD pathology, as the CRE pathway – playing a prominent role in neuronal cell
survival – is downregulated early in HD pathogenesis due to the sequestration of CBP by Htt
aggregates both in vitro and in vivo (16,17). As a whole, the enhancement in mutant Htt nuclear
translocation, which enhances the formation of mutant Htt nuclear inclusions, leads to a
downregulation of canonical genetic pathways involved in cell survival through the
sequestration of transcription factors and gene response elements by mutant Htt aggregates
(17‐19).
Intracellular signaling and protein trafficking
Htt protein is expressed in neuronal and non‐neuronal cell types, yet causes selective
neuronal death in human striatum and other cortical areas (19). Neuronal tissue atrophy
underlies the cognitive decline and psychiatric alterations, such as personality and behavioral
changes, that accompany HD progression (1,4). Indeed, Htt protein interacts with many
proteins primarily expressed in neurons that are involved in intracellular protein transport,
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protein trafficking, receptor endocytosis, and apoptotic signaling pathways, and these Htt‐
protein interactions may ostensibly dysregulate cellular pathways and thereby confer HD
neuropathology (15,19‐22). Two highly expressed proteins in neuronal cytoplasm that interact
with Htt are HAP1 (huntingtin‐associated protein 1) and HIP1 (huntingtin‐interacting protein 1)
(19,21,23,24).
In the cytosol, HAP1 associates with Htt and molecular motor component proteins
dynactin and kinesin, and as such HAP1 is located in various subcellular regions including
microtubule projections and synaptic vesicles in axon terminals (21,23). The degree to which
the Htt‐HAP1 complex influences microtubule‐dependent transport is poorly understood, but
dysregulations in fundamental transport of membrane‐bound vesicles, proteins, and organelles
– via interference of normal HAP1‐protein interactions by mutant Htt aggregates – are likely to
contribute to a progressive degeneration in molecular transport fidelity and accelerate
neuronal cell senescence. One additional biological interaction that may contribute to neuronal
dysfunction in HD is the dimerization of HAP1 and the type 1 inositol‐(1,4,5) triphosphate
receptor (IP31) (24,25). Once formed, the IP31‐HAP1 complex is bound by mutant Htt, and Htt
binding effectively increases IP31 receptor sensitivity to inositol‐(1,4,5) triphosphate ligation
and disrupts normal intracellular calcium release, signaling, and handling (24).
HIP1, unlike HAP1, interacts loosely with mutant Htt. Decreased sequestration of HIP1
by mutant Htt is thought to increase free HIP1 levels that potentiate normal protein activities
and incur excitotoxicity to cells (26, 27). There are two primary mechanisms by which HIP1
influences cellular function and viability. First, some studies implicate HIP1 in pro‐apoptotic
signaling pathways, in which HIP1 associates with HIP1‐protein interactor (HIPPI) and
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subsequently induce procaspase‐8 cleavage and activation, resulting in neuronal cell death.
Interestingly, the HIP1‐HIPPI association rate is modulated by polyQ repeat length in the Htt
protein, with pathological CAG repeat lengths correlating with increased formation of the HIP1‐
HIPPI pro‐apoptotic heterodimers (26). In addition to promoting programmed cell death
pathways, increased levels of free HIP1 disrupt normal clathrin‐mediated receptor
internalization from neuronal membranes (27). HIP1 has been identified as a functional
component of clathrin‐coated vesicles within neurons that mediate aspects of the endocytic
trafficking of ‐amino‐3‐hydroxy‐5‐methyl‐4‐isoxazolepropionic acid receptors (AMPAR) (27).
An interesting pathway connecting mutant Htt function to neuronal viability is the
balance between AMPAR‐ and NMDAR (N‐Methyl‐D‐aspartate receptor)‐mediated current
ratios in neurons (27,28). Studies relating mutant Htt activity to AMPAR and NMDAR
functionality have demonstrated that, as stated above, mutant Htt promotes the activity of free
HIP1, resulting in the internalization of AMPARs from postsynaptic membranes of neurons (27).
These studies also implicate wildtype Htt in associating with postsynaptic density 95 (PSD‐95), a
scaffold protein that mediates clustering and activation of postsynaptic receptors. However,
mutant Htt protein with pathological polyQ repeats release PSD‐95 associations, and this
increased dissociation in turn allows PSD‐95 to promote NMDAR activation (28). Hence, the
concurrent dissociation of mutant Htt from HIP1 and PSD‐95 promotes AMPAR internalization
and NMDAR clustering and activation, respectively. This disequilibrium between AMPAR and
NMDAR signaling in turn enhances glutamatergic neurotransmission through NMDA receptors
and promotes neuronal cell excitotoxicity and death that characterize HD neuropathology
(19,27,28).
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Apoptosis and toxic fragment hypothesis
An additional cellular mechanism that is involved in the development of HD is the
propensity of polyQ‐expanded Htt proteins to misfold and generate N‐terminal proteolytic
fragments that aggregate and confer cytotoxicity (29,30). Investigations into the generation of
N‐terminal Htt fragments have implicated calpain proteases and caspases in the increased or
altered generation of Htt fragments that lead to selective toxicity observed in HD neuronal
tissues (29,31). Indeed, various calpain cleavage sites have been identified in Htt, and mutations
in these cleavage sites have been shown to reduce proteolysis and aggregation of polyQ‐
expanded Htt, effectively decreasing toxicity in vitro (31). As stated above, mutant Htt alters
intracellular calcium homeostasis via dysregulation of NMDAR signaling and endoplasmic
reticulum (ER) IP31 receptor functionality, and as such the enhanced calcium load in striatal
neurons of HD patients increases calpain activity and subsequent Htt proteolysis, aggregation,
and toxicity (24, 28, 31).
More fundamentally, studies of caspase proteolysis of polyQ‐expanded Htt have led to
the development of the toxic fragment hypothesis, which postulates that cleavage of N‐
terminal Htt fragments, which contain the expanded polyQ region, leads to intranuclear and
perinuclear fragment aggregation and subsequent toxicity (30,32). Indeed, the expression of
mutant Htt fragments results in increased cellular sensitivity to apoptotic stress, with the
degree of sensitization correlating with decreased protein fragment length and increased polyQ
tract length (32,33). One specific proapoptotic caspase, Apopain, the human analog of
nematode cysteine protease death‐gene product (CED‐3), specifically cleaves Htt protein, and
the rate of Htt cleavage by Apopain increases with polyQ tract length (33). Hence, as polyQ
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length increases in HD patients, various cell types, but most notably neurons, are increasingly
susceptible to inappropriate apoptosis, which may contribute to the excitotoxic cellular
phenotype observed in HD patient neuronal tissue (19,32,33). Moreover, the caspase‐ and
calpain‐derived Htt protein fragments that form nuclear inclusions have been shown to interact
with the ubiquitin‐proteasome complex, and an age‐dependent decrease in proteasome fidelity
and activity is associated with N‐terminal Htt fragment aggregation (30). As such, the
neurodegeneration observed in HD neuropathology is likely heavily influenced by caspase‐ and
calpain‐induced cleavage of N‐terminal mutant Htt fragments, the result of which is an age‐
dependent increase in the load of nuclear Htt inclusions and enhanced propensity to
inappropriate apoptosis (29‐32).
Mitochondrial metabolism
Recent investigations into Htt protein involvement in cellular metabolism have
identified Htt as an instrumental component in mediating normal mitochondrial metabolism,
bioenergetics, and structure during development and throughout life (34). Huntingtin knockout
experiments in murine embryonic stem cells (Htt‐/‐ mESC) revealed increased incidence of
embryonic lethality and extensive aberrations in mitochondrial metabolism, including complete
ATP production failure, maximal glycolytic output and exhaustion of glycolytic reserve,
enhanced ketogenesis, depletion of intracellular nucleotide triphosphates (NTPs), and
degeneration of mitochondrial structural integrity (34). Indeed, the impact of mutant Htt on
mitochondrial metabolism is widespread. One study investigating an important gain of toxic
function for mutant Htt in mitochondrial homeostatic dysregulation revealed that disruptions in
mitochondrial function impacted subsequent handling of intracellular calcium levels (35).
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As mentioned previously, the enhanced sensitivity of IP31 to inositol‐(1,4,5)
triphosphate ligation – conferred by the formation of HAP1‐IP31‐mutant Htt tetramers – results
in increased calcium release from receptors located on the ER (24). Indeed, the mutant Htt‐
induced mitochondrial homeostatic dysregulation, compounded with increased basal calcium
release from the ER, results in poor handling of cellular calcium levels, which in turn may
promote protease activation, reduce ATP levels, or promote apoptotic signaling that constitutes
early HD neuronal hypometabolism and atrophy (35). On the whole, HD pathogenesis is largely
influenced by mutant Htt toxicity, with pathological polyQ expansions within Htt resulting in
increased nuclear Htt localization and the disruption of canonical gene expression and
epigenetic pathways. Moreover, disruptions in intracellular calcium signaling,
electrophysiological current balances between AMPAR and NMDAR, altered apoptotic
responses, and hypometabolic alterations in mitochondrial activity confer the oxidative stress,
energy metabolism dysfunctions, and excitotoxic processes that characterize HD cellular
pathology (15,19,25).
Although wildtype Htt protein is expressed in nearly all human tissues, the effects of
mutant Htt on HD neuropathology are the most well characterized, and the molecular
underpinnings of disruptions in muscle cell function and motor control (i.e., choreiform
movements in adult‐onset HD; bradykinesia and dystonia of JHD) are less understood. HD is
characterized by the degeneration of GABAergic (gamma‐aminobutyric acid) medium spiny
neurons (MSNs) and a corresponding astrogliosis in the putamen (striatum) and caudate
nucleus of humans, and this neurodegeneration is influenced by a convergence of genetic and
metabolic alterations, as described above (14,19). Inclusion bodies and mutant Htt aggregates
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disrupt oxidative balances, gene expression, and energy metabolism between neurons and
muscle cells; moreover, investigations of cultured skeletal myoblasts revealed impaired
mitochondrial respiratory functioning, morphologically abnormal cristae, and enhanced pro‐
apoptotic signaling that also characterize HD neuropathology (36,37).
Despite apparent overlap in HD cellular and molecular pathology between neuronal and
non‐neuronal tissues, a developed characterization of skeletal muscle cell dysfunction and
wasting in HD patients is unclear and further complicated by the observations that muscle
tissues waste away despite high activity as a result of muscle dyskinesia or dystonia (36). To this
end, I am interested in elucidating the molecular processes that underlie human Htt cytotoxicity
in muscle cells that contribute to distinctive motor defect phenotypes in HD patients. Here, I
expressed polyQ‐containing N‐terminal fragments of human Htt (Htt513 Q15 and Q128) in
Caenorhabditis elegans body wall muscle cells to characterize the polyQ expansion‐mediated
toxicity of mutant Htt through phenotypic analyses of cell morphology and animal motility and
lifespan. I report that mutant Htt513 aggregated in a polyQ length‐dependent manner, and that
Htt expression disrupted muscle cell function and curtailed lifespan despite strikingly low
Htt513 protein levels and no apparent muscle tissue morphological abnormalities. The data
presented here submit that intrinsic properties of mutant Htt confer its aggregation‐associated
toxicity and also describe a purposeful model for investigating polyQ‐associated toxic
alterations in muscle cell function and overall motor control.
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Methods
Plasmid constructs, cloning, and Htt513(Qn) expression
The gene constructs Punc‐54Htt513Q15::YFP and Punc‐54Htt513Q128::YFP were generated via
polymerase chain reaction amplification of the Htt513 protein fragment from a previously
reported full‐length cDNA clone of the human Htt gene (38). The primers used during PCR
amplification were 5’AATACCGCGGATGGCGACCCTGGAAAAGCTG and 5’TTATACCGGTCCATCCAC
TGAGTCCGCCTGCAG, with the first primer containing a 5’ SacII site and the second primer
containing a 3’ AgeI site. The PCR products were cloned into the corresponding restriction sites
of the pPD30.38Q0::YFP plasmid to drive YFP expression in C. elegans body wall muscle cells
under the unc‐54 promoter (39).
The resulting amino acid sequence of the Htt513 protein fragment was:
MATLEKLMKAFESLKSFQ(n)PPPPPPPPPPPQLPQPPPQAQPLLPQPQPPPPPPPPPPGPAVAEEP
LHRPKKELSATKKDRVNHCLTICENIVAQSVRNSPEFQKLLGIAMELFLLCSDDAESDVRMVADEC
LNKVIKALMDSNLPRLQLELYKEIKKNGAPRSLRAALWRFAELAHLVRPQKCRPYLVNLLPCLTR
TSKRPEESVQETLAAAVPKIMASFGNFANDNEIKVLLKAFIANLKSSSPTIRRTAAGSAVSICQHSR
RTQYFYSWLLNVLLGLLVPVEDEHSTLLILGVLLTLRYLVPLLQQQVKDTSLKGSFGVTRKEMEVS
PSAEQLVQVYELTLHHTQHQDHNVVTGALELLQQLFRTPPPELLQTLTAVGGIGQLTAAKEESGG
RSRSGSIVELIAGGGSSCSPVLSRKQKGKVLLGEEEALEDDSESRSDVSSSALTASVKDEISGELAASS
GVSTPGSAGHDIITEQPRSQHTLQADSVD (Uniprot ID P42858). Q(n) refers to the 15 or 128 polyQ
tract lengths, corresponding to Htt513Q15 and Htt513Q128, respectively.
Animal strains, crosses, and culture
All worms were cultured according to standard methods (40). C. elegans were
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maintained at 20 °C or 15 °C on NGM agar plates seeded with E. coli (OP50) obtained from the
Caenorhabditis Genetics Center (CGC, St. Paul, Minnesota). Wild type worms used were Bristol
N2 isolates. The Punc‐54 worm line expresses an integrated YFP transgene in body wall muscle
cells (39). To generate transgenic animals, 50 ng/µL of Punc‐54Htt513Q15::YFP and Punc‐
54Htt513Q128::YFP

encoding DNA was microinjected into adult wild type hermaphrodite gonads

to generate multiple (5+) independent lines transmitting extrachromosomal arrays. Integrated
Punc‐54Htt513Q15::YFP (EAK102) and Punc‐54Htt513Q128::YFP (EAK103) lines were generated via
gamma irradiation followed by N2 animal backcrossing for 3+ generations to ensure for a wild
type genetic background free of secondary mutations.
Fluorescent microscopy
Confocal Z‐stacks of transgenic C. elegans animals were obtained by fixing animals with
4% paraformaldehyde and staining actin filaments with phalloidin (Molecular Probes/Life
Technologies, Grand Island, NY) as previously reported (41). Animals were imaged with a Leica
SP8 confocal microscope (Wetzlar, Germany) using a 40X oil immersion objective. Fluorescence
Recovery after Photobleaching (FRAP) analysis of Htt513Q128 foci in living animals was
conducted by immobilizing day 1 adults with 2 mM levamisole, mounting on 2% agarose pads,
and covering with a coverslip. FRAP was performed on a Leica SP8 confocal microscope with a
63X oil immersion objective (Wetzlar, Germany), and data were analyzed as previously reported
(42). For time‐dependent aggregation analysis, images were obtained with a Ziess Axio
Observer A1 (Oberkochen, Germany) inverted compound fluorescence microscope using a 20X
objective. Micrographs of small regions of the worm were stitched together manually to obtain
images of whole animals.
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Motility assay
The metric of motility used in this study was animal thrashing rate in liquid. Individual
animals harboring extrachromosomal or integrated arrays were examined at adulthood days 1,
4, and 8. Worms were picked from petri plates and placed in a 10 µL drop of M9 on a
microscope slide and given 30 sec to recover from passaging before counting thrashes. A thrash
was scored each time that the animal’s (n=30‐50 per genotype) head crossed the vertical body
midline, and the total number of thrashes was counted for 60 sec. Statistical analyses were
performed using R‐studio.
Lifespan assay
Animals were acclimated at 20 °C for at least two generations before conducting
lifespan analyses. Age‐matched L4 larvae (n=40) were placed on NGM plates seeded with OP50
and cultured at 20 °C. Animals were transferred away from their progeny via passaging to
freshly seeded plates during the reproductive time of their life cycle, and post‐reproductive
adults were passaged as needed to avoid starvation. Animals were scored as deceased when no
movement was observed upon prodding of the head with a platinum wire as previously
reported (43). Animals that crawled off the plate were censored in statistical analyses by
adjusting total population to the number of animals observed on the plate daily. Data were
analyzed and plotted using R‐studio.
Western blot
Fluorescent L4 larval stage animals (n=100) were frozen at ‐80 °C in M9 overnight and
thawed on ice before boiling in Laemmli sample buffer for 5min. Samples were centrifuged at
10,000xg for 5 min and loaded on 10% polyacrylamide gels (SDS‐PAGE). Following transfer to
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PVDF filters, immunodetection was conducted using an IRDye800 conjugated anti‐GFP antibody
(cat# 600‐432‐215) from Rockland Immunochemicals, Inc. (Gilbertsville, PA) or using the anti‐
expanded polyQ antibody 3B5H10 from Sigma (St. Louis, MO). Immunoblot visualization was
assayed using an Odyssey system from Li‐Cor (Lincoln, NE). Three biological replicates were
assessed and average band intensity for the three replicates was determined via the Odyssey
system.
mRNA analysis
Day 1 and 4 adult animals (n=10) were frozen in liquid nitrogen and stored at ‐80 °C in
M9 prior to RNA isolation via TrizolTM Reagent. RNA was treated with DNase I using the DNA‐
freeTM DNA removal kit from Thermo Fisher Scientific, Inc. (Waltham, MA) according to
manufacturer instructions. cDNA was synthesized via iScript Reverse Transcriptase (Bio‐Rad
Laboratories, Hercules, CA) in accordance with manufacturer instructions. Bio‐Rad cyber green
master mix and MyIQ cycler were used for quantitative PCR (qPCR) of yfp or actin (loading
control). The YFP primers used were 5’ ATGGTGAGCAAGGGCGAGGAGCTGTTC and 5’
GGTGGCATCGCCCTCGCCCTCGCCG, and the actin primers used were 5’
ATCACCGCTCTTGCCCCATC and 5’ GGCCGGACTCGTCGTATTCTT. Three independent biological
replicates were performed in technical triplicates and averaged data were reported.
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Results
Steady‐state Htt513 expression in C. elegans body wall muscle cells.
To express Htt513 protein in C. elegans body wall muscle cells, YFP was translationally
fused to the C‐terminus of Htt513 and integrated as a transgene construct expressed under the
control of the myosin heavy chain promoter unc‐54. Moreover, to assess the influence of polyQ
length on protein aggregation and toxicity, two different polyQ tract lengths (Q15 and Q128)
were generated, with Htt513Q128 representing a pathological polyQ expansion (Fig. 2).
To validate the expression of Htt513Q15 and Htt513Q128, an immunoblot analysis was
conducted using an anti‐GFP primary antibody that demonstrates cross‐reactivity with YFP. The
resulting immunoblot depicts drastically lower levels of both Htt513Q15 and Htt513Q128 as
compared to YFP (Fig 3). Htt513Q15 expression levels averaged to 7% of YFP, whereas
Htt513Q128 averaged to 0.8% (Fig 3C). Since the detection of Htt513Q128 protein with anti‐GFP
antibody was marginal, the immunoblot was re‐probed with an anti‐polyQ antibody with
enhanced sensitivity to expanded polyQ tracts. Immunoblotting with this anti‐expanded polyQ
antibody revealed prominent banding for Htt513Q128, but not Htt513Q15, demonstrating that
the faint banding of Htt513Q128 using anti‐GFP antibody was in fact Htt513Q128 protein (Fig 3A).
Noting the low levels of Htt513Q15 and Htt513Q128, it was necessary to determine whether
steady‐state Htt protein levels were possibly affected by the position of transgene insertion. To
this end, Htt protein levels were examined in 5 independent animal lines transmitting non‐
integrated extrachromosomal arrays and compared to animals harboring integrated
transgenes. No apparent differences were noted between integrated and extrachromosomal
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lines, and similar levels of Htt513Q15 and Htt513Q128 were detected relative to YFP in a
representative immunoblot for extrachromosomal animals (Fig 3B).
Htt513Q128 protein banding was most evident when using the anti‐expanded polyQ
antibody and only faintly evident with the anti‐GFP antibody, which is ostensibly attributable to
an inhibitory effect of polyQ expansion on anti‐GFP antibody ligation. To obviate the minimal
detection of Htt513Q128 protein with anti‐GFP antibody, Htt mRNA levels were assessed via
quantitative reverse transcription polymerase chain reaction (qRT‐PCR) at day 1 or 4 of
adulthood. Htt513Q15 and HttQ513128 mRNA levels were similar and accumulated to roughly 2%
of control YFP levels. Since both Htt protein fragments were expressed at similar levels at each
time point assessed, these transgenic lines were considered valid for further investigations into
Htt protein aggregation and toxicity (Fig 4).
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Figure 2. Expression of Htt513Q protein in C. elegans body wall muscle cells.
Schematic representation of gene constructs for Htt513Q15 and Htt513Q128 expression in C.
elegans body wall muscle cells. The polyQ‐containing N‐terminal domain with the first 513
amino acids of human Htt protein was translationally fused to YFP (for visualization) and
expressed under the unc‐54 promoter. Both non‐pathological (Q15) and pathological (Q128)
polyQ expansions were generated.
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Figure 3. Immunoblotting reveals low levels of Htt513 mRNA in adult animals.
(A) Immunoblot probed with anti‐GFP (top frame) and anti‐expanded polyQ (bottom) antibody
demonstrates low but significant Htt protein levels. (B) Representative immunoblot probed
with anti‐expanded polyQ (Top panel) and anti‐GFP (Bottom) antibody. YFP control animals
were from integrated lines whereas Htt513 proteins were expressed from extrachromosomal
arrays. (C) Quantification of protein bands from (A) using anti‐GFP antibody. Data represent the
means of triplicated biological replicates with standard error of the mean (SEM) error bars.
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Figure 4. qRT‐PCR validates low levels of Htt513 mRNA in adult animals.
qRT‐PCR was performed using primers for YFP, and protein expression levels were normalized
to actin and plotted relative to YFP control at day 1. Total RNA was isolated from YFP control
and Htt513Q15 or Htt513Q128 animals at days 1 or 4 of adulthood. Data represent the means of
triplicated biological replicates with SEM error bars.
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PolyQ length‐dependent Htt513 aggregation in C. elegans body wall muscle cells.
In addition to verifying stable expression of Htt513Q15 and Htt513Q128 in the transgenic
animals, it was important to assess whether the expression of these Htt proteins accurately
recapitulated aspects of HD molecular pathology in order to add biological relevance to our
model of Htt proteotoxicity in the context of a disease‐associated toxic fragment. As stated
previously, expanded polyQ tracts of 40 or more glutamines that confer HD symptomology
result in aggregation of Htt protein (19,29). As such, Htt513Q128 animals were hypothesized to
display Htt aggregates in contrast to the sub‐aggregation‐threshold Htt513Q15 animals. In
confirmation of this hypothesis, confocal microscopy revealed diffuse Htt513Q15 fluorescence
(<1 aggregate/animal) and fluorescent Htt513Q128 foci (average 26/animal) at day 1 of
adulthood. Hence, the foci observed are suggestive of Htt513Q128 aggregation (Fig 5).
To confirm that the observed Htt513Q128 foci were in fact protein aggregates, fluorescence
recovery after photobleaching (FRAP) analysis was conducted on Htt513Q128 foci, and the
recovery of fluorescence was compared to that of areas with diffuse fluorescence in animals
expressing YFP alone in body wall muscle cells (Fig 6A). As characteristic of immobile protein
aggregates, Htt513Q128 foci demonstrated no recovery of fluorescence over the 45s recording
time course (Fig 6B). Conversely, Htt513Q15 protein, which did not form fluorescent foci (Fig 5),
recovered fluorescence rapidly following photobleaching, a result similar to the non‐
aggregating Q19 line used for comparison (Fig 6C). Thus, these collective data submit that Htt
protein aggregation is polyQ tract length‐dependent and not on inherent characteristic of the
Htt513 protein.
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Figure 5. Htt513 protein forms visible foci in a polyQ length‐dependent manner in body wall
muscle cells.
(A) Confocal microscopy Z‐stack projections of head regions from animals at day 1 of adulthood
depicting YFP in yellow and phalloidin‐stained actin filaments in red. Distinctive fluorescent foci
were observed for Htt513Q128, but not Htt513Q15, animals. (B) Quantification of average
fluorescent foci number in whole animals (n=50) expressing either Htt513Q15 or Htt513Q128.
Error bars represent SEM.
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Figure 6. FRAP reveals Htt513Q128 aggregates in C. elegans body wall muscle cells.
(A) Representative images taken pre‐bleach, immediately following bleach (post‐bleach), and
post 45s recovery. Red boxes demarcate regions subjected to photobleaching. (B, C)
Quantification of relative fluorescence intensity over a 45s (Htt513Q128, B) or 60s (Htt513Q15, C)
FRAP time course. Data represent the average of at least 10 fluorescent foci/diffuse regions in
different animals with SEM error bars. Red arrow indicates time of bleaching.
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To further validate the recapitulation of specific aspects of HD molecular pathology by
Htt513 proteins in C. elegans, the age‐dependent aggregation of Htt513Q15 and Htt513Q128 was
examined in animals grown to days 1, 4, or 8 of adulthood via fluorescent microscopy. As
reported above, Htt513Q128 aggregated at day 1 (Fig 5), and aggregation persisted through day
8. Comparatively, no aggregation of Htt513Q15 was observed at day 1, and furthermore there
was no observable age‐dependent increase in aggregation during ageing (Fig 7).

Htt513Q128 is toxic to C. elegans body wall muscle cells.
To assess whether Htt513 proteins display polyQ length‐ and/or age‐dependent toxicity,
we assayed for muscle cell functionality via measuring thrashing rates in liquid at days 1, 4, and
8 of adulthood. Only Htt513Q128 animals demonstrated motility defects relative to YFP controls
at all time points tested, whereas Htt513Q15 expression affected motility at day 4 alone (Fig 8A,
Table 1). Neither Htt513Q15 nor Htt513Q128 demonstrated increased toxicity throughout aging,
and furthermore no overt morphological abnormalities were detected in muscle cells (Fig 5)
despite statistically significant motility defects. To account for possible influences of Htt513
transgene insertion position on alterations in animal motility, the thrashing rate of animals
expressing Htt513Q15 and Htt513Q128 from extrachromosomal arrays was assessed and
compared to integrated animals (Fig 8B). Determining whether differences existed between
integrated animals and those harboring extrachromosomal arrays is integral to validating a
biological model, as observed alterations in muscle tissue phenotype, motility, or lifespan for
integrated animals may arise from disruptions in normal genomic transcription and regulation
as an effect of transgene insertion. With this transgene quality check in mind, animals harboring

32

extrachromosomal arrays displayed similar motility impairment at day 1 of adulthood
compared to integrated Htt513 animals, demonstrating that the observed motility decrements
are most likely a product of Htt513Q128 toxicity.
To further characterize the toxicity of Htt513, a lifespan analysis was conducted on N2
(wildtype), YFP, Htt513Q15, and Htt513Q128 animals. Htt513Q128 animals demonstrated a
marked reduction in mean lifespan, with an average lifespan of 12 days and maximum lifespan
of 25 days compared to N2, YFP, and Htt513Q15 animals that demonstrated mean lifespans of
21 days each and maximum lifespan of 29, 25, and 28 days, respectively (Fig 9).
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Figure 7. Steady‐state Htt513Q128 protein levels decline with aging.
Fluorescent micrographs depicting YFP (yellow) in live animals at days 1, 4, and 8 of adulthood.
An equally long exposure time of 300ms was used to image Htt513Q15 and HttQ513128
integrated animal lines, while YFP control animals were imaged with an exposure time of 3ms
due to enhanced YFP expression. Adult animals between day 4 and 8 of adulthood demonstrate
intestinal autofluorescence when imaged with the longer exposure time (300ms).
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Table 1. Scheffé multiple comparisons post‐hoc test of significance.
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Figure 8. Htt513Q128 reduces motility and incurs toxicity to body wall muscle cells.
Toxicity was assessed as a function of thrashing rates for animals in liquid. Mean thrashing rates
(horizontal lines) with error bars representing 95% confidence intervals shown. (A) Thrashing
rates for animals (n=50) with integrated transgenes at days 1, 4, and 8 of adulthood (ANOVA p‐
value = 1.1e‐16). (B) Thrashing rates for animals (n=30) with extrachromosomal arrays at day 1
of adulthood. Indicated p‐value is the result of Sheffé multiple comparisons post‐hoc tests.
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Figure 9. Htt513Q128 expression reduces animal lifespan.
Lifespan assays were performed on N2 (wildtype), YFP, Htt513Q15, and Htt513Q128 animals with
at least 40 animals per cohort. Lines indicate the fraction of animals alive at given days.
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Discussion
The purpose of this study was to characterize polyQ‐dependent protein aggregation and
toxicity in the context of a disease‐associated human Htt fragment (Htt513) expressed in body
wall muscle cells. To date, only one report has examined the effects of expressing a polyQ‐
containing Htt fragment on body wall muscle cell functionality and animal motor phenotype
(47). That study expressed short (Q28) and longer (Q55 and Q74) polyQ tracts within Htt exon
1, an N‐terminal fragment of Htt that arises from proteolytic cleavage or translation of
aberrantly‐processed mRNA. Htt exon 1 forms fibrillar aggregates in tissue culture, and
expressing polyQ‐containing Htt exon 1 fused to GFP (GFP‐Htt exon 1) in body wall muscle cells
resulted in GFP‐Htt exon 1 aggregation and proteotoxicity that was dependent on polyQ tract
length (47). Although Htt fragments such as GFP‐Htt exon 1 contain the polyQ expansion‐
encoding region and confer proteotoxicity, shorter Htt fragment lengths obviate potential
protein‐protein interactions mediated by local structural conformations present in longer N‐
terminal fragments, such as the caspase‐3 cleavage product Htt513.
The present study provides evidence that disease‐associated fragments of the polyQ‐
containing human Htt protein (Htt513) in C. elegans body wall muscle cells aggregate and are
proteotoxic in a polyQ length‐dependent manner. Indeed, only the Htt513Q128 fragment
aggregated (Fig 6) and caused motility impairment (Fig 8) and curtailed lifespan (Fig 9). This is in
contrast to animals harboring Htt fragments with wild‐type polyQ tract lengths, which
demonstrated diffuse Htt protein expression (Fig 7) and no significant modifications to muscle
tissue phenotype (Fig 8) or lifespan (Fig 9). These results parallel findings in humans that
revealed the presence of insoluble Htt aggregates in post‐mortem brain tissues obtained from
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HD patients and a correlation between aggregate density and polyQ length (44). That study,
when taken together with the data presented in this thesis, support the role of polyQ tract
length in mediating aggregation and proteotoxicity within body wall muscles and neurons,
which parallels the findings in both generic polyQ and disease‐context models (39, 42, 47‐51).
Historically, caspase cleavage products of Htt protein and their roles in the pathogenic
mechanisms underlying Htt proteotoxicity in body wall muscles have not been directly
investigated. Longer N‐terminal Htt fragments have been shown to contain structured
conformations, such as HEAT‐repeat containing segments that hold putative roles in protein‐
protein interactions, as well as intrinsically disordered protein segments, which act as targets
for proteolysis (53). As such, the caspase‐cleaved N‐terminal fragment Htt513 is a promising
tool for characterizing the effects of polyQ expansion on protein aggregation, toxicity, and
tissue phenotype within the context of a disease‐associated Htt fragment. These conclusions,
taken together with the results of this thesis, provide an impetus for future experiments aimed
at identifying novel interactions of polyQ‐containing Htt fragments and aggregates within the
larger muscle cell environment.
Noting the consistent steady‐state mRNA levels for Htt513Q15 and Htt513Q128
fragments, and no overt changes in Htt513Q128 aggregate number during aging, it is suggestive
that the reported age‐dependent decline in Htt513Q15 protein levels is likely attributable to
high Htt513Q15 turnover. These observations corroborate a recent finding that shorter N‐
terminal Htt fragments possess increased protein stability, longer half‐lives, and elicit protein
turnover rates that increase monotonically with fragment length compared to longer fragment
lengths, which were quickly degraded (48). That report, when taken with the results reported
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here, supports the notion that Htt fragment aggregation propensity and polyQ‐associated
toxicity are influence largely by the context within which the polyQ tract is expressed (48). That
is to say, disease‐associated Htt513 fragments containing wild‐type polyQ tract lengths are
likely to be more suitable substrates for protein turnover compared to polyQ‐expanded Htt513
fragments, which form aggregates that incur an enhanced protein stability, ostensibly via polyQ
expansion‐mediated structural interference with protein degradation machinery (49).
Extant C. elegans models of generic polyQ protein aggregation and toxicity have
revealed polyQ length‐dependent aggregate formation and proteotoxicity in body wall muscle
cells and neurons (39,42). Much of what is currently known about polyQ‐mediated toxicity in
the context of Htt protein is provided by animal models that target the expression of N‐terminal
Htt fragments, with embedded polyQ tracts of variable lengths, to neurons (46,50,51). For
instance, expression of the N‐terminal 171 amino acids of Htt (Htt171) in sensory neurons was
shown to lead to polyQ length‐dependent Htt171 aggregation and apoptotic death of C.
elegans ASH sensory neurons (46). Additionally, expression of the first 57 amino acids of Htt
fused to GFP (Htt57‐YFP) in touch receptor neurons resulted in Htt57‐YFP aggregation and
toxicity in C. elegans tail PLM mechanosensory neuron (51). While many neurotoxic phenotypes
of polyQ‐containing Htt protein fragments have been well characterized, there exist fewer
models that have examined polyQ‐mediated aggregation and toxicity in body wall muscle cells.
One potential avenue for future investigations into the pathogenic roles of disease‐
associated, polyQ‐containing Htt fragments is the influence imparted by Htt protein on
metabolic pathways and their regulation, and more specifically the interactions of mutant Htt
with protein degradation machinery and mutant Htt‐mediated disruptions in mitochondrial
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energy metabolism (34‐37, 53‐55). As mentioned above, the unwavering levels of Htt513Q128
protein aggregates and the age‐dependent decline in Htt513Q15 fragment concentration are
potentially attributable to polyQ expansion‐mediated disruptions in interactions between
Htt513Q128 and protein degradation machinery. This hypothesis is given credence by prior
reports that examined interactions of N‐terminal mutant Htt fragments with the proteasome
(49, 56). The first study described an apparent irreversible sequestration of the proteasome in
response to aggregation of N‐terminal Htt mutants and, additionally, an incomplete
degradation of polyQ expansion proteins both in vitro and in vivo that occurs despite close and
stable interactions between aggregated polyQ proteins and the proteasome (49). Building on
that report, a recent study has extended the discussion regarding polyQ protein‐proteasome
interactions by examining normal and disease‐state posttranslational modifications of mutant
Htt and its subsequent clearance via macroautophagy (56). This second report identified lysine
residue 444 (K444) acetylation as facilitating mutant Htt trafficking to autophagosomes and the
reversal of toxic effects incurred by mutant Htt aggregates.
The results of these two experiments, when taken in consideration with the results
herein regarding Htt513, suggest a putative role for polyQ‐expanded regions in preventing
mutant Htt K444 acetylation and Htt degradation, as Htt513Q15 protein was rapidly degraded
and Htt513Q128 fragments persisted throughout adulthood. Disruptions in epigenetic pathways
that contribute to the maintenance of proteostasis exacerbate toxic tissue phenotypes in HD
and similar diseases, and as such these collective data warrant future investigations focusing on
the identification of epigenetic markers or effector proteins that influence Htt clearance and
regulate Htt proteotoxicity (57).
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The effects of mutant Htt expression on mitochondrial energetics are widespread,
including a Htt‐mediated decrement in ATP and phosphocreatine levels, enhanced ketogenesis,
and degeneration of mitochondrial cristae integrity (34,35). Indeed, genetic screens or
subtraction studies that elucidate the interactions of polyQ‐containing Htt fragments with
proteins involved in intracellular calcium signaling and handling in muscle tissue are warranted
based on overt overlap between neuronal and muscular mutant Htt‐induced mitochondrial
pathophysiology (24,25,35,37). Noting the role of mutant Htt in interacting with IP31 ER
receptors and inducing decrements in mitochondrial functioning and structure, a role is
suggested for Htt protein‐protein interactions that attenuate homeostatic cellular responses to
calcium signaling and mitochondrial metabolism in generating the oxidative stress damage,
energy metabolism dysfunctions, and excitotoxic processes that characterize HD cellular
pathology. Indeed, an active area of research will entail discerning the extent to which various
Htt‐protein interactions – and more generally polyQ protein‐protein interactions – influence
disparate cellular processes, such as phagocytosis, proteasome‐mediated protein clearance,
and mitochondrial bioenergetics, and how these overlapping quality‐control and intracellular
signaling pathways become pathogenic in the context of mutant Htt or other disease‐associated
protein expression.
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