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“C. elegans ataxin-3: function, loss of function and molecular partners” 

Abstract 

 

Ataxin-3 is the protein involved in Machado-Joseph Disease, one of the nine polyglutamine 

(polyQ) disorders identified to the date. These are characterized by a polyQ expansion in the 

corresponding proteins, the presence of ubiquitylated inclusions and selective neuronal death. 

Although a toxic gain of function has been proposed as the common pathogenic mechanism 

underlying all these diseases, it is believed that partial loss of the normal function of the proteins 

may also contribute and modulate disease progression.  

Human ataxin-3 binds ubiquitin, ubiquitylated substrates, is a deubiquitylating (DUB) enzyme 

in vitro which suggests a role in the ubiquitin-proteasome pathway (UPP). Ataxin-3 is also able to 

bind to histones and transcriptional repressor complexes hinting a link with transcriptional 

repression.  

In this study, we explored the function, loss of function and molecular partners of the C. 

elegans ataxin-3 orthologue, ATX-3. We found that the worm protein is highly similar to the human 

protein at a sequence and structural level and has DUB activity in vitro as the counterpart. We 

showed that ATX-3 is expressed in several cell types (neurons, muscle, spermatheca, intestinal 

cells) and from embryonic stages until adulthood. Considering the proposed role for ataxin-3 in 

transcriptional repression and also in order to analyze the physiological effects of the absence of 

ATX-3, we analyzed two C. elegans ATX-3 knockout strains, the first models of ataxin-3 deficiency to 

be characterized. These animals are viable and with no overt phenotype in basal conditions, 

although they show a distinct transcriptomic profile, with several genes altered in the two mutant 

strains.  

We identified several ataxin-3 interactors and characterized more extensively some of them. Of 

these, some were already known as VCP/p97 (CDC-48 in worms), alpha-tubulin and HSP-90 (DAF-

21 in worms). Of the novel interactors, a large proportion were structural/cytoskeletal proteins, 

muscular proteins and components of the UPP.  

As an example, we characterized a novel trimolecular complex formed by ATX-3, the CDC-48 

and the UBXN-5 protein, which is probably involved in the shuttling of ubiquitylated proteins to the 

proteasome. Additionally, we also identified some potential targets of this complex.  
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Another ataxin-3 interactor is the ubiquitin-like protein Nedd8, and it is known that human 

ataxin-3 has deneddylase activity. Although we showed that this interaction is conserved in worms, 

we did not observe any differences in the global neddylation pattern of ATX-3 mutants, therefore the 

biological relevance of this interaction remains unanswered. 

We also analyzed the effects of ATX-3 absence in muscle and found that paramyosin (UNC-15) 

was accumulating in ATX-3 mutants at a stress-treshold situation, 25ºC. This accumulation seemed 

to occur due to inefficient degradation of UNC-15 in ATX-3 knockout animals. Even though the 

muscle of these animals was apparently normal at a structural level, they showed a significant 

motility defect at 25ºC, suggesting that ATX-3 has a link with muscle maintenance and/or function. 

Considering the role of ataxin-3 in the protein degradation pathway, we studied the ATX-3 

mutants in a situation where the protein homeostasis was compromised, i.e. after an heat insult. In 

this situation, the ATX-3 mutants were significantly more resistant to heat stress than wild type. This 

phenotype was explained by the upregulation of several chaperone proteins, as analyzed by 

proteomic studies.  

Lastly, we showed that both human and worm interact with alpha-tubulin and are microtubule-

associated proteins. Concordant with a role of ataxin-3 in cytoskeleton, cells with low ataxin-3 

expression have an abnormal cell shape, reduced cell-cell interconnectivity and a clear cytoskeletal 

disorganization, the intermediate filament and the microtubule networks being severely 

compromised.  

In summary, this work provided new clues about ataxin-3 biological function and pathways 

where it is involved. It reinforced ataxin-3´s involvement with the UPP and it also raised new 

hypotheses for its role in cytoskeleton organization and in muscle maintenance.  
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“Ataxina-3 de C. elegans: função, perda de função e parceiros 
moleculares” 

Resumo 

 

Ataxina-3 é a proteína envolvida na Doença de Machado-Joseph, uma das nove doenças de 

poliglutaminas (poliQ) identificadas até à data. Este grupo de doenças é caracterizado por uma 

expansão de poliQ nas proteínas correspondentes, pela presença de inclusões ubiquitiladas e 

morte neuronal específica. Apesar de ser proposto que um ganho tóxico de função é o mecanismo 

patogénico destas doenças, a perda parcial da função normal das proteínas também pode 

contribuir e modular a progressão da doença. 

A ataxina-3 humana liga-se a ubiquitina, a substratos ubiquitilados e é uma ubiquitina 

hidrolase in vitro, sugerindo um papel na via ubiquitina-proteassoma (UPP). A ataxina-3 também é 

capaz de se ligar a histonas e a complexos repressores da transcrição, indicando uma possível 

associação com a repressão da transcrição. 

Neste estudo, explorámos a função, a perda de função e os parceiros moleculares do ortólogo 

da ataxina-3 em C. elegans, ATX-3. Descobrimos que a proteína do nemátode é muito similar à 

humana a nível de sequência e estrutura, e, tal como a ataxina-3 humana, possui actividade de 

ubiquitina hidrolase in vitro. Demonstrámos que a ATX-3 é expressa em vários tipos de células 

(neurónios, músculo, espermateca, células intestinais) e desde estadios embrionários até à fase 

adulta. Considerando o papel da ataxina-3 na repressão da transcrição, e também de forma a 

analisar os efeitos fisiológicos da sua ausência, estudámos duas estirpes knockouts para a ATX-3 

em C. elegans, os primeiros modelos a serem caracterizados com deficiência em ataxina-3. Estes 

animais são viáveis e não possuem fenótipo visível em condições fisiológicas normais, no entanto 

apresentam um perfil transcriptómico distinto, com vários genes alterados nas duas estirpes 

knockouts. 

Identificámos vários parceiros moleculares da ataxina-3 e caracterizámos mais 

extensivamente alguns deles. Dos interactores identificados, alguns já eram conhecidos, tais como 

a VCP/p97 (CDC-48 nos nemátodes), alfa-tubulina e HSP90 (DAF-21 em C. elegans). Dos novos 

interactores, uma grande percentagem eram proteínas estruturais ou do citosqueleto, proteínas 

musculares e componentes da UPP.  
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Caracterizámos um novo complexo trimolecular formado por ATX-3, CDC-48 e a proteína 

UBXN-5, que provavelmente está envolvido na translocação de proteínas ubiquitiladas para o 

proteassoma. Adicionalmente, também identificámos possíveis alvos deste complexo. 

Outro interactor da ataxina-3 é a proteína tipo ubiquitina Nedd8, e é sabido que a ataxina-3 

humana tem actividade de desnedilase. Apesar de mostrarmos que esta interacção é conservada 

em C. elegans, não observarmos diferenças no padrão geral de nedilação nos mutantes para a 

ATX-3, por isso o significado biológico desta parceria permanece obscuro.  

Também analisámos os efeitos da ausência da ATX-3 no músculo, e descobrimos que a 

paramiosina (UNC-15) estava aumentada nos mutantes ATX-3 numa condição de crescimento a 

25ºC. O aumento de UNC-15 parecia ser causado por uma degradação ineficiente desta proteína. 

Apesar do músculo deste animais ser aparentemente normal a nível estrutural, eles têm um deficit 

motor a 25ºC, incitando que a ATX-3 tem uma associação com a manutenção e/ou função do 

músculo. 

Considerando o papel da ataxina-3 na via de degradação de proteínas, examinamos os 

mutantes ATX-3 numa situação fisiológica onde a homeostasia celular proteica estava 

comprometida, i.e., após um choque térmico. Os mutantes ATX-3 são mais termoresistentes que 

os animais selvagens. Este fenótipo pode ser explicado pela sobreexpressão de várias chaperones 

moleculares, como confirmado pelos estudos de proteómica quantitativa. 

Por fim, mostrámos que a ataxina-3 humana e do nemátode interactuam com a alfa-tubulina 

e que se ligam aos microtúbulos in vitro. Condizente com uma possível função da ataxina-3 no 

citosqueleto, células com níveis baixos de ataxina-3 têm uma forma celular anormal, uma 

conectividade intercelular reduzida, e uma desorganização do citosqueleto grave, com os 

filamentos intermédios e os microtúbulos completamente comprometidos.    

Em sumário, este trabalho originou diversas pistas acerca da função biológica da ataxina-3 e 

vias onde está envolvida. Confirmou o envolvimento da ataxina-3 com a UPP e também levantou 

novas hipóteses acerca do seu envolvimento na organização do citosqueleto e na manutenção do 

músculo.    

 

 

 

 

 



xiii 

Table of Contents 

 

Dedicatória iii 

Agradecimentos/ Acknowledgments v 

Abstract Ix 

Resumo xi 

Abbreviations xv 

Thesis Planning 1 

Chapter 1. General Introduction 3 

1.1 Polyglutamine (polyQ) diseases 5 

1.2 Protein misfolding, aggregation and neurodegenerative disease 6 

1.3 Cellular defenses against misfolded proteins 9 

1.3.1 The molecular chaperones 9 

1.3.2 The ubiquitin-proteasome pathway 10 

1.3.3 Autophagy 13 

1.4 PolyQ degradation: how and where? 14 

1.5 Molecular mechanisms of neurodegeneration in polyQ diseases 16 

1.5.1 Cellular homeostasis disturbance hypothesis 16 

1.5.2 Transcriptional de-regulation hypothesis 17 

1.6 Protein context in polyQ diseases 18 

1.7 Loss of function? 19 

1.8 Machado-Joseph Disease (MJD) 21 

1.8.1 Clinical symptoms  21 

1.8.2 MJD pathology 22 

1.8.3 MJD Genetics 22 

1.8.4 MJD Diagnosis and Treatment 23 



xiv 

1.9 MJD protein: ataxin-3 24 

1.10 Ataxin-3 molecular partners 25 

1.10.1 Ataxin-3 in Transcription regulation 25 

1.10.2 Ataxin-3 in Cell structure and Motility 25 

1.10.3 Ataxin-3 in the ubiquitin-proteasome pathway 25 

1.11 C. elegans as a model to study gene function 31 

Objectives 33 

Chapter 2. Functional genomics and biochemical characterization of the C. elegans orthologue of the 

Machado-Joseph disease protein ataxin-3 
35 

Chapter 3. C. elegans ataxin-3 interactors 59 

Chapter 3.1. Searching for ATX-3 interactors 63 

3.1.1 Yeast Two Hybrid (Y2H) Screening 65 

3.1.2 Testing candidate interactors by Y2H 69 

3.1.3 GST-Pulldown screening  73 

General discussion 87 

Chapter 3.2 ATX-3, UBXN-5 and CDC-48: a new trimolecular complex in C. elegans 93 

Chapter 3.3 ATX-3, NED-8 and the SCF complex 111 

Chapter 3.4 ATX-3 in muscle 123 

Chapter 4. Ataxin-3 knockouts have an exacerbated stress response 137 

Chapter 5. Ataxin-3 and the cytoskeleton 155 

Chapter 6. General Discussion 193 

Main conclusions of the work 199 

Future Perspectives 201 

Supplementary Material 205 

References 245 

 

 



xv 

Abbreviations 

 
µL: Microliter 

3-AT: 3-Amino-1,2,4-triazole 

DAPI 4,6-diamidin-2-phenylindol 

Ab: Antibody 

Aβ: amyloid beta peptide 

ACN: acetonitrile 

AD: Alzheimer's Disease 

AR: Androgen receptor 

ATXN3: human ataxin-3 protein 

ATXN3: human ataxin-3 gene 

atx-3: C. elegans ataxin-3 gene 

ATX-3: C. elegans ataxin-3 protein 

bp: Base pair 

C. elegans: Caenorhabditis elegans 

CAG: Trinucleotide codon encoding glutamine 

CMV cytomegalovirus immediate-early promotor 

CBP: CREB-binding protein 

cDNA: complementary DNA 

CREB: cyclic AMP-response element binding protein 

dNTP didesoxy-nucleoside triphosphate 

DNA: Deoxyribonucleic acid 

DMSO dimethylsulfoxid 

DTT dithiothreitol 

DMEM Dulbecco’s Modified Eagle’s Medium 

DRPLA: Dentatorubral-pallidoluysian Atrophy 

DUB:  Deubiquitinating 

ECL: enhance chemiluminescence 

E. coli: Escherichia coli 

EDTA: ethylenediaminetetraacetic acid 

FBS: fetal bovine serum 

GFP: Green Fluorescent Protein 

HD: Huntington Disease 

HDAC: Histone deacetylase 

HHR23A/B: Human homolog of yeast RAD23 protein 

Hprt: Hypoxanthine Phosphoribosyl Transferase 

HSF1: Heat Shock Factor 1 

Hsp70: Heat shock protein 70 

Htt: Huntingtin Protein 

JD: Josephin domain 

LB: Luria-Bertani 

MJD: Machado-Joseph Disease 

MS: mass spectrometry 

MMP-2: Matrix metalloproteinase-2 

M. musculus: Mus musculus, mouse 

mRNA: Messenger RNA 

N2: C. elegans wild-type strain 

NCoR: Nuclear receptor co-receptor 

NEDD8: Developmental down-regulated gene 8 

NGM: Nematode Growth Medium 

NI: Neuronal inclusion 

Ni-NTA nickel-nitrilotriacetic acid 

NLS : Nuclear localization signal 

OD: Optical Density 

PAGE: Polyacrilamide Gel Electrophoresis 

PBS: phosphate-buffered saline 

pCAF: Protein-associated factor 

PCR: Polymerase Chain Reaction 

PD: Parkinson's Disease 

PEG: polyethylene glycol 

PMSF: phenylmethylsulfonyl fluoride 

polyQ: Polyglutamine 

Q: Glutamine 



xvi 

RNA: Ribonucleic acid 

RNAi: RNA interference 

rpm: Rotations per minute 

RT-PCR: Reverse transcription- PCR 

RT: room temperature 

SCA: Spinocerebellar Ataxia 

SD: Standard Deviation 

SDS: Sodium dodecyl sulphate 

SDS-PAGE: Sodium dodecyl sulphate- Polyacrilamide Gel 
Electrophoresis 

SEM: Standard Error of the Mean 

SMBA: Spinal and Bulbar Muscular Atrophy 

SP1: Specificity Protein 1 

TAFII130: TBP-associated factor 

TBP : TATA box binding protein 

t-test: Student’s t test 

S. cerevisiae: Saccharomyces cerevisiae, yeast 

SDS: sodium dodecylsulfate 

TCA: trichloroacetic acid 

TEMED: N,N,N’,N’-tetramethylethylendiamine 

Triton X-100: octyl phenol ethoxylate 

Tween 20: polyoxyethylen-sorbitan- monolaurate 

ub: Ubiquitin 

UBL: Ubiquitin-Like domain 

UIM: Ubiquitin-interacting motifs 

UPP: Ubiquitin-proteasome pathway 

VCP-Valosin-containing protein 

wt: Wild-type 

YAC: Yeast Artificial Chromosome 

 

 

 

 

 



1 

Thesis Planning 

 

The present dissertation is organized in 6 different Chapters. Chapter 1 is the General 

Introduction, the chapters concerning the experimental work are presented in Chapter 2 to 5 (in the 

form of research articles) and Chapter 6 is the general discussion of the work. The manuscript 

presented in Chapter 2 has already been published in the FASEB Journal. The manuscripts in 

Chapter 3.1 and Chapter 4 are submitted for publication and the manuscript in Chapter 5 is in 

preparation. 

 

In Chapter 1, a general introduction to the theme of this dissertation is presented. A preamble 

about polyglutamine diseases is given, concerning their pathological mechanisms and cellular and 

animal models available. Some considerations about disease modifiers are also presented. Then, a 

more extensive presentation is provided about Machado-Joseph disease (MJD) and ataxin-3, the 

protein involved in this disorder. Next, there is a compilation of the available evidence concerning 

the function of ataxin-3 in cells, ranging from in vitro studies to known protein interactors. A brief 

description of pathways in which ataxin-3 is thought to be involved is also provided. 

 

In Chapter 2, the work “Functional genomics and biochemical characterization of C. elegans 

ataxin-3” shows the expression pattern of C. elegans ataxin-3 and its in vitro deubiquitylating 

activity. In this study we also extensively analyzed the first ataxin-3 knockout animals, 

phenotypically and at a transcriptomic level.  

 

Chapter 3, “C. elegans ataxin-3 interactors”, presents an exploratory work regarding the 

search of new ataxin-3 protein interactors, invaluable to understand the function of ataxin-3. These 

interactors were searched using the Yeast Two Hybrid technique and GST-pulldown combined with 

Mass Spectrometry. There are also some considerations about the interactions and some proposed 

models for the biological function of ataxin-3.  

 

Chapter 4, “Ataxin-3 knockouts have an exacerbated stress response”, focuses on the 

increased resistance of ataxin-3 mutant animals to heat stress. Using a quantitative proteomic 

approach, we were able to prove that in basal conditions the knockout animals are apparently 

“normal”, however, upon a heat shock, these animals display a significant upregulation of several 
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molecular chaperones when compared to wild type animals, which can explain their improved 

thermotolerance. 

 

Chapter 5, “Ataxin-3 and the Cytoskeleton”, presents evidence that ataxin-3 binds to alpha-

tubulin in vitro and in vivo, and that ataxin-3 is a microtubule-associated protein. Furthermore, 

ataxin-3 knockdown using siRNA leads to obvious cytoskeletal defects, especially in the microtubule 

and intermediate filament networks. These knockdown cells also display clear signs of stress since 

they exhibit ubiquitylated foci. 

 

The General Discussion of the present dissertation, as well as the Future Perspectives, are 

presented in Chapter 6. 
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General Introduction
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1.1 Polyglutamine diseases 

Unstable CAG trinucleotide expansion is now known to be the mutation underlying several 

neurodegenerative diseases including Machado-Joseph disease (MJD), also known as 

spinocerebellar ataxia 3 (SCA3) 2, Huntington disease (HD) 3, spinal and bulbar muscular atrophy 

(SBMA) 4, dentatorubropallidoluysian atrophy (DRPLA) 5,6, and other spinocerebellar ataxias, such as 

SCA1, 2, 6, 7, and 17 7-13. All these disorders are characterized by progressive neuronal 

dysfunction/death usually beginning in the mid-life.  

The commonality of adult-onset progressive neurodegeneration and some similar symptoms in 

these apparently unrelated disorders has indicated a shared mechanism for their pathogenesis. The 

CAG expansion leads to an abnormally long polyglutamine (polyQ) tract within all the proteins 

involved in the mentioned diseases. Besides this polyQ tract, the proteins share no homology and 

no functional similarity, which suggests that the polyQ stretch itself confers toxic properties to these 

proteins through a “toxic gain of function” 14 .  

This toxic effect of the expanded polyQ tract was further proven by ectopic insertion of a long 

CAG repeat into the mouse hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene, which 

encodes a metabolic enzyme. These mice developed a progressive late-onset behavioral phenotype, 

which included ataxia, seizures and early death 15.  

The CAG repeat length is highly polymorphic and only above a certain length threshold the 

diseases are manifested (Table 1) 16,17. Regardless of the polyQ disease, there is an inverse 

correlation between the number of CAG/polyQ and the onset of the disease 16,17, which supports the 

polyQ toxic gain of function theory. Common to all polyQ diseases is also the phenomenon called 

“anticipation”, in which the repeat tends to expand through generations, causing earlier and more 

severe symptoms 18,19.  
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Table 1. Molecular and pathogenic characteristics of polyQ neurodegenerative diseases. Adapted from 1,20. 

 

 

Interestingly, despite ubiquitous expression of all the mutated proteins in the central nervous 

system and peripheral tissues, only specific neuronal regions are affected in each disease 20-23 (Table 

1), indicating the existence of additional factors influencing the pathogenesis. 

At a molecular level, all polyQ diseases display proteinaceous aggregates in neurons, usually 

termed neuronal inclusions (NIs), mainly in nucleus 24. These inclusions are a common hallmark of 

all these diseases and it is still controversial if they are pathogenic or not. 

 

 

1.2 Protein misfolding, aggregation and neurodegenerative disease 

One century ago, Alois Alzheimer discovered that the post-mortem brains of his demented 

patients contained proteinaceous amyloid plaques, which could explain the neurodegeneration and 

dementia observed.  

Nowadays it is known that protein aggregation underlies several other neurodegenerative 

diseases including polyQ diseases, Parkinson disease (PD), amyotrophic lateral sclerosis (ALS) and 

Disease Gene Locus 
Normal 

CAG 
Expanded 

CAG 
Most affected brain regions 

SCA3/MJD ATXN3 14q21 12-40 54-86 
Cerebellar dentate neurons, 

basal ganglia, brain stem, spinal cord 

SCA1 ATX1 6p23 6-36 39-83 
Cerebellar Purkinje cells, 

dentate nucleus; brainstem 

SCA2 ATX2 12q24 14-31 32-77 
Cerebellar Purkinje cells, brain 

stem, fronto-temporal lobes 

SCA6 CACNA1A 19p13 4-19 20-30 
Cerebellar Purkinje cells, 

dentate nucleus, inferior olive 

SCA7 SCA7 3p21.1-p12 4-35 37-200 
Cerebellum, brain stem, macula, 

visual cortex 

SCA17 TBP 6q27 29-42 47-63 Purkinje cell layer, striatum 

HD huntingtin 4p16.3 6-35 36-121 Striatum, cerebellar cortex 

DRPLA atrophin-1 12p13.31 3-35 49-88 
Cerebellum, cerebral cortex, 

basal ganglia, Luys body 

SMBA 
Androgen 
receptor 

Xq11-12 9-36 38-62 
Anterior horn and bulbar 

neurons, dorsal root ganglia 
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prion diseases 25, all of which are considered as “proteinopathies” or as “protein 

conformational/misfolding diseases” (Fig. 1). 

 

d e f

 

Figure 1. Several types of aggregates are seen in different neurodegenerative diseases. a) intranuclear (IN) and 

cytoplasmic (CI) inclusions in a HD brain (1C2 antibody). b) Lewis body (LB) and CI immunoreactive for alpha-synuclein 

in a Parkinson´s disease brain. c) Neuritic plaque in Alzheimer´s disease (Hirano silver stain). d) IN inclusions found in 

a MJD brain patient (arrow). Inclusions present in cellular models of HD (e) and Parkinson´s disease (alpha-synuclein) 

(f). Arrow points to aggregates. Arrowhead on d) is the nucleolus. Adapted from 26-28. 

 

Misfolding, folding, degradation, aggregation. This is a common pathway leading to disease. A 

genetic mutation or modification of the protein results in a conformational change that increases 

the tendency of the protein to misfold and polymerize - Misfolding. The cells recognize the “non-

native” conformation and attempt to fold the protein recurring to the molecular chaperones - 

Folding. If the chaperone system fails, the proteins are sent to Degradation. Inefficient removal of 

misfolded species leads to Aggregation and eventually to Disease.  

The exact order of events in the aggregation process is unknown but most probably, the 

inclusions found in polyQ and other diseases represent an end-stage manifestation of a multi-step 

aggregation process with several possible intermediate species, including oligomeric and 

protofibrillar forms. Interestingly, for several neurodegenerative diseases it has been proposed that 

the toxic species are not the mature fibrils but rather their intermediates are 29-31. Partial degradation 

products may also be relevant in this context 32. 
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Misfolding and aggregation in the polyQ diseases 

Expanded polyQ proteins are susceptible to be misfolded and prone to aggregate. Direct 

evidence for an altered conformation of expanded proteins comes from the fact that certain 

antibodies specifically bind expanded, but not normal, polyQ proteins 33. The natural propensity for 

aggregation of the polyQ expanded proteins is conferred by the formation of highly stable β-sheet 

structures. The β-sheet structure can be stabilized by intermolecular interactions, explaining why 

these proteins have a tendency to form oligomers that eventually lead to aggregate/inclusion 

formation. 

In 1997, Davies and colleagues have identified the presence of NIs in the brain of a HD mice 

model and that the inclusions were formed through self aggregation of the polyQ repeat into 

amyloid-like fibrils 34. DiFiglia et al also reported that huntingtin (htt) aggregated in HD cortex and 

striatum and that polyQ length influenced the extent of htt accumulation 35. In the same year, 

Paulson et al found similar structures in post-mortem brain from MJD patients and showed that a 

polyQ-containing fragment was able to recruit full-length protein into insoluble aggregates in vitro 27. 

Since then, several other studies have confirmed that aggregation occurs in post-mortem tissues 36-

41, mice 34,42-45, C. elegans 46-48, flies 49,50 and cellular  models 40,51-56.  

Aggregation of the expanded protein was therefore established as a unifying feature of 

CAG/polyQ diseases that can be initiated/catalyzed by a polyQ-containing portion of the disease 

protein. But interestingly, although the expanded polyQ tract seems to favour aggregation, some 

studies have shown that non expanded ataxin-3 protein also has a natural propensity to form high 

molecular mass oligomers and smaller multimers 57.  

 

Protein aggregates: toxic or beneficial? 

The commonality of aggregated species/inclusions (NIs) in polyQ (and other 

neurodegenerative diseases) raised the question of whether the NIs themselves were the primary 

cause of the toxicity, an epiphenomenon or a cellular attempt to trap the mutated protein.  

Although the full content of the NIs is still unknown so far, several studies indicate that these 

inclusions are ubiquitylated and contain the pathogenic protein (and in some cases the normal 

protein as well), proteasome components, chaperones and transcription factors 49,58-62. Therefore it is 

tempting to speculate that neuronal dysfunction and subsequent death could be caused by the 

sequestration of critical cellular proteins in these structures. Indeed, when the NIs were discovered, 

several reports described a significant correlation between their presence and cellular death 34,63-66.  
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However, more recent findings suggest that NIs do not fully correlate with neuronal death. For 

example, HD, SCA1 and SCA7 polyQ mice models have a clear dissociation between inclusion 

formation and neuronal death 34,45,67. Moreover, thalamic neurodegeneration in MJD patients occurs 

independently from thalamic ataxin-3 immunopositive neuronal intranuclear inclusions 68. Thus, it is 

still controversial if the inclusions trigger or contribute to the disease.  

One can argue that in patients and polyQ mouse models, cells with aggregates die, so they 

are not considered in the pathological examination, which could explain the inclusion/neuronal loss 

dissociation; nevertheless, several cellular models where it is possible to monitor in vivo aggregate 

formation overtime, showed no association between aggregates and cytotoxicity 69,70. In fact, in a HD 

cell culture model, it was observed that inclusion bodies predicted better neuronal survival whereas 

diffuse htt correlated significantly with cell death 69. Based on this and other results, some 

researchers started to believe that inclusions may represent a cellular survival strategy to trap 

pathogenic proteins.  

 

1.3 Cellular defenses against misfolded proteins 

Since the birth of a protein until the time of its elimination, the cellular protein control 

machinery continuously checks the quality of the protein, repairing or removing it if there is any 

error. This tight regulation is critical to maintain cellular homeostasis and this is well demonstrated 

by the fact that as many as 30% of the newly synthesized proteins seem to not fulfill the control 

checkpoints and are degraded immediately 71. 

In misfolding diseases, there is an imbalance between the capability/activity of this quality 

control system and the amount of altered proteins in the cells, which leads to intracellular 

accumulation of aberrant proteins.  Cells have three main lines of defense against 

misfolded/aggregation-prone proteins: the chaperones, the ubiquitin-proteasome pathway and 

autophagy (Fig. 2). 

 

1.3.1 The molecular chaperones 

The chaperones are proteins that assist in the correct folding and assembly of other proteins 

or macromolecular complexes 72. Most of the chaperones belong to the family of Heat shock 

proteins (Hsps), i.e., proteins that are expressed in the case of heat stress, which is known to alter 

protein conformation. Some members of the Hsp family are expressed constitutively because of 

their role in protein control maintenance (for example in the control of newly synthesized proteins). 
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The chaperones are able to recognize misfolded species such as expanded polyQ proteins and act 

by correcting their abnormal folding 73-76.  

Several groups have proved so far that chaperones have a protective effect on polyQ 

aggregation and neurodegeneration. For example, in SCA1, overexpression of the chaperone HDJ-

2/HSDJ in HeLa cells decreases the frequency of ataxin-1 aggregation 60 and overexpression of 

HSP70 significantly suppresses neuropathology and improves motor function in a SCA1 mouse 

model 77. In Drosophila, the chaperone HSP70 also suppressed polyQ induced neurodegeneration 

in vivo, although without a visible effect on aggregate formation 78. The protective effect of 

chaperones has been seen in other polyQ diseases such as MJD, where cellular overexpression of 

either of two Hsp40 chaperones, the DNAJ protein homologs HDJ-1 and HDJ-2, suppressed the 

aggregation of truncated or full-length mutant ataxin-3 79. Several other independent studies 

performed in cells 73,80-83, yeast 84,85, flies 86,87, worms 47,88 and mouse models 89,90 have provided 

additional evidence of the beneficial role of chaperones in the polyQ diseases. 

 

1.3.2 The ubiquitin proteasome pathway 

The second line of defense is the degradation through the ubiquitin-proteasome pathway 

(UPP). This pathway is evolutionarily conserved and its main function is to degrade (almost) all 

unneeded or damaged proteins. This process is brilliantly regulated and precise and involves two 

main steps: first, the selective polyubiquitylation of a specific substrate and secondly, the 

indiscriminate proteolysis of the targeted protein inside the proteasome core 91. 

 

Ubiquitylation 

Once the cell decides that a protein is no longer needed or that it is damaged, it is targeted for 

destruction by subsequent/sequential cycles of ubiquitylation. 

 Ubiquitylation is a multi-step process in which an ubiquitin moiety is attached to a protein. 

Ubiquitin chains display specific isopeptide linkages between their ubiquitin units, which link the -

amino group of a lysine of one ubiquitin to the C-terminal carboxyl group of the next ubiquitin in the 

chain. There are seven different lysines (K) in ubiquitin that can potentially be used for ubiquitin-

chain synthesis: K-6, K-11, K-27, K-29, K-33, K-48 and K-63. Substrates can be modified by single 

or multiple ubiquitylation cycles and the fate of the ubiquitylated-protein depends on the length of 

the ubiquitin chain and the nature of the ubiquitin-ubiquitin linkage (see reviews 92-95).  For example, 

monoubiquitylation or attachment of short K-63 chains to substrates results in their endocytosis 
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and trafficking to the vacuole (see reviews 92,93); while ubiquitin chains formed via K-48, usually 

target proteins for proteasomal  degradation when a minimum of four ubiquitins is reached 91 (Fig. 

3).  

 

 

 

Figure 2. The cellular defenses against misfolded proteins: molecular chaperones, the ubiquitin-proteasome pathway 

and autophagy. Chaperones such as the Heat shock proteins (Hsps) recognize the misfolded protein (1) and attempt to 

fold it back to the native conformation (2). If this defense fails, the protein is either sent for degradation by the 

proteasome (3) or accumulates forming aggregates/inclusions (4). These aggregates are able to recruit normal polyQ 

protein (5), chaperones and proteasomal subunits. Cells may be able to deal with these proteinaceous aggregates by 

autophagy (6). 

 

The first step of the ubiquitylation reaction requires an ubiquitin-activating enzyme (E1) that 

carries out the ATP-dependent activation of the C-terminus of ubiquitin, forming an intermediate 

that can transfer ubiquitin to the active cysteine site of an ubiquitin-conjugating enzyme (E2). 

Finally, an ubiquitin-protein ligase (E3) catalyzes the transfer of the ubiquitin moiety to a lysine 

residue to the substrate (Fig. 3B) 95. There is only one E1 in humans, some E2s and dozens of E3s 

with different substrate specificities, and similar pyrimidal organization of these proteins is seen in 

other species 91,96. 
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Figure 3. The ubiquitylation cycle. (A) The substrate fate is dependent on the type of ubiquitylation. (B) Ubiquitylation 

requires the involvement of a E1 activating enzyme that transfers ubiquitin to the ubiquitin-conjugating enzyme (E2). 

Then the E2 transfers the ubiquitin molecule to an ubiquitin-protein ligase (E3) which subsequentely ubiquitylates the 

substrate. In the case of K-48 polyubiquitylation, the substrate is sent for proteasomal degradation. 

 

Proteasomal degradation 

The proteasome is a large barrel-like structure containing a "core" of four stacked rings 

around a central pore which contains six protease sites 96. The ubiquitylated protein binds to the 
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19S regulatory subunit of the proteasome, undergoes deubiquitylation, unfolding and translocation 

into the 20S subunit, where degradation takes place 97 at the expense of ATP. The degradation 

process is not only for eliminating unnecessary or damaged proteins. For example, p105 is 

ubiquitylated, probably within its C-terminal half, this half is proteolysed by the proteasome, and the 

50-kDa N-terminal region is released as a stable and active subunit of the NFkB transcription factor 

protein 98. 

 

 1.3.3 Autophagy 

 Lastly, there is autophagy, usually involved in degradation of long-lived but also polyQ proteins 

99,100 (Fig. 2).  

Autophagy is the process through which intracellular proteins or organelles are degraded with 

the help of lysosomes. It involves the formation of double membrane structures called 

autophagosomes that fuse with the primary lysosomes, where their contents are degraded and then 

either disposed or recycled back to the cell 101.  

Evidence for the involvement of autophagy in the misfolding diseases comes from the 

observations that lysosomes and autophagic bodies proliferate in HD 102, in AD brains 103 and in cell-

culture models of polyQ diseases 104,105, suggesting a linkage between degeneration and autophagy.  

There are at least three types of autophagy: chaperone-mediated autophagy, macroautophagy 

and microautophagy 106.  

Chaperone mediated autophagy (CMA) is highly selective and degrades particular cytosolic 

proteins bearing a lysosomal targeting motif. These proteins are selectively recognised by a 

chaperone in the cytosol, which delivers the proteins to the surface of the lysosome 106. 

Macroautophagy usually involves the degradation “in bulk” of complete regions of the cytosol. 

Activation of macroautophagy preferentially occurs under stress conditions and can be a 

mechanism for the removal of altered intracellular components. It is thought that this pathway can 

be activated when UPP or CMA are impaired or overwhelmed 106. 

In microautophagy, cytosolic regions are sequestered directly by the lysosome through 

invaginations from the membrane into the lysosome where they are rapidly degraded. This type of 

autophagy participates in the continuous “basal” turnover of cellular components and organelles in 

normal cellular conditions 106. 

Once the molecular chaperones “decide” that a protein is non reparable, they send the 

protein to degradation by the UPP or by autophagy. It is not completely understood when and how 
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the cells decide to use the UPP or one of the three types of autophagy, although in 2007, Pandey 

and colleagues reported that autophagy acts as a compensatory degradation mechanism when the 

proteasome is impaired 107.  

However a “physical” reason has been proposed for the choice between the UPP and 

autophagy-mediated degradation: once the misfolded proteins are organized in oligomers or 

aggregates they are likely to be degraded “in bulk” by micro or macroautophagy rather than by the 

UPP or CMA since these two last pathways require protein monomers for degradation. Consistent 

with this theory is the fact that oligomers of certain proteins are capable of inhibiting proteasomal 

and CMA-mediated degradation in cells 108,109, and it is known that blockage of these two pathways 

leads to upregulation of macroautophagy 110,111.   

In 2004, a study by Cuervo and coworkers confirmed this hypothesis. Wild type -synuclein 

(involved in AD) was efficiently degraded by CMA, but pathogenic -synuclein was poorly degraded by 

CMA despite a high affinity for the CMA receptor. Mutant -synuclein blocked the degradation of 

other CMA substrates, which triggered a compensatory effect through the activation of 

macroautophagy 109. 

 

1.4 PolyQ degradation: how and where? 

PolyQ proteins are, as many other proteins, degraded through the ubiquitin-proteasome 

system. As expected, inhibition of the proteasomal activity causes increased aggregate formation 

and toxicity in different polyQ cellular models 58,112. In order to enter the proteasome, the substrates 

need to be deubiquitylated and unfolded since the proteasome has a narrow barrel-shaped 

structure. Large structures like protein oligomers and/or aggregates cannot penetrate it and will not 

be efficiently degraded; this can also interfere with the degradation of other proteins and contribute 

for the pathogenesis.  

 

Direct evidence also suggested that polyQ proteins are degraded by autophagy. For example, 

studies performed in HD and SCA1 have shown that autophagy is essential for the elimination of 

aggregated forms of mutant htt and ataxin-1 113. Stimulation of autophagy, by administration of 

rapamycin, enhanced the clearance of aggregate-prone proteins in cells and ameliorated the 

phenotype in cellular, fly and mouse models of HD 99,114-116. Inhibition of autophagy, genetically or 

pharmacologically, had an antagonistic effect, worsening the phenotype of cellular and worm 

models of polyQ diseases 99,117.   
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A very interesting study showed that autophagy efficiently degraded polyQ aggregates from the 

cytoplasm but not the nucleus, which could explain the prevalence of nuclear aggregates in the 

polyQ diseases 113. 

 

What happens if the cellular control fails? Aggresome formation 

When the chaperones, the UPP and autophagy fail or are overwhelmed, cells collect 

aggregated protein by microtubule-associated transportation into a single organized cytoplasmic 

region - the aggresome 118,118,119, that is believed to be part of a cellular strategy to trap misfolded and 

toxic proteins.  

As polyQ inclusions and other protein aggregates/inclusions, the aggresomes contain 

chaperones and proteasomal subunits as well 118,119. These observations led the researchers to 

speculate that the aggresome may represent a place of highly concentrated proteasomal activity, 

protecting the cell from excess misfolded protein. Aggresomes may also provide access to an 

alternative degradative pathway in cases where the capacity of the ubiquitin proteasome system is 

exceeded. The confinement of aggregated protein in a single centralized region such as the 

aggresome may facilitate its degradation by autophagy for example. Confirming this hypothesis, R. 

Kopito research group has performed a refined study where they prove that protein aggregation and 

consequent defect in proteasome-mediated degradation is accompanied by aggresome formation 

120. Taylor et al have shown that aggresomes protect cells from expanded polyQ proteins by 

enhancing their degradation, probably through autophagy 105.  

Therefore, aggresomes act as cellular “junkyards” where the toxic proteins can be stored until 

they are degraded or where the proteins are degraded more efficiently, either by autophagy or 

enhanced proteasomal activity. Similarly to the aggresomes, the polyQ aggregates could also 

imprison the toxic expanded proteins to a restricted cellular location, facilitating their degradation. 

This is also supported by several lines of evidence that point to the intermediates in the aggregation 

process as the pernicious species rather than the inclusions. 
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1.5 Molecular mechanisms of neurodegeneration in polyQ diseases 

 

1.5.1 Cellular homeostasis disturbance hypothesis 

The cellular homeostasis disturbance hypothesis suggests that the sequestration of 

chaperones and proteasomal subunits into polyQ aggregates 40,61,79 could result in misfolding and 

reduced clearance of other crucial cellular proteins, leading to an homeostatic imbalance.  

Kim and colleagues proved that chaperones are able to move freely and only transiently 

associate with the aggregates 121. However, the proteasome appears to be permanently recruited 

into polyQ aggregates and it is functionally impaired 120, which can interfere with the degradation of 

other proteins. Proteasome inhibition might also increase the intracellular load of misfolded, 

oxidized, or otherwise damaged proteins, thereby causing neuronal toxicity. Several reports have 

shown that reducing or inhibiting proteasomal activity is sufficient to induce neuron death 122-124.  

However, contradictory studies have shown that no significant alteration of the 

cytoplasmic/nuclear distribution of proteasome subunits was detected in cells containing visible 

polyQ nuclear or cytoplasmic inclusions 125, so the inhibition of the proteasomal activity was not due 

to sequestration. Some researchers started to consider that rather than sequestration of 

proteasomal subunits, there is a physical blocking of the proteasome by oligomers/aggregates of 

polyQ proteins.  

But a question arises: how do oligomers/aggregates even form if the cells are so efficient in 

the protein control? Interestingly, some reports showed that normal polyQ proteins themselves are 

problematic to degrade. An elegant work by Venkatraman et al showed that eukaryotic proteasomes 

spared the polyQ tract when digesting a non expanded polyQ fusion protein (myoglobin-Q35) 126, 

releasing the intact polyQ fragments into the cells, which were prone to aggregate. Other reports 

also showed that polyQ proteins are challenging to degrade, and that they can occupy or even 

obstruct the proteasomes for longer periods than regular proteins, leading to proteasomal 

impairment and diminished activity 127. For example, expanded ataxin-3 (79Q) is not efficiently 

cleared when compared to normal ataxin-3 (13Q) 128. Other independent studies had similar results 

with ataxin-1 129 and htt 59,130. However, at least one group suggested that the polyQ proteins are 

efficiently degraded by the proteasome 131.  

 

Summarizing, polyQ stretches/proteins have a natural tendency to misfold and aggregate, 

they can be intrinsically difficult to degrade and seem to be inefficiently cleared by the proteasomes 
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above a certain length threshold. Additionally, the aggregates can recruit components of cellular 

machineries essential for the degradation of other proteins. Altogether, this leads to a stressful 

cellular milieu that will eventually be translated in dysfunction and death. Furthermore, proteasomal 

activity is known to be considerably decreased in aged tissues from animals and humans 132,133, 

which can explain the late onset of these diseases. While “young and fresh”, the cells may be able 

to cope with misfolded polyQ proteins (to a certain extent) but when they get “older and slower”, 

the problems start to manifest.  

 

1.5.2 Transcriptional de-regulation hypothesis 

Many labs have reported transcriptional alterations in the various polyglutamine diseases 134-148. 

Interestingly, both htt, atrophin-1, ataxin-1, ataxin-3 and ataxin-7 are capable of modulating 

transcription by related or unrelated mechanisms 140,143,149-152. SCA17 and SMBA are themselves 

caused by a CAG expansion in two transcription factors (TF): the TATA-binding Protein (TBP) 153 and 

the androgen receptor gene 4, respectively. 

 

PolyQ aggregates can recruit critical and stecheometrically limited cellular proteins such as 

the TFs TBP, cAMP-responsive element-binding protein (CREB) binding protein (CBP), TAFII130, 

and specificity protein 1 (SP1) 62,143,147,154,155, a phenomenon which is thought to contribute for 

transcriptional de-regulation. Nevertheless, it is possible that this mechanism is not polyQ-

dependent but aggregate-dependent as non-polyQ inclusions (containing a protein chimera 

composed of the green fluorescent protein fused to an internal fragment of the Golgi Complex 

Protein) were also able to sequester transcription relevant proteins and to alter transcriptional 

activity 156. 

 

It has been described that polyQ expanded proteins could interact directly with TFs, 

particularly those containing Q-rich motifs 157. There are at least two plausible consequences of this 

interaction: the entrapment of the TF inside the polyQ aggregates, as mentioned above, or the 

occurrence of novel/aberrant interactions of transcription-related proteins with pathogenic polyQ 

proteins. For example, the expanded polyQ stretch enhances htt interaction with SP1 158, which can 

modify SP1-dependent transcription. The lab of S. Tsuji has proved that expanded polyQ stretches 

preferentially bind to TAFII130 159, strongly suppressing CREB-dependent transcription 146,160,161.  
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Either by sequestration of TFs or by aberrant interactions, a common trait of polyQ disorders 

seems to be transcriptional de-regulation, which emphasizes the importance of studying this 

pathway for the development of therapeutical approaches. 

 

Histone deacetylase inhibitors as therapeutic targets for polyQ diseases 

Histone acetylation and deacetylation are modulated by the interplay between histone 

acetyltransferases (HATs) and histone deacetylases (HDACs), which results in modifications to 

chromatin structure and regulation of transcription. In general, acetylation of histones is associated 

with transcriptional activation 162 and hypoacetylation is linked to transcription repression 163,164.  

Interestingly, all of the polyQ disease proteins have a connection with HATs or HDACs 165. For 

example, mutant htt interacts with the acetyltransferase domain of CBP inhibiting its HAT activity, 

which can explain the general histone hypoacetylation status seen in a cellular HD model 166 and the 

high percentage of de-regulated genes in HD patients´ brains 167. Ataxin-3 also seems to inhibit HAT 

activity of several transcriptional coactivators such as CBP, p300 and p300/CBP-associated factor 

(PCAF) 140. 

Regardless of the exact mechanism, histone deacetylation inhibitors appeared as an obvious 

potential therapeutic for these fatal diseases 165 and indeed, studies in cell culture and Drosophila 

models of polyQ disease indicated that HDAC inhibitors could rescue the disease phenotype 168,169. 

However, in a C. elegans model of HD, chemical and genetic (RNAi) manipulation of HDAC function 

yield antagonistic results for polyQ toxicity depending on the targeted HDAC 170.This may be puzzling 

at first but HDACs´ have diverse specificities and roles in cells. Therefore, general HDAC inhibition 

can have a deleterious effect in animals and a careful and more targeted strategy has to be carried 

in order to obtain promising therapeutical results.  

 

1.6 Protein context in polyQ diseases 

Although the polyQ expansion is the trigger of neurodegeneration, the protein context seems to 

influence the initiation and progression rate of the polyQ-associated diseases. The inverse 

correlation of age of onset and polyQ length shows a slightly different slope in each disorder, 

indicating that the increased severity due to each extra glutamine residue depends on the protein 

background.  

HD was “mimicked” in mice by inserting an expanded CAG tract into the mouse huntingtin 

(Hdh) gene 171-175. Mice with an insertion of 100 or 90-111 repeats (pathogenic in humans) in the 
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Hdh gene resulted in no overt neurological alterations 171,172, and only very mild functional alterations 

have been reported for 72 and 80 polyQ repeats (pathogenic in humans) in other models 174,175. Only 

the Hdh150Q mice had a more severe neurological phenotype 173. Even more striking is the fact that 

the phenotype of the 150Q knock-in mice is not as severe as that seen in the human htt 150Q exon 

1 transgenic mice 176, even though the polyQ length and expression levels were similar. Hence, a 

pathological number of glutamines in the human protein is not so deleterious in the context of the 

mice protein, whereas truncation appears to increase toxicity.  

The importance of protein context for the modulation of toxicity was further illustrated by 

studies on SCA1, where single amino acid replacements in ataxin-1 outside of its polyQ tract, 

dramatically reduced the ability of mutant ataxin-1 to cause disease in vivo 177.  

 

Toxic Fragment hypothesis 

Fragmented proteins probably have dissimilar structural, biochemical and biological 

characteristics in relation to their full-length counterparts. The “toxic fragment hypothesis” affirms 

that cleavage of the expanded protein releases a toxic polyQ-containing fragment which is required 

for initiation of the aggregation process and for neurotoxicity. Confirming this hypothesis, the C-

terminal portion of mutant ataxin-3, that includes the polyQ stretch, is more toxic than the entire 

protein in cell and animal models 27,44,178,179. This C-terminal fragment has been detected in cells 180,181, 

in mice 179,182 and in MJD brains 179. Interestingly, full-length ataxin-3 does not appear to aggregate on 

its own, although it is prone to co-aggregate with polyQ-expanded ataxin-3 fragments (A. Teixeira-

Castro et al, in preparation). 

 

Based on these evidences, we can conclude that the protein context greatly affects the 

aggregation initiation, progression and neurotoxicity of polyQ diseases. 

 

1.7 Loss of function? 

PolyQ disorders have been predominantly associated with a toxic gain of function rather than 

loss of function, either through dominant-negative effects or haploinsufficiency. Supporting this is 

the fact that individuals hemizygous for the SCA1 or HD genes do not present any of the 

neurological characteristics of these diseases 183. SCA1 nullizygous mice show altered hippocampal 

function, but no signs of cerebellar ataxia 184. C. elegans and mouse ataxin-3 knockout animals also 

do not display any of the characteristics of MJD (this work, 185). 
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However, more recent evidences suggest that the normal function of the proteins can 

contribute and modulate the disease 186. For instance, knock-in HD mice that are homozygous for 

the CAG insertion have a more severe phenotype regardless of the length of the expanded repeat 

tract 172,173, which can be associated either with the double dosage of the mutation or loss of hdh (htt 

mouse homologue) normal function.  

But the most convincing results arised from studies focused in the normal function of htt.  

Loss of function of hdh is embryonic lethal by day 7.5 187 and low levels of this protein are 

associated with abnormal brain development and a progressive degenerative neuronal phenotype 

188. Therefore, hdh seemed to be important for normal neuronal function and survival. A study by 

White and colleagues proved that expression of a single copy of the htt gene, independently of the 

length of CAGs, was sufficient for correct brain development in ko animals 189. Thus, mutant htt 

could substitute for wild-type htt during development, which is also consistent with the fact that 

homozygous HD patients do not present developmental defects.  

The normal function of htt was also studied in adult animals by using conditional inactivation 

of the Hdh gene 188. These animals showed progressive motor deficits, tremors and degeneration of 

the striatum and cortex. This phenotype is very similar to those in HD mouse models, strongly 

suggesting that loss of function of htt may contribute for the disease phenotype 186.  

 

Expressing normal htt in a pathogenic htt background, can rescue the cellular toxicity of 

expanded htt in vivo 190. This “protective” role was also proposed for ataxin-3 since in a fly MJD 

model, co-expression of normal ataxin-3 in a pathogenic ataxin-3 background considerably 

improved the neurodegenerative phenotype 191.  

 

One important and yet unanswered question stems from the fact that, although the polyQ 

proteins are expressed everywhere, only specific neurons die in each of the diseases. It is widely 

believed that neurons have a lower threshold for misfolded proteins and cellular stress when 

compared to other cell types. But the neuronal type specificity can only be explained by the protein 

context in combination with cell-specific protein-protein interactions, which strengths the importance 

of studying polyQ proteins´ normal function and molecular interactions. We cannot disregard the 

fact that the normal protein can be enclosed in the aggregates, thus not performing its normal role 

in cells and contributing to a cellular stress.  
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In summary, although the main trigger in the polyQ pathogenesis is the expanded polyQ tract, 

partial loss of the normal protein function certainly contributes to and modulates the disease by yet 

unidentified mechanisms.  

 

1.8 Machado-Joseph disease  

Machado-Joseph disease (MJD), also known as spinocerebellar ataxia 3 (SCA3), is the most 

common autosomal dominant ataxia worldwide. The disease was first described in a patient with 

Portuguese ancestors, William Machado, by Nakano and colleagues, as “an autosomal dominant 

ataxia” and named it as “Machado Disease” 192. In the same year, Woods and co-workers described 

a disease with some similar symptoms that was entitled “Nigro-spino-dentatal degeneration with 

nuclear ophthalmoplegia” 193. Later on, Rosenberg et al described a “particular type of autosomal 

dominant hereditary ataxia” in the family of Antone Joseph, which was designated as Joseph 

disease 194. 

In 1978, P. Coutinho and C. Andrade undertook extensive studies in a large number of 

Azorean families and introduced an “autosomal dominant system degeneration in Portuguese 

families of the Azores Islands” 195. In the 80´s, L. Lima and P. Coutinho named it Machado-Joseph 

Disease (MJD) and some clinical criteria for diagnosis were introduced 196.  

MJD is considered rare, however in the Azorean island Flores its prevalence is reported to be 

1:140. Initially, MJD was considered a “Portuguese disease”, but nowadays several families all 

around the world have been diagnosed 197,198. 

 

1.8.1 Clinical symptoms 

MJD is a progressive disorder characterized by ataxia, weakness in the arms and legs, 

spasticity, staggering gait, difficulty with speech articulation and swallowing, involuntary eye 

movements, dystonia. Some patients have twitchings of the face or tongue, or peculiar bulging eyes 

due to lid retraction 199. Some MJD patients also experience Parkinson's-like symptoms 200, such as 

slowness of movement, rigidity or stiffness of the limbs and trunk, tremor or trembling in the hands, 

and impaired balance and coordination. 

The severity of the disease is related to the age of onset, an earlier onset being associated 

with a more severe and rapidly progressive form of the disease. Symptoms can begin at any time 

between early adolescence and up to 70 years of age, but usually start around the 4th decade of life 
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197.  Patients with mild MJD forms can have a normal life expectancy while severe forms usually lead 

to premature death. 

 

1.8.2 MJD Pathology 

Pathological examination of post-mortem brains showed neuronal degeneration and mild 

gliosis of the substantia nigra, dentate, pontine and cranial nerve nuclei, anterior horns and Clarke's 

columns 23, as well as variable neuronal loss with gliosis in the cerebellar cortex and neostriatum 201 

(Fig. 4). 

 

 

 

MJD, as other polyQ diseases, is characterized by the presence of neuronal ubiquitylated 

inclusions. In MJD, these inclusions have been described to contain chaperones, proteasomal 

components, transcription factors and both normal and pathogenic ataxin-3 27,40,49. 

 

1.8.3 MJD Genetics 

MJD is transmitted in an autosomal dominant manner and, like other polyQ diseases, shows 

intergenerational instability of the expanded CAG repeat. The expanded CAG repeats may expand or 

contract, but often they expand, which causes earlier age of onset in successive generations, a 

phenomenon that is called “anticipation” 18,19. Usually, longer CAG tracts are associated with earlier 

and more severe symptoms 18. 

MJD is caused by a mutation in the ATXN3 gene, mapped to the long arm of chromosome 14 

(14q24.3-q32) in 1993 by Takiyama and co-workers 202. The ATXN3 gene was cloned one year later 

by Kawaguchi et al and the authors observed that the mutation (expansion) was only present in 

patients 2.  

Figure 4. MJD affected brain regions are depicted in red. 

Adapted from 1 STN: subthalamic nucleus, GP: globus pallidus, RN: red 

nucleus, SN: substancia nigra, PN: pontine nucleus, DN: dentate nucleus, LCN: 

lateral cuneate nucleus, Cer: cerebellum. 
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The ATXN3 gene has around 48 Kbp and contains 11 exons, the CAG tract being in exon 10. 

It encodes at least four different transcripts with variable sizes: 1.4, 1.8, 4.5, and 7.5 Kb, probably 

due to differential splicing and polyadenylation signals 203. 

 

1.8.4 MJD Diagnosis and Treatment 

MJD is diagnosed by identifying the typical symptoms in a family in which the disease occurs. 

Neurologists have classified MJD into three types, depending on age at onset and characteristic 

symptoms. Type I is characterized by early onset (between 10 - 30 years of age), fast progression, 

and severe dystonia and rigidity. Type II MJD (20 -50 years), has an intermediate progression, and 

causes symptoms that include spasticity, spastic gait, and exaggerated reflex responses. Type III 

MJD patients have an onset between 40 and 70 years of age, a slower progression, and some 

muscle twitching and muscle atrophy 204. 

Besides the clinical symptoms, the definitive diagnosis of MJD can be done with a genetic test 

to determine the number of CAG repeats within the MJD gene. To date, MJD is incurable. 

 

1.9 MJD protein: ataxin-3 

The ATXN3 gene encodes for a 42 kDa protein named ataxin-3 (ATXN3). ATXN3 is 

evolutionary conserved in mice 205, rat 206, chicken 207, C. elegans (this work) and other organisms.  

ATXN3 is absent in bacteria, Drosophila and yeast. Interestingly, the polyQ tract seems to be 

human-specific because it is absent in other species such as mouse and worms, that have only six 

and one glutamines in the ATXN3 homologue, respectively. 

The human ataxin-3 protein has a conserved N-terminal josephin domain (1-198 aa) 

containing the putative catalytic triad aminoacids cysteine (C14), histidine (H119) and asparagine 

(N134). The josephin domain, which derives from the name of the disease, is followed by two (or 

three in isoforms 1 and 4) ubiquitin-interacting motifs (UIMs) and the polyQ stretch (Fig. 5).  Ataxin-

3 also has a conserved nuclear-localization signal (NLS) 208,209.  

There are four main isoforms of human ATXN3: ataxin-3 isoform 1 (also known as MJD2-1, 

Swiss-Prot P54252), ataxin-3 isoform 2 (also known as MJD1-1, Swiss-Prot P54252-2, 

VSP_002784), ataxin-3 isoform 3 (also known as MJD1a, Swiss-Prot P54252-3, VSP_002783) and 

isoform 4 (also known as H2, BAB18798) that has a incomplete josephin domain; although their 

functional relevance and expression in vivo are still unknown 210.  
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Even though several efforts have been made to understand the biological function of ataxin-3, 

no final answer has been obtained so far. 

 

Expression pattern and subcellular localization 

Ataxin-3 is predominantly cytoplasmic, but it is also present in the nucleus and has been 

associated with the nuclear matrix, endoplasmic reticulum (ER) and mitochondria 211-215.  

Paulson and colleagues demonstrated that ATXN3 is present both in disease and normal 

tissue and that both the normal and mutant ataxin-3 proteins were expressed throughout the body 

and in all regions of the brain examined, including areas generally spared by the disease 216. In 

mice, the homologous ataxin-3 protein was also widely expressed since embryonic life stages 205.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Isoforms of ataxin-3. All but one isoform, v4, show the conserved josephin domain and a more 

heterogeneous C-terminal portion. Isoform v1 and v4 possess 3 ubiquitin-interaction motifs (UIMs) while isoform v2 and 

v3 only have two UIMs. All have the nuclear localization signal (NLS) near the glutamine tract. 
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1.10 Ataxin-3 molecular partners 

The ataxin-3 interactome described to date contains 22 proteins mainly involved in the 

ubiquitin-proteasome pathway, transcriptional regulation and cell structure and motility (Table 2). 

 

1.10.1 Ataxin-3 and transcriptional regulation 

The interaction of ataxin-3 with transcriptional repressors, activators and HDACs suggests a 

putative role in transcriptional regulation. One of the proposed mechanisms is that ataxin-3 directly 

binds histones and blocks acetylation thus repressing transcription 140. It has been reported that 

ataxin-3 acts as a transcriptional repressor via inhibition of HAT-activity of some major 

transcriptional coactivators 140. More recently, Evert and colleagues showed that normal ataxin-3 was 

able to bind to DNA sequences of the MMP2 gene promoter. Ataxin-3 repressed MMP2 

transcription by i) deacetylation of histones bound to the promoter or/and ii) recruitment of the 

histone deacetylase 3 (HDAC3) and the nuclear receptor corepressor (NCoR) 217. In accordance with 

a role in transcriptional repression, Evert et al performed a gene expression study using 

microarrays in a MJD cellular model and found a complex pattern of transcriptional changes 135.  

It seems evident that ataxin-3 has some association with transcriptional regulation, however, 

the detailed mechanism of action is still not definitely established. 

 

1.10.2 Ataxin-3 and cell structure and motility 

The interaction of ataxin-3 with alpha-tubulin and dynein suggests a role for this protein in the 

cytoskeleton 218,219, however no other studies have been made that confirm this hypothesis.  

Since some of the proteins involved in aggresome formation are the microtubules, HDAC6 and 

the dynein-dynactin motor complex, it has been proposed that ataxin-3 regulates aggresome 

formation 219; this could happen through  its interaction with alpha-tubulin from the microtubules, 

with HDAC6 and with dynein, but additional studies have to be made to validate this possibility. 

 

1.10.3 Ataxin-3 and the ubiquitin proteasome pathway 

A significant number of ataxin-3 interactors are UPP components or regulators, which has lead 

researchers to suspect that it is involved in this cellular pathway. 

Ataxin-3 binds to ubiquitin, to polyubiquitylated substrates and associates with proteasomal 

subunits (p45, PSMD7) 208,209,220,221. Moreover, ataxin-3 has in vitro deubiquitylating (DUB) activity, i.e., 

it is capable of removing ubiquitin from polyubiquitylated substrates. It has higher affinity for chains 



 

26 

with four or more ubiquitins 222, the minimum ubiquitin length for targeting a protein for proteasomal 

degradation 223,224. 

Ataxin-3 interacts with VCP/p97, an abundant protein required for the degradation of a large 

number of protein substrates through the proteasome 218,225,226 and with the ubiquitin-like proteins 

HHR23A and B 227,228. A proteasomal “shuttling complex” composed of ataxin-3, VCP and HHR23 

has been proposed. In this model, ataxin-3 is associated with the proteasome and VCP promotes 

the transfer of multiubiquitylated substrates from HHR23 to ataxin-3. Deubiquitylation takes place 

by ataxin-3 and then the substrates enter the proteasome to be degraded 229. 
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Table 2. Ataxin-3 known interactors. 

Protein Name Description Function Reference 

Ubiquitin-proteasome pathway 

UBB Ubiquitin Depending on the type of ubiquitylation; UPP degradation 208,209,230 

VCP/p97 Valosin containing protein AAA ATPase; shuttling of substrates for proteasome 209,218,226 

CHIP 
C-terminus of Hsp70-interacting 

protein 
E3 ubiquitin ligase, proteasomal degradation 231 

HHR23A and B HHR23A and B Proteasomal degradation of proteins and DNA repair 228,232 

NEDD8 
Neural precursor cell expressed, 

developmentally down-regulated 8 
Ubiquitin-like molecule 230 

Park2 Parkin E3 ubiquitin ligase, part of a SCF-like complex 233 

p45 Proteasomal subunit Proteasomal subunit, protein degradation 233 

PSMD7 
26S proteasome non-ATPase 

regulatory subunit 7 
Proteasomal subunit, protein degradation 209 

E4B E4 factor Ubiquitylation factor 128 

Transcription 

CBP CREB-binding protein Transcriptional coactivator 140 

HDAC3 Histone deacetylase 3 Deacetylation of histones 
217 

 

HDAC6 Histone deacetylase 6 Deacetylation of alpha-tubulin, motility 219 

NCOR1 Nuclear receptor corepressor 1 Transcriptional repressor 217 

PCAF p300/CBP-associated factor Histone acetyltransferase, transcriptional activation 140 

p300 p300 Transcription factor 140 

EWSR Ewing sarcoma breakpoint region Might normally function as a transcriptional repressor 234 

Cellular structure and motility 

DNAI2 Dynein intermediate chain 2 Motor protein interacting with microtubules 219 

TUBA Alpha-tubulin Motor protein, cytoskeleton 218 

Table 1. continues next page 
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Ubiquitylation and deubiquitylation: what is the role of ataxin-3?  

As mentioned before, ubiquitylation is the post-translational modification of a protein by the 

covalent attachment to a substrate of one or more ubiquitin monomers. The reverse side of the 

coin is the removal of ubiquitin by deubiquitylating (DUB) enzymes, which are extremely important 

to maintain the normal levels of free ubiquitin as well as to regulate some of the cellular processes 

dependent on the ubiquitylation (Fig. 6) 236,237. Even though DUBs are often promiscuous, it has been 

shown that some DUBs have very specific substrates and that there is a very precise control of 

deubiquitylation on cells.  

There are five main groups of DUBs: the ubiquitin C-terminal hydrolases (UCHs), the ubiquitin 

specific proteases (USPs), the Machado-Joseph Disease Protein Domain Proteases (MJDs), the 

Ovarian Tumor Proteases (OTUs) and the JAMM Motif Proteases 236 (Fig. 6). Although they can have 

overlapping functions, they have distinct catalytic regions and targets.  

 

Even though the primary role of DUB proteins is to deubiquitylate the substrate facilitating its 

degradation, some authors have suggested that DUBs can also have a “proof reading” task or even 

rescue proteins inappropriately targeted to the proteasome (Fig. 7) 238.   

This “rescuing” activity can be applied in the case of ataxin-3, since its DUB activity is 

preferentially seen in chains with four or more ubiquitins (at least in vitro), the minimum chain 

recognized for degradation. In fact, when co-expressing GFP-u (short-lived GFP containing a 

destabilizing sequence) with both normal and expanded ataxin-3, the number of GFP-positive cells 

increases. This suggested that ataxin-3 overexpression might be impeding GFPu degradation rather 

than facilitating it 208.  

 

Others 

C16orf70 lin-10 homolog ? 234 

Plic-1 
Protein linking IAP with cytoskeleton 

1 
Regulator of the ubiquitination complex and proteasome machinery? 235 

ARHGAP19 
Rho-type GTPase-activating protein 

19 
? 234 

TEX11 Testis expressed 11 ? 234 
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Figure 6. Structure of the different types of deubiquitylating enzymes. Ataxin-3 belongs to the MJD group. Adapted 

from 236. 

 

 

 

 

Figure 7. Role of DUBs in the protein degradation pathway. A DUB as ataxin-3 can either cleave polyubiquitin chains 

facilitating proteasomal entrance and degradation (1) or remove the ubiquitin signal and rescue proteins (2). 

 

ATXN3 deubiquitylating activity: biological substrates 

A crucial breakthrough in the understanding of ataxin-3 function was the discovery of its DUB 

activity in vitro 208,209, however the biological consequence of this function hasn’t been characterized 

extensively yet.   

In a refined study, authors immunoprecipitated VCP/p97 and its associated proteins from cell 

extracts expressing either wild type ATXN3 or a catalytically inactive form of the protein unable to 

deubiquitylate (C14A). Only the expression of wt ATXN3 (and not C14A) diminished the VCP/p97 

substrates ubiquitylation pattern, indicating that this protein is capable of removing ubiquitin from 

proteins in vivo 218. 
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Wang and colleagues also showed that expressing the dominant negative form of ATXN3 

(C14A) increased the amount of TRCα, a protein that is usually degraded by the ERAD pathway 239. 

Moreover, a smaller amount of ubiquitylated proteins was co-immunoprecipitated with VCP/p97 

from cells expressing wt ATXN3 in relation to cells expressing the mutant C14A ATXN3, indicating 

that ATXN3 has DUB activity in vivo 239. However, it could be argued that overexpression of any DUB 

could lead to similar results, and the authors did not present this control.  

The lab of R. Pittman found that cells transfected with ATXN3 had increased levels of the 

ERAD substrates CD3 and TCRα, due to a decline in their degradation 218. The authors also 

observed that endogenous ATXN3 knockdown decreases levels of CD3, suggesting that a normal 

function of ATXN3 is to regulate the levels of ERAD substrates. In addition, ATXN3 binding to 

VCP/p97 decreased the interaction of VCP/p97 with ubiquitylated proteins. These authors also 

studied the effect of ATXN3 overexpression in non-ERAD substrates and found that the level of 

these substrates was maintained. According to their results, ATXN3 would not have a general effect 

on global protein ubiquitylation levels, but rather on more specific ER-substrates.  

 

Ataxin-3, DUB activity and transcriptional regulation 

Histone ubiquitylation results in heterochromatin relaxation and assembly of transcription 

complexes on the promoter, and ubiquitylation of transcription factors enhances their 

transcriptional-activation function (see review 240). Therefore, deubiquitylating enzymes as ataxin-3 

can also modify transcriptional regulation through the removal of ubiquitin from TFs and/or 

histones. Furthermore, considering the association of ataxin-3 with the UPP, it is reasonable to 

propose that ataxin-3 can modulate the availability of transcription-related molecules through the 

control of their degradation. Nevertheless, this hypothesis remains to be tested.  
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1.9 C. elegans as a model for studying gene function 

General Characteristics 

C. elegans is a soil nematode with 1 mm length. It is predominantly hermaphrodite but males 

can occur sporadically when the growth conditions are not favorable (Fig. 8). 

 

 

 

Figure 8. C. elegans general anatomy and life cycle. L: larva 

 

C. elegans eggs are laid by the hermaphrodite. After hatching, they pass through four larval 

stages (L1 to L4). When crowded, in the absence of food or in high or low temperatures, C. elegans 

can enter an alternative larval stage called the dauer state. Dauer larvae are stress-resistant and 

long lived.  

 

Advantages of C. elegans as a model 

As a model, C. elegans provides a good compromise between the complexity of vertebrates 

like the mouse and the extreme simplicity of yeast. C. elegans is used as a model organism for a 

variety of reasons: 

 economic and easy to maintain 

 long-term storage of strains 

 short life cycle (3 days at 20ºC) and very large brood size (>300) 
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 transparent: allows live imaging 

 cell lineage mapped out, neuronal wiring available 

 genome sequenced 

 easy to perform RNA interference 

 knockouts and transgenics available for free 

 

Two “Elegant” Nobel Prizes 

In 2002, the Nobel Prize for Medicine was awarded to Sydney Brenner, Robert Horvitz and 

John Sulston for their work on the genetics of organ development and programmed cell death in C. 

elegans. Four years later, in 2006, the Nobel Prize in Physiology or Medicine was awarded to 

Andrew Fire and Craig Mello, for their discovery and use of RNA interference in C. elegans. 

 
C. elegans, function of human genes and disease 

C. elegans has been used as a model for the study of several neurodegenerative disorders 

such as polyQ diseases, AD, Parkinson´s disease and the tauopathies 46,47,241-243. Several disease 

modifiers have been identified in these models that were later studied in more detail in higher 

organisms with success 117,170,244. 

As an example, expression of the human presenilin-1 in C. elegans can rescue neuronal 

deficiencies of C. elegans sel-12 presenilin mutants 245. Work in worms also identified the presenilins 

as components of the gamma-secretase complex, an important therapeutic target in AD (see review 

246).  

Genes belonging to the insulin pathway, which are involved in longevity, were first described in 

worms 247 and later were found to be conserved in other species as mouse and humans. Pro- and 

anti-apoptotic genes were also identified and described in C. elegans and only later associated with 

cancer in humans (see review 248). 

 

Thus, C. elegans has proved to be a useful model in the understanding of the molecular 

mechanisms of pathogenesis, in finding disease modifiers and in unraveling the normal function of 

human genes. 
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Objectives 

 

 When we started this work, the information about ataxin-3 function and molecular partners 

was scarce.  

 In this work, we characterized the C. elegans orthologue of the ataxin-3 protein. Additionally, 

we thoroughly analyzed two C. elegans ataxin-3 knockout models and a human cellular model of 

ataxin-3 deficiency. We also performed an extensive search for C. elegans molecular interactors of 

ataxin-3. 

  

 In general, our aims were: 

 

 Characterization of the C. elegans ATXN3 orthologous gene: protein sequence, 

domains, expression pattern and subcellular localization; in vitro activity. (Chapter 2) 

 

 Characterization of two C. elegans ataxin-3 knockout animal models: phenotypic 

characterization and transcriptomic analysis (Chapter 2, 4). 

 

 Identification of ataxin-3 molecular partners and of possible cellular pathways 

in which ataxin-3 is involved: Yeast Two Hybrid and GST pulldown screenings (Chapter 

3). 

 

 Characterization of the stress response in ataxin-3 knockout animals: stress 

resistance, proteomic profile of ataxin-3 knockout animals after stress exposure (Chapter 

4). 

 

 Generation and characterization of a human cellular model of ataxin-3 

deficiency: cellular consequences of ataxin-3 absence (Chapter 5). 
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Chapter based on the publication (Supplementary Material): 

Rodrigues AJ, Coppola G, Santos C, Costa MC, Ailion M, Sequeiros J, Geschwind DH, and Maciel 

P. “Functional genomics and biochemical characterization of the C. elegans orthologue of the 

Machado-Joseph disease protein ataxin-3”. FASEB J. 2007 Apr 21(4):1126-36 
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Abstract 

 

Machado-Joseph disease (MJD) is the most common dominant spinocerebellar ataxia. MJD is 

caused by a CAG trinucleotide expansion in the ATXN3 gene, which encodes a protein named 

ataxin-3. Ataxin-3 has been proposed to act as a deubiquitylating enzyme in the ubiquitin-

proteasome pathway and to be involved in transcriptional repression, nevertheless its precise 

biological function(s) remains unknown. 

To gain further insight into the function of ataxin-3, we have identified the Caenorhabditis 

elegans orthologue of the ATXN3 gene and characterized its pattern of expression, developmental 

regulation and subcellular localization. We demonstrate that, analogous to its human orthologue, C. 

elegans ataxin-3 has deubiquitylating activity in vitro against polyubiquitin chains with four or more 

ubiquitins, the minimum ubiquitin length for proteasomal targeting. To further evaluate C. elegans 

ataxin-3, we characterized the first known knockout animal models both phenotypically and 

biochemically and found that the two C. elegans strains were viable and displayed no gross 

phenotype. To identify a molecular phenotype, we performed a large-scale microarray analysis of 

gene expression in both knockout strains. The data revealed a significant de-regulation of core sets 

of genes involved in the ubiquitin-proteasome pathway, structure/motility and signal transduction. 

This gene identification provides important clues that can help elucidate the specific biological role 

of ataxin-3 and unveils some of the physiological effects caused by its absence or diminished 

function.  
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Introduction 

 

Machado-Joseph disease (MJD), also known as spinocerebellar ataxia 3 (SCA3), is the most 

common dominant spinocerebellar ataxia 194,195. MJD is caused by the expansion of a CAG tract in 

the ATXN3 gene, which encodes for ataxin-3, a 42 kDa protein that resides both in the nucleus and 

cytoplasm and that has also been associated with the nuclear matrix 216. MJD belongs to a group of 

human disorders known as polyglutamine (polyQ) diseases, which includes Huntington’s disease 

(HD), spinal and bulbar muscular atrophy (SBMA), dentatorubropallidoluysian atrophy (DRPLA), and 

other spinocerebellar ataxias, such as SCA1, 2, 6, 7, and 17 20. All of these disorders are caused by 

a CAG trinucleotide expansion in the coding sequence leading to an expanded polyQ tract within the 

protein. The polyQ expansion increases protein misfolding and makes them prone to aggregate in 

nuclear and cytoplasmic ubiquitinated inclusions 14. A toxic gain of function due to the polyQ 

expansion has been proposed as one common pathogenic mechanism underlying the polyQ 

diseases 249. However, despite the ubiquitous expression of both the normal and disease proteins 

only a particular subset of neurons is selectively affected in each disease, emphasizing the 

importance of studying native protein function to help elucidate the basis of neurodegeneration 250. 

For example, studies of alpha-1A voltage-dependent calcium channel involvement in SCA6 and the 

androgen receptor in SBMA suggested that the pathology and selective neuronal vulnerability is 

partially related to the normal function of the proteins and not only a general effect of polyQ 

expansion 251-253. Moreover, although MJD is considered a pure dominant disorder, homozygous 

patients with two mutant alleles show a more severe and earlier onset disease phenotype 16,254,255, 

raising the possibility that the normal function of ataxin-3 may modulate disease. 

Human ataxin-3 binds polyubiquitylated proteins, exhibits deubiquitylating (DUB) activity and 

associates with the proteasome, suggesting a role in the ubiquitin-proteasome pathway (UPP) 

208,209,221,256. Ataxin-3 also interacts with VCP/p97, a conserved AAA ATPase that appears to be 

responsible for shuttling a large number of polyubiquitylated proteins to the proteasome 226.  

It has also been suggested that ataxin-3 might be involved in transcription repression 140. 

Ataxin-3 binds CBP, p300 and PCAF and can inhibit transcription by these coactivators. 

Additionally, ataxin-3 can bind histones through its josephin domain and inhibit their acetylation 

thus repressing transcription 140.  

The analysis of evolutionarily conserved orthologous genes in simple genetic models can play 

an important role in the assessment of the function of human genes. In this study, we identified the 
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C. elegans ATXN3 orthologue and characterized its pattern of expression, developmental regulation 

and protein subcellular localization. We demonstrate that C. elegans ataxin-3 has DUB activity, 

dependent on the conserved putatively catalytic cysteine. We also extensively analyzed the first 

known animal model for ataxin-3 deficiency, two C. elegans strains with deletions in the atx-3 gene. 

We show that despite no overt phenotype, both strains share de-regulation of genes involved in the 

UPP, structure and motility and signal transduction.  

 

 

Material and Methods 

 

Database searches 

The ataxin-3 homologous sequences were identified via BLAST search. The alignment was 

made with the BCM Search Launcher (http://searchlauncher.bcm.tmc.edu/multi-align/multi-

align.html) and displayed using BOXSHADE (http://www.ch.embnet.org/software/BOX_form.html). 

The Genbank accession numbers are: C. elegans: NP_506873, H. sapiens ataxin-3: P54252, H. 

sapiens ataxin-3 v1: NP_004984, M. musculus: NP_083981. Protein sequence analysis was 

performed using Pfam, SMART, PSORTII and PROSITE.  

 

Animal Culture & Observation of Phenotypes 

Animals were maintained at 20ºC in NGM or peptone plates (25). Both atx-3 knockout strains 

were outcrossed five times. Gene deletion of atx-3(gk193) was confirmed by single worm PCR using 

nested primers atx3_EL, atx3_ER, atx3_IL and atx3_IR. Deletion of strain atx-3(tm1689) was 

confirmed using primers atx3_EL2, atx3_ER2, atx3_IL2 and atx3_IR2 (Supplementary Table 1). 

Lack of protein was confirmed by western blot using anti-303JSP (described below). Synchronous 

cultures were obtained by bleaching 257. Animals were observed with a Zeiss SV11 stereoscope or a 

Zeiss Axio Imager D1 microscope to detect anatomic, behaviour or other visible alterations.  

 

Cloning and sequence analysis of C. elegans atx-3 cDNA 

The EST clone yk77c4 corresponding to atx-3 cDNA was sequenced and the missing 5´end 

was obtained using the RACE system (Invitrogen), following the manufacturer’s instructions. Using 

random primers and the enzyme SuperScript II RT (Invitrogen) the cDNA was obtained from total 

RNA. The PCR reaction was performed using the reverse primer ceNde and SL1 primer with an 
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additional PstI restriction site (Supplementary Table 1). The amplified fragment was subcloned into 

NdeI and PstI restriction sites of the initial yk77c4 construct and the full-length cDNA plasmid 

obtained was confirmed by sequencing. 

 

GFP reporter strains 

We analyzed strain BC14364 that is an integrated transgenic strain with GFP under the 

control of the putative atx-3 promoter (2 kb upstream of atx-3 start codon). Animals were 

anesthetized in agarose pads and visualize under the microscope. 

 

Antibody production and immunoblotting analysis 

The anti-ataxin-3 rabbit polyclonal antibody, anti-303JSP, was generated against the peptide 

containing the last 14 amino acids (ERFEKKKEERNDEK) of the worm protein and was affinity 

purified (David Biotechnologies). For immunoblotting, worms were collected from plates with M9 

buffer, resuspended in lysis buffer (100mM Tris, pH=6.8, 2% SDS, 15% glycerol) and boiled for 5 

min. The lysate was centrifuged and the supernatant was saved. Protein concentration was 

determined by the Bradford method and 75µg of protein extracts were separated in 10% SDS-

PAGE. Blots were probed with anti-303JSP 1:1000 and monoclonal anti-actin (1:2500; Sigma) as 

primary antibodies and anti-rabbit (1:10,000; CLONTECH) or anti-mouse (1:5000; Santa Cruz) as 

secondary antibodies. Detection was performed by chemiluminescence (Pierce). 

 

Expression and purification of recombinant His-tagged ATX-3 

The atx-3 full cDNA was cloned into the pDEST17 vector containing a His6-tag (Invitrogen). 

Mutagenic clones were obtained using the Quick-Change Site Direct Mutagenesis kit (Stratagene) 

following previously described protocol 258. Primer sequences are described in Supplementary Table 

1. Cysteine C20 replacement by alanine was obtained using primer C20A_hisATX-3F. The clone of 

the protein corresponding to the josephin domain was obtained using primer J1_hisATX-3F. Serine 

to alanine mutations in UIM1 and in UIM2 were obtained using primers S232A_hisATX-3F and 

S260A_hisATX-3F respectively. Recombinant protein was obtained by heterologous expression in E. 

coli BL21SI strains as previously described 57. The proteins were then purified using the His-Trap Kit 

according to the manufacturer’s conditions (Amersham).  
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Deubiquitylation assays 

Five hundred ng of recombinant ATX-3 was incubated with 500 ng of K-48 polyubiquitin 

chains (Affinity, Biomol) in 20 μl of assay buffer (50 mM HEPES, 0.5 mM EDTA, 1 mM DTT, 0.1 

mg/ml BSA, Complete protease inhibitor cocktail (Roche)) for 16 h at 30ºC. Reactions were 

stopped by adding SDS buffer and proteins were separated in a 4-20% SDS-PAGE gel. After 

transfer, the membrane was probed with monoclonal anti-ubiquitin FK2 (1:2000; Affinity, Biomol) 

and secondary anti-mouse (1:10,000; Santa Cruz).  

 

Microarray Experimental Design and Data Analysis 

Synchronous cultures of N2, atx-3(gk193) and atx-3(tm1689) were grown at 20ºC and when 

animals reached adulthood, they were washed off the plates with M9, pelleted and frozen. Total 

RNA was isolated with Trizol (Invitrogen), quality was assessed with the Agilent Bioanalyzer and 500 

ng of total RNA was amplified and labeled using the Agilent Low RNA Input Linear Amplification Kit. 

Each of three independent paired knockout and wild type replicate comparisons were hybridized 

onto the Caenorhabditis elegans Oligo Microarray from Agilent and dye swap was performed to 

eliminate the influence of dye bias, for a total of 12 arrays. Arrays were scanned with the Agilent 

scanner and images were analyzed using Agilent Feature Extraction (V.8.0) software. Data was read 

into R/Bioconductor and normalized (Lowess) between arrays. A linear model (Limma package in 

Bioconductor) to the data and a contrast analysis was performed. Differentially expressed (DE) 

genes were selected using a Bayesian approach with a false discovery rate of 0.1%. The union of 

DE genes between the two ko strains was 290. Genes were categorized combining gene 

description, gene ontology and Interpro description, since gene ontology alone was insufficient 

(poorly annotated). This information was obtained using Biomart (http://www.biomart.org/). 

Human gene orthologues of worm DE genes were obtained in R/Bioconductor using wormbase 

best blastp hits file  (ftp://ftp.wormbase.org/pub/wormbase/acedb/current_release/ 

best_blastp_hits.WS158.gz). Of 290 initial genes, we obtained 140 putative human protein 

orthologues. Enrichment analysis was done using David software 

(http://david.niaid.nih.gov/david/ease.htm) and performing chi-square statistical analysis. 

 

Quantitative and Semi-quantitative Real Time PCR 

Primers were designed using Primer3 software (Supplementary Table 1). Two µg of three 

independent samples (distinct from the ones used to do the hybridizations) of each strain were 
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DNAse treated (Promega) and converted into cDNA using iScript (Biorad) following standard 

protocols from the manufacturers.  

PCR reactions included Platinum Sybr Green qPCR SuperMix-UDG with ROX (Invitrogen), 3 ul 

of 10 fold diluted cDNA and 0.6 µM of each primer. Each reaction was run in triplicate in an ABI 

PRISM 7900 HT system. Fold change was calculated using the ∆∆ method using act-1 and hprt as 

reference genes.   

For semi-quantitative PCR, atx-3 and act-1 were amplified in the same reaction. The PCR 

product was separated in a 2% agarose gel, visualized with AlphaImager (AlphaInnotech) and 

analyzed densitometrically with the corresponding AlphaEase software. Atx-3 expression levels were 

normalized using actin. 

 

Promoter analysis 

DE genes were uploaded in Genomatix Gene2Promoter software and using default settings, 

common transcription factor binding sites were found in the promoter region that spanned 1Kb 

upstream the ATG start codon. 

 

 

Results 

 

Isolation and characterization of atx-3, the C. elegans ATXN3 orthologous gene  

We identified a C. elegans protein (NP_506873), here designated ATX-3, which presents 38% 

homology and 56% similarity with its human counterpart (Fig. 1). The corresponding gene, atx-3, is 

located on chromosome V, consists of 1.3 kb and comprises 4 exons. The C. elegans atx-3 gene 

does not contain the repetitive (CAG)n tract present in humans. ATX-3 consists of a conserved 

josephin domain (7-193 residues) and near the C-terminal it has two ubiquitin-interacting motifs 

(UIMs) (Fig. 1A and B). Using PSORTII we found a putative bipartite nuclear localization signal 

(NLS) that is also found in the homologous proteins of other species (Fig. 1A and B). Based on 

PSORTII analysis of subcellular localization, ATX-3 has a 43% probability of having a nuclear 

localization and a 35% probability of being in the cytoplasm. 
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C. elegans ATX-3 has deubiquitylating activity 

Domain similarity strongly suggests a conserved functional role(s) between worm and human 

ataxin-3. The catalytic amino acid triad (C, H and N), characteristic of human ataxin-3 and several 

ubiquitin proteases, was also present in worm ATX-3 (Fig. 1B). To test its function directly, we 

expressed worm ATX-3 in vitro and assessed its ability to cleave K-48 polyubiquitin chains, a 

common substrate for DUB assays. Like human ataxin-3, ATX-3 was capable of cleaving K48 

polyubiquitin chains and had higher activity with larger chains containing four or more ubiquitin 

molecules (Fig. 1C). Mutations in the predicted catalytic cysteine C20, corresponding to C14 in 

humans, inhibited this activity (Fig. 1C). Moreover, we observed that the josephin domain itself was 

capable of cleaving polyubiquitin chains, and that mutations in the UIMs did not seem to interfere 

with the DUB function of ATX-3 (Fig. 1C). However, total ubiquitylation levels in atx-3 mutant strains 

did not appear to be different from wild type, suggesting compensatory mechanisms or substrate 

specificity (data not shown).  

 

Atx-3 is expressed widely throughout development  

We next investigated at which life stages atx-3 was expressed in worms. The C. elegans atx-3 

expression pattern was determined using strain BC14364 that has an integrated transgene 

containing GFP gene under the control of 2 kb upstream of the atx-3 start codon.  

The subcellular localization was mainly cytoplasmic, but also nuclear in some cells. Young 

embryos did not present GFP signal but expression was observed in late embryogenesis and all 

stages of post-natal development: eggs, L1, L2, L3, L4 and adults (Fig. 2A). Adult animals showed 

stronger expression when compared to larval stages and eggs, and this was also proved by RT-PCR 

(Fig. 2B), suggesting potential developmental dynamics in atx-3 function. Strain BC14364 had a 

generalized expression pattern, with a strong signal in the spermatheca, pharynx, hypodermis and 

vulval muscle (Fig. 2A). Larvae showed a very distinct and intense signal in seam cells. Additionally, 

we observed high fluorescence in neuronal dorsal and ventral cord and neurons of the head and 

tail. Expression was also observed in the hypoderm, body muscles, coelomocytes and in some 

animals in excretory cells.  
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Figure 1. C. elegans ATX-3 shares conserved amino acid sequence, domains and deubiquitylating activity with human 

ataxin-3. (A) Scheme of the worm ataxin-3, with the josephin domain in position 7-193, ubiquitin-interacting motif 1 

(UIM1) present in position 219-236 and UIM2 in position 247-264. The bipartite nuclear localization signal (NLS) is 

near the C terminal (269-313). (B) Multiple alignment of worm (ATX3_ce), human ataxin-3 (ATX3_hs 1 e 2) and 

mouse (ATX3_mm) ataxin-3 orthologous proteins. Positions that are invariant or conservatively replaced in at least 50% 

of the sequences are shown on black and grey background, respectively. Predicted catalytic amino acids C, H and N 

are marked with a dark triangle, dark square and dark circle respectively. Conserved serine-232 in UIM1 is marked with 

a dark diamond and unconserved serine-260 in UIM2 is marked with a white triangle. Dark lines depict the localization 

of C. elegans UIM1 and 2 and grey line represents the NLS position. (C) C. elegans ATX-3 cleaves K48 polyubiquitin 

chains. ATX-3 preferentially cleaves chains containing four to seven ubiquitins (lane 2). Josephin domain (ATX-3_J1) 

itself is capable of cleaving polyubiquitin chains (lane 4) and a mutation in the catalytic cysteine (ATX-3_C20A) 

abolishes DUB activity (lane 3). Serine 232 and 260 present in UIM1 and 2 respectively, are not necessary for ATX-3 

activity (ATX-3_S232: lane 5, ATX-3_S260: lane 6. 



Chapter 2. Characterization of C. elegans ataxin-3 

45 

 

 

 

 Figure 2. see legend next page 



 

46 

Figure 2. ATX-3 is expressed throughout development and in several cell types. (A) Strain BC14364 that has an 

integrated transgene containing the GFP gene controlled by the 2.0 kb upstream region of atx-3 gene. Expression was 

observed in late embryos, eggs, larvae and adults (a,c,d). The BC14364 strain revealed a strong signal in spermatheca 

(f) and ventral cord (e). It also shows prominent staining of the pharynx (b). Ph: pharynx, cb: cell body, sp: 

spermatheca. White bar 0.2 mm, dashed bar 0.05 mm. (B) Semiquantitative PCR showing that atx-3 is expressed in all 

developmental life stages and more abundantly in adult animals. The gel picture shows a representative PCR and the 

graph shows normalized ratios of atx-3 expression using act-1 as housekeeping gene. (C) ATX-3::GFP co-localizes with 

DAPI in the nucleus.  Arrows point to one of the cells where there is nuclear localization of ATX-3. a: GFP filter images, 

b: DAPI filter, c: GFP and DAPI merged pictures, d: schematic GFP and DAPI merged picture where the DAPI filter was 

marked as red instead of blue to enhance co-localization. (D) Cellular fractioning and western blot using our anti-

303JSP antibody revealed that ATX-3 is present in the nucleus, although is more abundant in cytosol (S100) in wild 

type animals. The middle panel shows an anti-alpha tubulin western blot to prove that there is no cytosolic 

contamination in the nuclear extract and the lower panel shows anti-histone H3 western blot. The loaded amount of 

nuclear extract was 2.5 times more than the cytosolic in order to detect the nuclear fraction of ATX-3. 

 

 

Atx-3 loss of function mutants have no overt phenotype 

In this work, we characterized two atx-3 knockout strains: atx-3(gk193) and strain atx-

3(tm1698). Atx-3(gk193) has a 287 bp deletion of the putative promoter region and 79 bp of the 

first exon. Atx-3(tm1698) has a 660 bp deletion and 6 bp insertion covering most of the gene (Fig. 

3A). Both strains were outcrossed 5 times and the deletions were confirmed by nested PCR (Fig. 

3B). Absence of the protein was determined by western blot using our anti-303JSP antibody (Fig. 

3C). 

These two strains are, to our knowledge, the first known animals lacking the protein ataxin-3. 

The animals were viable and showed no obvious morphological abnormalities. The life span of the 

mutants, as well as brood size, did not differ from wild type (Fig. 4), which suggests that the atx-3 

gene is not essential for embryonic development or adult life. 

 

 

 

 

 

 

 

 



Chapter 2. Characterization of C. elegans ataxin-3 

47 

 

 

Figure 3. Atx-3(gk193) and atx-3(tm1689) are ataxin-3 knockout strains. (A) Genomic organization and gene structure 

of atx-3, coding exons are depicted as boxes, introns as lines. The position and extent of the two analyzed atx-3 

deletions alleles are depicted by lines. Atx-3(gk193)  has a 366 bp deletion affecting part of the putative promoter 

region and exon 1 and atx-3(tm1689) strain has a 660 bp deletion covering the end of exon 1 to the beginning of exon 

4. (B) Atx-3 deletions were detected by nested PCR. Atx-3(gk193) knockout strain and wild type showed a 1.2 kb and 

1.5 kb band respectively. Nested PCR to detect atx-3(tm1689) deletion originates a 1.4 kb band in atx-3(tm1689) 

mutants while in wild type originates a 2.0 kb band, concordant with the predicted deletion. (C) Western blot against C. 

elegans ATX-3 using our anti-303JSP antibody revealed a band with a molecular weight of approximately 42 kDa 

present in wild type animals and absent in both mutant strains. 

 

 

 

 

Figure 4. Atx-3 knockout animals are viable and have normal longevity. (A) Life span of wild type N2 and atx-3 mutant 

strains at 20oC was not statistically different. (n(N2)=51, n(gk193)=53, n(tm1689)=55 ; p>0.05, Kaplan-Meyer 

analysis); (B) Brood size analysis of the atx-3 mutant strains versus wild type did not show significant differences. 

(n(N2)=29, n(gk193)=30, n(tm1689)=30; p>0.05, T-test).  
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Detailed microscopic analysis revealed no defects in cell number and position. Locomotion 

and other behavioral aspects such as feeding, defecation, touch sensitivity, avoidance and 

chemotaxis assays appear to be normal (Fig. 5, data not show). 

 

 

Figure 5. Chemotaxis and avoidance responses were normal in atx-3 knockout animals. Attraction to isoamyl alcohol 

(IAA) (A) or acetone (B) was scored using adult animals. No statistically significant differences were observed between 

strains (n(N2)=32, n(gk193)=32, n(tm1689)=35; p>0.05, T-test). Avoidance assays were done using a ring of 10% SDS 

(C) or 8M glycerol (D). Atx-3 knockout animals behave like wild type. 

 

 

Transcriptomic profile of atx-3 knockout strains 

Considering the transcriptional repressor role proposed for ataxin-3 and the lack of an evident 

phenotype, we performed a large-scale microarray analysis to test the hypothesis that we would 

observe a molecular phenotype for the mutant animals that might provide insight into ATX-3 

function.  

Adult animals were selected since they showed higher expression of ATX-3. We selected three 

independent RNA samples of each knockout strain to be hybridized with three matched wild type 

samples and performed dye swap. Applying conservative criteria to identify only those genes with 

clearest differential expression (Bayesian approach, false discovery rate=0.1%), we identified 290 

differential expressed (DE) genes shared between the two knockout strains when compared to wild 

type (Fig. 6, Supplementary Table 2). The array data was very consistent and variance was 

extremely low. Although the two knockout strains can be considered independent replicates of each 
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other, we performed Real-Time PCR to provide additional confirmation evidence. Not surprisingly, 

8/8 genes were further confirmed using independent samples (Fig. 7B). 

 

 

 

 

Figure 6. Schematic depicting of the experimental procedures used in the gene expression study. Independent and 

synchronous cultures were grown until adulthood using standard protocols. Total RNA was isolated, amplified and 

labeled. Labeled cRNAs of matched knockout and wild type strains were hybridized into C. elegans Agilent slides. 

Hybridizations were performed in triplicate and with respective dye swap in a total of 12 slides. Data was filtered and 

normalized using R/Bioconductor. Using a Bayesian approach with a false discovery rate of 0.1%, we found 290 

differential expressed (DE) genes shared in both knockout strains. Some DE genes were further confirmed by Real-Time 

PCR. 

 

These 290 DE genes are likely to be biologically relevant because they were de-regulated 

similarly in both knockout strains. Of these, 253 were upregulated and 37 were downregulated. To 

understand the biological significance of the overall changes in gene expression, DE genes were 

categorized based on their concise description (Wormbase), Gene Ontology and Interpro 

description. Half of the DE genes (143) had unknown function. For some of the other 147 genes, 

the precise biological role is not known yet. However, we were able to annotate their putative 

function based on indirect evidence such as expression pattern, RNAi screens, protein structural 

domains and orthology/homology with other species. 

Our results show a clear de-regulation of several biological processes common to both atx-3 

mutants: cell structural/motility components (50%), signal transduction (20%) and the UPP (8%) 

(Fig. 7A). Other genes (22%) were involved in diverse metabolic pathways and were not specifically 

categorized. 
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Ubiquitin-proteasome pathway 

Genes encoding components of the SCF complex such as skr-8, 10 and skr-13 (skr: skp1 

related) were downregulated in the knockout strains. The SCF complex is a multisubunit ubiquitin 

ligase (E3) that facilitates the recognition of substrates by ubiquitin-conjugating enzymes (E2, Ubc) 

and is formed by four components: Skp1, a cullin, Rbx/Roc/Hrt1 and an F-box protein 201. In 

addition, we observed a downregulation of a large number of genes encoding F-box proteins in the 

knockout strains (Supplementary Table 2).  F-box proteins act as SCF adapters and can bind 

multiple specific substrates, often in a phosphorylation-dependent manner 259. An example is pes-2 

that encodes for a F-box protein probably involved in the UPP, which may also play a role in 

lifespan determination 260. Expression of the ubxn-5 gene was three-fold enriched in the absence of 

ATX-3. Ubxn-5 encodes a protein with a UBX domain, usually found in ubiquitin-regulatory proteins, 

which are members of the ubiquitination pathway 261. The putative ATPase encoding gene 

C10G11.8 was significantly overexpressed in knockout strains. C10G11.8 protein shows similarity 

with human 26S proteasome regulatory subunit 4. 

 

Structural & Motility-related genes 

Analysis of the mouse ataxin-3 expression pattern linked ataxin-3 to structural and/or motility 

proteins 205. Ten collagens, that are essential proteins involved in the formation of the worm cuticle, 

were enriched in the absence of atx-3 (Supplementary Table 2). In addition, myo-3, that encodes 

the minor isoform of myosin heavy chain and nmy-1, that encodes a class II non-muscle myosin 

heavy chain, were significantly upregulated. MYO-3 is highly expressed in body and vulval muscles, 

as is ATX-3. Nmy-1 has been involved in embryonic morphogenesis 262. Spe-11 was enriched in 

knockout strains and is similar to caldesmon protein that is involved in regulation of actomyosin 

interactions (36). Although both strains share these alterations in motility-related genes, the 

animals have an apparently normal movement and muscle organization.  
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Figure 7. Several pathways are altered due to the absence of ATX-3. (A) Bars correspond to the percentage of total 

known genes changed in knockout strains that belong to each biological process. The percentage of down or 

upregulated genes of each category is also shown in each bar with gray and dark gray colors respectively. Additionally, 

each bar connects to the list of genes that belong to that category. X axis corresponds to the % of genes. (B) Validation 

of some selected DE genes found in the microarray experiment by Real-Time PCR. Two major sperm proteins (msp-19 

and F44D12.3), one myosin (nmy-1), one collagen (col-9) were also found upregulated in other independent samples of 

ATX-3 knockout strains. The skr genes and F-box gene pes-2 were downregulated. Expression changes were calculated 

using the delta-delta method using hprt as reference gene (similar results were obtained using act-1). Bars correspond 

to the normalized average of gene fold change between the two knockout strains. Error bars correspond to the standard 

error. 
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Thirty-seven major sperm proteins (MSP), comprising central components underlying worm 

sperm motility, were highly enriched in both knockout strains (Supplementary Table 2). MSPs are 

involved in extracellular signaling to promote oocyte maturation and cytoskeleton function 263. Other 

cytoskeleton-related genes such as ssq-4 (similar to human cytoskeletal 9 keratin), ifp-1 

(intermediate filament) and ssq-2 (elastin precursor) were also upregulated in the absence of ATX-3.  

 

Other pathways 

Some genes involved in signal transduction were altered in atx-3 knockout strains 

(Supplementary Table 2). Par-4 encodes a serine-threonine kinase involved in development 264 that 

was downregulated in knockout strains. Some other genes abundant during spermatogenesis 265 

were upregulated in mutant strains such as R13H9.5 that encodes a protein kinase and ZK354.8, 

encoding a protein tyrosine phosphatase.  

Additionally, bath-31 and egl-38 were downregulated in the absence of atx-3. The egl-38 

encodes Pax5 transcription factor homologue and mutations result in a discrete set of defects in 

developmental pattern formation 266. Bath-31 encodes a protein that has a BTB/POZ domain. 

Proteins with a BTB/POZ domain have been shown to mediate transcriptional repression and to 

interact with components of histone deacetylase co-repressor complexes, including N-CoR and 

SMRT 267,268. 

 

Bioinformatic analysis of the promoter region of the differentially expressed genes 

One hypothesis is, rather than being direct ATX-3 targets, the DE genes were de-regulated by 

other TFs or repressors that could be altered in the absence of ATX-3. Thus, we decided to analyze 

the promoter regions of all DE genes (1Kb upstream the start codon) using the Genomatix software 

Gene2Promoter 269. We searched for common TF binding sites in the multiple promoter sequences 

and we were able to detect 5 shared putative TF binding sites in more than 80% of the genes (Table 

1):  SKN-1, CEDS, RPOA, TFAM and RVUP.  
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Table 1. Common TF binding sites of DE genes. All described were considered significant by the Gene2Promoter 

software(p<0.05). 

 

While the biological function of the members of RVUP, RPOA, TFAM families is unknown in C. 

elegans, the CSKN and CEDS TFs have been widely studied.  

TFs of the CEDS family, such as ces-2, are usually involved in the control of cell-death of 

individual cell types 270.  

Of particular interest is the CSKN family, named after the TF SKN-1 of C. elegans. SKN-1 is 

involved in mesodermal specification and in stress response, specially to oxidative stress 271,272. It is 

known that proteasomal inhibition or stresses affecting protein homeostasis as heat shock also 

activate this TF 273. If ATX-3 substrates are accumulating in the mutant animals, this pathway could 

be activated. Another possibility is that ATX-3 modulates SKN-1 degradation through the UPP and 

that its absence, and consequent de-regulation of SKN-1, could interfere with the SKN-1-dependent 

gene expression. 

However, we did not detect changes in the expression of some SKN-1 main targets, such as 

gcs-1 and gst-4 (Table 2 in Supplementary Material). Nevertheless, it is possible that SKN-1 has 

many unidentified targets, some of them presented in the DE genes, as it can also trigger a stress 

response independent of gst-4 induction, for example 273. Thus, SKN-1 activation and the 

consequent changes in target gene expression in ATX-3 mutants still remain an open question. 

 

 

 

 

 

 

Family 
Sequence 

length (bp) 

Number of positive 

promoter regions 
Description 

CSKN 13 245 SKN-1, mesodermal control and stress response 

CEDS 11 235 Cell-death specification 2 

RPOA 21 282 Retroviral PolyA signal 

TFAM 13 246 Mitochondral HMG-box transcription factor 

RVUP 21 238 Retroviral upstream element 
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Discussion 

 

Evolutionary conservation between mammalian and C. elegans ataxin-3 

Here we identified and characterized the C. elegans ataxin-3 orthologue, ATX-3, and showed 

by sequence/domain similarity and in vitro biochemical analysis that it shares functional 

conservation with human ataxin-3. ATX-3 has a conserved josephin domain, two UIMs and a NLS 

located in similar positions as the human protein. Interestingly, C. elegans ATX-3 lacks the polyQ 

tract, which may indicate that the polyQ stretch is irrelevant for the normal protein function. Our 

results demonstrate that the worm ATX-3 has DUB activity in vitro against K48 polyubiquitin chains 

and that the josephin domain is responsible for this activity. Concordant with the human data, the 

putative catalytic cysteine in the josephin domain is essential for DUB activity. In addition, worm 

ATX-3 preferentially cleaves polyubiquitin chains of four or more ubiquitins, the minimal chain 

length required for proteasomal targeting degradation.  

The fact that the two proteins share the same molecular partners also provided further 

evidence of their functional identity. C. elegans ATX-3 has been shown to interact with CDC-48.2, 

the worm homologue of VCP/p97, a known molecular interactor of human ataxin-3 274.  

Our findings also showed an overlap between mouse and worm ataxin-3 temporal expression 

and cell type localization. Our previous work showed that mouse ataxin-3 is expressed throughout 

development 205, similar to worm ATX-3 expression. Both mouse and worm ataxin-3 are abundant in 

muscle, neurons and sperm.  

The preserved protein motifs and expression pattern, conserved molecular partners and in 

vitro deubiquitylating activity suggest that ATX-3 is the worm functional orthologue of human ataxin-

3.  

 

Transcriptional signature of ATX-3 knockout models 

The general ATX-3 localization made it difficult to infer its specific biological function based on 

its expression pattern. This was further complicated by the lack of an obvious phenotype in the atx-

3 knockout animals. Therefore, and also because ataxin-3 has been involved in transcriptional 

repression, we decided to perform a large-scale microarray study on the two knockout strains. This 

revealed strongly overlapping changes in gene expression, providing evidence of a clear molecular 

phenotype. The microarray data showed a de-regulation of worm genes related to several key 

biological processes in ATX-3 knockout strains, specifically the UPP, cell structure and motility, and 
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signal transduction. Gene ontology analysis was also performed on the human orthologues of the 

DE genes and revealed a clear enrichment of similar pathways found in worms (data not shown).  

 

ATX-3 and the ubiquitin-proteasome pathway (UPP) 

UPP has a central role in the degradation of key regulators and is involved in the pathogenesis 

of several human diseases such as Parkinson’s disease 275. Considering the close relationship 

between ataxin-3 and the UPP, it was not surprising that several genes involved in this pathway 

were altered in the absence of ATX-3. Ubxn-5 was enriched in both knockout strains. In yeast, some 

UBX proteins have been found to act as adaptors for CDC-48 (orthologue of VCP/p97) -dependent 

protein degradation through the UPP 261. Another C. elegans UBX protein, UBXN-1, has been shown 

to interact with one of the worm VCP/p97 orthologues 274, raising the possibility of UBXN-5 being 

another adaptor for VCP/p97-dependent protein degradation pathway (Fig. 8A). C10G11.8, a 

proteasome 26S regulatory subunit 4, was up-regulated in knockout strains. This subunit also 

interacts with VCP/p97 276 and participates in the initial recognition and binding of substrates by the 

proteasome. Enrichment of these two genes may suggest a cellular attempt to compensate for the 

absence of a protein involved in the protein degradation pathway and strengthens the biological 

significance of ataxin-3 and VCP/p97 interaction. 

Another important player in the UPP is the SCF (skp-1, Cdc53 (cullin), F-box) complex, an E3 

ubiquitin ligase that targets several proteins for proteasomal degradation such as transcription 

factors, signal transducers, and cell cycle regulators. Substrates are recruited to the core of the SCF 

complex through specific adapter subunits called F-box proteins, each of which binds multiple 

specific substrates. Our microarray data showed that several skp1-related (skr) genes (skr-8, -10, 

and -13), as well as some F-box protein encoding genes, were down-regulated in atx-3 knockout 

strains. A genomewide computational analysis of functional interactions in C. elegans was recently 

described in which several SCF-associated genes were identified as putative genetic interactors of 

atx-3 277 . 

Addition or removal of Nedd8 from the cullin subunit of the SCF regulates E3 activity 278,279. Our 

unpublished observations that Nedd8 interacts with human and worm proteins and that ataxin-3 

has deneddylase activity in vitro 230 emphasize the possibility of a functional role in the SCF 

complex. We propose a model whereby ATX-3 interacts directly with Nedd8, which can regulate 

SCF complex activity and interfere with the degradation of several proteins, including transcription 

factors and developmental regulators (Fig. 8A). This can potentially explain the large number of 
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spermatogenesis and developmental-related genes altered in the absence of ATX-3. Another C. 

elegans DUB enzyme, UCH-1, has also been implicated in spermatogenesis and embryonic 

development 280.  

 

Transcriptional regulation 

ATX-3 can have several modi operandi in transcriptional regulation. First, through its DUB 

activity, ATX-3 can modulate transcription factor and repressor degradation by removing the 

polyubiquitin degradation signal. One of these can be the SKN-1 transcription factor, for example. 

Second, it can control transcription factor degradation through the SCF complex (Fig. 8A). In 

addition, ATX-3 may have a more direct effect over transcription regulation. Human ataxin-3 has a 

NLS and is transported into the nucleus 212, where it regulates transcription through at least two 

independent mechanisms 140 (Fig. 8B). Worm ATX-3 also has the conserved NLS; it is present in the 

nucleus and its absence leads to a preponderance of up-regulated genes, supporting a role as a 

transcriptional repressor.  

 

Reinforcing this hypothesis, our gene expression analysis of ATX-3 mutants revealed a strong 

up-regulation of collagens, which are constituents of the extracellular matrix (ECM), and a 

microarray study of cell lines expressing ataxin-3 by Evert et al suggested that normal ataxin-3 

seems to be involved in the transcriptional repression of ECM-associated components 135. Other 

ATX-3 repressor activity direct targets can be identified by ATX-3 overexpression (to observe 

enhanced repressor activity on some genes), yeast two hybrid screening (to detect potential 

corepressor activity partners), and chromatin immunoprecipitation (if ATX-3 binds directly to 

histones/DNA).  

Based on these observations, we support a model where ataxin-3 functions in the UPP 

degradation pathway and in transcriptional regulation. Moreover, these functions may be cell-

specific, potentially explaining why only a subset of neurons is affected in the human disease 

despite widespread expression of mutant and normal ataxin-3.  
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Figure 8. Speculative models of ataxin-3 functions in C. elegans. A) ATX-3 participates in the UPP. ATX-3 can form a 

complex with CDC-48 (worm VCP/p97 orthologue) and UBXN-5 (or other adaptor), and act as a shuttling factor in the 

delivery of proteins for proteasomal degradation (I). UBXN-5 interaction with CDC-48 is not proven yet, but a similar 

protein named UBXN-1 is able to interact with it. Substrates can include transcription factors and developmental 

regulators. ATX-3 preferentially binds proteins with four or more ubiquitin molecules, a common signal for proteasomal 

degradation, and is able to cleave the polyubiquitin signal, facilitating the entrance in the proteasome or modulating the 

degradation of the substrate (II). Alternatively, ATX-3 can interact directly with NED-8 (N8), which regulates SCF activity, 

interfering with the degradation of several proteins (III). B) ATX-3 has a role in transcriptional regulation. ATX-3 can 

regulate transcription by histone masking (I), as proposed for human ataxin-3, where ATX-3 direct binding to histones 

regulates histone modifications, which can result in structural changes that will affect transcription. Besides this 

mechanism, ATX-3 can take part in transcriptional regulator complexes (II) and control the transcription of several 

target genes such as extracellular matrix (ECM) components (structural proteins). Indirectly, ATX-3 probably modulates 

the degradation of transcription factors and repressors through the UPP, and its absence can contribute to deregulation 

of certain gene classes (III). A, acetylation; TF, transcription factor; TG, target genes; N8, NED-8. 
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Conclusions 

 

In summary, we characterized the C. elegans orthologue of the MJD protein, ATX-3, and 

showed that it is widely expressed and has deubiquitylating activity. The evidence that the atx-3 

gene is not essential in worms raises new possibilities for potential therapeutic approaches for MJD 

patients, such as silencing of the gene using RNA interference 281.  

Our microarray data provided some likely connections between ATX-3, the UP/SCF 

degradation pathway, structural and motility components, signal transduction and transcription 

regulation.  

Additional studies are needed to clarify the specific physiological roles of ataxin-3, and the two 

knockout strains characterized here will be useful. Furthermore, the hypothetical networks and 

models developed can serve as a critical platform for our understanding of normal ataxin-3 

function(s) and its role in modulating the disease course. 
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General Considerations 

 

The identification of ataxin-3 partners has lead to important advances in understanding ataxin-

3 function. For example, the interaction of ataxin-3 with the proteasome 209,282, with VCP/p97 209,218,226,283 

and ubiquitylated proteins 209 suggested that ataxin-3 protein could be involved in the ubiquitin-

proteasome pathway (UPP) (see Chapter 4 for more details). Later, it was found that ataxin-3 

interacted with the two human homologues of the yeast DNA repair protein RAD23, HHR23A and 

HHR23B 209,228. HHR23 may play a role as a "shuttle factor" for translocating proteins to the 

proteasome for degradation since the yeast Rad23 can bind ubiquitin, multiubiquitin chains and 

multiubiquitylated proteins284 through its ubiquitin-associated (UBA) domains. Considering this data, 

Wang and colleagues proposed the first evidence-based model for ataxin-3 function in the UPP. In 

this model, VCP transfers the ubiquitylated species from HHR23 to ataxin-3 which then helps them 

enter the proteasome 228.  

Ataxin-3´s interaction with histone deacetylase 3 also lead to some advances in 

understanding the role of this protein in transcriptional repression 217.  

Besides the important contributions for the discovery of ataxin-3 function, finding ataxin-3 

interactors can also help us explain the specificity of neuronal death that occurs in MJD, despite the 

ubiquous expression of the mutant protein. New molecular partners can also be ataxin-3 functional 

substrates, which may be important in a mechanistic disease perspective.  

 

In this chapter, we describe preliminary work regarding the search of new ataxin-3 interactors. 

To achieve this, we used three different approaches: i) a Yeast-Two Hybrid (Y2H) Screening, ii) Y2H 

assays to test interaction with candidate proteins and iii) an ataxin-3 GST-Pulldown assay of C. 

elegans endogenous proteins combined with Mass Spectrometry.  

Using these three approaches, we were able to find several new ataxin-3 interactors. Of these, 

a considerable proportion were cell structure- and motility-related proteins such as alpha-tubulin, 

intermediate filaments and vimentin-like proteins, myosin-heavy chain and dystrophin, among 

others. Previously known ataxin-3 interactors such as VCP/p97, alpha-tubulin and HSP90 were also 

found, validating our approach.  

Although most of the interactions still require confirmation by complementary techniques, 

their identification is an important contribution to our understanding of ataxin-3 biological role and 

allowed us to propose different models for ataxin-3 function that are presently being tested.  
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This chapter will be divided in four main sections: first, a description of the ATX-3 interactors 

identified with this work (Chapter 3.1). The other three sections explore in more detail some of the 

hypotheses raised concerning the interaction of ATX-3 with specific proteins. 

 

Chapter 3.1: Searching for ATX-3 interactors 

 3.1.1 Yeast Two Hybrid (Y2H) Screening 

 3.1.2 Testing candidate interactors by Y2H 

 3.1.3 GST-Pulldown screening 

 

Chapter 3.2 ATX-3, UBXN-5 and CDC-48: a new trimolecular complex in C. elegans 

 

Chapter 3.3 ATX-3, NED-8 and the SCF complex 

 

Chapter 3.4 ATX-3 in muscle 
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3.1.1 Yeast Two Hybrid Screening 

 

Introduction 

 

The Y2H assay is based on the reconstruction of a transcription factor (TF) that possesses 2 

domains. The prey protein is in frame with the activation domain (AD) of the TF while the bait 

protein is in frame with the DNA binding domain (BD) of the same TF. If the prey and bait interact, 

the two TF domains achieve close physical proximity and are able to activate the promoter of the 

reporter gene. In this screening, we used a GAL4-based Y2H system and the yeast strain Y190 that 

allows a dual selection system for interactor screening (see review 285). This yeast carries two 

reporter genes whose expression is regulated by the GAL4 TF: the E. coli Beta-galactosidase (LacZ) 

gene and the selectable HIS3 gene. When there is a physical interaction between prey and bait, 

there is induction of expression of the LacZ enzyme, which cleaves the X-Gal compound giving a 

blue color to the colonies in the colony filter assay. The second reporter, HIS3, is based on the fact 

that Y190 strain is a histidine auxototrophic strain and this gene needs to be activated by the GAL4 

TF in order for the colonies to grow in selective plates without histidine (Fig. 1).  

 

 

 

Figure 1. The GAL4-based Y2H system using Y190 yeast strain. In the absence of interaction between prey and the 

bait ATX-3, the two reporter genes, LacZ and HIS3, are not activated (A). When the prey interacts with ATX-3, the two 

GAL4 domains AD and BD reach proximity and activate the promoter of the two reporters genes (B). The colonies are 

able to grow in plates without histidine (His+) due to the activation of HIS3 and the colonies are blue in the presence of 

the X-Gal due to the cleavage of this compound by the LacZ enzyme. 
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Material and Methods 

 

Cloning 

For the Yeast Two Hybrid (Y2H) screening, the atx-3 gene was amplified from a mixed worm 

population using primers BamHI_atx-3 and PstI_atx-3 that contain the appropriate restriction sites. 

The fragment and the pGBT9 vector (Clontech) were cut using BamHI and PstI enzymes; run on a 

1% agarose gel and then bands were excised and purified using QIAquick Gel Extraction Kit 

(Quiagen). The products were ligated overnight using T4 DNA ligase from Fermentas. Ligation was 

transformed in DH5α and transformants were sent to sequence. 

The original Y2H vectors pAS1-2 and pACT2 (kindly provided by Dr S. Elledge, Baylor College 

of Medicine) were converted into yeast two-hybrid Gateway vectors pAS1g and pACT2g, 

respectively, following the manufacturer’s instructions (Invitrogen). 

 

Yeast Two Hybrid strains and standard procedures 

In this work we used Saccharomyces cerevisiae yeast strain Y190 purchased from ATCC. 

Yeast strain Y190 genotype: MATa, ura3-52, his3-200, ade2-101, lys2-801, trp1-901, leu2-3, 112, 

gal4D, gal80D, cyhr2 LYS2::GAL1UAS-HIS3TATA-HIS3, MEL1, URA3: :GAL1UAS-GAL1TATA-lacZ. 

Yeast strains were cultivated on YPD (complete) or SC (minimal) medium agar plates or as 

liquid culture with vigorous agitation as described (Clontech). All the media were supplemented with 

0,003 % adenine, since Y190 strain harbors an auxotroph ade2-101 mutation within the adenine 

gene. All aminoacids were included in the SD media except the uracil (U), histidine (H), leucine (L), 

and tryptophan (W) that were added according to the selection desired. For example, a SC-W is a 

SC media without tryptophan on its composition. 

For short-term storage, yeast was streaked on agar plates, grown until colony formation and 

stored at 4 °C. For long-term storage, yeast stocks in 25% glycerol were stored at -80 °C. 

 

Yeast Two Hybrid Screening  

The pGBT9/atx-3 plasmid was transformed into Y190 pre-transformed with a C. elegans 

library (from mixed staged population) using standard procedures (Clontech).  About 0.6x107 clones 

were screened. Of all these transformants, 600 clones grew on SC-WLH selective plates 

complemented with 3mM 3-amino-1,2,4 triazole (3-AT) and only 200 showed positive lacZ testing.  
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Plasmid DNA was isolated and sequenced. Sequences were Blasted and the corresponding gene 

and protein were obtained (Duke University). 

 

 

Results 

 

Assessment of the ATX-3 bait auto-activation and toxicity 

The auto-activation of the bait ATX-3 (BD_ATX-3) was evaluated by growing the transformed 

yeast in SC-WL and SC-WLH supplemented with increasing amounts of 3-AT. No colony growth was 

observed using plates supplemented with 25 mM 3-AT (data not shown), which was defined as the 

minimum 3-AT concentration required for all the Y2H experiments. The ATX-3 bait did not present 

any toxicity since the colonies were pink (characteristic of Y190) and with the normal diameter size: 

1.5-2.0 mm. 

 

Screening for new ataxin-3 interactors using the Yeast Two Hybrid technique 

Y190 strain containing pGBT9/ATX-3 was transformed with a commercial C. elegans library 

from mixed staged populations to ensure that the majority of the proteins were present. A total of 

0.6 x 107 transformants were placed under selection and around 600 His+ colonies were collected. 

Of these, only 201 colonies showed positive lacZ activity in the colony filter assay. PCR 

amplification of the library plasmid inserts was performed for 36 of these clones. Sequences were 

BLASTed and checked for the correct frame.  

Of these, 29 clones corresponded to the CDC-48.2 protein. Four others represent three new 

C. elegans ataxin-3 interactors, one clone comprised a sequence with no protein match and one 

other clone (2-H6) corresponded to an out of frame protein sequence (Table 1). The other clones 

are presently being sequenced. 

Each clone was retested to detect false positives. Clone 2-G4, when co-transformed with 

pGBT9/ATX-3 was unable to grow in SC-WLH supplemented with 25mM 3-AT, the minimum 

concentration necessary for eliminating bait autoactivation (data not shown), therefore it was 

assigned as false positive. Clones 2-A7, 1-F9, 1-A1, and 1-A11 were assigned as true positives 

since these clones, when co-transformed with pGBT9/ATX-3, were able to grow in SC-WLH 

supplemented with 3-AT and showed reporter gene activation (Fig. 2).  

 



 

68 

Table 1. List of the sequenced transformants of the Y2H screening. 

 

 

Figure 2. New ataxin-3 interactors found in the Y2H screening. All clones were retested in SC-WLH plates 

supplemented with 30mM with the exception of 1-A1 which plates were supplemented with 90mM of 3-AT to eliminate 

prey auto-activation. Besides growing in plates without histidine, colonies showed lacZ positive testing (third column). 

 

 

 

 

 

 

Hit ID Protein Function Protein Region 
Additional 

Hits 
Retesting 

2-H6 C33F10.1 - 1-166 - not in frame 

2-G4 RPS-4 ribosomal protein 4 1-259+ - negative 

2-A7 UBC-2 ubiquitin ligase type 2 1-147end - positive 

1-F9 D10D86.6 mucin like protein 233-282(end) 2 positive 

1-A11 F08G5.1 unknown 1-262+ - positive 

1-A1 CDC-48.2 VCP/p97 homologue 1-549+ 29 positive 

1F-8 -  . - no protein match 
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3.1.2 Testing candidate interactors by Y2H 

 

Introduction 

 

Based on previous functional hypotheses (Chapter 2) and on evidence obtained in our lab, we 

decided to determine if some candidate proteins interacted with ataxin-3.  

Human ATX-3 interacts with Nedd8, an ubiquitin-like protein involved in the regulation of the 

E3 ligase SCF (Skp1, Cullin, F-box) complex. We decided to test by Y2H if ATX-3 interacted with 

NED-8 and with components of the SCF complex, namely the RBX-1 protein and the F-box protein 

PES-2, which was downregulated in ATX-3 knockout animals. Furthermore, we decided to study if 

ATX-3 interacted with CSN-5, a protein responsible for the deneddylase activity of the COP9 

signalosome complex. 

Since ataxin-3 has been associated with the ubiquitin-proteasome pathway, we decided to 

verify if ATX-3 interacted with three proteins involved in this pathway that were altered in the ATX-3 

knockout strains: the proteasomal subunit C10G11.8, the ubiquitin-like protein F56F3.4 and the 

VCP/p97 putative adaptor UBXN-5. 

Because several major sperm proteins (MSPs) were significantly upregulated in ATX-3 

mutants, we assessed if the MSP domain was a common interaction motif for ATX-3 binding (MSP-

59). 

Another josephin protein exists in C. elegans, Y71H2AR.3, and since human ataxin-3 can self-

associate to form dimers and multimers and this is mediated by the josephin domain, we decided 

to study if ATX-3 interacted with this protein, which could indicate a high structural similarity and 

possibly a functional relationship between these two proteins. 

 

 

Material and Methods 

 

Cloning 

To construct the clones used in the regular Y2H assays and recombinant protein expression, 

the gene atx-3 was amplified from cDNA originated from mixed stage population with primers 

attB1_atx-3 and attB2_atx-3, and inserted into pDONR. A similar strategy was applied for ubxn-5, 
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rbx-1, C10G11.8, and csn-5 (Primers in Supplementary Table 1). Clones pDONR201/NED-8, 

/Y71H2AR.3, /F56F3.4, /F56G4.2 and pDONR201/MSP-59 were purchased from Open 

Biosystems. The genes were transferred into pAS1g or pACT2g using the Gateway technology 

(Invitrogen).  

 

Yeast Two Hybrid strains and standard procedures 

In this work we used Saccharomyces cerevisiae yeast strain Y190 (see Chapter 3.1.1 for 

additional details). 

 

Yeast Two Hybrid assays 

The yeast transformations were performed using the lithium acetate method (Clontech). Single 

transformants (either bait or prey) were plated in selective SC and tested for auto-activation using 

different amounts of 3-AT to determine the optimal concentration to use in the interaction assays. 

Sequential transformation was used to perform double transformations (bait + prey) (ref). 

Transformants were plated in SC-WL and SC-WLH supplemented with appropriate concentration of 

3-AT. The interaction between SNF4 and SNF1 encoded by pSE1111 and pSE1112, respectively, 

was used as a positive interaction control (kindly provided by Dr S. Elledge, Baylor College of 

Medicine). Incubations were performed at 30 ºC for 2-10 days. The Colony-lift Beta-galactosidase 

filter assays were performed according regular protocols (Clontech). 

 

 

Results 

 

Assessment of the prey auto-activation and toxicity 

All candidates were tested for auto-activation and toxicity. Table 2 displays the summary of the 

auto-activation and toxicity results.  

The NED-8 protein presented some toxicity since the colonies were slightly smaller than 

normal (1.5 mm). Regarding the auto-activation assay, all the prey clones showed no gene reporter 

activation at 30mM 3-AT.  
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Table 2. Candidate ATX-3 interactors tested by Y2H. Assessment of toxicity, autoactivation and interaction results. The 

positive ATX-3 interactors are shaded in grey. 

The toxicity results of each prey is shown as colony growth (3rd column). In the 4th column, the amount of 3-AT necessary to eliminate prey auto-

activation is mentioned. The Y2H interaction results are depicted in the last two columns. We observed the colony growth in selective media without 

histidine (1st reporter gene) and the ability to cleave the X-Gal compound in colony filter assay giving a blue color to the colonies (2nd reporter gene).  

 

Prey Function 

Toxicity 

SC-L 

Elimination of 

autoactivation 

Interaction 

SC-WLH with 3-AT 

Colony 

growth 
[3-AT] mM 

Colony 

growth 
X-Gal 

RBX-1 Component of E3 ligases Cul-1 type +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

PES-2 F-box protein, putative E3 ligase component +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

CSN-5 Subunit 5 of the COP9 signalosome complex +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

NED-8 Ubiquitin-like protein, associates with cullins  ++ (1.5 mm) 30mM ++ (0.5-1 mm) blue 

Y71H2AR.3 Protein that contains a josephin domain +++ (1.5-2 mm) 30mM +++ (1.5 mm) blue 

C10G11.8 26S proteasome regulatory subunit 4 +++ (1.5-2 mm) 30mM - white 

MSP-59 Member of the Major Sperm Protein family +++ (1.5-2 mm) 30mM - white 

F56F3.4 Predicted Zn-finger protein, ubiquitin family +++ (1.5-2 mm) 30mM +++ (1.5 mm) blue 

UBXN-5 UBX protein, VCP adaptor +++ (1.5-2 mm) 30mM +++ (1.5 mm) blue 

 This clone has a base pair substitution that causes a premature stop codon. Instead of the 341 amino acid protein, it encodes a protein 

comprising the first 228 aminoacids. +++ normal growth and colony size, ++ medium growth, + slow growth; [3-AT] is the necessary concentration of 

3-AT in the plates to eliminate prey autoactivation. 

 

 

Of the proteins tested, Y71H2AR.3, F56F3.4, UBXN-5 and NED-8 interacted with ATX-3. 

Additional results concerning UBXN-5 and NED-8 are presented in Chapters 3.2 and 3.3, 

respectively. 
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Figure 3. Results of the assessment of ataxin-3 direct interaction with candidate proteins. (A) ATX-3 did not interact 

with CSN-5, RBX-1, MSP-59, PES-2 and C010G11.8. (B) ATX-3 interacted with the josephin protein Y71H2AR.3, NED-

8, UBXN-5 and with the ubiquitin-like molecule F56F3.4. Yeast were cotransformed with the pAS1g/ATX-3 (BD_ATX-3) 

and the pACT2g/candidate (AD_candidate) vectors. In the case of UBXN-5, F56F3.4, NED-8 and Y71H2AR.3, both the 

His3 and the LacZ gene reporters were activated as seen by the growth in selective SC-WLH media supplemented with 

30 mM 3-AT and the appearance of blue colonies in the colony filter assay, respectively. 
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3.1.3 GST-pulldown screening  

 

Introduction 

 

Considering the low number of positive interactors in the Y2H screening and in order to detect 

additional ataxin-3 partners, we decided to use a complementary approach: a GST-pulldown of 

endogenous worm proteins using recombinant GST-tagged ataxin-3. After the pulldown, bound 

proteins were run on a regular SDS-PAGE gel and then excised bands were sent for protein 

identification by mass spectrometry. This method is highly sensitive but also originates several false 

positive interactors thus additional confirmation by a different technique is usually required. 

  

Material and Methods 

 

Cloning 

Genes were transferred from pDONR into the pDEST15 vector (used to produce GST 

recombinant proteins) using the Gateway technology (Invitrogen). 

 

E. coli Recombinant protein expression and purification 

pDEST15/atx-3 plasmid was transformed in E. coli BL21 pLYS. Cultures were grown until 

OD600 of 0.5 on LB medium plus ampicillin (50 ug/ml) and cloramphenicol (12 ug/ml). Expression 

was induced by addition of IPTG to a final concentration of 1 mM and was carried for 3h at 30ºC. 

Cells were harvested and the pellet frozen and resuspended in lysis buffer (PBS 1X, 66 μg/ml 

lysozyme, 1% Triton X-100, 1 mM PMSF and Complete EDTA-free protease inhibitor cocktail 

(Roche)) and incubated on ice for 1h. The lysate was sonicated twice and then centrifuged 10 

minutes at 13000 rpm at 4ºC.  

The supernatant was incubated with glutathione-sepharose 4B beads (GE Healthcare) 

according to the manufacturer’s instructions and eluted with 10 mM reduced glutathione in 50 mM 

Tris-HCl pH 8. Proteins were dialyzed in PBS overnight and quantified using the Bradford method. 
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C. elegans protein isolation for GST-Pulldowns 

Around 3 ml of lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 0.5% NP-40, 

1 mM PMSF, Complete EDTA-free protease inhibitor cocktail (Roche)) was added to a frozen pellet 

of a C. elegans mixed population. Pellets were incubated on ice for at least 30 minutes. They were 

frozen and thawed several cycles and then sonicated in a water bath until the solution was cleared. 

After a 10 minute centrifugation at 12 000 rpm at 4ºC, the supernatants were quantified using the 

Bradford method. 

 

GST pulldown assay 

The purified GST or GST-tagged ATX-3 (20 μg) were incubated for three hours at 4ºC with 3 

mg of C. elegans protein extracts previously pre-cleared using 30 μl of glutathione-sepharose 4B. 

After this incubation, 50 μl of glutathione-sepharose 4B was added and incubated for an additional 

hour. The resin was extensively washed in the lysis buffer and the bound proteins were eluted by 

boiling in 50 μl of 1X SDS sample buffer and then were analyzed by SDS-PAGE. Gels were stained 

using general silver staining protocol. 

 

Mass spectrometry sample preparation 

Bands were excised from the gels, cut in small pieces (1 x 1 mm) using a scalpel. Samples 

were washed two times with 0.4 M NH4HCO3/ 50% acetonitrile (ACN) for 15 min at 37ºC and then 

dehydrated with ACN. The gel pieces were rehydrated with 20 mM DTT for 30 min at 56ºC. 

Samples were dehydrated again with ACN and then alkylated with 55 mM IAA for 15 min in the 

dark at room temperature. Gel pieces were shrunk again and at least 10 μl of 0.04 μg/μl trypsin 

solution (Sequence-grade modified trypsin from Promega) was added and allow to absorb for 10 

min on ice. 40 mM NH4HCO3/10% ACN solution was added to completely cover the gel pieces and 

reactions were incubated at 37ºC overnight.  

After the overnight incubation, ACN was added to a final 50% concentration and incubated 15 

min at 37ºC. The supernatant was collected and the extraction was repeated twice with a solution 

containing 50% ACN/ 5%HCOOH. Peptides were dried and immediately prior to mass spectrometry 

(MS) analyses the peptides were dissolved in 10 μl of 2% HCOOH. 

 

Mass spectrometry 

Each sample was analyzed using a nanoflow LC (Famos, Switchos, and UltimatePlus; LC 
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Packings - Dionex Corporation, Sunnyvale, CA, USA) coupled to a QSTAR Pulsar i ESI-hybrid Q-TOF 

tandem mass spectrometer (Applied Biosystems/MDS Sciex, Toronto, Canada). Peptides were 

concentrated and desalted on a precolumn (0.3 x 5 mm C18 PepMap100, LC Packings), and eluted 

at 200 nl/min by increasing concentration of ACN onto a self-packed C18 reverse phase column (75 

m x 15 cm, Magic 5 μm 100 Å C18, Michrom BioResources Inc.). A linear 60 min gradient from 

98% solvent A (97.8% water, 2% ACN, and 0.2% formic acid) to 35% solvent B (95% ACN, 4.8% 

water, and 0.2% formic acid) was used. For QSTAR data, the acquisition parameters were: extract 

only +2 or +3 charged percursor ions, 300.000-1300.000 m/z range, with a minimum of 20 

counts. Data from LC-MS/MS runs were converted to peak list files with the Analyst QS software 

(version 1.1). 

 

Data analysis and protein identification 

MS/MS spectra generated was analyzed using Mascot software (version 2.1.02) using the 

Wormbase wormprep 178 (available in 

ftp://ftp.wormbase.org/pub/wormbase/genomes/elegans/sequences/protein/) as the reference 

database. Trypsin was set as the digestion enzyme with a maximum of one missed cleavage site. 

The mass accuracy for parent ions was set as 100 ppm, and 0.3 Da was used for the fragment ion 

mass tolerance. The chemical modifications oxidation and carbamidomethylation were allowed in 

the analysis.  

Five % peptide false positive rate was chosen and only proteins identified by two or more 

peptides were selected.  

 

Ingenuity Network analysis 

Of 78 initial worm proteins, we obtained 48 human homologues eligible to analyze using the 

Ingenuity software. These human putative interactors were analyzed using default settings and 5 

relevant functional networks were found. We also crossed the information of these new with the 

previously described ataxin-3 interactors using Ingenuity. 
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Results 

 

GST-pulldown of endogenous proteins reveals several ataxin-3 interactors 

We first optimized the expression of the recombinant GST-ATX-3 to use in the pulldowns. This 

protein was expressed as a ≈68 kDa protein, as can be seen in Fig. 4A. 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4. (A) SDS-PAGE gel showing the recombinant GST-ATX-3 protein in the supernatant (Spnt) of the induced E. 

coli and the first elution (E1) after GST-tag purification using sepharose 4B. (B) ATX-3 pulldown assay of endogenous C. 

elegans extracts. 1-D Silver stained SDS-PAGE gel picture of the proteins bound to GST-ATX-3 and to GST. Eight bands 

were excised from the gel in either the GST lane (G1-G8) or in the GST-ATX-3 lane (A1-A8) and sent to sequencing. In 

the left it is shown 1% of the total input.   

 

Ten micrograms of GST or GST-ATX-3 were incubated with a C. elegans mixed population 

protein extract to ensure that the largest possible number of worm proteins were present. Bound 

proteins were run on a regular SDS-PAGE gel, stained with silver nitrate and then eight protein 

bands were excised (Fig. 4B). Samples were then sent for LC-MS/MS analysis using the Q-STAR 

device. With a criterion of 5% false discovery rate, 108 proteins were identified from a total of 4227 

peptides analyzed from all the bands. These 108 proteins corresponded to 80 unique proteins, 

since some of the proteins were present in more than one band. Table 3 displays a summary list of 

the proteins identified from the excised bands.  
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Table 3. List of proteins identified in the GST-ATX3 pulldown categorized by functional classes.  

Depicted in light grey are the proteins that also appeared in the control GST-pulldown, which are considered low confidence interactors. 

 

Gene ID Protein ID Description 

Cytoskeletal and structural components 

K01G5.7 TBB-1 Tubulin beta chain 

C47B2.3 TBA-2 Tubulin beta chain 

T28D6.2 TBA-7 Tubulin alpha subunit 

K07H8.6a VIT-6 Vitellogenin, structural yolk protein 

F37B4.2 IFC-1 Intermediate filament protein 

M03F4.2b ACT-4 Actin, structural protein 

ZK973.6 ANC-1 
Contains an actin-binding domain,similar to nesprins which are actin-binding 

proteins 

C25A11.4 AJM-1 Member of the apical junction molecule  

T23F1.5 CE14078 Cuticulin percursor like 

Muscle-related proteins 

W06H8.8g TTN-1 Titin 

F15D3.1a DYS-1 Dystrophin 

H19M22.2a LET-805 Epidermal protein myotactin 

ZC8.4b LFI-1 Putative myofibrillary protein 

F07A5.7 UNC-15 Paramyosin 

C17E4.2 CE08251 Myosin heavy chain like 

B0350.2f UNC-44 Ankyrin-like protein required for proper sex myoblast 

Y47G6A.17 CE40161 Myosin-like protein associated with the nuclear envelope 

Ubiquitin-proteasome pathway 

C41C4.8 CDC-48.2 VCP/p97 homologue 

C06A1.1 CDC-48.1 VCP/p97 homologue 

F23F12.6 RPT-3 Triple A ATPase subunit of the 26S proteasome's 19S regulatory particle base 

subcomplex 

C32D5.10 CE29688 Predicted E3 ubiquitin ligase 

C18D4.2a FBXA-136 F-box protein 

Y22D7AL.5 HSP-60 Probably involved in the mitochondrial unfolded protein response 

C47E8.5 DAF-21 Heat shock protein (HSP90) 

Table 4. Continues next page 
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Gene ID Protein ID Description 

ATPases 

F20B6.2 VHA-12 Vacuolar ATP synthase 

Y49A3A.2 vha-13 subunit A of the cytoplasmic (V1) domain of vacuolar proton-translocating ATPase  

T14F9.1 vha-15 subunit H of the cytoplasmic (V1) domain of vacuolar proton-translocating ATPase  

M03C11.5 YMEL-1 ATP-binding protein (AAA protein family member) 

Y34D9A.10 VPS-4 Vacuolar protein sorting-associating protein 

H15N14.2b NSF-1 
Similar to yeast ATPase required for the release of Sec17p during the 'priming' 

step in homotypic vacuole fusion and for ER to Golgi transport 

Y110A7A.12 CE23245 
Ortholog of subunit B of the cytoplasmic (V1) domain of vacuolar proton-

translocating ATPase 

Others 

F25H5.4 EFT-2 
Homolog of translation elongation factor 2, essential for the elongation phase of 

protein synthesis 

F55G1.13 CE07289 EGF-like repeats that are most closely related to those of Notch family members 

F01F1.6 ALH-9 Aldehyde dehydrogenase 

ZK829.4 CE06652 Glutamate dehydrogenase 

F47A4.2 DPY-22 
Homologous to the human transcriptional mediator protein TRAP230, which is 

involved in WNT and RAS signaling 

Y55F3AR.3 CE35110 Chaperonin complex component, TCP-1 theta subunit 

C50F4.2 CE05467 Putative 6-phosphofructokinase, enriched during spermatogenesis 

R09E10.7 SPE-39 Spermatogenesis protein 

Y39B6A.47 NHR-145 Nuclear Hormone Receptor family 

C34C6.5a SPHK-1 Sphingosine kinase 

Y37E11AM.1 SMGL-2 DEAH-box RNA helicase 

T22F3.3a CE24003 Muscle glycogen phosphorylase 

C34B2.7 sdha-2 Succinate dehydrogenase 

F15G9.4 him-4 hemicentin 

F52F12.3 mom-4 MAP kinase 

R119.4 pqn-59 glutamine/asparagine (Q/N)-rich ('prion') domain, 

D2013.1 rab-39 encodes a small, monomeric Rab GTPase 

C42D8.2 vit-2 vitelogenin 

F56D2.1 ucr-1 Ubiquinol-Cytochrome c oxidoReductase complex 

Table 4. Continues next page 
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Gene ID Protein ID Description 

F57C12.5 mrp-1 ABC transporter 

T27B7.5 nhr-227 Nuclear Hormone Receptor family 

F35C5.6 clec-63 Lectin C type 

Unknown function 

C05D12.2 C05D12.2 unknown 

C06A5.1 C06A5.1 unknown 

C15H9.7 C15H9.7 unknown 

C18E9.7 C18E9.7 unknown 

C27D6.1 C27D6.1 unknown 

C54C8.3 C54C8.3 unknown 

F11A10.4 F11A10.4 unknown 

F25D7.5 F25D7.5 unknown 

F30A10.3 F30A10.3 unknown 

F36A2.13 F36A2.13 unknown 

F45D11.14 F45D11.14 unknown 

F56D2.6 F56D2.6 unknown 

K03H1.5 K03H1.5 unknown 

K08E3.5 K08E3.5 unknown 

R10E11.9 R10E11.9 unknown 

R11A5.4 R11A5.4 unknown 

T05A10.3 T05A10.3 unknown 

W03D8.8 W03D8.8 unknown 

W05G11.6 W05G11.6 unknown 

Y22D7AL.14 Y22D7AL.14 unknown 

Y34D9A.10 Y34D9A.10 unknown 

Y48G1BM.6 Y48G1BM.6 unknown 

Y51A2D.7 Y51A2D.7 unknown 

Y54E2A.8 Y54E2A.8 unknown 

C34C6.5 tag-274 unknown 

C28C12.10 tag-77 unknown 

Table 4. Continues next page 
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Gene ID Protein ID Description 

Y71A12B.4 trp-4 unknown 

 

 

These proteins can be grouped in several categories, including i) cytoskeletal and structural 

components, ii) muscle-related proteins, iii) components of the ubiquitin-proteasome pathway, iv) 

ATPases and v) others, which includes several enzymes, receptors and other proteins. A large 

proportion (34%) were proteins of unknown function. 

Besides this functional categorization based on their functional role, we also wanted to cluster 

these interactors into specific functional networks using the Ingenuity software. Since the C. 

elegans database was unavailable from Ingenuity, we decided to use the human annotation of the 

orthologous genes of the interactors to perform the analysis. Of 80 initial worm proteins, we 

obtained 48 eligible (putative) human orthologues for analysis using Ingenuity software (please 

consult Supplementary Table 3 for complete gene name and description). Crossing the list of the 

novel with previously described ataxin-3 interactors, we obtained an interesting relationship among 

some of them (Fig. 5). For example, the (putative) novel interactor UBR5 protein, an ubiquitin E3 

ligase, also interacts with ubiquitin, a known ataxin-3 interactor. The eukaryotic translation 

elongation factor 2 (EEF-2), homologue of C. elegans EFT-2, interacts with rad-23 and ubiquitin, 

which are ataxin-3 known interactors. 
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Figure 5. New and previously described ataxin-3 interactors, cellular localization and connections between them. 

Nuclear (green) or cytoplasmic (pink) ataxin-3 interact with proteins from different cellular compartments, some of 

which also directly interact with each other. Novel ataxin-3 interactions are shown in grey and previously described interactions in orange. 

Shown are also the connections among all the interactors. As an example: the UBR5 protein (bottom left of the panel) is a novel ataxin-3 interactor 

which also interacts with ubiquitin. All proteins are depicted in the corresponding cell compartment (if more than one, it is shown the principal). Only 

the protein-protein type of interaction is depicted. 

 

The new ataxin-3 interactors were analyzed in Ingenuity and 5 main functional networks were 

found (Table 4). As for the worm proteins, a large number of molecules (20) were involved in cell 

structure maintenance and organization (Network 1). Others included molecules involved in cell 

cycle, reproductive and cardiovascular system and in general cellular metabolism (Table 4, Figure 

6-9). Network 5 is not shown since it only includes one molecule. 
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Table 4. Relevant functional networks in which the new ataxin-3 interactors belong to. Networks are depicted in Fig. 6-

9. 

 

Network Score # of Molecules Top Biological Functions 

1 46 20 

 

Cellular Function and Maintenance, Cellular Assembly and 

Organization, Cellular Compromise 

2 26 13 
Cell Cycle, Reproductive System Development and Function, 

Cardiovascular System Development and Function 

3 24 12 
Lipid Metabolism, Nucleic Acid Metabolism, Small Molecule 

Biochemistry 

4 10 6 Molecular Transport, Energy Production, Nucleic Acid Metabolism 

5 2 1 
Molecular Transport, Protein Trafficking, DNA Replication, 

Recombination, and Repair 

 

 



Chapter 3. Ataxin-3 interactors 

83 

 

Figure 6. Scheme of the Functional Network 1 where some of the new ataxin-3 interactors participate. Functional 

network 1: Cellular Function and Maintenance, Cellular Assembly and Organization, Cellular Compromise. Ataxin-3 

(putative) interactors are depicted in grey and other proteins belonging to the network in white. Corresponding worm 

genes in Supplementary Table 3. Proteins are depicted in the corresponding cell compartment (if more than one, it is shown the principal). 

Please consult legend in Fig. 5. Shown are all types of interactions among the depicted proteins. A Activation, B Binding, E Expression (includes 

metabolism/ synthesis for chemicals), I Inhibition, LO Localization, M Biochemical Modification, MB Group/complex Membership, P 

Phosphorylation/Dephosphorylation, PD Protein-DNA binding, PP Protein-Protein binding, PR Protein-RNA binding, RB Regulation of Binding, T 

Transcription. 
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Figure 7. Scheme of the Functional Network 2 where some of the new ataxin-3 interactors participate. Functional 

network 2: Cell Cycle, Reproductive System Development and Function, Cardiovascular System Development and 

Function. Ataxin-3 (putative) interactors are depicted in grey and other proteins belonging to the network in white. 

Corresponding worm genes in Supplementary Table 3. Proteins are depicted in the corresponding cell compartment (if more than one, 

it is shown the principal). Please consult legends in Fig. 5 and 6.   
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Figure 8. Scheme of the Functional Network 3 where some of the new ataxin-3 interactors participate. Functional 

network 3: Lipid Metabolism, Nucleic Acid Metabolism, Small Molecule Biochemistry. Ataxin-3 (putative) interactors are 

depicted in grey and other proteins belonging to the network in white. Corresponding worm genes in Supplementary 

Table 3. Proteins are depicted in the corresponding cell compartment (if more than one, it is shown the principal). Please consult legends in Fig. 5 

and 6.   
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Figure 9. Scheme of the Functional Network 4 where some of the new ataxin-3 interactors participate. Functional 

network 3: Molecular Transport, Energy Production, Nucleic Acid Metabolism. Ataxin-3 (putative) interactors are 

depicted in grey and other proteins belonging to the network in white. Corresponding worm genes in Supplementary 

Table 3. Proteins are depicted in the corresponding cell compartment (if more than one, it is shown the principal). Please consult legends in Fig. 5 

and 6.  
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General Discussion 

 

This exploratory work regarding the search of ATX-3 interactors originated a list of new ATX-3 

interactors, previously unknown. Some of known human ataxin-3 interactors as the VCP/p97 

protein, alpha-tubulin and HSP-90 were also found, validating our methodological approach.  

This general discussion will focus on the new interactors found with this work in a functional 

perspective. Some of the proposed models for ATX-3 function are further explored in Chapters 3.2, 

3.3 and 3.4. 

 

 

ATX-3 in the ubiquitin-proteasome pathway 

We found several components of the ubiquitin-proteasome pathway (UPP) as ATX-3 

interactors, which is consistent with the proposed role of ATX-3 as a player in this protein 

degradation pathway. 

We have previously observed that the absence of ataxin-3 leads to differences in the 

expression of some UPP-related genes (Chapter 2).  For example, the C10G11.8 gene, encoding a 

regulatory proteasomal subunit, and F56F3.4, an ubiquitin-like protein, were significantly 

upregulated when ataxin-3 was absent which could indicate a compensatory mechanism in the 

protein degradation pathway. Therefore, we decided to investigate wether ataxin-3 interacted with 

these two candidate proteins. By Y2H, we were able to show that ataxin-3 did not interact with the 

proteasomal subunit C10G11.8 but it interacted with the ubiquitin-like protein F56F3.4, which was 

not surprising, since this protein has some homology with ubiquitin, a known ataxin-3 interactor. 

The F56F3.4 protein is similar to other ubiquitin-like (UBL) proteins such as the F22D6.2 protein 

and with ubiquitin (UBQ-2) itself, as can be seen in Fig. 10A.  

Since this clone had a premature stop codon leading to a shorter protein (228 instead of 341 

amino acids), we need to validate these results with the full-length clone. The clone we tested 

comprised the region most similar to ubiquitin (Fig. 10A). 
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Figure 10. Homology and analogy of F56F3.4 with ubiquitin. (A) The F56F3.4 shares similarity with ubiquitin (UBQ-

2). (B) Three putative models of F56F3.4 signaling: one molecule alone, forming chains or in conjunction with 

ubiquitin. *same residue, : conserved substitution, . semi-conserved substitution. 

 

We will further characterize this interaction, since this molecule can act as ubiquitin and signal 

proteins for diverse pathways. As proposed for other UBL proteins 286, F56F3.4 can conjugate with 

substrates exclusively or in conjunction with ubiquitin. A DUB enzyme such as ataxin-3 can 

potentially recognize the UBL domain present on F56F3.4 and cleave it as it does for ubiquitin (Fig. 

10B). Assuming that this UBL acts as ubiquitin, one interesting question is: which substrates is this 

molecule signaling? Is the process of conjugation to the substrate analogous to ubiquitylation? Is 

the process similar to monoubiquitylation or does the protein form chains? Does it target substrates 

for proteasomal degradation or is it a signal for another pathway? These aspects will be very 

important to address in order to further understand this biological interaction.  

Other components of the UPP found in this work were the E2 ubiquitin conjugating enzyme 

UBC-2 (by Y2H), the predicted E3 ligase C32D5.10 (in the GST-pulldown), the proteasomal subunit 
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RPT-3 (GST-pulldown), the shuttling proteins CDC-48 (Y2H and GST-pulldown; Chapter 3.2), the 

UBX protein UBXN-5 (Y2H; Chapter 3.2), NED-8 protein (Y2H; Chapter 3.3) and the chaperone 

HSP-90 orthologue, DAF-21 (GST-pulldown).  

We believe that ATX-3 can intervene in several steps of the UPP, which is consistent with the 

finding of these different interactors. ATX-3 can for instance bind to UBC-2 or the E3 ligase 

C32D5.10 and through its DUB activity edit substrate ubiquitylation, preventing its signaling and/or 

degradation (Fig. 11). In conjunction with the shuttling proteins CDC-48 and its putative adaptors, 

the UBX proteins, ATX-3 can help deliver proteins to the proteasome (see Chapter 3.2 for more 

details). ATX-3 interaction with the proteasomal subunit RPT-3 might also indicate that ATX-3 can 

physically contact the proteasome, allowing direct contact with substrates sent for degradation and 

the possibility of editing their polyubiquitin chain lengths (Fig. 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Putative roles of ATX-3 in the UPP. ATX-3 can bind to E2 proteins as the UBC-2 protein or E3 ligases (1, 2 

respectively) and edit the ubiquitylation of the substrate. ATX-3 interacts with proteasomal subunits and with 

proteasome-associated proteins as the VCP protein that, in conjunction with UBX-like proteins, can shuttle substrates to 

the proteasome (3, 4). ATX-3 can act in this final step of the pathway, removing the ubiquitin signal from the substrate, 

facilitating its entrance in the proteasome or rescuing it from irreversible degradation. 
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Considering all this new data and previously published data, it seems obvious that ATX-3 has 

a role in the UPP. However, until now, no relevant in vivo results have been obtained that reveal the 

role of ataxin-3 in this pathway, which emphasizes the importance of studying it in more detail. 

 

ATX-3 and cell cytoskeleton 

Interestingly, a large proportion of the ATX-3 putative interactors here identified were proteins 

involved in the formation or maintenance of the cell structure and cytoskeleton: alpha-tubulin, actin, 

intermediate filament protein (IFC-1) and nesprin-like protein, among others. Interestingly, the 

absence of worm ATX-3 also causes significant changes in the mRNA expression of 

structural/cytoskeletal proteins (Chapter 2), raising the possibility of ATX-3 involvement in cell 

structure and cytoskeleton. In agreement, work from our group has proven that mouse ataxin-3 

interacts with alpha-7 and alpha-5 integrins, which are transmembranar proteins important for cell 

structure maintenance (MC Costa et al, submitted for publication). Furthermore, our recent studies 

also clearly involve human ataxin-3 in cytoskeletal organization (see Chapter 5).  

The interaction of ATX-3 with several structural and cytoskeletal cell proteins, as depicted in 

Figure 12, raises the hypothesis of a functional role in the cellular architecture. What this specific 

role is remains an open question: Is it acting through the modulation of the degradation of these 

proteins considering ATX-3´s DUB activity? Does ATX-3 interaction stabilize or destabilize these 

proteins or their interactions? Does ATX-3 have a structural role in the cell cytoskeleton? Further 

studies need to be conducted in order to answer these questions.  

 

Ataxin-3 in spermatogenesis 

ATX-3 showed the strongest protein expression in the spermatheca, where spermatogenesis 

takes place. Mouse ataxin-3 shared a similar expression pattern, with very high expression in testis 

205. Previous data showed that the absence of ATX-3 lead to significant upregulation of mRNAs of 

several spermatogenesis-related proteins, especially members of the family major sperm proteins 

(MSPs) (Chapter 2). This could indicate that the MSPs could be substrates of ATX-3 and their de-

regulation a compensatory mechanism due to the ATX-3 deficiency. Since the MSP domain was the 

only region with homology between all the MSP-proteins, we decided to test by Y2H if MSP-59 

interacted with ATX-3, which originated a negative result (Chapter 3.1.2). Of course this did not 

exclude the possibility that ATX-3 could interact with other MSPs, directly or even indirectly. 
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Additionally, in the GST-pulldown, we have obtained as an ATX-3 interactor SPE-39, a 

spermatogenesis protein necessary for correct spermatid formation 287. These results are quite 

interesting because they propose a new link between ATX-3 and spermatogenesis.  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 12. ATX-3 in the cell structure. ATX-3 can associate with microtubules, microfilaments and intermediate 

filaments through the interaction with their main constituents: alpha-tubulin, actin and vimentin respectively. 

Additionally, ATX-3 can have a role in the connection of the actin filaments to the nuclear membrane since it can bind 

to nesprin-like proteins, which are the link with the nuclear membrane. Worm ATX-3 can also interact with integrins 

(MC Costa et al), which are transmembranar proteins important for cell structure maintenance, cell-cell communication 

and attachment to the extracellular matrix.  

 

Ubiquitylation and deubiquitylation are important for spermatogenesis since they control the 

rate of degradation of cell cycle proteins and transcription factors involved in sperm formation. 

Mutations in specific deubiquitylating enzymes such as USP9Y and USP26 are correlated with 

azoospermia or abnormal spermatogenesis in mammals 288-290. Although the ATX-3 knockout animals 

are fertile, subtle defects in sperm may occur, thus we need to investigate this hypothesis in more 

detail. 
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Ataxin-3 and Josephin 

Although propensity to self-associate was usually attributed to the long polyglutamine tract, it 

has been observed that non-pathogenic human and the worm ataxin-3  (with only 1 glutamine) 

were capable of self-interacting, forming dimers and multimers,  and that this ability was mediated 

by the josephin domain 57,291.  

One finding of this work was that ATX-3 was also able to interact with another protein of the 

josephin family: Y71H2AR.3. This is particularly interesting since it can be indicative of their 

structural similarity. The likeness between ATX-3 and Y71H2AR.3 could also explain the absence of 

a visible phenotype in the ATX-3 knockout animals due to functional redundancy of this other 

josephin. However, it seems peculiar that this protein does not have the other structural domains 

as ATX-3 (nuclear localization signal (NLS), ubiquitin-interacting motifs (UIMs)). For example, worm 

and human ataxin-3 have a NLS and are present in the nucleus. Since the Y71H2AR.3 josephin 

protein does not have a NLS, it is unlikely that it is transported to the nucleus to compensate ataxin-

3 absence. Further studies are now being conducted to determine if this protein has the same DUB 

function and molecular partners as ATX-3. While this thesis was being written, we obtained a 

knockout strain for the josephin protein that is now being crossed with atx-3 mutants. 

 

 

Conclusions 

 

This exploratory work originated several new and previously unidentified ATX-3 interactors. 

Although we did not explore all in detail, we believe that this work may be an important contribution 

for the better understanding of ATX-3 function. In the next sections we will focus in some of these 

new interactions, namely the relation of ATX-3 with the CDC-48 and UBXN-5 proteins (Chapter 3.2), 

with the NED-8 protein (Chapter 3.3) and with the muscular protein UNC-15 (Chapter 3.4).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3.2  
 

 
 

Ataxin-3, UBXN-5 and CDC-48: a new trimolecular complex in C. elegans 
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Abstract 

 

Ataxin-3 is the protein involved in Machado-Joseph disease, a neurodegenerative disorder 

caused by a polyglutamine expansion. Ataxin-3 binds polyubiquitin chains and ubiquitylated 

proteins and acts as a deubiquitylating enzyme in vitro. It was previously proposed that ataxin-3, 

along with the VCP/p97 protein, escorts ubiquitylated substrates for proteasomal degradation. 

However, additional proteins necessary for this process have not been identified yet. 

In this work, we show that the C. elegans ataxin-3 protein (ATX-3) interacts with both VCP/p97 

worm homologues, CDC-48.1 and CDC-48.2 and we mapped the interaction domains. In addition, 

we identified a new protein interactor, UBXN-5, potentially an adaptor of the CDC-48-ATX-3 escort 

complex. CDC-48 binds to both ATX-3 and UBXN-5 in a non-competitive manner, suggesting the 

formation of a trimolecular complex. Both CDC-48 and ATX-3, but not UBXN-5, were able to bind K-

48 polyubiquitin chains, the standard signal for proteasomal degradation. Additionally, we identified 

several putative common ATX-3 and UBXN-5 interactors, some of which can be in vivo targets of 

this complex. 
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Introduction 

 

Machado-Joseph Disease (MJD), also known as Spinocerebellar ataxia type 3, is an autosomal 

late onset neurodegenerative disease caused by a CAG expansion in the ATXN3 gene, that encodes 

for ataxin-3 2. This CAG expansion leads to an abnormally long polyglutamine tract in the protein, 

leading to misfolding and aggregation. Normal and pathogenic ataxin-3 are ubiquitously expressed 

216 although only specific areas of the brain are affected in the disease.  Expanded ataxin-3 

accumulates in neuronal inclusions, along with other proteins, including components of the 

ubiquitin-proteasome pathway (UPP), molecular chaperones and transcription factors 27,40,49. 

Ataxin-3 has either two or three functional ubiquitin-interacting motifs and has been shown to 

bind polyubiquitylated proteins 208. Ataxin-3 also exhibits deubiquitylating (DUB) activity in vitro and 

interacts with the proteasome, suggesting a role in the UPP 208,209,220,221.  

Human ataxin-3 associates with the VCP/p97 protein 209,218,226,283, an abundant and evolutionarily 

conserved AAA ATPase with multiple functions. Mammalian VCP/p97, also known as Cdc48p in 

yeast, has an N-terminal domain that usually binds to adaptors/cofactors/substrates, and two 

highly conserved AAA domains important for ATP binding and hydrolysis 292.  

It is the existence of multiple adaptors and/or co-factors that explains the versatility of 

VCP/p97 and also confers functional specificity to this protein. For example, the binding of 

VCP/p97 to p47 is often associated with homotypic fusion of endoplasmic reticulum (ER) and Golgi 

membranes 293,294. VCP binding to the Ufd1/Npl4 binary complex has been associated with the 

release of polyubiquitylated polypeptides from the ER membrane into the cytosol for their 

subsequent degradation by the proteasome 295. Interestingly, the association of VCP with these 

proteins is mutually exclusive, which suggests that the adaptor proteins can direct VCP/p97 to 

distinct cellular activities 296.  

VCP/p97 has been extensively associated with the protein degradation pathway and it is 

important in protein misfolding diseases. VCP/p97 colocalizes into insoluble protein aggregates, 

which are hallmarks of several neurodegenerative disorders such as the polyglutamine diseases 

(including MJD), Alzheimer’s and Parkinson’s diseases 283,297. VCP/p97 is able to bind to 

polyubiquitylated substrates 296,298 and mutations in the Ccd48p and VCP/p97 genes result in 

accumulation of ubiquitylated proteins in yeast and mammalian cells 298. Although VCP/p97 is able 

to bind polyubiquitylated substrates by itself, cofactor binding to VCP/p97 further enhances the 

overall binding 296.  
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Even though the relevance of ataxin-3- VCP/p97 interaction in vivo is not fully understood yet, 

it has been proposed that the ataxin-3-VCP/p97 complex is involved in the endoplasmic reticulum-

associated protein degradation (ERAD) 218,239. This complex seems to promote deubiquitylation of 

VCP/p97-bound substrates and modulate their transfer to the proteasome during the process. 

While Wang and colleagues have suggested that ataxin-3 seems to facilitate ERAD due to the 

removal of polyubiquitin chains 239, Zhong et al proposed that knocking down endogenous ataxin-3 

decreased ERAD substrate levels, suggesting that ataxin-3 is stabilizing and rescuing these 

substrates from degradation 218. 

Contrary to other organisms such as human, mouse and yeast, that only possess one 

VCP/p97, the nematode C. elegans possesses two VCP/p97 homologues named CDC-48.1 and 

CDC-48.2 299. These two proteins are highly conserved, showing an 88% identity over the protein 

sequence. Interestingly, CDC-48.1 and CDC-48.2 have very distinct expression patterns suggesting 

different biological roles 300.  

We have previously characterized the C. elegans ataxin-3, ATX-3, showed that it is ubiquitously 

expressed, that it is a DUB enzyme as the human counterpart (Chapter 2), and thought to be 

involved in the protein degradation pathway.  

In this work, we show that ATX-3 is capable of interacting with the two worm VCP/p97 

homologues, CDC-48 and CDC-48.2, and we have identified an adaptor of this CDC-48/ATX-3 

complex, a protein named UBXN-5. Both CDC-48 and ATX-3, but not UBXN-5, were able to bind 

polyubiquitin chains. Additionally, we describe several previously unknown ATX-3 and UBXN-5 

interactors, some of which may be potential in vivo targets of this complex.  

 

 

 Material and Methods 

 

C. elegans procedures 

C. elegans strains were maintained at 20ºC in 2% peptone or NGM plates seeded with E. coli 

OP50 257. Strains used in this work were kindly provided by the CGC. 

 

Cloning 

The original vectors pAS1-2 and pACT2 (kindly provided by Dr S. Elledge, Baylor College of 

Medicine) were converted into yeast two-hybrid Gateway vectors pAS1g and pACT2g, respectively, 
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following the manufacturer’s instructions (Invitrogen). The atx-3 cDNA was cloned into the 

pDONR201 as described (Clontech). N- and C- terminal portions of atx-3 were amplified using 

attB1_atx-3 and attB2_atx-3_NT and attB1_atx-3_CT and attB2_atx-3 respectively. Ubxn-5 was 

amplified from cDNA from mixed populations using primers ubxn-5_attB1 and ubxn-5_attB2 

(Supplementary Table 1) and cloned into pDONR207. pDONR201/cdc-48.1 and pDONR201/cdc-

48.2 were purchased from Open Biosystems. The partial clones used in this work were amplified 

using the primers described in Supplementary Table 1. The pDONR clones were transferred into 

the pAS1g, pACT2g, pDEST17 (6-His) and the pDEST15 (GST) vectors using the Gateway 

technology (Invitrogen). 

 

Yeast Two Hybrid assays 

Yeast Y190 (ATCC) was used in all assays. The yeast transformations were performed using 

the lithium acetate method (Clontech). Single transformants (either bait or prey) were plated in 

selective SC and tested for auto-activation using different amounts of 3-AT to determine the optimal 

concentration to use in the interaction assays. Double transformations (bait + prey) were performed 

sequentially. The interaction between SNF4 and SNF1 encoded by pSE1111 and pSE1112, 

respectively, was used as a positive interaction control (kindly provided by Dr S. Elledge, Baylor 

College of Medicine). The colony-lift beta-galactosidase filter assays were performed accordingly to 

regular protocols (Clontech). 

 

Recombinant protein expression and purification 

pDEST15/ubxn-5, pDEST15/atx-3 and pDEST17/cdc-48.1_NT plasmids were transformed in 

E. coli BL21pLYS. Cultures were grown until OD600 of 0.6-0.8 on LB plus ampicillin (50 ug/ml) and 

glucose (final concentration=2%). Expression was induced by addition of IPTG to a final 

concentration of 1 mM and carried for 3h at 30ºC. Protein was isolated and purified using standard 

methods 57,230,301. 

 

GST pulldown assays 

For regular pulldowns to confirm interactions, the purified GST or GST-tagged proteins (2 ug) 

were incubated for one hour at 4ºC with 20 ul of glutathione-sepharose 4B beads in 200 ul of 

binding buffer (PBS 1X, 0.5% Triton X-100, 1mM PMSF and Complete EDTA-free protease inhibitor 

cocktail (Roche)). At least 500 ug of C. elegans protein extracts were added and incubated for 3 
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hours at 4ºC. After extensive washing, bound proteins were eluted by boiling in 50 ul of 1X SDS 

sample buffer and then were analyzed by SDS-PAGE.  

For competition assays, 4 ug of His-tagged CDC-48.1_NT was incubated with 4 ug of GST-

UBXN-5 and with increasing amounts of ATX-3 (2 ug, 4 ug, 8 ug) in pulldown binding buffer. After 

2-3 hour incubation, 30 ul of pre-equilibrated Ni-beads (Qiagen) were added to the reaction and 

incubated for an additional hour. After extensive washing, bound proteins were eluted by boiling in 

1X SDS sample buffer.  

For gels to be analyzed by mass-spectrometry, at least 10 ug of recombinant protein and 2 

mg of worm extracts were used for pulldowns. 

 

Mass spectrometry  

Regular 10% SDS-PAGE gels were run and silver stained. Bands were excised, cut in small 

pieces using a scalpel. Samples were washed two times with 0.4 M NH4HCO3/ 50% acetonitrile 

(ACN) and dehydrated with ACN. The gel pieces were rehydrated with 20 mM DTT for 30 min at 

56ºC and then alkylated with 55 mM IAA for 15 min. At least 10 μl of 0.04 μg/μl trypsin solution 

(Sequence-grade modified trypsin from Promega) was added to the gel pieces and incubated at 

37ºC overnight. ACN was added to a final 50% concentration, the supernatant was collected and 

the extraction was repeated twice with a solution containing 50% ACN/5% HCOOH. Peptides were 

dried and, immediately prior to mass spectrometry (MS) analyses, were dissolved in 10 μl of 2% 

HCOOH. 

Each sample was analyzed using a nanoflow LC coupled to a QSTAR Pulsar i ESI-hybrid Q-TOF 

tandem mass spectrometer (Applied Biosystems/MDS Sciex). Peptides were concentrated and 

desalted on a precolumn (0.3 x 5 mm C18 PepMap100), and eluted at 200 nl/min by increasing 

concentration of acetonitrile onto a self-packed C18 reverse phase column (75 m x 15 cm, Magic 5 

μm 100 Å C18, Michrom BioResources Inc.). A linear 60 min gradient from 98% solvent A (97.8% 

water, 2% acetonitrile, and 0.2% formic acid) to 35% solvent B (95% acetonitrile, 4.8% water, and 

0.2% formic acid) was used. For QSTAR data, the acquisition parameters were: extract only +2 or 

+3 charged percursor ions, 300.000-1300.000 m/z range, with a minimum of 20 counts. Data 

from LC-MS/MS runs were converted to peak list files with the Analyst QS software (version 1.1). 

MS/MS spectra generated were analyzed using Mascot software (version 2.1.02) using the 

Wormbase wormprep 178 (available in 
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ftp://ftp.wormbase.org/pub/wormbase/genomes/elegans/sequences/protein/) as the reference 

database.  

Trypsin was set as the digestion enzyme with a maximum of one missed cleavage site. The 

mass accuracy for parent ions was set as 100 ppm, and 0.3 Da was used for the fragment ion 

mass tolerance. The chemical modifications oxidation and carbamidomethylation were allowed in 

the analysis. Five % peptide false positive rate was chosen, and only proteins identified by two or 

more peptides were selected.  

 

Comparison analysis 

 Final protein lists (from Mascot analysis, FDR=5%) identified from ATX-3 and UBXN-5 

pulldown were compared in Excel to identify common entries. 

 

 

Results 

 

Ataxin-3 and CDC-48 interaction is conserved in C. elegans 

In order to identify binding partners of ataxin-3, we have performed a Yeast Two Hybrid (Y2H) 

screening using C. elegans ataxin-3 as bait (Chapter 3.1.1). In this screen we found several 

interactors, including the CDC-48.2 protein, one of the C. elegans homologues of the VCP/p97 

protein. We obtained several positive interacting clones matching CDC-48.2 and all comprising the 

N-terminal (NT) region of this protein. Simultaneously, and in order to find additional interactors 

through a different technique, we performed pulldown experiments in which GST-tagged ATX-3 was 

incubated with C. elegans protein extracts (Chapter 3.1.3). These studies detected a protein band 

selectively enriched in the ATX-3 pulldown that migrated around 90 kDa (Fig. 1A).  

Mass spectrometry identified the proteins from the band as being the two C. elegans 

VCP/p97 homologues, CDC-48.1 and CDC-48.2. To further confirm these results, we performed an 

independent Y2H direct assay, which proved that indeed ATX-3 interacts with full length CDC-48.1 

and CDC-48.2, as can be seen in Figure 1B. 

Next we wanted to map the region of ataxin-3 binding to the CDC-48 proteins. Therefore we 

used different ataxin-3 constructs consisting of the josephin (ATX-3_J1, 1- 211 amino acids) or the 

C-terminal domains (ATX-3_CT, 211-317 amino acids). The ataxin-3 protein binds to the CDC48 

proteins through its C-terminal domain (Fig. 1C), similarly to its human counterpart 226. 
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Figure 1. ATX-3 interacts with the two CDC-48 proteins in C. elegans. (A) Recombinant GST-ATX-3 protein (box) 

interacts with endogenous CDC-48.1 and CDC-48.2. These two proteins are not detected in the GST lane (box). * refers 

to degradation products of the recombinant proteins. ATX-3 interacts with full length CDC-48.1 and -2 by Y2H (B) and 

this interaction is through the C-terminal domain of ATX-3 (C). Yeast cotransformed with bait (BD) and prey (AD) were 

plated in SC-WLH media supplemented with 3-AT. When both the His3 and the LacZ gene reporters were activated, 

colonies were able to grow in this selective media and appeared blue in the colony filter assay. 

 

Ataxin-3 and CDC-48 interact with a UBX protein: UBXN-5 

Interestingly, we also identified the UBXN-5 protein as an ataxin-3 interacting protein by Y2H 

(Fig. 2A).  

This interaction was confirmed by GST-pulldown since GST-UBXN-5 recombinant protein was 

able to associate with endogenous ATX-3 from a worm protein extract (Fig 3A). Next we wanted to 

map the UBXN-5 binding region of ataxin-3, therefore we used the partial constructs mentioned 

above: ATX-3_J1 and ATX-3_CT, and found the ATX-3_CT segment to be sufficient for the 

interaction (Fig. 2B). The UBXN-5 protein was relatively small (20 kDa) and with no identified 

domains apart from the UBX sequence, thus we decided not to make any partial constructs for this 
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protein. 

Since in yeast there are several UBX-domain containing proteins and all interact with the 

Cdc48p, the next logical step was to determine if the UBXN-5 protein interacted with the two CDC-

48 proteins. By Y2H, we were able to prove that indeed UBXN-5 interacts with both CDC48.1 and 

CDC-48.2 (Fig. 2A). Due to the high sequence and structural similarity of the two CDC-48 proteins, 

we decided to use only the CDC-48.1 protein for further studies. In concordance with the Y2H data, 

recombinant UBXN-5 protein was able to pulldown the CDC.48.1 protein (Fig 3B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (A) UBXN-5 interacts with ATX-3 and with CDC-48 proteins. (B) The C-terminal (CT) domain of ATX-3 does 

interact with UBXN-5 but the N-terminal (NT) does not. (C) Both ATX-3 and UBXN-5 interact with the N-terminal domain 

of CDC-48.1 protein. Yeast cotransformed with bait (BD) and prey (AD) were plated in SC-WLH media supplemented 

with 3-AT. When both the His3 and the LacZ gene reporters were activated, colonies were able to grow in this selective 

media and appeared blue in the colony filter assay. 
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From the Y2H screen, we knew that the N-terminal domain of CDC-48.2 comprising the first 

545 amino acids was sufficient for interaction with ataxin-3. In order to further narrow the CDC-48 

interacting area, we constructed new clones that included only the first 198 amino acids of the two 

CDC-48 proteins that we named CDC-48.1_NT and CDC-48.2_NT. Taking into account what is 

known about the human VCP protein sequence, these N-terminal domains are likely to be the 

substrate-binding region of the CDC-48 proteins 302. We found that this segment of the CDC-48 

proteins was necessary and sufficient for ATX-3 and UBXN-5 binding (Fig. 2C) since the C-terminal 

domain comprising the remaining portion of the CDC-48 protein did not interact with these two 

proteins. 

 

ATX-3, UBXN-5 and CDC-48: a new trimolecular complex 

We hypothesized that the three proteins, ATX-3, UBXN-5 and CDC-48, could form a 

trimolecular complex hence we carried out additional in vitro binding assays in which equal 

amounts of the three proteins were incubated together. Both ATX-3 and UBXN-5 were bound to the 

CDC-48 protein, suggesting the presence of a trimolecular complex (Fig. 3C). The GST protein 

alone did not bind to CDC-48 (data not shown). 

We next asked if ATX-3 and UBXN-5 competed for CDC-48 binding, as do other CDC-48 

known co-factors and adaptors. Thus, we performed an in vitro competition assay where increased 

amounts of ATX-3 were added to a reaction consisting of CDC-48 and UBXN-5. No decrease in the 

binding of UBXN-5 to CDC48 was found, even when large amounts of ATX-3 were used (Fig. 3D) 

which is consistent with the formation of a complex involving the three proteins. In fact, it appears 

that ATX-3 addition to the reaction enhances UBXN-5 binding to CDC-48, although more studies 

have to be performed to validate this. 

 

CDC-48 and ATX-3, but not UBXN-5, are able to bind polyubiquitylated substrates 

If the ATX-3-CDC-48-UBXN-5 complex exists in vivo, it is probably involved in the modulation of 

the degradation of ubiquitylated proteins, taking into account the individual roles of ATX-3 and the 

CDC-48 proteins. We performed in vitro binding assays using recombinant his-CDC-48 and GST-

ATX-3 proteins and we verified that both these two proteins interacted with K-48 polyubiquitin 

chains, the usual signal for proteasomal degradation (Fig. 3E). In contrast, we were unable to 

precipitate polyubiquitin chains with the UBXN-5 recombinant protein. 
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Figure 3. ATX-3 and UBXN-5 interact with CDC-48 non-exclusively. (A) Recombinant GST-UBXN-5 protein pulled down 

endogenous ATX-3 from worm protein extracts. (B) ATX-3 and UBXN-5 interact with recombinant CDC-48.1_NT. (C) In 

a reaction with equal amounts of ATX-3 and UBXN-5, CDC-48.1_NT was able to pulldown both these proteins. Blot 

from the pulldown was first incubated with anti-ATX-3 antibody and afterwards with the anti-GST antibody to ensure that 

the lower band was not an ATX-3 degradation product. (D) Competition assay showing that increasing amount of ATX-3 

does not compete with UBXN-5 binding to CDC-48. (E) ATX-3 and CDC-48.1, but not UBXN-5, are able to pulldown K-

48 polyubiquitin chains. 
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Finding new targets of the ATX-3-UBXN-5-CDC-48 complex  

In order to find potential targets of this new complex, we performed a pulldown of worm 

endogenous proteins using the putative adaptor of this complex, the UBXN-5 protein. We then 

compared the list of UBXN-5 putative interactors with the ATX-3 interactor list and found 30 

common proteins (Table 1), of which two putative E3 ligases (C32D5.10, F36A2.13) and an F-box 

protein (fbxa-136), a possible adaptor of the E3 ligase SCF complex (Culin, Skp1 and F-box). Other 

common interactors included several muscle-related proteins as titin, dystrophin and a myosin 

heavy chain protein (C17E4.2).  

 

Table 1. List of putative common interactors between ATX-3 and UBXN-5. 

Gene ID Protein Description 

Ubiquitin-proteasome pathway 

fbxa-136 F-box protein 

C32D5.10 Predicted E3 ubiquitin ligase 

F36A2.13 Predicted ubiquitin-protein ligase/hyperplastic discs protein, HECT superfamily 

Muscle-related proteins 

C17E4.2 Myosin heavy chain? 

dys-1 Dystrophin 

let-805 Myotactin? 

ttn-1 Ortholog of titin 

Vacuolar proton-translocating ATPases 

vha-12 Subunit B of the cytoplasmic (V1) domain of vacuolar proton-translocating ATPase  

vha-15 Subunit H of the cytoplasmic (V1) domain of vacuolar proton-translocating ATPase 

 

 

 

Table 1. continues next page 
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Gene ID Protein Description 

Enzymes, kinases 

sdha-2 Succinate dehydrogenase 

ZK829.4 Glycine decarboxylase precursor? 

C54C8.3 Galactosyltransferase? 

mom-4 
MAP kinase, mom-4 activity is required for positive regulation of the Wnt pathway signaling that governs 

anterior/posterior (A/P) polarity 

pig-1 
Ortholog of the human MELK serine/threonine kinase; pig-1 phenotypes are maternally rescued, probably 

due to pig-1 transcripts in the hermaphrodite germ line. 

Others 

him-4 Hemicentin, belongs to the immunoglobulin superfamily. 

T23F1.5 Cuticulin precursor 

vit-6 Vitellogenin precursor protein 

eft-2 
Translation elongation factor 2, a GTP-binding protein essential for the elongation phase of protein 

synthesis 

btf-1 Member of the TBP-associated family (TAF), with weak similarity to human TBP-associated factor 172. 

pgp-8 
ATP-binding protein that is a member of the P-glycoprotein subclass of the ATP-binding cassette (ABC) 

transporter superfamily 

nhr-145 Nuclear Hormone Receptor family 

hsp-60 Mitochondrial-specific chaperone that is a member of the GroE/Hsp10/60 superfamily 

cct-8 Putative theta subunit of the eukaryotic cytosolic ('T complex') chaperonin 

Unknown function 

C18E9.7 Unknown 

set-26 Unknown 

 Table 1. continues next page 
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Gene ID Protein Description 

pqn-59 Predicted to contain a glutamine/asparagine (Q/N)-rich ('prion') domain 

Y48G1BM.6 Unknown 

Y54E2A.8 Unknown 

F56D2.6 DEAH helicase protein? 

F45D11.14 Unknown 

 

 

 

Discussion 

 

The ubiquitin-proteasome pathway (UPP) is responsible for selective proteolysis of proteins, 

acting both as a regulatory and quality control core. Target proteins are marked by covalent 

modification with ubiquitin molecules, through a process known as ubiquitylation. Once the 

substrates have the correct ubiquitin chain length, escort proteins deliver them to the proteasome 

for irreversible degradation 91,96. One of these escort proteins is the AAA ATPase VCP/p97, the 

orthologue of yeast Cdc48p 303. Although VCP/p97 can bind polyubiquitylated substrates, it usually 

requires specific substrate-recruiting cofactors/adaptors 296,304,305. At least two types of adaptors have 

been identified so far: the Ufd1/Nlp4 complex and members of the UBX family 261,296,306. Besides 

interacting with “substrate recruitment” proteins, VCP/p97 cooperates with distinct “substrate 

processing” proteins such as DUB enzymes 307. For example, OTU interacts directly with VCP/p97 

and seems to be responsible for deubiquitylating VCP/p97-bound substrates, probably allowing 

their entrance in the proteasome 307.  

In this work we present evidence for a new complex comprising CDC-48 (worm homologue of 

VCP/p97), the putative “substrate adaptor” UBXN-5 and the putative “substrate processing” 

protein ATX-3. In worms there are two VCP/p97 homologous proteins named CDC-48.1 and CDC-

48.2 and both interact with ATX-3, as human ataxin-3 interacts with VCP/p97. The conservation of 

this interaction reflects its functional relevance, where ataxin-3 seems to act as a processing protein 

218,239. The interaction of UBXN-5 with CDC-48 proteins was not unexpected, since in yeast, all seven 

Ubx proteins bind to Cdc48p through their UBX domain 261,306. What was rather interesting was the 
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interaction between ATX-3 and UBXN-5 and the fact that binding of these two proteins to CDC-48 

was not exclusive, which lead us to propose a new molecular complex formed by these three 

proteins. Although the functional relevance of this new complex is still not completely understood, 

we have indirect evidence that it probably acts in the protein proteasomal degradation pathway. 

First, because the CDC-48 protein is the “heart” of the UPP escort team. Secondly, it was shown 

that UBX proteins are involved in protein degradation pathways, namely yeast Ubx2p and human 

erasin UBXD2, among others 308,309. In addition, human ataxin-3 appears to modulate the 

ubiquitylation levels of certain VCP/p97- associated substrates such as CD3δ and TCRα 218,239. 

In agreement with this model, we also showed that ATX-3 and CDC-48 bound to K-48 

polyubiquitin chains, the common proteasomal targeting signal 310,311. UBXN-5 however, does not 

seem to bind K-48 polyubiquitin chains, which was not surprising since it does not display any 

ubiquitin-binding motif. We believe that the UBXN-5 molecule confers target specificity to the 

CDC48-ATX3 complex rather than being involved in the recognition of ubiquitin chains (Fig. 4).  

The ubiquitylation process requires several enzymes and the last step involves the transfer of 

the ubiquitin moiety to the substrate by E3 ubiquitin ligases 91. One of these E3s is the SCF (Skp1, 

Cullin, F-box) complex, which has as recognition module F-box proteins. Interestingly, both ATX-3 

and UBXN-5 interact with two E3 ligases and with a F-box protein, which places them in a privileged 

position for escorting ubiquitylated substrates original from these E3s to the proteasome (Fig. 4). 

 

The next question is: which substrates? Since the two CDC-48 proteins have distinctive 

expression patterns 300, and ATX-3 is ubiquitously expressed, we suppose that different escorting 

complexes are formed depending on the cell type and are acting upon different target proteins. In 

this context, it is interesting that ATX-3 and UBXN-5 bound to several muscle-related proteins, 

which can suggest a role in the muscle protein degradation pathway; however, further studies need 

to be made to validate this hypothesis. In addition, we cannot exclude the UBXN-5-exclusive 

interactors as putative targets of this complex since ATX-3 can bind to the ubiquitin chain rather 

than to the substrate itself.  
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Figure 4. Scheme depicting the possible role of the ATX-3-CDC-48-UBXN-5 complex. ATX-3 and UBXN-5 can be in 

close proximity of E3 ligases, where they can recognize and select the substrates to be sent for degradation (I). Once 

the substrate reaches the correct ubiquitin chain length, the ATX-3-CDC-48-UBXN-5 escort complex is formed and binds 

to it (II). When the substrate is completely deubiquitylated by a DUB enzyme as ATX-3 (III), CDC-48 can directly 

associate with proteasomal subunits and transfer the substrate for irreversible degradation (IV). Depending on the 

complex adaptor- UBX protein- and also on the CDC-48 protein (since the two have different expression patterns), the 

substrate anchored by the complex is different.  

 

In summary, we present evidence for the existence of a new complex in C. elegans formed by 

ATX-3, CDC-48 and the adaptor protein UBXN-5, which is likely to function in the UPP. We also 

presented potential in vivo targets of this complex that should be further studied in a functional 

perspective. 
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Ataxin-3, NED-8 and the SCF complex  
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Abstract 

 

Human ATX-3 interacts with the neural precursor cell expressed, developmentally down-

regulated 8 protein (Nedd8) and has deneddylase activity. In this work we show that C. elegans 

ATX-3 interacts with the orthologue protein NED-8.  

Cycles of neddylation and de-neddylation seem to regulate activity of the SCF complex, a 

multisubunit E3 ligase involved in the degradation of several proteins. The SCF complex core is the 

cullin-1 protein, which is the subunit that is neddylated. In this work we showed that the absence of 

ataxin-3 does not lead to differences in the neddylation pattern of the cullin1 protein. Furthermore, 

we also analyzed the general neddylation pattern of two C. elegans ataxin-3 knockout animals and 

of a model of ataxin-3 deficiency using human HeLa cells, and found no differences.  

Our results do not support a role for ataxin-3 in defining the cullin-1 or global neddylation 

patterns.  
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Introduction 

 

We have previously described that the human and the C. elegans ataxin-3 interacted with the 

human neural precursor cell expressed, developmentally down-regulated 8 protein (Nedd8). 

Additionally we found that ataxin-3 has the ability of cleaving Nedd8 in vitro 230. 

The Nedd8 protein has the highest homology to ubiquitin among all ubiquitin-like proteins in 

eukaryotes 312. Nedd8 is covalently attached to target proteins via the C-terminal glycine residue in a 

manner analogous to ubiquitylation 313,314. The Nedd8 conjugation system is conserved across 

species and, in contrast with ubiquitylation, only a few biological targets are known such as the well 

studied family of cullin proteins 315. Recently, a proteomic approach using tagged Nedd8 protein, 

has revealed several putative neddylated subtrates, however, no biological evidence has been 

obtained so far to explain the relevance of these neddylations 316. 

Cullin-1 is a subunit of a E3 ligase named ‘SCF’ complex, consisting of the core subunits 

Skp1, Cul-1/Cdc53, ROC1/Rbx1/Hrt1 and substrate recognition adaptors known as F-box proteins, 

which is involved in the ubiquitylation of a large number of proteins 317. In worms, the SCF is 

composed of CUL-1, SKRs (Skp1-related protein), RBX-1 and F-box adaptors (Fig. 1) 318.  

 

 

 

 

 

 

 

 

 

 

 

 

 

There are 21 SKR proteins in C. elegans and several have been found to interact with CUL-1 

namely SKR-1, -2, -3, -7, -8, -9, -10, -13 319,320. In C. elegans there are at least 326 F-box proteins, in 

contrast to humans that only have 68 317,318. The observation that numerous SKR and F-box proteins 

Figure 1. Schematic representation of the SCF 

complex. The SCF is composed by a Cullin core that 

binds to other subunits such as the SKR and RBX-1. 

The SKR subunit associates with a particular F-box, 

which confers substrate specificity to the complex. The 

addition or removal of the Nedd-8 (N8) molecule 

regulates SCF activity and interferes with the 

degradation of the substrate protein. 

 



Chapter 3. Ataxin-3 interactors 

115 

are capable of binding to CUL-1 suggests the existence of many distinct SCF complexes with 

potentially different target specificities.  

For example, the SCFSEL-10 complex, which has the SEL-10 F-box protein as the adaptor, is 

involved in the ubiquitiylation of LIN-12, which negatively regulates the Notch signaling pathway 321. 

SCFFSN-1, which has the F-box FSN-1, is required for regulating neuromuscular synapse formation in 

different neuron classes 322. The other cullin members also belong to different E3 ligases. For 

example, in C. elegans, the CUL-2 E3 ligase is very similar to SCF but contains elonginC instead of 

the F-box protein. This Cul-2ElonginC complex is required for the G1-S phase transition since it is 

involved in the degradation of the cell cycle regulator CKI-1 323. CUL-3 has a slightly different 

structure since a single BTB/POZ-domain protein acts as both the substrate recognition subunit 

and adaptor. Since more than 100 BTB-domain proteins exist, it is possible that several CUL-3 

based ligases are also formed in worms 324. In C. elegans, the CUL-4-based E3 ligase has been 

associated with the regulation of DNA replication 325. For the other cullin members, little is known 

about their function or adaptors.  

It is known that that cycles of neddylation (addition of Nedd8) and deneddylation of the cullin 

subunit can modulate E3 ligase activity. The attachment of Nedd8 to Cul1 strongly stimulates the 

ability of the SCF catalytic core to promote ubiquitylation of the substrate 326,327. It has been proposed 

that deneddylation of Cul1 is required to sustain optimal activity of SCF ubiquitin ligases by 

repressing 'autoubiquitylation' of F-box proteins within SCF complexes, thereby rescuing them from 

premature degradation 278. Removal of Nedd8 from the cullins is mediated by the COP9 

signalosome, a multiprotein complex 279. Whereas wild-type cells contain a mixture of neddylated 

and un-neddylated cullins, COP9-signalosome deficient cells accumulate only neddylated cullins 279. 

Interestingly, the eight subunits composing the COP9 signalosome are each paralogous to one of 

the eight subunits that form the lid of the 26S proteasome 328, which lead researchers to speculate 

that this complex plays a role in a novel protein degradation pathway using Nedd8 as the 

degradation signal.  

Based on the ataxin-3-Nedd8 interaction 230 and on the fact that several skr genes and F-box 

encoding genes were altered in our ataxin-3 knockout animals (Chapter 2), we raised the 

hypothesis that ataxin-3 could modulate the activity of the SCF complex (Chapter 2). Therefore, we 

decided to verify whether the worm ATX-3 interacted with the Nedd8 homologous protein, NED-8. 

We also checked the global levels of neddylated proteins in C. elegans knockouts for ATX-3, and the 

levels of neddylated Cul1 in human cells in which ataxin-3 was silenced.  
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Material and Methods 

 

Cloning 

pAS/CUL-1 to -6 and pACT/skrs were kindly provided by Dr. Edward Kipreos. Cul-1_CT was 

amplified using primers attB1_CUL-1_CT and attB2_CUL-1_CT (Supplementary Table 1). 

 

C. elegans strains 

Wild type (N2) and ATX-3 knockout strains, atx-3(gk193) and atx-3(tm1689) were grown at 

20ºC using standard procedures 257. 

 

RNA interference 

A selected portion of the ATXN3 gene (nucleotides 113-826 from the start codon; 

NM_004993) was amplified with primers RNAi_ATXN3F and RNAi_ATXN3R using standard 

procedures (Supplementary Table 1). The PCR product was then transcribed using the BLOCK-iT 

TOPO Transcription Kit (Invitrogen). Diced siRNA pools were generated from dsRNA using the 

BLOCK-iT™ Dicer RNAi Transfection Kit accordingly to manufacturer’s instructions (Invitrogen). 

Control RNAi was synthethized using the same protocol and targeting the gene UBXD8 (nucleotides 

36-424; NM_014613). The primers used for the amplification of UBXD8 were RNAi_UBXD8F and 

RNAi_UBXD8R (control RNAi). 

 

Cell culture and transfection 

HeLa cells were purchased from ATCC and grown in Dulbecco’s modified Eagle’s medium  

(DMEM) (Invitrogen) supplemented with 100 U/ml penicillin/G-streptomycin, 10% heat inactivated 

fetal bovine serum and Glutamax, at 37°C in a 5% CO2 humidifier chamber. 

For the RNAi time course experiments, 0.3 x 106, 0.2 x 106, 0.1 x 106, 0.1 x 106 and 0.1 x 106 

cells were plated and used for 24, 48, 72, 96 and 120 hours post-transfection respectively, in 

DMEM medium with 5% FBS and without antibiotics, on 6-well plates. Approximately one-two hours 

later, cells were transfected with 200 ng of siRNA-oligofectamine complexes prepared in Opti-MEM I 

medium (Invitrogen), accordingly to manufacturer’s instructions. Control RNAi or mock 

transfections (Lipofectamine) were used as controls. 
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Immunobloting 

Cells were collected from each well and 200 ul of Lysis buffer (150 mM NaCl, 50 mM Tris-Hcl 

pH 7.4, 1% NP-40, 1 mM PMSF, Complete protease inhibitors (Roche)) was added. After incubation 

for 30 minutes on ice, suspensions were briefly sonicated on a water bath, centrifuged and the 

supernatant used for quantification using the Bradford method. Around 50 ug of total protein was 

loaded per gel. 

C. elegans synchrounous populations (Adults day 3) were pelleted and lysed in Lysis buffer. 

Cycles of freezing and defreezing were used to break the cuticles. After brief sonication, samples 

were centrifuged and supernatant was quantified. Around 50 ug of total protein was used per lane. 

Mouse anti-Cul1 antibody (Chemicon), rabbit anti-Nedd8 (Biomol), mouse anti-tubulin 

(SantaCruz Biotechnologies) and mouse anti-actin (SantaCruz Biotechnologies) were used in a 

1:2000, 1:1000, 1:5000, 1:2500 dilutions respectively. Secondary antibodies ((SantaCruz 

Biotechnologies) were used at 1:10 000 dilution. Detection was performed using 

chemiluminescence (Pierce). 

 

 

Results and Discussion 

 

ATX-3 interacts with NED-8 in C. elegans 

Since the human ataxin-3 interacts with the Nedd8 protein, we decided to check the 

conservation of this interaction in worms and verified that indeed, ATX-3 and NED-8 interact with 

each other (Fig. 3 of Chapter 3.1).  

This finding showed that the interaction is conserved among species, which could be an 

indicative of its functional relevance, for example in the modulation of CUL-1 neddylation and 

subsequently SCF activity, as we proposed before. 

 

ATX-3 does not interact with other components of the SCF complex 

To exclude any other type of regulation of the SCF complex rather than NED-8-ATX-3 

association, we also checked if ATX-3 interacted with the other subunits of this complex. The results 

of autoactivation and toxicity of these preys are shown in Table 1. We tested by Y2H the interaction 

of ATX-3 with the other SCF proteins and saw that it was unable to interact with CUL-1, the RBX-1 
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subunit, the SKR proteins (SKR-1, -2, -3, -7, -8, -9, -10, -13) and the F-box protein PES-2, one of the 

F-box proteins with altered expression in the atx-3 KO animals (Fig. 2 below, Fig. 3 of Chapter 3.1).  

Since we had evidence that the mouse ataxin-3 interacts with the C-terminus fragment of 

cullin-1 (MC Costa et al, personal communication), we also created a clone containing this portion 

of the nematode cullin-1 (CUL-1_CT). Worm ATX-3 was unable to interact with this C-terminus 

portion.  

We also tested interaction with other cullins and showed that ATX-3 does not interact with any 

of them.  

 

ATX-3 does not interact with the CNS-5 protein 

One other possibility is that ATX-3 could interact with NED-8 and act as a recruitment factor 

for the COP9-signalosome to deneddylate the Cullin subunit.  

S. cerevisiae does not have a recognizable COP9 signalosome but it has a CNS5 homologous 

gene, YDL216C. Mutations in this gene lead to deneddylation deficiency (see review 329), proving 

that the CSN5 subunit is the “core” and the minimum requirement for the deneddylase activity of 

the COP9. We previously showed that CSN5 does not interact with ATX-3 (Fig. 3 of Chapter 3.1), 

excluding this hypothesis. 

 

No altered levels of neddylated Cul1 in ataxin-3 knockdown HeLa cells 

Ataxin-3 could regulate neddylation at two levels: first, through its deneddylase activity, and 

secondly, the physical interaction of ataxin-3 with Nedd8 can lead to a lower availability of this 

protein for cell usage.  

Thus, we next asked if altering the ataxin-3/ATX-3 levels would lead to any difference in the 

amount of neddylated Cullin 1, its putative substrate, which would in turn regulate the SCF activity.  

Since the commercial CUL-1 antibodies did not recognize the worm CUL-1, we decided to 

create a human cellular model for human ataxin-3 deficiency using specific RNAi against ataxin-3. 

Using an antibody that recognizes both the un- and the neddylated Cul1, no consistent differences 

were observed in the ATXN3 knockdown cells when compared to mock-transfected cells (Fig. 3A).  
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Table 1. Candidate ATX-3 interactors tested by Y2H. Assessment of toxicity, autoactivation and interaction results. 

Toxicity of each prey is shown as colony growth (3rd column). In the 4th column the amount of 3-AT necessary to eliminate prey auto-activation is 

mentioned. The Y2H interaction results are depicted in the last two columns. We observed the colony growth in selective media without histidine (1st 

reporter gene) and the ability to cleave the X-Gal compound in colony filter assay giving a blue color to the colonies (2nd reporter gene). No positive 

ATX-3 interactors were found. 

Prey 

Toxicity 

SC-L 

Elimination of 

autoactivation 

Interaction 

SC-WLH with 3-AT 

Colony growth [3-AT] mM Colony growth X-Gal 

CUL-1 + (<1 mm) 60mM - (<0.5 mm) white 

CUL-1 C-terminal ++ (1.5 mm) 30mM - (<0.5 mm) white 

CUL-2 + (<1 mm) 60mM - (<0.5 mm) white 

CUL-3 + (<1 mm) 60mM - (<0.5 mm) white 

CUL-4 + (<1 mm) 60mM - (<0.5 mm) white 

CUL-5 + (<1 mm) 60mM - (<0.5 mm) white 

CUL-6 + (<1 mm) 60mM - (<0.5 mm) white 

SKR-1 +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

SKR-2 +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

SKR-3 +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

SKR-7 +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

SKR-8 +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

SKR-9 +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

SKR-10 +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

SKR-13 +++ (1.5-2 mm) 30mM - (<0.5 mm) white 

 

+++ normal growth and colony size, ++ medium growth, + slow growth; [3-AT] is the necessary concentration of 3-AT in the plates to 

eliminate prey autoactivation. 
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Figure 2. ATX-3 does not interact with the SCF components. Yeast were cotransformed with the pAS1g/ATX-3 

(BD_ATX-3) and the pACT2g/prey (AD_prey) vectors. The colonies were unable to grown in selective SC-WLH media 

supplemented with 30 mM 3-AT (SKR proteins) or 60 mM 3-AT (CUL-1 to -6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Neddylation pattern in HeLa cells and C. elegans. (A) Extracts from siATXN3 and mock transfected HeLa 

cells were run on a SDS-PAGE gel and then probed with an anti-Cul1 antibody that recognizes both un- and neddylated 

Cul1. No significant differences were found (n=3, error bar correspond to standard deviation). (B) General neddylation 

pattern of the two C. elegans ATX-3 knockout animals (atx-3(gk193) and atx-3(tm1689)) and siATXN3 cells, when 

compared to the controls (N2 and Mock, respectively). No consistent and reproducible differences were found (n=3).  
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No differences in the global neddylation pattern of ATX-3 knockout animals 

The next question was if ataxin-3 deneddylase activity was relevant against other substrates 

rather than Cul-1. Therefore we analyzed the general neddylation pattern in protein extracts from C. 

elegans ATX-3 knockout animals and siATXN3 cells using an anti-Nedd8 antibody. As it can be seen 

in Fig. 3B, no significant changes were observed between controls and ATX-3 mutant animals and 

between mock- and siATXN3-transfected cells. 

 

These negative results lead us to speculate that the deneddylase ability/Nedd8 recruitment by 

ataxin-3 may be time- or cell-type specific. The lack of apparent differences in the neddylation 

patterns between controls and ATXN3-depleted samples can also be explained by the technique we 

used to quantify the neddylation levels. Contrary to ubiquitylation, neddylation usually involves only 

addition of one Nedd8 molecule, therefore the absence of a single Nedd8 molecule can be difficult 

to quantify. One alternative is, rather than trying to quantify the levels of neddylated Cul1, to check 

if in the absence of ataxin-3 the levels of known SCF substrates are different. Therefore, until the 

date, the biological significance of the ataxin-3-Nedd8 interaction remains unanswered. 
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Abstract 

 

  Ataxin-3 is abundant in muscles and interacts with several muscle-related proteins in 

mouse and worms. In this section, we explore the connection between C. elegans ATX-3 and the 

paramyosin protein UNC-15. We show that in the absence of ATX-3, UNC-15 accumulates but only 

at a stress-threshold situation (25ºC) and in young adult animals, returning to normal levels as the 

animal ages. Preliminary data suggests that knockout animals seem to degrade the UNC-15 protein 

less efficiently. Although we see a clear augmentation of UNC-15 in the ATX-3 knockout animals, 

their muscle structure and morphology is apparently normal, as well as the UNC-15 distribution. 

These knockout animals are phenotipically normal at 20ºC but at 25ºC they show a motor deficit. 
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Introduction 

 

Skeletal muscle wasting, or atrophy, can occur both in physiological and disease situations 

and is characterized by a reduction in muscle mass, due to a disproportion between protein 

synthesis and protein degradation, resulting in a loss of net protein content (see review 330). The 

central mechanism in muscle wasting is increased intracellular protein degradation, especially due 

to the activation of the ubiquitin proteasome pathway (UPP) 331.  

A protein exhibiting deubiquitylating (DUB) activity, as ataxin-3, can change the faith of a 

protein: it can either rescue it from degradation by removing the polyubiquitin degradation signal or, 

in conjugation with VCP/p97 for example, it can help the protein enter the proteasome 91,96. This 

suggests that, if some of the ataxin-3 substrates are muscle-related proteins, mutant ataxin-3 could 

affect muscular proteolysis. 

In order for efficient conjugation of ubiquitin to a substrate to occur, besides the E1, E2 and 

E3 enzymes, some reactions also need a polyubiquitin chain conjugation assembly factor, also 

known as E4, one example being the UFD2 protein 332. Interestingly, in humans, there is the 

formation of a ternary complex comprising VCP, ataxin-3 and UFD2, which can be indicative of a 

complex involved in substrate ubiquitylation regulation 128. T. Hoppe and colleagues found that in C. 

elegans, the ataxin-3-UFD2 interaction is conserved (T. Hoppe, personal communication). Another 

interactor of ataxin-3 is the E3 ligase C-terminus of hsp70-interacting protein (CHIP), and this 

interaction is also conserved in worms, where ATX-3 is able to associate with the CHIP homologous 

protein CHN-1 333. The myosin assembly chaperone UNC-45 is a known substrate of the E3-E4 

complex formed by the CHIP-UFD-2 proteins, which lead T. Hoppe and colleagues to propose that 

ataxin-3, in conjunction with these two proteins, could be involved in the degradation of UNC-45 

and other muscle-related proteins 333.  

Interestingly, both C. elegans and mouse ataxin-3 show high expression in muscle (Chapter 2, 

MC Costa et al, in preparation) and besides this, deletion of ataxin-3 leads to de-regulation of the 

expression of some muscular genes in C. elegans (Chapter 2). In our search for ATX-3 partners, we 

found several that corresponded to muscular proteins such as the paramyosin UNC-15, the myosin 

heavy chain (MHC) (C17E4.2), titin (TTN-1), and dystrophin (DYS-1) (Table 4).  

In this section, we will characterize the relationship of ATX-3 with the muscular protein 

paramyosin- UNC-15. We found that in basal situations the levels of UNC-15 remain unaltered in 

the ATX-3 knockout animals. However, in a “stress-treshold” growth condition (25ºC), the absence 



Chapter 3. Ataxin-3 interactors 

127 

of ATX-3 causes significant changes in the paramyosin but not in other muscular proteins levels, 

suggesting a very specific association of ATX-3 with UNC-15. Interestingly, and although the UNC-

15 levels were consistently altered in young knockout animals at 25ºC, no major differences in 

muscle structure and organization were observed in the knockout animals grown at this 

temperature. Phenotypically, the mutants were normal at 20ºC but showed a motor deficit at 25ºC. 

 

 

Material and Methods 

 

C. elegans strains and standard procedures 

C. elegans strains were maintained at 20ºC or 25ºC in 2% peptone or NGM plates seeded with 

E. coli OP50 257. Synchronous cultures were obtained by bleaching. Strain atx-3(gk193) was kindly 

provided by the C. elegans Reverse Genetics Core Facility at the University of British Columbia. 

Strain atx-3(tm1698) was obtained from the National Bioresource Project. N2 strain was kindly 

provided by the CGC.  

 

Behavioral testing 

Plate motility test was performed as described 334. Briefly, animals were placed in the middle of 

a 1 cm circle and allowed to freely crawl for one minute. Animals that were unable to leave the 

circle were considered to be uncoordinated. 

 

C. elegans protein isolation 

Animals were collected with M9 buffer, washed several times, pelleted and frozen in liquid 

nitrogen. Lysis buffer (150 mM NaCl, 50 mM Tris-Hcl pH 7.4, 1% NP-40, 1 mM PMSF, Complete 

protease inhibitors (Roche)) was added to the worm pellets, frozen and de-frozen several times, 

sonicated twice and centrifuged 10 minutes at 13 000 rpm at 4ºC. The supernatant was then 

quantified using the Bradford method.  

 

Crude extracts assay 

Assay was performed as previously described 335. Briefly, animals were equilibrated and lysed in 

lysis buffer (20 mM Tris-HCl pH 8, 200 mM NaCl, 5 mM MgCl2, 5 mM DTT). Homogenate was 
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centrifuged and incubated at 25ºC for the indicated time points. Reactions were stopped by the 

addition of SDS sample buffer. 

 

Immunobloting 

Fifty ug of total protein was used per lane. Anti-paramyosin (DSHB) and anti-MHC-B (kindly 

provided by Dr. Henry Epstein), were used at 1:1000 dilutions. Loading control anti-tubulin (DSHB) 

was used at a 1:100 dilution. Signal was obtained using Chemiluminescence (Pierce). At least three 

independent biological replicates were analyzed for each temperature and life stage. Band 

densitometry was performed using the Gel Analysis Method of ImageJ software.  

 

C. elegans Immunofluorescence 

Well-fed animals were washed several times in M9 and then fixed using Bouin´s Method 

(Wormbook). Cuticles were cracked using liquid nitrogen. Primary antibody anti-paramyosin 

(1:1000, DSHB), was diluted in antibody buffer containing 5% goat serum and incubated overnight 

at 4ºC. Appropriate AlexaFluor 568 anti-mouse antibody (Molecular Probes) was used at 1:1500 

dilution.  

 

Statistical analysis 

Statistical analysis was done using SPSS version 16. A T-test was employed to compare 

between control and knockout strains and only p<0.05 was considered statistically significant. 

 

 

Results and Discussion 

 

ATX-3 interacts with the muscular protein UNC-15 

In our ATX-3 pulldown of C. elegans endogenous proteins, we identified the UNC-15 protein as 

one of the best hits among ATX-3 interactors. Although this protein appeared in the GST lane as 

well, the hit significance was significantly lower. It is quite common that abundant proteins as UNC-

15 are pulled down with the GST protein as well. We tried to perform additional pulldown assays 

with similar results. Therefore, we still need to prove this interaction using a different technique 

such as Y2H or immunoprecipitation. Nevertheless, we decided to analyze what the nature of the 

association of ATX-3 with UNC-15 could be. 
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ATX-3 absence leads to increased levels of UNC-15 at 25ºC 

UNC-15 could be a potential ATX-3 substrate, hence we decided to verify the levels of this 

protein in ATX-3 KO animals. At 20ºC, the normal growth temperature, no major differences in 

UNC-15 levels were found. In a stress-threshold situation, at 25ºC, the UNC-15 levels were 

significantly higher in the ATX-3 knockout animals (Fig. 1A). This up-regulation was only observed 

for young adults (Adults day 3, A3) and returned to normal levels in older animals (Adults day 9, 

A9). Other muscular proteins as MHC B remained unaltered (Fig. 1B). 

 

 

Figure 1. ATX-3 modulates the UNC-15 protein levels at 25ºC. (A) UNC-15 is upregulated in young adults of ATX-3 

knockout animals at 25ºC and then returns to basal levels, * p=0.047, error bar correspond to standard error. (B) No 

alterations in MHC B protein levels in ATX-3 knockout animals. (C) Increase in UNC-15 protein levels may be due to 

inefficient degradation since in knockout animals there is a trend for increased ubiquitylated UNC-15 species. UNC-15 

was immunoprecipitated using a specific UNC-15 antibody and then the bound species were run on a SDS-PAGE gel 

and blotted against ubiquitin. As control of the loading the western blot anti-UNC-15 of the same blot is shown.  

* 
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Increased ubiquitylated UNC-15 in ATX-3 knockout animals 

Given that ATX-3 is a deubiquitylating enzyme and UNC-15 could be a possible substrate, we 

decided to measure the levels of ubiquitylated UNC-15 in the mutant animals. We 

immunoprecipitated the UNC-15 protein from young adult population of wild type and ATX-3 

knockout animals grown at 25ºC and then performed a immunoblot against ubiquitin. Preliminary 

studies showed a mild increase in ubiquitylated UNC-15 species (Fig. 1C). 

 

Decreased degradation of UNC-15 in ATX-3 knockout animals 

To assess if the degradation of the UNC-15 protein was the same in wild type and mutant 

animals, we performed a degradation assay using C. elegans crude extracts. Preliminary results 

show that the knockout animals degrade the UNC-15 protein less efficiently when compared to wild 

type (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

Figure 2. UNC-15 is degraded at a higher rate in wild type animals than in ATX-3 knockout animals at 25ºC. Crude 

extracts from the two strains were incubated at 25ºC for the indicated timepoints. Samples were then run on a regular 

SDS-PAGE gel and immunobloted against UNC-15. UNC-15* is probably a degradation product since it only occurs after 

incubation and not initially (0h). After three hours incubation, almost all UNC-15 is degraded in wild type animals 

(arrow) while in KO animals, the ratio between UNC-15 and UNC15* remains similar. 

 

No major differences in the distribution of UNC-15 in the muscle of ATX-3 KO animals 

To access the distribution of UNC-15 in the muscle of ATX-3 mutants, we performed a 

immunofluorescence against UNC-15 in these animals grown at 25ºC. As it can be seen in Figure 

3, no major differences in the general UNC-15 staining pattern were found. 
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Figure 3. UNC-15 seems to be normally distributed in ATX-3 mutant animals. Animals were processed for 

immunofluorescence against UNC-15 and observed under the confocal microscope. Shown are total projections of 

several Z-stack images. Scale bar 500 um.  
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We also determined the number of bands per sarcomere since some muscular protein 

mutants have an apparently normal distribution of muscular proteins but display an altered band 

patterning 335. As can be seen in Figure 4, no differences in band number were observed in ATX-3 

knockout strains when compared to controls. Counting was done only for areas 2-4 since in area 1 

it was very difficult to obtain defined bands, due to the high musculature of the pharynx. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The band number of the sarcomeres is normal in ATX-3 knockout animals. (A) Scheme showing the division 

of areas used to count bands in the animal. (B) ATX-3 mutants show similar band number to wild type. n(N2,area2-3) 

= 24, n(atx-3,area2-3) = 26, n(N2,area3-4) = 15, n(atx-3,area3-4) = 29. Error bars refer to standard deviations. 

 

 

Motility phenotype at 25ºC 

To determine if the abnormal levels of UNC-15 in ATX-3 mutant animals were accompanied by 

a motor defect, we analyzed the motility of these animals at 25ºC. As depicted in Figure 5, ATX-3 

mutants have an uncoordination phenotype when compared to wild type animals. 49% of ATX-3 

mutant animals are unable to leave the 1 cm circle in one minute when compared to 18% of wild 

type animals. 
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Discussion 

 

It is the interplay between the components of the thick filaments that dictate the important 

steps in the muscle assembly pathway. C. elegans thick filaments contain paramyosin 336,337 that 

serves as a scaffold for the binding of the two myosins: A and B. The order of events in this 

assembly pathway is: the myosin A bipolar region forms first and nucleates the paramyosin core, 

which is then followed by the addition of myosin B 338,339. This is consistent with the fact that myosin 

A mutants result in embryonic lethality, since myosin A is required for early events in this process 339 

while mutants in the paramyosin and myosin B are viable but have impaired movement and exhibit 

aberrant thick filaments and A-band organization 338. 

As expected, deletions in muscle-related genes often cause a visible motor phenotype. What 

about excess of a muscular protein? In muscle, more is not synonym of better. For example, 

overexpression of the muscular chaperone UNC-45 leads to a similar phenotype of UNC-45 deletion 

mutants with abnormal thick filament assembly and a concomitant defect in movement 335. 

In this work, we found that ATX-3 absence leads to an increase in UNC-15 levels at 25ºC, 

which can indicate that, directly or indirectly, ATX-3 is facilitating UNC-15 degradation. If ATX-3 is 

acting as a DUB, and assuming that UNC-15 is a substrate, its absence would lead to increased 

ubiquitylation of UNC-15, which our results seem to point to. Moreover, in the degradation assay, 

ATX-3 knockout animals seem to degrade the UNC-15 protein less efficiently, which is consistent 

with the accumulation observed in these animals.  

What is rather interesting is the fact that this accumulation of UNC-15 occurs only at 25ºC and 

not at 20ºC, although there is also a trend for higher levels of UNC-15 at 20ºC in the mutants. 

Starvation and stress conditions are known to elevate the overall breakdown of myofibrillar proteins 

Figure 5. ATX-3 knockouts have a 

uncoordination phenotype at 25ºC (T-test, 

p=0.041) but not at 20ºC. Error bars refer to 

standard error; n(N2, 25ºC)=154, n(gk193, 

25ºC)=155, n(N2, 20ºC)=102, n(gk193, 

20ºC)=102. 

*
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through the up-regulation of the UPP 331. In a stress-threshold situation for C. elegans, such as 

growth at 25ºC, the UPP activity is enhanced; if a player such as ATX-3 is absent, we would 

anticipate to see an accumulation of its substrates at this temperature. This accumulation was not 

seen for all muscle proteins, since myosin B (MHC-B) levels remained the same in the knockout 

animals.  

Since the interplay between the thick filament proteins is so important for muscle assembly 

and organization, it was quite surprising that although we have twice more UNC-15 protein in the 

ATX-3 knockout animals, we found no significant changes in the structure of the muscle of these 

animals at 25ºC. No gross differences were observed in the MHC-A, MHC-B and MHC-C expression 

patterns (data not shown). However, although no structural changes were observed, the mutant 

animals displayed uncoordination in the motility assay at 25ºC, which could be a consequence of 

their increased UNC-15 levels. Now the open questions are: which other molecular players are 

involved in UNC-15 degradation? Is it the complex formed by the ATX-3-CHIP-UFD-2 proteins? 

Further studies will need to be performed to answer these questions. 
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Chapter 3 Main Conclusions 

 

In this Chapter we describe several new ATX-3 interactors, which gave us some clues about 

the physiological role of this protein.  

 

In summary we can conclude that: 

- As expected, ATX-3 interacts with several ubiquitin-proteasome pathway components. 

- ATX-3 interacts with structural and cytoskeletal proteins, suggesting a new role in cell 

structure. 

- ATX-3 forms a complex with the UBXN-5 protein and the known interactor CDC-48 (VCP/p97 

orthologue). 

- ATX-3 interacts with NED-8, although the functional relevance of this interaction has not been 

identified so far. 

- Several muscular proteins interact with ATX-3. 

- UNC-15 (paramyosin) degradation seems to be modulated by the ATX-3 protein. 

- ATX-3 mutants have a motility defect at 25ºC. 
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Chapter 4  

 
 

C. elegans ataxin-3 knockouts have an exacerbated stress response  
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Abstract 

 

Ataxin-3 is able to bind ubiquitylated substrates, acts as a deubiquitylating enzyme in vitro, 

and it has been involved in the modulation of protein degradation by the ubiquitin-proteasome 

pathway. Accumulation of unwanted or damaged proteins due to the absence of a processing 

enzyme such as ATX-3 can disrupt cellular homeostasis. 

In this work we analyzed the effects of a heat shock – a known protein homeostasis stressor, 

in ATX-3 knockout animals. We show that C. elegans ATX-3 knockout animals have an exacerbated 

stress response and survive significantly better than wild type when subjected to a noxious heat 

shock stimulus. This increased thermotolerance of mutants was further enhanced by the pre-

exposure to a mild heat shock. At a molecular level, ATX-3 mutants have a distinct proteomic profile 

with several molecular chaperones up-regulated. 

We propose that a mild disruption in the protein homeostatic environment of ATX-3 mutants, 

due to the accumulation of ATX-3 substrates for example, awards these animals with an improved 

capacity of dealing with stressors later on, a process known as hormesis. 
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Introduction 

 

Environmental stress often causes proteotoxic damage, which triggers the stress-response 

machinery in order to maintain the cellular homeostasis. Cells have two main lines of defense 

against misfolded/aberrant proteins: the molecular chaperones and the ubiquitin-proteasome 

pathway (UPP) (see reviews 340,341). 

Molecular chaperones are responsible for assisting in the folding and conformation reparation, 

acting on misfolded proteins to fold them into their native state. Besides this stress “manager” role, 

some chaperones are expressed constitutively under non-stressful conditions, acting as “protein 

vigilantes”, monitoring protein quality (see review 342). When the chaperone machinery fails, the 

damaged protein needs to be eliminated and it is sent for proteasomal degradation.  

This tight quality control regulation ensures a constant cellular milieu and prevents 

accumulation of damaged proteins. However, in aging and certain neurodegenerative conditions as 

in the polyglutamine (polyQ) diseases, the pathogenic proteins tend to misfold and aggregate 25,343 

causing an overwhelming or impairment of the chaperone and the UPP machinery which eventually 

contributes to neuronal death 120,127.  

One of the putative players in the protein quality control pathway is the polyQ protein ataxin-3, 

involved in Machado-Joseph disease 2. Ataxin-3 binds ubiquitylated proteins and is able to act as a 

deubiquitylating (DUB) enzyme in vitro 208, cleaving chains of 4 or more ubiquitins, the minimal 

signal for proteasomal degradation. Ataxin-3 also associates with the UPP-escort protein VCP/p97 

and with the proteasome, suggesting a role in modulation of protein degradation 209,218,226,239,283.  

Considering the role of ataxin-3 in the protein quality control, we decided to analyze the effects 

of its absence in basal and in protein homeostasis stress conditions using two ataxin-3 knockout 

strains in C. elegans, atx-3(gk193) and atx-3(tm189). In basal conditions, these animals have no 

overt phenotype. However, upon a heat insult, the ATX-3 knockout animals display a significantly 

increased resistance to stress. This improved thermotolerance was due to a higher level of several 

molecular chaperones such as the HSP-16, HSP-70, HSP-1 and HSP-4 as confirmed by proteomic 

analysis. 
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Material and Methods 

 

C. elegans strains culture 

C. elegans strains were maintained at 20ºC or 25ºC in 2% peptone or NGM plates seeded with 

E. coli OP50. Synchronous cultures were obtained by bleaching 257. 

Strain atx-3(gk193) was kindly provided by the C. elegans Reverse Genetics Core Facility at the 

University of British Columbia. Strain atx-3(tm1698) was obtained from the National Bioresource 

Project. Other strains used in this work were kindly provided by the CGC.  

 

C. elegans life span assays 

For regular life span, animals were kept at 20ºC and checked daily for viability. Animals were 

also subjected to a 2h 30ºC heat shock and then transferred to 20ºC and checked daily. For 

thermotolerance assays, young adults were transferred from 20ºC to 35ºC and analyzed every 

hour. In the case of pre-heat shock treatments, animals were transferred from 20ºC to 33ºC for the 

indicated time and then plates were immediately passed to 35ºC and checked every hour. 

For brood size measurements, animals were allowed to put eggs at 20ºC without or with a 

heat shock of 2h at 33ºC. Progeny was allowed to eclode and counted the next day. 

 

Western Blotting 

Synchrounous worms were collected with M9 buffer and rinsed several times. After that, they 

were pelleted and frozen in liquid nitrogen. An equal amount of Lysis buffer (50 mM Tris-HCl pH 

7.4, 150 mM NaCl, 1% NP-40, 1 mM PMSF, Complete protease inhibitors (Roche)) was added to 

each pellet. Animals were frozen and thawed several times, briefly sonicated and after 

centrifugation at 13000 rpm 10 minutes at 4ºC, the supernatant was collected. Proteins were 

quantified using the Bradford method. Forty micrograms of total protein was loaded into SDS-PAGE 

gels and then transferred to nitrocellulose membranes. After incubation with the primary 

antibodies: rabbit anti-HSP16 (1:5000, kindly provided by Dr. Christopher Link), anti-HSP70 

(1:10000, 3A3, kindly provided by Dr. Richard Morimoto; 1:2000, HSP-70 C92 (Stressgene), anti-

HSP40 (1:2000, Stressgene), anti-alpha-tubulin (1:100, DSHB), the secondary antibodies were 

incubated at a 1: 10000 dilution. Detection was done using ECL kit (Pierce). Band quantification 

was done using ImageJ as advised by the software manufacturers using alpha-tubulin as the 

loading control. 
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Quantitative PCR 

Total RNA from mixed populations of C. elegans was isolated using Trizol, following the 

manufacturer’s instructions. Two micrograms of total RNA were DNAse treated (Amerhsam) and 

converted into cDNA using the iScript kit (Biorad). Q-PCR was performed using SyberGreen from 

Qiagen and the Biorad q-PCR apparatus. For semi-quantitative PCR, we used regular Taq 

polymerase (Fermentas); atx-3 and act-1 were amplified in the same reaction. The PCR products 

were run on a 2% agarose gel, visualized with AlphaImager (Alpha Innotech Corporation) and 

analyzed densitometrically with the corresponding AlphaEase software. Atx-3 expression levels were 

normalized against actin in each sample. 

 

Mass spectrometry sample preparation 

Proteomic lysis buffer (8M urea, 2M thiourea, 4% CHAPS, 100mM DTT, 1mM PMSF, protease 

inhibitors (Roche)) was added to the frozen pellets of young adult animals (A72h) in basal (20ºC) or 

heat-shocked conditions (2h at 33ºC with 30 minutes recovery at 20ºC). Pellets were frozen and 

thawed several times and centrifuged. One hundred micrograms of total protein were precipitated 

using six volumes of cold acetone to remove interfering substances. Protein pellet was 

ressuspended in 40 l of 500 mM triethyl ammonium bicarbonate with 1% SDS, vortexed, and 

briefly sonicated until fully dissolved. The proteins were reduced using 2 l of 50 mM tris-(2-

carboxyethyl) phosphine for 1 hour at 60ºC, and cysteines were blocked with 200 mM methyl 

methane thiosulfonate for 10 minutes at room temperature. Ten micrograms of sequencing grade 

modified trypsin (Promega) diluted in water was added to each sample and incubated overnight at 

37ºC. The iTRAQ reagents (Applied Biosystems) were reconstituted in 70% ethanol, transferred to 

the respective sample and allowed to incubate for one hour. Reagent 114 was added to N2, 115 to 

atx-3(gk193), 116 to atx-3(tm1689); and the labelled peptides were then combined and evaporated 

to dryness in a SpeedVac. Each sample was re-dissolved in 50 μl of 0,1% trifluoroacetic acid (TFA) 

and desalted using C18 empore disks. 

 

Isolelectric focusing 

Desalted samples were applied on a 13 cm IPG strip, pH 3-10 (GE Healthcare), rehydrated for 

12 hours and then focused in a IPGphor using the following parameters: hold 500V 1h, linear 

gradient from 500-1000V 15 minutes, hold at 1000V 1h, linear gradient from 1000V-8000V 30 

minutes, hold 8000 2 hours. The strips were cut into 12 fractions and focused peptides were 
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extracted from the gel using a TFA gradient. The sample were evaporated and desalted as 

mentioned above. Peptides were dissolved in 1 % HCOOH just before LC-ESI-MS/MS analyses. 

 

LC-ESI-MS/MS analyses 

Around 6-8 ug of peptides from each fraction were analyzed using a nanoflow LC coupled to a 

QSTAR Pulsar i ESI-hybrid Q-TOF tandem mass spectrometer (Applied Biosystems/MDS Sciex). 

Peptides were concentrated and desalted on a precolumn (0.3 x 5 mm C18 PepMap100, LC 

Packings), and eluted at 200 nl/min by increasing concentration of acetonitrile onto a self-packed 

C18 reverse phase column (75 m x 15 cm, Magic 5 μm 100 Å C18, Michrom BioResources Inc.) A 

linear 60 min gradient from 98 % solvent A (97.8% water, 2% acetonitrile, and 0.2% formic acid) to 

35% solvent B (95% acetonitrile, 4.8% water, and 0.2% formic acid) was used.  

Data from LC-MS/MS runs were converted to peak list files with the Analyst QS software 

(version 1.1). For QSTAR data, the acquisition parameters were: extract only +2 or +3 charged 

percursor ions, 300.000-1300.000 m/z range, with a minimum of 20 counts. Data from LC-

MS/MS runs were converted to peak list files with the Analyst QS software (version 1.1). 

 

Data analysis and protein identification 

MS/MS spectra generated was analyzed using Mascot software (version 2.1.02) using the 

Wormbase wormprep 178 (available in  

ftp://ftp.wormbase.org/pub/wormbase/genomes/elegans/sequences/protein/) as the 

reference database. Trypsin was set as the digestion enzyme with a maximum of one missed 

cleavage site. The mass accuracy for parent ions was set as 100 ppm, and 0.3 Da was used for the 

fragment ion mass tolerance. The default search settings used for quantitative analysis and protein 

identification were: trypsin cleavage with fixed MMTS modification of cysteine, iTRAQ labelling and 

variable methionine oxidation.  

A 5% peptide false positive rate was chosen and only proteins identified by two or more 

peptides were selected.  

 

Statistical analysis 

Direct comparisons of the brood size were perfromed using the T-test in the SPSS version 16 

software. General comparisons were done using ANOVA testing in the SPSS. For the plotting and 

analysis of the Kaplan-Meyer life span curves, we used GraphPad Prism version 5. For semi-
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quantitative PCR and immunoblotting analysis, a T-test was performed. A p-value of 0.05 was 

considered the cut off for statistical significance. 

 

 

Results 

 

C. elegans ATX-3 knockouts have increased resistance to heat stress 

We have previously characterized two ATX-3 knockout strains and found no major differences 

in these animals when compared to controls in basal conditions (Chapter 2). Considering the 

putative role of ATX-3 in protein degradation, we decided to analyze these animals after a stressful 

event which alters protein conformation and enhances protein degradation – heat shock. As it is 

shown in Figure 1, ATX-3 knockout animals live significantly more than wild type when exposed to a 

lethal heat shock at 35ºC. The wild type animals start to die earlier and have a median life span of 

9 hours while both knockout strains have a median life span of 10 hours.  

 

Figure 1. ATX-3 knockouts are thermoresistant. Atx-3(gk193) and atx-3(tm1689) median survival is 10 hours 

compared to 9 hours of wild type animals. n(gk193)=70, n(tm1689)=70, n(N2)=140. Kaplan Meyer analysis, 

p<0.0001. Two independent experiments were performed. 

 

Increased resistance to stress is further enhanced by hormesis 

Mild stress exposure can stimulate protective cellular mechanisms and improve the 

organism’s ability to cope with that or other types of stresses- a process known as hormesis; which 

occurs in several species including worms 344.   

In this case, we pre-exposed the animals to a sub-lethal heat shock of 30ºC for 2 or 5 hours, 

then transferred these animals to the lethal temperature (35ºC) and measure the survival. As 
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depicted in Figure 2, both wild type and knockout strains displayed a shift in the survival curve to 

the right, i.e. to an increased better survival; this is indicative of hormesis and concordant with 

previously published data using other strains 344,345. After the pre-heat shock of 2 hours at 30ºC, the 

ATX-3 knockout animals were significantly more resistant than wild type, with a median survival of 

14 hours when compared to 10 hours of the wild type, an increase of 40%. 

A 

 

B 

 

 

When we pre-exposed the animals to a 5 hour pre-heat shock, the median life spans were 15 

hours and 13 hours for the knockout and wild type strains respectively.  

 

C. elegans ATX-3 knockout animals show distinct proteomic changes in the chaperone 

machinery 

The next step was to understand this increased resistance at a molecular level. To do so, we 

analyzed the proteomic profile of ATX-3 knockout strains in basal conditions and after a 2h 33ºC 

heat shock with 30 minutes recovery at 20ºC. While in basal conditions no relevant changes were 

Figure 2. C. elegans ATX-3 knockouts are 

thermoresistant. (A) Life span curves at 35ºC 

of atx-3(gk193) animals after a pre-exposure 

of 2 hours at 30ºC. n(N2)=85, n(gk193)=91, 

Kaplan Meyer analysis, p<0.001. (B) Life 

span curves at 35ºC of atx-3(gk193) animals 

after a pre-exposure of 5 hours at 30ºC. 

n(N2)=70, n(gk193)=70, Kaplan Meyer 

analysis, p<0.001. At least two independent 

experiments were performed.  
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found, after a HS, both ATX-3 knockout strains have a significant increase in the levels of several 

chaperones, as depicted in Figure 3.  

The two biological replicates were variable, as it is common in proteomic studies due to 

technical issues, and some of the chaperone up-regulation was only seen in one replica, however, 

the two knockout animals displayed the same pattern of changes (see Supplementary Table 4 for 

complete proteomic results).  

The most consistent difference was in the HSP-16 family members - HSP-16.1 and HSP-

16.49, which presented a clear overexpression in ATX-3 mutant strains. The HSP-1, DAF-21 

(HSP90 homologue), HSP-4 and the F44E5.5 (HSP70 family) chaperones were upregulated in both 

knockout animals but just in one biological replicate. The alcohol dehydrogenase SODH-1 was 

downregulated to an average of half its normal levels in the two strains and in both replicas. The 

SIP-1 protein (HSP-20) was altered in the knockout strains but displayed a divergent profile in the 

two replicas. 

Other chaperones such as HSP-3, -6, -12.2 and -60 were present at similar levels in wild type 

and mutant animals. The two ubiquitin-like proteins UBL-1 and NED-8 were upregulated in replica 

1. 

We wanted to confirm some of these findings by western blot and we used several antibodies 

against diverse chaperones. We were able to confirm HSP-16 overepression using anti-HSP16 

antibody (kindly provided by Dr. Christopher Link 346,347). Since this antibody recognizes several 

member of the HSP-16 family, the overexpression is not so pronounced as in the proteomic 

analysis, probably due to the masking effect of other proteins of this family (Fig. 3C). Additionally, 

we tested two HSP70 antibodies against the human protein in worm extracts. One antibody (3A3, 

kindly provided by Rick Morimoto), however, one only recognized an unidentified constitutive 

protein, which is not differently expressed in ATX-3 mutants (data not shown), and the other 

(HSP70 C92-Stressgene), did not recognize any protein in worms. We tested other antibodies 

generated against human or rodent proteins in C. elegans extracts: an anti-HSP40 antibody 

recognized two constitutive proteins in C. elegans which were similar in both wild type and mutants 

(Fig. 3C); the anti-HSF1 and anti-HSP-27 antibodies did not recognize any protein in worms.   
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 Replica 1 Replica 2 

Protein gk193 tm1689 gk193 tm1689 

HSP-1 1,24 1,26 - - 

HSP-16.1 4,73 5,45 1,2 5.3 

HSP-16.49 6,37 7,28 1,3 6.6 

DAF-21 1,27 1,23 - - 

HSP-4 1,40 1,45 - nd 

F44E5.5 4,05 3,93 nd nd 

SODH-1 0,22 0,18 0,79 0.5 

SIP-1  0,74 0,756 - 1.2 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Summary of the proteomic profile of ATX-3 knockout animals after 33 ºC exposure during 2 hours followed 

by 30 minutes recovery at 20ºC. (A) Table showing the ratios from two independent biological replicates; values 

presented correspond to the ratio between mutants and wild type sample. Both ATX-3 knockout animals show an 

increase in some chaperones but others remain unaltered. We considered only differences equal or superior to 20%. All 

changes presented are statistically significative (p<0.05) according to the Protein Pilot analysis. nd: not determined, - : 

no significant changes. (B) Graph showing the average ratio (to wild type) of the two knockout animals for some of the 

altered proteins. All show a trend for elevated expression in the mutant strains, with the exception of SODH-1 and SIP-1 

proteins which were decreased. (C) Western blot showing the expression levels of HSP-16 (using an antibody that 

recognizes several members of this family) and HSP-40 in ATX-3 mutants and wild type. HSP-16 levels are higher in the 

 Replica 1 Replica 2 

Protein gk193 tm1689 gk193 tm1689 

HSP-3 - - - - 

HSP-6 nd nd - - 

HSP-12.2 - - - - 

HSP-60 - - - - 

     

NED-8 1,67 1,74 - - 

UBL-1 1,56 1,44 nd nd 

 

A 

B 

C 
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ATX-3 knockout animals after the heat shock (HS) of 2 hours at 33ºC, as depicted in the graph with the normalized 

expression values. Note that HSP-16 is induced only after the HS, being absent in normal temperature conditions, 

although in some preparations at 25ºC, we see its weak activation. The levels of HSP-40, which seems to be 

constitutively expressed, are not different between wild type and mutants. Alpha-tubulin was used as a loading control. 

n=3. 

 

Increased resistance to stress but no extension in life span 

A raise in chaperone levels is often correlated with increased lifespan in C. elegans 345,348. 

Although ATX-3 knockout animals are stress resistant, we have previously shown that they have a 

normal life span (Chapter 2). However, we did not analyze their life span after a heat insult and to 

do so, we exposed the knockout animals to a 33ºC heat shock for two hours and then transferred 

them to 20ºC, checking them daily. As can be seen in Figure 4A, ATX-3 knockout animals live for 

the same amount of time as the wild type after the HS exposure. The brood size of these animals 

was also similar to wild type (Fig. 4B). 

A 

       

B       

 

 

 

 

 

 

 

Figure 4. C. elegans ATX-3 knockouts have a normal life span and brood size after a mild heat shock. (A) Animals 

were subjected to a 33ºC heat shock of for 2 hours and then transferred to 20ºC and checked daily. n(N2)=63, 

n(gk193)=63, Kaplan Meyer analysis, p>0.05. (B) Brood size of ATX-3 knockout and wild type animals after a heat 

shock of 33ºC for 2 hours. n(N2 no HS)=32, n(gk193 no HS)= 30, n(N2 HS)=30, n(gk193 HS)= 32, T-test analysis, p> 
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0.05. Error bars correspond to standard error. At least two independent experiments were considered for life span 

analysis and at least three for brood size. 

 

Atx-3 is not a stress-responsive gene 

Since ATX-3 knockout animals display a clear resistance to stress, we decided to assess the 

levels of mRNA of the atx-3 gene after exposure to heat shock, in order to see if atx-3 behaves as a 

negative stress-responsive gene. As shown in Figure 5, the number of transcripts of atx-3 does not 

alter significantly after the insult, as monitorized by semi-quantitative PCR. 

 

 

 

 

 

 

 

 

Figure 5. Atx-3 gene does not respond to heat stress. Shown is the relative expression of atx-3 mRNA in basal (no HS), 

immediately after heat shock (0´) and in the indicated timepoints. At least three independent replicas were analyzed. 

ANOVA analysis, p>0.05.  

 

 

Discussion 

 

Ataxin-3 is a DUB enzyme involved in the ubiquitin-proteasome pathway, where it seems to act 

as a “processing” protein, cleaving ubiquitin from substrates and modulating their proteasomal 

degradation 209,218,239. Ataxin-3 is ubiquitously expressed and is present in several species ranging 

from plants to humans. Considering this, it is quite surprising that the ataxin-3 knockout mice only 

display a mild increase in ubiquitylation levels 185 and that a C. elegans model of ataxin-3 deficiency 

shows no obvious phenotype and no differences in life span, brood size or general ubiquitylation 

levels (Chapter 2), which could indicate adaptative/compensatory mechanisms or substrate 

specificity.  

In this work, we showed that ATX-3 knockout animals are significantly more resistant to heat 

stress than wild type animals. This phenotype was not due to the absence of a stress-responsive 
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gene, since heat shock and other stresses (cold and starvation; data not shown) did not change atx-

3 expression levels in C. elegans. 

Our hypothesis is that these mutant animals undergo a process known as hormesis. While a 

strong stress is often life-threatening for the organism, a mild stress can improve its functional 

ability to cope with stress- hormesis (see review 349). If we consider that ataxin-3 is modulating the 

degradation of certain substrates, its absence could affect protein homeostasis by the accumulation 

of these substrates, generating a mild stress in the cellular milieu. This continuous mild stress 

effect would lead to an improved and amplified response to other stresses affecting protein 

homeostasis in these animals. Consistent with this hypothesis, is the fact that upon a heat shock at 

35ºC, which is known to alter protein homeostasis, young adult mutant animals survived 

significantly better than wild type. We propose that somewhere along C. elegans development, ATX-

3 absence and subsequent imbalance in ATX-3 substrate degradation, lead to the activation of the 

chaperone and the UPP machinery in order to correct the problem and maintain homeostasis. 

When these same molecules are required to react to a posterior stress stimulus, such as a heat 

shock, the mutant animals will show an enhanced response. 

But what happens at a molecular level? Hormesis can strengthen and provide a higher ability 

to deal with metabolic fluctuation and stress, and although the exact molecular changes are not 

completely understood, elevated levels of molecular chaperones such as the heat shock proteins 

(HSPs) seem to underlie this process in several species 350-353. For example, several long-lived and 

stress resistant strains present elevated levels of molecular chaperones, such as the daf-2 and age-

1 mutants 88,260,348. Furthermore, Rea and colleagues have shown that the level of expression of the 

HSP-16 chaperone predicts both thermotolerance and survival of individual worms 354.  

Here, we showed that the improved thermo-resistance of ATX-3 knockout animals was due to 

higher levels of several molecular chaperones namely the HSP-1, HSP-16.1, HSP-16.49, HSP-4, 

F44E5.5 (HSP70) and DAF-21 (HSP90) proteins. This increase in molecular chaperones seems to 

occur only after stress since in basal conditions we did not find any difference in their levels with 

the proteomic analysis (data not shown).  

The chaperones that were not altered in the mutants are either constitutively expressed or only 

induced upon very specific types of stress (HSP-3, -6, -60) (Table 1). The upregulated proteins in 

ATX-3 knockout animals were mainly those known to be induced by stress: HSP-16.1, -16.49, -1 

(weak), -4, which can explain the absence of differences in basal conditions (see Table 1).  

It was also interesting that an ER-chaperone like HSP-4 was upregulated in ATX-3 knockout 
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animals, since it has been proposed that ATX-3, along with the VCP/p97 protein, is involved in ER- 

associated protein degradation 218,239. C. elegans knockouts for calreticulin and calnexin, important 

ER-resident chaperones, show an increase in the ER-chaperone HSP-4 and a decrease in the 

SODH-1 protein 355, as we observe for the ATX-3 knockout animals, suggesting that a similar 

molecular compensation mechanism may be occurring in both mutants and reinforcing the 

hypothesis of an involvement of ATX-3 in ERAD. Remarkably, the HSP-16.1 and -16.49 proteins, 

which are known to respond to protein unfolding and aggregation 347, display a significant up-

regulation upon heat shock in the mutants. This finding supports our hypothesis that the knockout 

animals accumulate ATX-3 substrates, activating this type of chaperones at some time of 

development. Once they are needed again, i.e. after the HS stimulus, the mutant cells are able to 

respond quicker due to the “pre-activation” of the chaperone machinery, a process that we can 

consider analogous to an immunological response to a previously known pathogen. Bu why are the 

knockout strains similar to wild type in basal conditions? The “pre-activation” of the stress response 

can be due to other mechanisms rather than protein levels of chaperones, such as pos-translation 

modifications and activation of transcription factors (TF) or other molecules that trigger the 

chaperone machinery. One of the good candidates to test is the Heat Shock Factor 1 (HSF1), which 

is the maestro of the heat shock response and is also required for proteotoxicity response 356,357. It 

would be interesting to see if this molecule is altered in ATX-3 knockouts, however, no commercial 

antibody for the nematode HSF1 is available so far.  

 

The increased thermotolerance of ATX-3 knockout animals was further enhanced by a non-

lethal pre-heat shock, more evident with the 2 hour than with the 5 hour pre-treatment – a 4 and 2 

hours difference, respectively. This is concordant with our idea of the existence of an adaptative 

response of the mutants to deal with stress. A 2 hours heat shock activates the stress-machinery 

(i.e. chaperones) system in both strains, however the knockout animals will cope with stress more 

efficiently than wild type due to their intrinsic characteristics - cumulative effect. Probably a 5 hour 

heat shock saturates the stress machinery, which reaches a plateau in both strains, masking the 

improved response of the mutants to stress. 

Although there is a strong correlation between increased stress resistance and life span 

extension in C. elegans 88,260,344,348,348 and other organisms 350-353, we found no differences in the life span 

of ATX-3 mutants, even when the chaperone machinery was strongly activated at some point in 

their life (life span after the heat shock). These results are consistent with the fact that the 
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chaperones were not altered in basal conditions in the knockout animals, which is typical of long-

lived strains. Some mutants like daf-4 and daf-7, are thermotolerant but not long-lived 344. In fact, a 

longevity/DAF-16-independent heat-induced thermotolerance has been proposed to occur through 

the action of DAF-18 358.  

 

Table 1. List of the identified molecular chaperones in the proteomic study and some information about their 

expression. 

 

 

In future studies we aim to answer the following questions: is the resistance observed only 

against protein folding stressors? Do other types of stress originate similar results? To date, we have 

evidence that the ATX-3 mutants respond similarly as wild type to the oxidative agent paraquat (C. 

Santos, personal communication), but we still need to test additional types of stressors such as ER 

stress (tunicamycin), toxic compounds (metals), and bacterial pathogens (P. aeruginosa, S. 

aureus).  

Mutants Protein 
Chaperone 

Family 
Inducible/Constitutive Reference 

UP HSP-1 Hsp70 Constitutive; weak stress induction 359 

- HSP-3 Hsp70 Constitutive; not stress induced 360 

UP F44E5.5 Hsp70 ? - 

- HSP-6 Hsp70 Constitutive, induced by stress affecting mitochondrial proteins 361 

UP HSP-16.1 Hsp16 Inducible, prevents protein unfolding and aggregation 362 

UP HSP-16.49 Hsp16 Inducible, prevents protein unfolding and aggregation 362 

UP DAF-21 Hsp90 Constitutive, dauer formation 363 

UP HSP-4 ? Constitutive and induced upon ER stress, ER chaperone BiP 364 

DOWN SIP-1 Hsp16? Constitutive, not stress induced, needed for embryogenesis 365 

- HSP-12.2 Hsp10? ?, no chaperone activity 366 

- HSP-60 Hsp60 Constitutive, induced by stress affecting mitochondrial proteins 361 
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Another important issue is: is there a mild disruption of the protein homeostasis in the ATX-3 

knockout animals, as we propose? What are the “pre-activated” molecules in these animals? 

Several known temperature sensitive (ts) mutant proteins are highly dependent on the cellular 

folding environment, so they can be good indicators of global protein homeostasis 334. To confirm 

our hypothesis, we will cross the ATX-3 knockout animals with ts mutants of metastable proteins 

and observe if they have a different homeostatic capacity. For example, animals harboring a ts 

mutation in the neuronal protein dynamin become paralyzed at 28ºC (restrictive temperature) and 

are normal at permissive temperature (20ºC) 367. Crossing these animals with aggregation-prone 

polyQ proteins results in impaired motility at permissive temperature 334. What will happen in the atx-

3-/- background?  

 

 

Conclusions 

 

In this work we showed that ATX-3 absence leads to an exacerbated stress response, with an 

increase of several molecular chaperones and consequently higher resistance to stress. We 

propose a model where ATX-3 knockout animals accumulate ATX-3 substrates, “pre-activating” the 

chaperone machinery, and later on reacting to stress to a greater extent.  
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Abstract 

 

Ataxin-3 is a widely expressed protein that has deubiquitylating activity in vitro and is thought 

to be involved in the ubiquitin-proteasome pathway. Expansion of a polyglutamine tract in ataxin-3 

causes Machado-Joseph disease, a neurodegenerative disease characterized by ubiquitylated 

aggregate formation and specific neuronal death. 

In this work, we show that ataxin-3 is able to bind to alpha-tubulin in vitro and in vivo. Ataxin-3 

co-localizes with microtubules and is a microtubule-associated protein. Knocking down ataxin-3 

causes a striking phenotype in human cultured cells: they display a mild increase in ubiquitylation 

and exhibit ubiquitylated foci, which is consistent with its putative function as a deubiquitylating 

enzyme. In addition. cells become rounder and with fewer projections and have enlarged cell 

bodies. At a structural level, the microtubule and intermediate filament networks are compromised 

and disorganized. Besides the obvious cytoskeletal defects, cell-cell interconnection can be affected 

since ataxin-3 knockdown cells express lower levels of integrin alpha-1 at their surface.  
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Introduction 

 

Ataxin-3 is the protein involved in Machado-Joseph Disease (MJD), also known as 

Spinocerebellar Ataxia Type 3 (SCA3), a late onset neurodegenerative disorder that belongs to the 

group of polyglutamine (polyQ) diseases 2,250.  

Ataxin-3 possesses a josephin domain and, depending on the isoform, two or three ubiquitin 

interacting motifs 256. Ataxin-3 has been involved in the ubiquitin-proteasome pathway (UPP) 

considering that i) it interacts with ubiquitin and ubiquitin-like protein Nedd8 and ubiquitylated 

proteins 208,209,230,256; ii) it has deubiquitylating (DUB) activity mediated by the JD domain being able to 

bind and cleave K-48 polyubiquitin chains 208,256 which are a common recognition motif for 

proteasomal degradation; iii) it interacts with subunits of the proteasome 209,233 and iv) together with 

VCP/p97, it is involved in the shuttling of substrates for proteasomal degradation 218,239. 

PolyQ expansions in unrelated proteins with no common functions result in conformational 

changes in the proteins that lead to misfolding, aggregation, inclusion body formation, and eventual 

neuronal cell death 24. Inclusions are ubiquitylated and contain chaperones and proteasomal 

subunits, suggesting an attempt by the chaperone machinery and the UPP to refold and/or 

degrade the misfolded proteins 40,61,79. When both these defense lines are compromised or 

overwhelmed, misfolded proteins are transported to a perinuclear area near the microtubule-

organizing center to form aggresomes 118,368.  The proteins involved in aggresome formation are the 

cytoskeleton microtubules, the motor proteins dynein and dynactin and the microtubule-associated 

protein histone deacetylase 6 (HDAC6) 119,369,370. Interestingly, ataxin-3 is able to bind to both dynein 

and HDAC6 and the DUB activity and the ubiquitin-binding properties of the ataxin-3 UIMs´ are 

required for aggresome formation 219.  

The cytoskeleton is a heterogeneous network of filamentous structures, composed of 

microfilaments, intermediate filaments, and microtubules 371. Neurons are particularly dependent on 

the cytoskeleton to deliver the proteins synthesized in the cell body to the axons and nerve 

terminals. Therefore, dysfunction of cytoskeletal components has been proposed as a feature of 

several neurodegenerative diseases including Alzheimer´s disease (AD), tauophaties and polyQ 

disorders (see reviews 372,373).  

AD is characterized by the formation of insoluble neurofibrillary tangles (NFT) that contain tau 

protein. Tau is a microtubule binding protein that stabilizes the microtubule tracts necessary for 

vesicular trafficking, endo- and exocytosis and axonal polarity. Tau in NFT is typically 
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hyperphosphorylated and, in this state, tubulin assembly is impaired 374. Another example is the 

huntingtin (htt) protein, which cofracctionates with microtubules in vitro and associates with the 

HAP1 protein 375, that is a partner of dynactin p150Glued 376, a component of the cytoplasmic dynein 

motor responsible for microtubule-dependent retrograde transport. This led the authors to 

hypothesize that the microtubule cytoskeleton and microtubule-based transport were important 

cellular targets for modulating htt aggregation in cells. Indeed, studies performed in yeast showed 

that an intact microtubule cytoskeleton was required for aggregation and inclusion body formation 

of an expanded polyglutamine protein in yeast 377. 

In this work, we show that ataxin-3 is able to bind alpha-tubulin and is a microtubule-

associated protein (MAP). Furthermore, we present evidence that RNA interference-mediated ataxin-

3 knockdown leads to a marked cellular cytoskeletal disorganization, especially in the intermediate 

filament and tubulin networks. This phenotype is reversible and dependent on ataxin-3 levels.  

Interestingly, the cytoskeletal phenotype was also accompanied by an increase in ubiquitylated 

foci, which are characteristic of cellular stress and consistent with the DUB activity proposed for 

ataxin-3.  

These findings can help us understand how partial loss of function of ataxin-3 can contribute 

for the progression of MJD by affecting the cytoskeleton network and causing a mild cellular stress.  

 

 

Material and Methods  

 

RNA interference 

A target portion of the ATXN3 gene (nucleotides 113-826 from the start codon; NM_004993) 

was amplified with primers RNAi_ATXN3F and RNAi_ATXN3R using standard procedures 

(Supplementary Table 1). The PCR product was then transcribed using the BLOCK-iT TOPO 

Transcription Kit (Invitrogen). Diced siRNA pools were generated from dsRNA using the BLOCK-iT™ 

Dicer RNAi Transfection Kit accordingly to manufacturer’s instructions (Invitrogen). Control RNAi 

was synthethized using the same protocol and targeting the gene UBXD8 (nucleotides 36-424; 

NM_014613). The primers used for the amplification of UBXD8 were RNAi_UBXD8F and 

RNAi_UBXD8R. 
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Cell culture and transfection 

HeLa cells were purchased from ATCC and grown in Dulbecco’s modified Eagle’s medium  

(DMEM) (Invitrogen) supplemented with 100 U/ml penicillin/G-streptomycin, 10% heat inactivated 

fetal bovine serum and Glutamax, at 37°C in a 5% CO2 humidifier chamber. 

For the RNAi time course experiments, 0.3 x 106, 0.2 x 106, 0.1 x 106, 0.1 x 106 and 0.1 x 106 

cells were plated in DMEM medium with 5% FBS and without antibiotics, on 6-well plates and used 

for 24, 48, 72, 96 and 120 hours post-transfection analyzes respectively. Approximately one-two 

hours later, cells were transfected with 200 ng of siRNA-oligofectamine complexes prepared in Opti-

MEM I medium (Invitrogen), accordingly to manufacturer’s instructions. Control RNAi or mock 

transfections (Lipofectamine) were used as controls. 

For immunofluorescence studies, cells were plated on 6-well plates containing poli-L-lysine 

coated glass coverslips.  

 

Drug treatments  

MG132 was added to a final concentration of 1 uM for 1 hour. To depolymerize microtubules, 

nocodazole (Sigma) was added to a final concentration of 6.6 uM for 2 hours. 

 

Immunofluorescence  

Depending on the antibodies, cells were fixed for 12 minutes in freshly prepared 2% 

paraformaldehyde or for 2 minutes at -20ºC in methanol/2mM EGTA.  Cells were permeablized 

with 0.5% Triton X-100 in PBS for 5 min (for PFA fixation) or with 1% Triton X-100 in TBS for 7 

minutes (for methanol fixation). After permeabilization, cells were blocked with 10% FBS, followed 

by incubation with primary antibodies rabbit or mouse anti-ATXN3 1:500 (rabbit serum kindly 

provided by Dr H. Paulson, mouse antibody from Chemicon), mouse anti-tubulin 1:100 (DSHB), 

rabbit anti-tubulin (1:300, Sigma), anti-vimentin 1:1000 (DSHB), anti-ubiquitin FK2 1:5000 

(Biomol). Alexa Fluor 488 and 568 conjugated secondary antibodies were used at 1:1500 

(Molecular Probes). DNA was stained with DAPI (Sigma).   

 

Microscopy analysis  

Images were acquired as Z-stacks with 0.2-0.4 um spacing using a Olympus BX61 

microscope coupled with a DP70 digital camera. Olympus Cell^P software was used for image 

deconvolution and projection.  
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Real-Time quantitative PCR (qPCR) 

One microgram of total RNA from HeLa cells was reverse transcribed using the SuperScript kit 

(Invitrogen). The qPCR reaction was performed using the QuantiTec SYBR Green kit (Quiagen) and 

the primers described below in a LightCycler (Roche) device. Primers used to amplify ATXN3, 

UBXD8 and HPRT were: MJD119F+MJD360R, UBXD8F+ UBXD8R and HPRTF+ HPRTR (primer 

sequences in Supplementary Table 1). 

 

Recombinant protein purification 

Plasmids (pDEST15 and pDEST17) used for recombinant proteins were described elsewhere 

57. Briefly, BL-21SI or BL21 pLYS cells were grown until OD600= 0.6-0.8 and recombinant protein 

production was induced using either NaCl to a 300 mM final concentration or IPTG to 1mM final 

concentration. Cells were harvested and pellets were incubated with phosphate buffer 

supplemented with 10 mM imidazole, 200 ug/ml lysozyme, 1%Triton X-100, 1mM PMSF, 

Complete protease inhibitors (Roche). After one hour incubation on ice, suspension was sonicated 

until cleared, and centrifuged. Recombinant proteins were then purified using Sepharose 4B resin 

(Amersham, GST-tagged proteins) or Ni-NTA agarose (Amersham, His-tagged proteins). GST-tagged 

proteins were eluted with 10 mM reduced glutathione and His-tagged proteins with 500 mM 

imidazole in phosphate buffer.  

 

Microtubule binding assays 

Two micrograms of recombinant proteins were run in a regular 10% SDS-Page gel and then 

transferred to nitrocellulose membrane. Membrane was blocked overnight in TBST buffer (150 mM 

NaCl, 50 mM Tris, pH 8, 0.05% Tween 20) plus 5% powdered milk. Then membranes were re-

equilibrated in lysis buffer (100 mM Pipes, 5mM EGTA, 1mM MgSO4, 0.9M glycerol, 1mM DTT and 

Complete protease inhibitors (Roche)) for at least 45 minutes. 

Meanwhile, purified tubulin (Cytoskeleton) was polymerized for 30 min at 37ºC in lysis buffer 

containing 2 mM GTP. Then excess solution was removed from the membranes and the blots were 

incubated with microtubules in lysis buffer during 1 hour at 37ºC.  Thirty minutes after the 

beginning of the incubation, taxol was added to a final concentration of 10 uM and incubation 

proceeded for 30 minutes more. Then blots were washed two times 15 min with TBST buffer and 

the bound tubulin detected using standard Western Blot procedures. 
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Immunoblotting 

For cellular extracts, forty micrograms of total protein isolated in NP-40 lysis buffer (150mM 

NaCl, 50 mM Tris-HCl pH 7.6, 0.5% NP-40, 1 mM PMSF, Complete protease inhibitors (Roche)) 

were resolved in 10% SDS-Page gels and then transferred to a nitrocellulose membrane. The 

primary antibodies were incubated overnight at 4ºC: anti-MJD1.1 1:1000 (described in 230), anti-

alpha-tubulin 1:100 (DSHB), anti-actin 1:2000 (DSHB), anti-acetylated tubulin 1:2000 (Sigma), 

anti-vimentin (DSHB). After incubation with the secondary antibody, membranes were incubated 

with the SuperSignal Chemiluminescence Substrate (Pierce). Pictures were then analyzed using 

ImageJ software.  

 

Statistical analysis 

For immunoblots, the mean density and area of each band was measured using at least three 

independent experiments. Comparison between control and RNAi groups was done using t-test in 

the SPSS version 16 software. For Real-Time PCR data, the same approach was used and results 

were presented using the ∆∆ Ct method. 

 

 

Results 

 

Ataxin-3 binds to tubulin in vitro and in vivo 

Initially, in a GST-pulldown screen done to find protein partners of C. elegans ataxin-3, we 

identified alpha-tubulin as a potential interactor (AJ Rodrigues et al, Chapter 3). Therefore, and 

since the worm protein is highly similar to the human protein, we decided to further explore the 

interaction between human ataxin-3 and alpha-tubulin. As it can be seen in Figure 1A, co-

immunoprecipitation studies showed that endogenous alpha-tubulin and ataxin-3 interact with each 

other in HeLa cells.  
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Figure 1. Ataxin-3 interacts with alpha-tubulin and is a microtubule-associated protein (MAP). (A) 

Coimmunoprecipitation from HeLa cell extracts showed that ataxin-3 and alpha-tubulin interact with each other in vivo. 

*refers to a ATXN3 fragment or isoform since other anti-ATXN3 antibodies recognize this band. (B) Human and worm 

ataxin-3 are able to associate with microtubules in vitro. Clip170 is a known MAP 378, used as a positive control for the 

experiment (the protein used only includes the microtubule-associated region). Rbx-1 was used as a negative control. 

hATXN3: histidine tagged, ceATX-3: GST-tagged. 

 

In order to assess the co-localization of ataxin-3 and alpha-tubulin in vivo, we performed 

immunofluorescence analyzes against ataxin-3 and alpha-tubulin. As shown in Figure 2, ataxin-3 co-

localizes with alpha-tubulin in HeLa cells. We also analyzed mitotic cells and found that ataxin-3 

colocalizes with the spindle microtubules. 

 

Ataxin-3 is a microtubule associated protein 

Considering the expression pattern of ataxin-3 and the fact that it interacts with alpha-tubulin 

both in vitro and in vivo, we next asked if ataxin-3 was able to bind to microtubules. The 

microtubule binding assay showed that indeed, ataxin-3 binds to polymerized microtubules (Fig. 

1B). This ability to behave as a MAP is not exclusive of the human protein as the worm and the 

mouse ataxin-3 also bind to the microtubules (Fig. 1B, MC Costa, personal communication). The 

localization of ataxin-3 changed after disruption of the microtubule network, as observed for other 

MAPs (Fig. 3). 

 

 

 



 

164 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Ataxin-3 co-localizes with alpha-tubulin in HeLa cells. Top panels show an interphasic cell where the 

expression pattern of ataxin-3 co-localizes significantly with that of alpha-tubulin. Bottom panels show a mitotic cell 

(anaphase stage) where again, ataxin-3 co-localizes with the microtubules. Anti-ATXN3 was kindly provided by Dr. Henry 

Paulson. Scale bar: 500 um. 
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Figure 3. Ataxin-3 co-localizes with alpha-tubulin in the presence of the microtubule-disrupting drug nocodazole. Cells 

were incubated with 6.6 um nocodazole for one hour and then were immunostained with anti-ATXN3 (kindly provided 

by H. Paulson) and with anti-alpha-tubulin. Ataxin-3 co-localizes with the disrupted alpha-tubulin network, as observed 

for other MAPs after nocodazole treatment. Scale bar 50 um. 

 

 

Ataxin-3 RNAi leads to the formation of cellular ubiquitylated foci and morphological 

changes 

In order to examine the functional relevance of the ataxin-3 interaction with alpha-tubulin, we 

performed RNAi-mediated gene silencing with a pool of siRNAs specific against the ataxin-3 mRNA. 

As shown in Figures 4A and 4B, delivery of siATXN3 oligos into HeLa cells resulted in a 

significant reduction of ataxin-3 both at the mRNA and at the protein level. The highest reduction 

was observed at 72h post-transfection and the protein started to be restored after that period.  

 

 

 

 

 

 

 

 

Figure 4. siATXN3 causes significant reduction in ataxin-3, especially 72h post-transfection (arrow). (A) q PCR results 

showing the relative expression ratio of ataxin-3/hprt in siATNX3 cells compared to control cells; n= 2, error bars refer 

to standard error. (B) Western blot results showing the effect of siATXN3 in ataxin-3 protein levels. Ataxin-3 protein 
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levels are maximally diminished at 72 hours post-transfection and starting to increase after that timepoint. 

Representative blot out of 3. 

 

 

First, and since ataxin-3 has DUB enzymatic activity, we checked the ubiquitin levels in the 

siATXN3 cells. As shown in Figure 5, accumulation of ubiquitylated foci was frequently observed in 

siATXN3 in comparison with the control cells, although not all the siATXN3 cells displayed these 

foci (Fig. 6 for example). Addition of the proteasomal inhibitor MG132 further enhanced the 

formation of these foci in the ataxin-3 knockdown cells (Fig. 5). 

Interestingly, siATXN3 cells displayed an odd morphology when compared to control or mock 

transfected cells (Fig. 5, 6). The phenotype consisted of an enlarged cell body in some cells, 

rounder cellular shape with less adherent projections reduced inter-cell connectivity.  
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Figure 5. Ataxin-3 knockdown causes cellular stress. Cells treated with siATXN3 oligos for 72h have an increase in the 

ubiquitin signal and exhibit ubiquitylated foci. This phenotype is further enhanced after treatment with the proteasomal 

inhibitor MG132. Cells were immunostained with anti-ATXN3 (H. Paulson) and anti-ubiquitin FK2 (Biomol). Scale bar 50 

um. 
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Figure 6. Cells treated with siATXN3 exhibit altered morphology with round-shape cells, reduced inter-cell connectivity 

and a slight increase in ubiquitin levels. Cells were labeled with anti-ubiquitin FK2 (Biomol). Scale bar 50 um. 

 

 

Ataxin-3  RNAi-depleted cells exhibit cytoskeleton defects 

 To test if the altered cellular morphology could be a consequence of cytoskeletal defects, we 

performed imunofluorescence analysis for the main components of the cytoskeleton: actin 

(microfilaments), vimentin (intermediate filaments) and alpha-tubulin (microtubules) in siATXN3 

cells. As presented in Figure 7A, the microfilament structure is only slightly different from that of 

control cells. However, the intermediate filament (anti-vimentin) and the microtubule network are 

severely affected (Fig. 7B, 8). 
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Figure 7. continues next page 
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Figure 7. Ataxin-3 knockdown causes changes in the microfilament (A) and in the intermediate filament (B) networks. 

siATXN3 cells have a rounder cell body. The actin network seems slightly disorganized (A), while the intermediate 

filament network is completely compromised (B). siATXN3 cells were immunolabelled 72h post-transfection, the 

timepoint where ataxin-3 levels are the lowest and the morphologic changes the highest. Cells were labeled with 

phalloidin (actin) (A), and with anti-vimentin (B). Scale bar 50 um.  

B
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Figure 8. continues next page 
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Figure 8. Ataxin-3 RNAi affects the microtubule network organization (A, B) Cells were analyzed 72h post-transfection 

with siATXN3 and labeled with anti-alpha-tubulin (DSHB). The alpha-tubulin network is disorganized and siATXN3 cells 

are rounder than controls (A). In B, higher magnifications are shown to evidence the lack of polarization from the 

microtubules in siATXN3 cells. Scale bar 20 um. (C) Western blot analysiss of control and siATX3 cell extracts (72h 

post-transfection) using anti-ATXN3, anti-actin (DSHB), anti-alpha-tubulin (DSHB) and anti-vimentin (DSHB) antibodies. 

All but vimentin show similar expression levels in control and siATXN3 cells. Notice that the vimentin profile is different 

in siATXN3 cells since more bands appear.  

 

B 

C 
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To address if the cytoskeletal defects observed in the siATXN3 cells were due to altered levels 

of cytoskeleton components vimentin, actin or alpha-tubulin, we performed western blot analyses 

against these three proteins. As it can be seen in Figure 8C, the levels of alpha-tubulin and actin 

are similar in siATXN3 and mock cells. However, the vimentin band profile was clearly different in 

siATXN3 cells, since these cells display several additional smaller immunoreactive bands - potential 

degradation products, which were absent from controls. 

 

Acetylated alpha-tubulin also shows an abnormal expression pattern in siATXN3 cells 

 Alpha-tubulin acetylation enhances microtubule stability 379. Considering the interaction of 

ATXN3 with HDAC6 219, the protein that deacetylates alpha-tubulin 380, we thought it would be 

important to verify the levels and distribution of acetylated alpha-tubulin in siATXN3 cells.  

Immunofluorescence assays revealed a similar result as for the non-acetylated alpha-tubulin: a 

general disorganization of the bundles, in which microtubules appear to have lost their polarized 

distribution (Fig. 9A). However, the levels of acetylated alpha-tubulin were similar in siATXN3 and 

control cells, as ascertained by western blot (Fig. 9B). 
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Figure 9. Acetylated alpha-tubulin is abnormally distributed but exists in normal amounts in siATXN3 cells.  (A) Cells 

were labeled 72h post-transfection with anti-acetylated alpha-tubulin (Sigma). Scale bar 20 um. (B) Western blot 

showing the normal levels of acetylated alpha-tubulin in siATXN3 cells. 

 

ATXN3 RNAi leads to reduced levels of integrin alpha-1 at cell surface 

 The cytoskeletal abnormalities and reduced connectivity between siATXN3 cells could be 

primarily due to defects in the molecules responsible for cell adhesion, rather than cytoskeletal 

components themselves. To analyze this hypothesis, we used two types of colorimetric array plates 

(Chemicon); the first array allows quantification of cell surface integrin expression, the second array 

is a cell adhesion quantitative assay, which allows the assessment of cell adhesion to specific 

B 

A 
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extracellular matrix proteins. 

 Integrins are cell surface receptors that mediate attachment to other cells and to the 

extracellular matrix. As depicted in Figure 10B, the siATXN3 cells express less integrin alpha-1 at 

their surface. This could be indicative of lower binding to ECM proteins, especially to laminin and 

collagen, which are integrin alpha-1 ligands. However, the adhesion of siATXN3 cells to ECM 

proteins, including laminin and several collagens, was not statistically different from that in control 

cells (Fig. 10C). 

 

A  

Table 1. Alpha Integrin-Mediated Cell Adhesion Array 

Protein Ligand 

Integrin alpha 1 Laminin and collagen 

Integrin alpha 2 Laminin, collagen, collagen C-propeptides, fibronectin and E-cadherin 

Integrin alpha 3 Fibronectin, laminin, collagen, epiligrin, thrombospondin and CSPG4 

Integrin alpha 4 Fibronectin 

Integrin alpha 5 Fibronectin and fibrinogen 

Integrin alpha V Vitronectin 

Integrin alpha V/Beta 3 Cytotactin, fibronectin, laminin, osteopontin, osteomodulin, prothrombin, vitronectin  

 

Table 2. Extracellular Matrix Cell Adhesion Array 

Protein Description 

Collagen I Major component of the extracellular matrix that supports most tissues and gives cells structure 

Collagen II  Main cartilage component 

Collagen IV  Found primarily in the basal lamina 

Fibronectin Glycoprotein that binds to integrins and to ECM components such as collagen and fibrin 

Laminin Major non-collagenous component of the basal lamina 

Tenascin Glycoprotein, associated with type IV collagen networks; also binds to integrins 

Vitronectin Glycoprotein, contains binding site for integrins 

 

           
Figure 10. continues next page
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Figure 10. ATXN3 RNAi causes a decrease of integrin alpha-1 surface expression in HeLa cells, but with no visible 

defects in extracellular matrix (ECM) proteins adhesion. (A) Tables with the description of the proteins of the arrays. 

Table 1 refers to the Alpha Integrin-Mediated Cell Adhesion Array plate components. In each well there is a coupled 

antibody against the proteins mentioned below. It is also described the known ligand(s) of each integrin (GeneCards 

information). Table 2 refers to ECM Protein Cell Adhesion Array plate components. Each well is coated with the ECM 

proteins mentioned. (B) Alpha Integrin-Mediated Cell Adhesion Array results. siATXN3 cells express lower levels of 

integrin alpha-1 at their surface (T-test, *p<0.05). Integrin alpha-4 and alpha-5 beta-3 were not expressed in HeLa cells. 

Negative control refers to wells coated with BSA. (C) Extracellular matrix Protein Cell Adhesion Array. siATXN3 cells 

showed no significant differences in the adhesion to the ECM molecules tested. Negative control refers to wells coated with BSA. 

Error bars refer to standard deviation, n=3 independent biological replicates. 

 

 

Restoring ATXN3 levels ameliorates the phenotype of siATXN3 cells 

Next, we asked if the RNAi-induced phenotype could be reverted if the ataxin-3 levels returned 

to normal. Thus, we observed siATXN3 cells 72, 96 and 120h post-transfection, 120h being the 

time point when ataxin-3 protein was close to normal levels. As demonstrated in Figure 11, ATXN3-

depleted cells were able to restore the microtubule network organization when the ataxin-3 protein 

returned to normal. Therefore, the disorganization observed is reversible and dependent on ataxin-3 

levels. 
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Figure 11. The cytoskeletal phenotype observed in siATXN3 cells was reverted when ataxin-3 protein levels return to 

normal. At 72h post-transfection (lowest levels of ataxin-3) the phenotype of siATXN3 cells was evident: cells are 
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rounder and the microtubule network is disorganized. At 96h post-transfection, a timepoint when ataxin-3 levels are 

almost normal, cells still displayed a cytoskeletal-phenotype but many cells appeared as control cells (arrow). At 120h 

post-transfection, when the levels of ataxin-3 are normal, the cells no longer present detectable microtubule 

disorganization, although a few cells were still a bit larger and rounder (arrowhead). Cells were immunostained with 

anti-alpha-tubulin (DSHB) 72, 96 and 120 hours post-transfection. Scale bar 50 um. 

 

 

Discussion 

 

In polyQ diseases as MJD, although the polyQ tract itself is thought to be pathogenic, partial 

loss of the normal function of the proteins might contribute for the overall pathology and be 

responsible for disease-specific features (see reviews 186,250). For example, the differential neuronal 

vulnerability observed in each polyQ disease may be explained by the distinct protein context or 

protein interactions of the specific protein involved in that disease.  

 

Ataxin-3 and the cytoskeleton 

In this work we proved that ataxin-3 protein is able to bind to alpha-tubulin in vivo and is a 

microtubule-associated protein (MAP). To further analyze the connection of ATXN3 with the 

cytoskeleton, we created a cellular model of ATXN3 deficiency using siRNA in human HeLa cells. 

Interestingly, reduction in ataxin-3 levels caused a clear cellular phenotype: these cells exhibited an 

abnormal morphology, were rounder and less ordered than control cells, suggesting cytoskeletal 

disorganization.  

The cytoskeleton is mainly composed of three distinct, yet interconnected, kinds of filaments: 

the microfilaments (MFs), the intermediate filaments (IFs) and the microtubules (MTs) 371. MFs 

(composed of actin) allow resistance to tension and maintenance of cellular shape, they also 

participate in cell-ECM adhesion. MTs (alpha- and beta-tubulin) are tracks for the movement of cell 

organelles, vesicles and molecules and they are the most resistant type of filaments. IFs, including 

those composed of vimentin, are very dynamic structures that organize the cell organelles, provide 

support within the cell and they also participate in cell-cell and cell-ECM junction. 

The odd morphology of ATXN3 RNAi cells might be due to the fact that the MT and the IF 

networks were severely compromised. Both alpha-tubulin and vimentin filaments were disorganized 

and condensed in certain areas of the cell. The MT network appeared to lack polarization. This 

phenotype was not a result of altered levels of alpha-tubulin in ATXN3 knockdown cells.Since it is 
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known that alpha-tubulin acetylation stabilizes microtubules  379, and considering the close link 

between ATXN3 and the microtubule deacetylase HDAC6 219, we also checked the levels of 

acetylated alpha-tubulin, which were found to be the same in control and siATXN3 cells. Therefore, 

it is unlikely that the cytoskeletal defects observed are due to different levels of acetylated alpha-

tubulin and altered microtubule stability.  

Distinctly from the other cytoskeletal proteins analyzed, the vimentin western blotting profile 

was clearly different in the absence of ATXN3, since several bands, which are likely to correspond 

to vimentin degradation products 381, appeared. This can be indicative of a i) less efficient 

degradation of these products due to the absence of ATXN3 or ii) higher degradation rate of 

vimentin. This last hypothesis seems unlikely because the upper band which corresponds to 

“intact” vimentin was similar in control and siATXN3 cells. However, we cannot exclude the 

possibility that vimentin is being more degraded but its levels are being efficiently restored. 

Interestingly, and in accordance with this last hypothesis, mouse C2C12 cells with reduced 

expression of ataxin-3 also show a clear diminution of vimentin protein 382. However, we still need to 

perform additional studies to investigate whether vimentin is an ataxin-3 substrate and how the 

modulation of its degradation occurs. It is possible that, maintaining the ATXN3 silencing for longer, 

the “intact” vimentin would be diminished in HeLa cells as it is in C2C12 cells. However, there is 

also the possibility that ataxin-3 can be involved only in the clearance of vimentin degradation 

products rather than vimentin itself. 

 

Although MTs and IFs are often seen as separated entities, they interact and cooperate in 

order to maintain cell structure and motility 383,384. Conventionally, IFs were seen as a static network 

but nowadays it is known that they are highly dynamic structures that confer cell flexibility and are 

able to move along the cytoskeleton 384. Interestingly, most of the movements of IFs take place along 

the MTs tracks 385, suggesting an inevitable link between these two structures. In fact, drugs that 

affect the MTs also induce reorganization of vimentin 383,386, indicating that these two networks are 

interactive. Surprisingly, knockout mice for vimentin are viable 387 which lead the researchers to 

suggest that the MTs network was compensating for IFs absence at least to an extent that allows 

survival. 

Considering the interplay between the MTs and IFs, it is not unexpected to observe a defect in 

both filament structures. Neverthless, the question now is like the “chicken and the egg”: does the 

reduced expression of ATXN3 affect alpha-tubulin polymer organization and consequently vimentin 
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expression profile and degradation or vice versa? Or does the lack of ATNX3 affect both structures 

by divergent mechanisms?  

 

Ataxin-3, the cytoskeleton and stress 

 It has been reported that upon a heat shock (or other stressors) the vimentin network is 

rearranged and collapsed around the nucleus 388. When the chaperone and the UPP machinery 

reach a limit, misfolded proteins are actively transported along the MTs into aggresomes 118. IFs 

proteins as vimentin are then displaced from their normal cellular distribution and form a cage-like 

structure around these aggresomes. Considering these data, IF redistribution seems to be 

characteristic of cellular stress and a marker of cytoplasmic protein “indigestion” 389.  

 The siATXN3 cells do demonstrate signs of cellular stress since we observed the appearance 

of ubiquitylated foci over time, although we do not know the nature of these foci. They can be small 

protein aggregates containing ATXN3 substrates, for example, or even stress granules (SGs), which 

are a normal cellular response to several types of stress 390. After a cellular stress, a reversible block 

of mRNA translation occurs and is accompanied by the formation of these SGs that accumulate 

mRNAs and triage the mRNAs to be degraded and those to save (as the heat shock protein mRNAs 

for example) 391.   

 Either way, it seems plausible that, if siATXN3 cells are accumulating certain substrates, the 

vimentin filaments could be rearranged in these stressed cells as a stress response mechanism. 

But if the cells are accumulating unwanted proteins why do they do not form aggresomes? We have 

two potential explanations for this: first, maybe the level of accumulating proteins is not so high that 

requires aggresome formation and secondly, even if we have high levels of aggregating protein, 

ATXN3 is required for aggresome formation 219 and these cells are knockdown for this protein.  

 

Ataxin-3, integrin alpha-1 and cell adhesion 

Another hypothesis raised is that, rather than a defect in cytoskeletal components, the 

siATXN3 cells could have defects in cell adhesion molecules. Integrins are surface membranar 

proteins, which couple the ECM outside a cell to the cytoskeleton and mediate cell-cell adhesion. 

Therefore, integrins can define cellular shape and are involved in transmitting information from the 

outside to the inside of the cell 392.  

Supporting the hypothesis of problems in cell adhesion, was the fact that integrin alpha-1 was 

significantly subexpressed in the surface of siATXN3 cells, which could indicate a decreased 
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connection to the ECM or to other cells. ATXN3 knockdown cells did not display any difference in 

the degree of adhesion to ECM proteins, including integrin alpha-1 ligands laminin and collagen. 

This was somehow surprising but it can be explained by the redundancy of ligands of the several 

integrins. Since more than one integrin has the ligands laminin and collagen, differences in integrin 

alpha-1 binding may be camouflaged by adhesion of the others. It is also possible that in vivo, lower 

integrin alpha-1 surface expression can affect cell-cell adhesion more than cell-ECM adhesion. This 

could explain why siATXN3 cells seemed to have lost the cell-cell inter-connectivity, however, 

additional studies have to be made to confirm this hypothesis.  

Also consistent with these findings is the fact that in C2C12 cells, reducing ataxin-3 levels lead 

to a diminution of integrin alpha-5 and alpha-7 expression (analogous to what we observe for 

integrin alpha-1 in HeLa cells). Coherent with the phenotype observed for HeLa cells, the C2C12 

cells also presented a general loss of cell-cell inter connectivity, which reinforces the association of 

ataxin-3 with the regulation of integrins and cell-cell adhesion. 

 

Cytoskeletal network disorganization: possible implications for MJD 

The cytoskeleton is of great importance for the maintenance of the asymmetrical shape and 

structural and functional polarity of neurons, essential for neuronal transmission and viability. 

Neurons are particularly dependent on the cytoskeleton since they need it to transport proteins 

produced in the cell bodies to the axons and nerve terminals- fast axonal transport (FAT) 393. Since 

axonal aggregates cause defects in transport of cargos along the axons, it has been proposed that 

FAT problems may underlie polyQ diseases 373,394. Considering the data presented here, the 

hypothesis arises that partial loss of ATXN3 function could cause deleterious defects in the 

cytoskeletal structure, consequently contributing to impaired neuronal structure and FAT- neuronal 

toxicity. However, this theory is somehow inconsistent with the apparent absence of an obvious 

phenotype in C. elegans and mouse ataxin-3 knockout animals (Chapter 2, 185) . Perhaps these 

organisms have functionally redundant proteins while cells are a more “closed” and very specific 

system, and may not be expressing those proteins. Another possibility is the existence of 

compensatory and adaptative mechanisms due to the absence of ataxin-3 in these animals, which 

is not surprising if we consider the example of the vimentin knockout mice that is viable 387. One can 

also consider that lack of ATXN3 per se is not so noxious for the neuronal cytoskeleton but the 

cumulative effect due to the absence of ataxin-3 plus the toxic polyQ tract is. 

 Considering all these pending questions, more studies need to be performed to clarify i) the 
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exact biological function of the interaction of ataxin-3 with the microtubules, ii) how ataxin-3 is 

involved in general cytoskeleton organization, iii) the association of ataxin-3 with vimentin 

degradation, iv) the basis for the lower surface expression of integrin alpha-1 and v) if and how the 

involvement of ataxin-3 in the cytoskeleton can modulate and contribute to disease progression in 

MJD. 
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General Discussion 

 

Gain or loss of function? 

Aberrant or novel protein-protein interactions due to the polyQ expansion 159,160,395-398 and 

aggregation of mutated polyQ proteins with consequent sequestration of cellular components, 

suggests a toxic gain of function as the pathogenic mechanism underlying the polyQ disorders (see 

reviews 14,24,183,399,400). However, more recently, it has been proposed that a combination of gain of 

novel properties and partial loss of the normal function modulates disease progression and 

potentially explains the selective neuronal vulnerability of each disorder 250,395.  

Thus, the study of the normal function of polyQ proteins and the discovery of their molecular 

partners is important for the understanding of the molecular pathogenic mechanism(s) and can 

contribute to a more efficient and specific therapeutic approach to treat each of these nine 

diseases. This study focused particularly on the normal cellular and physiological function and 

molecular interactions of ataxin-3, the protein involved in MJD. 

 

A journey through ataxin-3´s world 

In 2002, Li et al presented evidence that ataxin-3 was a histone-binding protein with two 

independent transcriptional co-repressor activities 140. Some months before this work started, in 

2003, it was reported by two independent groups that ataxin-3 had deubiquitylating activity against 

K-48 polyubiquitin chains in vitro 208,209. However, the in vivo biological function of ataxin-3 remained 

(and still remains) unclear. Hence, the question underlying this work was: “What is ataxin-3 

biological function and in which pathways it is involved?”  

Looking at all the data gathered all over these years, we certainly learned more about ataxin-3 

function, although this search also lead to a number of new biological questions, which will be 

discussed in this section.  

 

Initial characterization of C. elegans ATX-3 

C. elegans has been used with success to understand the function of human genes, due to 

the easy creation of knockouts and transgenics, along with the detailed physiological, anatomical 

and genetic information available about this model organism.  

We characterized the worm orthologue of ataxin-3, ATX-3, and showed that it is a DUB enzyme 

with activity against K-48 polyubiquitin chains in vitro, as its human counterpart. Human, mouse 
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and worm ataxin-3 are widely expressed 205,211,301. ATX-3 is highly expressed in spermatheca and in 

muscle (Chapter 2), which is quite interesting since the mouse protein also displays a pronounced 

expression in spermatocytes and muscles 205, suggesting a specific role in these cell types. Indeed, 

in Chapter 3.4, we show that ATX-3 seems to be involved in muscle protein degradation (see 

below).  

The fact that the worm and human proteins have similar expression patterns, conserved 

sequence and in vitro function completely justified the use of C. elegans as a model to study the 

normal function of ataxin-3.  

 

One way of studying gene function is through reverse genetics. To our surprise, the two ATX-3 

knockout models we analyzed did not present any overt phenotype in basal conditions (Chapter 2). 

The discovery that ataxin-3 was not essential for life in a multicellular organism was a breakthrough 

in the field since, until that date, no other models of ataxin-3 deficiency had been created and the 

physiological effects of its absence were not known. These findings were also particularly important 

from a therapeutic point of view because some researchers believe that a possible MJD treatment, 

using a gene therapy approach, would be the reduction of ataxin-3 levels using interference RNA 401. 

Given the degree of conservation of this protein, the absence of a visible phenotype was rather 

surprising at first but, some years later, it was reported that the mouse ataxin-3 knockout was also 

viable and displayed no detectable phenotype besides a mild increase in the amount of 

ubiquitylated proteins 185. Some explanations for the absence of a clear phenotype in ataxin-3 

mutants are: i) the redundancy of function with other proteins, such as members of the josephin 

family, ii) limited substrate specificity or iii) compensatory biological mechanisms involving one or 

more proteins.  

 

Transcriptional signature of ATX-3 mutants 

In order to understand which molecular changes were occurring in the ATX-3 knockout strains, 

we performed a detailed transcriptomic analysis of these animals. Using microarrays, we found 290 

genes altered in both ATX-3 mutant strains. Interestingly, and concordantly with the transcriptional 

repressor role attributed to ataxin-3, most of the altered genes were upregulated (Chapter 2). We 

believe that, besides the possibility that these genes are ATX-3 direct transcriptional targets, they 

can also be: i) indirect targets, iii) part of a cellular compensatory mechanism due to the absence of 

ATX-3 and iv) a consequence of other cellular changes due to the absence of ATX-3. 
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One possible way of detecting ATX-3 direct transcriptional targets would be i) to perform a 

ChIP analysis, ii) to create two transgenic models overexpressing wild type ATX-3 and the DUB 

catalytic inactive ATX-3 (C20A) and then perform a similar transcriptomic analysis. ATX-3 

overexpression would repress expression of direct target genes; the altered genes in common 

between knockouts and transgenics but de-regulated in opposite directions, would be good targets 

to test. The study of the transgenic animals overexpressing the C20A ATX-3 would allow us to 

dissociate the transcriptional repression role-induced changes from the ones associated with the 

DUB activity of ATX-3.  

One other possibility is that these altered genes are indirect targets, i.e., a consequence of 

changes in the levels of TFs or repressor complexes in which ATX-3 does not take part. These 

changes could occur at a transcriptomic stage or through the modulation of their degradation by 

ATX-3. Regarding the first possibility, we observed the downregulation at the mRNA level of the TF 

egl-38 and the repressor bath-31 in the knockout animals, which could account for some of the 

changes observed.  

 

When we analyzed the promoter regions of all the altered genes in order to find common 

transcriptional regulatory motifs, we found that more than 80% had the SKN-1 recognition motif. 

SKN-1 is a key TF involved in mesodermal development of C. elegans 271 but it is also the maestro of 

the oxidative stress response 272,273. SKN-1 also responds to heat stress very efficiently, accumulating 

in the intestine nuclei 272,273.  

One of the downstream targets of SKN-1 is GST-4 (glutathione transferase-4) gene, activated 

in oxidative stress conditions. Downregulation of proteasomal subunits or several DUBs by RNAi 

was shown to induced the expression of SKN-1 but not always GST-4, suggesting that SKN-1 can 

also respond to protein homeostasis changes independently of the oxidative stress response 273. 

This is a quite attractive idea since we propose that ATX-3 is involved in the protein degradation 

pathway, and that its absence leads to a mild proteotoxic effect (Chapter 4), which in turn would be 

translated into SKN-1 activation (Fig. 1). Another possibility is the modulation of SKN-1 degradation 

by ATX-3. SKN-1 is the functional orthologue of mammalian NRF2 protein, which controls the 

induction of detoxifying and antioxidative enzymes/proteins 402. NRF2 interacts with Keap1 and in 

basal conditions, Keap1 is an adaptor of cullin-3 E3 ligase involved in the ubiquitylation of NRF2 for 

proteasomal degradation 403. Since ataxin-3 has deneddylase activity 230, and neddylation modulates 
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activity of cullin-based E3 ligases (see review 327), SKN-1 ubiquitylation and degradation could be 

compromised in the absence of ATX-3. Other option is the direct modulation of SKN-1 ubiquitylation 

by the DUB activity of ATX-3 (Fig. 1). Unfortunately, we were unable to detect the levels of SKN-1 

protein in our proteomic studies, maybe due to its low abundance; therefore the SKN-1 de-

regulation remains an open question. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Possible implications of ATX-3 in SKN-1 action. Considering the information available about the human 

orthologue NRF2, in a basal situation, SKN-1 can be associated with a Keap1-like protein, which represses its activity 

(1). Keap1 is also an adaptor of cullin-3 E3 ligases, which ubiquitylate and send SKN-1 for proteasomal degradation (2). 
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In a stress situation, a variety of stress-activated kinases phosphorylate SKN-1  leading to the disruption of the SKN-1-

Keap1 complex (3), which allows its translocation into the nucleus to control the expression of several genes (4). ATX-3 

can also directly regulate SKN-1 levels by interfering with its degradation: either by removing the polyubiquitin signal, 

facilitating or rescuing it from proteasomal degradation (5), or by the deneddylation of cul-3, which regulates E3 ligase 

activity (6). The other option is that rather than a direct effect, ATX-3 absence leads to a protein homeostasis stress due 

to the accumulation of its substrates, potentially activating SKN-1. 

  

As mentioned before, besides being direct or indirect transcriptional targets, the de-regulated 

genes found in the transcriptomic analysis could be simply part of an adaptive response 

mechanism in the knockout animals. Several altered genes in the ATX-3 mutants belong to the UPP 

(ubiquitin-like protein F56F3.4, a proteasomal subunit and UBXN-5), which could be a cellular 

attempt to compensate for the absence of an UPP-player like ATX-3. Interestingly, both F54F3.4 

and UBXN-5 were found to be ATX-3 molecular partners (Chapter 3), strengthening the idea that 

cells may be overexpressing these proteins to balance the system.  

Other altered genes in the ATX-3 knockout strains included members of the extracellular 

matrix (ECM) such as the collagens, which were strongly up-regulated. Evert et al have previously 

suggested that human ataxin-3 seems to be involved in transcriptional repression of  ECM-gene 

expression 135, reinforcing our findings in C. elegans. This finding was quite intriguing since we also 

observed that siATXN3 human cells have a reduction in the surface expression of integrin alpha-1 

at their surface, one of the ECM proteins´ receptors (Chapter 5). 

 

Our next step was the finding of new ATX-3 interactors, which could complement and help us 

explain some of the results obtained with the transcriptomic analysis. 

 

Exploring the molecular partners of ATX-3 

Finding new interactors of a given protein of interest can unveil some of the pathways were it 

is involved. Thus, we searched for ATX-3 partners using the Yeast-Two Hybrid (Y2H) and affinity 

purification techniques. The Y2H screening allowed us to identify three new interactors, and one 

that was already described for the human ataxin-3: the VCP/p97 protein. This screening was not as 

efficient as we presumed it would be, since there was high redundancy of the commercial library 

used.  

In the affinity purification approach using GST-tagged ATX-3, we were able to detect known 

ataxin-3 interactors as the worm VCP/p97 protein (two orthologues in C. elegans), HSP90 (DAF-21) 
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and alpha-tubulin, as well as new interactors. These last still need to be confirmed by additional 

methods, but, grouping them into functional classes we found that a significant number were i) 

UPP-related proteins, ii) muscle proteins and iii) cell structural components, classes that were in 

concordance with the ones found in the analysis of the differentially expressed genes of the ATX-3 

mutants.  

Considering the novel interactors found, and although we believe that ataxin-3 can participate 

in several other biological pathways; we will focus our discussion in the role of this protein in the 

UPP and in the cell structure and cytoskeleton.  

 

ATX-3 and the UPP 

One of our first approaches was to cross the information we obtained from the microarrays 

with the interactome of ATX-3.  

A protein that caught our attention when we crossed the transcriptome-interactome 

information was UBXN-5, significantly upregulated in ATX-3 mutants, since it was known that UBX 

proteins are VCP/p97 adaptors. By Y2H, we were able to prove that this protein interacted with the 

two CDC-48 proteins (VCP/p97 orthologues) as expected, and with ATX-3. These three molecular 

proteins formed a trimolecular complex, probably involved in the protein “escorting” pathway to the 

proteasome. Thus, the UBXN-5 upregulation observed could be a compensatory mechanism in 

response to the absence of ATX-3. But why did CDC-48.1 and -48.2 levels remain the same? One 

possible explanation is the high abundance of the CDC-48 proteins, which in some species can 

account for 1% of the total protein in cells 404. 

These results were also quite new because, although the interaction of ataxin-3 with VCP/p97 

has been extensively studied, no other players have been identified in this specific “escort” 

pathway. Even more interesting was the fact that we found 30 common interactors between ATX-3 

and UBXN-5, some of which can be potential in vivo targets of the complex formed by ATX-3, UBXN-

5 and CDC-48. One way of proving that some of these proteins are in vivo substrates would be by 

monitoring their levels in ATX-3, CDC-48 and UBXN-5 mutants; however, one major drawback in 

working with the C. elegans system is the low availability of commercial antibodies.  

Nevertheless, we identified several muscular proteins as common ATX-3 and UBXN-5 

interactors, suggesting that this escort complex might be involved in the degradation of these 

proteins. In fact, Hoppe and colleagues also proposed that worm ataxin-3 is involved in the 

degradation of muscle-related proteins, although through a different complex, involving UFD-2 and 
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CHIP (T. Hoppe, personal communication). We can infer that ataxin-3 forms different complexes 

along with diverse adaptors which allow degradation of several muscle-related proteins.  

 

The muscle, the UPP and ATX-3 

Skeletal muscle wasting may be attributed to a decrease in myocytes (apoptosis), decrease of 

protein synthesis or an increase in myofibrillar protein breakdown via the UPP (see review 330). 

Skeletal muscle function deteriorates with age, in parallel to the less efficient UPP machinery 

present in aged tissues. Considering the importance of the UPP in muscle, a DUB enzyme such as 

ATX-3 could affect the degradation of muscular proteins and affect muscle maintenance.  

A strong tie between ataxin-3 and muscle has emerged from several independent lines of 

research: i) the high expression of mouse 382 and worm ataxin-3 in muscle, ii) the upregulation of 

muscle proteins such as tropomyosins (ZK354.7, T05D4.5, tnt-4) and myosins (nmy-1, myo-3) in 

ATX-3 mutants, and iii) the fact that common interactors of UBXN-5 and ATX-3 include several 

muscular proteins (C17E4.2, dys-1, let-805, ttn-1). Reinforcing even more the association of ATX-3 

with muscle protein degradation, was the observation that ATX-3 mutant animals accumulate 

paramyosin (UNC-15) at an early stage of adulthood at 25ºC. This seemed to occur due to UNC-15 

inefficient degradation, since we observed higher levels of ubiquitylated UNC-15 in mutant animals. 

Is UNC-15 an ATX-3 substrate and the absence of its processing DUB leads to the accumulation of 

ubiquitylated UNC-15 species? Or does ATX-3 affect the degradation of other proteins involved in 

UNC-15 turnover?  

An intriguing result was that, even though the general organization of the sarcomers and the 

UNC-15 expression pattern were apparently normal, ATX-3 mutants have a clear motility defect at 

25ºC, possibly due to UNC-15 accumulation, and which may suggest subtle muscular alterations, 

undetectable by the technique we used. The muscle of these mutant animals should, therefore, be 

analyzed by electron microscopy.  

But why do we see a phenotype at 25ºC and not at 20ºC? Albeit C. elegans grows and 

reproduces at 25ºC, this temperature is in the top limit of its optimal conditions to survive. Since 

we believe that ATX-3 is acting in the protein quality control pathway, the effects of its absence 

would be more noticed in situations where the UPP is more required, such as at 25ºC. In fact, 

several mutations dependent on the protein “folding” capacity of the cells, only manifest at 25ºC 

and not at lower temperatures 367.  
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Cell structure, cytoskeleton and Ataxin-3 

Besides the muscle proteins, a large proportion of the novel interactors were cytoskeletal 

components. It had been already reported that human ataxin-3 associates with alpha-tubulin 218, 

however no further studies were presented besides referring the interaction finding.  

In this work, we showed that recombinant worm ataxin-3 pulls down alpha-tubulin from protein 

extracts and that human ataxin-3 co-immunoprecipitates with alpha-tubulin and vice versa. 

Furthermore, we proved that both worm and human ataxin-3 are microtubule-associated proteins 

(MAPs). This finding, together with the observations that i) ATX-3 mutants have a significant de-

regulation of cytoskeletal proteins and ii) ATXN3 RNAi leads to obvious cytoskeletal defects in 

human cells, suggests a clear link between ataxin-3 and the cytoskeleton.  

Presuming that ataxin-3 could affect the degradation of cytoskeletal proteins and consequently 

lead to the observed cytoskeletal disorganization, we assessed the levels of the main components 

of the cytoskeleton. Ataxin-3 does not seem to be involved in the degradation of alpha-tubulin and 

actin since the levels of these two proteins were the same in siATXN3 and mock cells. Acetylated 

alpha-tubulin is known to be more present in stable microtubules, deacetylation of alpha-tubulin 

being mediated by the histone deacetylase HDAC6 380. Given that ataxin-3 interacts with HDAC6 219 

and hypothesizing that this interaction could modulate HDAC6 activity, we also analyzed the level of 

acetylated alpha-tubulin in siATXN3 cells, which was the same of control cells. However, we cannot 

exclude the possibility that ataxin-3 stabilizes the microtubules by other mechanisms rather than 

tubulin acetylation: its own interaction with the microtubules can directly guarantee a different 

stability.  

Contrary to alpha-tubulin and actin, the vimentin immunoblot profile was different in ataxin-3 

RNAi-depleted cells, suggesting an association between ataxin-3 and vimentin. We observed several 

immunoreactive bands in siATXN3 cells compared to only one band in controls (Chapter 5). 

Vimentin is cleaved by caspases in vitro and in vivo 381, and the bands we observed could be these 

products. Vimentin is degraded usually in response to apoptotic inducers 405 although we cannot 

exclude other type of stimuli as the trigger for caspase degradation of vimentin in these cells.  

Do ataxin-3 and vimentin interact in a DUB-substrate manner? Or is it another type of 

regulation? It is intriguing that one intermediate filament protein, IFC-1, appeared as a putative C. 

elegans ATX-3 partner in our GST-pulldown screening, which can indicate that vimentin and ataxin-3 

may directly interact in human cells. This also raises the possibility that ataxin-3 can act as a 

vimentin processing DUB enzyme through direct contact with this protein.  
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An interesting connection can also be established between vimentin and an unstudied ataxin-3 

interactor, HSP90. HSP90 is a molecular chaperone that is involved in the folding and stabilization 

of several client proteins including HIF, p53, MyoD, Akt. HSP90 was listed as an interactor of 

human ataxin-3 218, and this interaction seems to be conserved in C. elegans, since we have 

identified DAF-21 (HSP90 orthologue) in the GST-pulldown screening. HSP90 also interacts with 

vimentin and seems to protect it from caspase proteolysis 405, therefore any changes in HSP90 

function, localization or availability can influence vimentin degradation. Another remarkable issue is 

that the chaperone activity of HSP90 is regulated by HDAC6 406. Does ataxin-3 influences vimentin 

degradation through its direct interaction with HSP90 or through HDAC6? 

Another possibility is that, rather than influencing vimentin cleavage, ataxin-3 is involved in the 

normal degradation of vimentin byproducts through its DUB activity or “escorting” skill. To answer 

this we would have to measure the levels of ubiquitylated vimentin and byproducts in control, 

siATXN3 and ataxin-3 overexpressing cells. 

A simpler explanation is that vimentin changes in siATXN3 cells is just a secondary 

consequence of a disorganized MT network due to the absence of a MAP protein, ataxin-3. 

 

Ataxin-3 and cell-cell integrinection  

Perhaps not only the cytoskeleton is affected in the absence of ataxin-3, since our work 

revealed that human siATXN3 cells appear to have a reduced cell-cell interconnectivity, which could 

be potentially explained by the lower expression of integrin alpha-1 at their surface (Chapter 5). 

Interestingly, and in agreement with this finding, mouse C2C12 cells also display low levels of 

integrin alpha-5 and alpha-7 in the absence of ataxin-3 and low cell-cell interconnectivity following 

ATXN3 RNAi 382. 

But how does ataxin-3 modulate integrin alpha-1 levels? We propose two alternative 

hypotheses: one, ataxin-3 can rescue integrin alpha-1 from irreversible degradation due to its DUB 

capacity and when it is absent, this protein becomes more degraded; two, reduction of integrin 

alpha-1 is an indirect consequence of the cytoskeletal defects observed, since it is known that 

integrins have a close association with MT´s, IF´s and MF´s. 

 

Considering all the pending questions, now the main question is: what happens first in 

siATXN3 cells?  

 



 

194 

Ataxin-3 in (and) stress 

Some of the cytoskeletal changes observed in the human cells depleted of ataxin-3 such as 

the vimentin collapse were indicative of cellular stress 388. Furthermore, the siATXN3 cells also 

exhibited ubiquitylated foci (Chapter 5), which could indicate that they were in stress, accumulating 

ubiquitylated proteins. This fact was not surprising considering that ataxin-3 is a DUB and is 

involved in the UPP, the core of protein degradation which allows cellular homeostasis. Concordant 

with this hypothesis, was the fact that C. elegans ATX-3 mutants were more thermotolerant and 

displayed significant molecular changes in the chaperone machinery, the cellular protein protectors, 

after stress. We believe that this was indicative that the phenomenon of hormesis was occurring in 

these animals due to a pre-exposure to a stress event in the life of these animals, because of the 

absence of ATX-3. 

 

DUBs are central regulators of the protein degradation pathway, since they can either rescue 

or enhance substrate degradation through the removal of the ubiquitin moieties; they ultimately 

decide if a protein is sent for degradation or not. If a DUB like ataxin-3 is absent, we would expect 

its substrates to accumulate or be excessively degraded, and generate a mild cellular stress. This 

could activate the cell’s stress response machinery that later would respond more efficiently to a 

stress stimulus.  

But what are the molecular changes occurring in worms and cells lacking ataxin-3? How is the 

stress response? 

To answer these questions, we have to closely look to ataxin-3 and some of its molecular 

partners. HDAC6 associates with the VCP/p97 protein and the HDAC6–VCP/p97 cellular ratio 

seems to control the fate of cellular misfolded ubiquitylated proteins 407, which suggests that HDAC6 

is a central regulator of protein homeostasis and stress response. HDAC6 also has the potential to 

link cytoskeleton and proteasomal degradation since its interaction with both ubiquitin and dynein 

motors allows clearance of misfolded proteins and favors their accumulation into cellular 

aggresomes 369.  

As mentioned before, HDAC6 deacetylates HSP90, which modulates its chaperone activity 

406,408. HSP90 interacts with dozens of proteins (Fig. 2) such as ataxin-3, VCP/p97, the proteasome 

and HSF1; and is also a central regulator of stress response 409. In basal conditions, HSF1 is 

maintained in an inactive state through its interaction with HSP90 410. Release of HSF1 from HSP90 

is stimulated by the stress sensors HDAC6 and VCP/p97 407. 
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Figure 2. HSP90 interactome. HSP90 interacts with VCP/p97 (blue), with the proteasome (pink), with the HSF1 (red) 

and with HDAC6 (green) among others. Ingenuity information. 

 

Boyault and colleagues proposed a model where HDAC6 acts as a sensor of accumulating-

ubiquitylated proteins through its ubiquitin-binding ability; this leads to the dissociation of the 

HDAC6–p97VCP complex. Free VCP/p97, due to its segregase activity, is then capable of 

dissociating the HS90-HSF1 complex, releasing HSF1 and allowing the stress response activation 411 

(Fig. 3). It is worthy to mention, however, that this is a parallel mechanism for HSF1 induction, as 

for example heat shock activation of this TF occurs even without the presence of accumulating 

proteins.  

Ataxin-3 interacts with HDAC6, HSP90 and VCP/p97, thus its absence could lead to 

differences in the free/associated ratio of these three proteins that could interfere with the tight 

control of the stress response pathway (Fig. 3). 

Another option is that ataxin-3 absence causes accumulation of its substrates (in the 

ubiquitylated foci, for example), these are sensed by the HDAC6 protein, leading to the “pre-

activation” of HSF1 even in basal conditions (Fig. 3). But if there is a “pre-activation” of HSF1, why 

did the worm ATX-3 knockout animals not show overexpression of molecular chaperones in basal 
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conditions? We have at least two potential explanations for this: first, it is possible that the 

molecular changes are not in protein abundance but in post-translational modifications, which we 

did not assess. Secondly, other proteins involved in this pathway, such as the stress maestro heat-

shock factor 1 (HSF-1) and/or the SKN-1 transcription factor, which could be “pre-activated”, were 

not detected in the proteomic analysis. Therefore, it is still undetermined which are the upstream 

molecules that allow an enhanced chaperone response in the ATX-3 knockout animals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mechanism of action of HDAC6, HSP90 and VCP/p97 in HSF1 activation and possible implication of ATX-3 

in this mechanism. In basal conditions, the HSF1 is associated with HSP90 and the HDAC6-VCP/p97 “stress sensors” 

are operating normally (1). Ataxin-3 is associated with HDAC6, HSP90 and VCP/p97, doing its normal role in cells (2). 

In a stress situation that allows ubiquitylated proteins to aggregate, HDAC6 senses the ubiquitin levels (3), releases 
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VCP/p97 (4) that will then dissociate the HSF1-HSP90 complex (5). The HSF1 TF is then phosphorylated and 

trimerized and goes into the nucleus where it activates the expression of chaperones and other stress-responsive genes 

(6). In the case of ataxin-3´s absence, two possibilities arise: one, the absence of ataxin-3 leads to higher availability of 

VCP/p97, HDAC6 and HSP90, which de-regulates the stress pathway where they intervene (7); two, accumulation of 

ataxin-3 substrates is sensed by HDAC6, activating the cascade of events mentioned before (8). 

 

Although we do not fully understand the molecular mechanisms underlying the stress 

response in the absence of ataxin-3, our findings may indicate that partial loss of ataxin-3 can 

contribute for an increased cellular stress which, together with the toxic effect of expanded ataxin-3, 

certainly contributes for the disease progression in MJD patients.  

 

Ataxin-3 absence in cells and organisms: discrepancies and commonalities 

Surprisingly, the mouse and C. elegans ataxin-3 knockout models are viable and exhibiting no 

overt phenotype in basal conditions (185, Chapter 2). On the other hand, human cells depleted of 

ataxin-3 show a clear phenotype, with severe cytoskeletal defects and increased ubiquitylated foci. 

Mouse C2C12 cells depleted of ataxin-3 also show signs of cytoskeletal abnormalities 382. This 

seems somehow incongruent, but a cellular model is very different from multicellular organisms. 

While in cells we transiently diminished ataxin-3 levels and they might not have time (or the 

biological mechanisms) to adjust to this situation, mice and worm knockout animals may undergo 

an adaptative process, in which certain physiological responses necessary for survival can be 

mounted.  

One of the possibilities is the redundancy of function between ataxin-3 and other josephin 

proteins. In C. elegans another member of the josephin family exists, Y71H2AR.3, and in humans 

at least two more, JOSD1 and JOSD2. Although all the josephin proteins are thought to be DUB 

enzymes, it seems unlikely that for example Y71H2AR.3, can fully compensate for ATX-3 absence 

since it does not display a NLS or UIMs, as does ataxin-3. In order to test the extent of redundancy, 

we are planning to cross josephin and ATX-3 mutants to see if they are viable and to evaluate their 

phenotype. 

Finally, despite we assume that the two multicellular organisms do not have a phenotype in 

the absence of ataxin-3, of course that we cannot exclude that both mouse and worms may have 

subtle defects in their cytoskeletal organization since this was not studied in sufficient detail.  

Nevertheless, it was interesting that both siATXN3 cells and ATX-3 knockout worms displayed 

signs of cellular stress, indicating at least a common feature between cell and organism. 
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Machado-Joseph Disease ataxin-3: gain and loss of function?  

As mentioned before, some of the polyQ disease characteristics can only be explained by the 

specific protein context, normal function and cellular partners. In the case of ataxin-3, several lines 

of evidence show that normal and pathogenic ataxin-3 are unique entities since polyQ expansion 

seems to alter its function, molecular interactions and even its turnover: 

- An unstable protein (GFPu) seems to be less degraded in the presence of mutant ataxin-3, 

suggesting differences in the DUB activity when compared to wild type ataxin-3 208; 

- Ataxin-3 seems to interact with VCP/p97 in a polyQ-dependent manner 128, although 

contradictory results have also been reported 209; 

 - Expanded ataxin-3 loses the transcriptional repressor function and displays altered 

DNA/chromatin binding 217; 

- The stability of ataxin-3(79Q) is greater than that of ataxin-3(13Q) 128; 

- Pathological ataxin-3 is proteolyzed by caspases to a lesser extent than wild type ataxin-3 412. 

 

Altogether, these data supports the idea that we cannot look at MJD exclusively as a gain of 

function disease. Even though the polyQ expansion triggers the disease, partial loss of the DUB 

activity or the transcriptional repressor role of ataxin-3, different protein-protein interaction affinity or 

the different stability/turnover of ataxin-3 surely modulate and contribute for the disease 

progression and for the cellular specificity of the degeneration.  

Considering our specific data, if ataxin-3 is not acting sufficiently well as a DUB enzyme or in 

the escort pathway, along with VCP/p97 and UBX adaptors, due to the polyQ expansion or 

sequestration of the normal protein in the aggregates, its substrates may accumulate and 

contribute for the aggregation process by a “seeding” effect.  

Partial loss of ataxin-3´s transcriptional regulation role can also cause significant 

transcriptomic changes in neurons, as we observed in ATX-3 mutants, which can be extremely 

deleterious considering that neurons are a highly sensitive and specific cell type.  

Furthermore, ataxin-3 partial loss of function can induce cytoskeletal changes that in neurons 

can be dramatic taking into account the important role of the cytoskeleton in neuronal maintenance 

and axonal transport. 

Finally, and as previously mentioned, the partial absence of ataxin-3´s normal function can 

induce cellular stress which further enhances the toxicity associated with mutant ataxin-3.   
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Main conclusions of the work 

 

- Ataxin-3 is ubiquitously expressed  

- C. elegans ataxin-3 is a deubiquitylating enzyme 

- Ataxin-3 is not essential for life in a multicellular organism 

- Ataxin-3 absence leads to significant transcriptomic changes 

- Several structural and muscle-related proteins as well as ubiquitin-proteasome 

components are ataxin-3 interactors 

- ATX-3, CDC-48 and UBXN-5 form a trimolecular complex in worms 

- Mutant animals for ataxin-3 have an increase in UNC-15 protein levels and a 

motility defect at 25ºC 

- Ataxin-3 knockout animals are more resistant to heat stress and display an 

overexpression of several molecular chaperones 

- Ataxin-3 is a microtubule-associated protein 

- Human cells depleted of ataxin-3 exhibit cytoskeletal defects, altered vimentin 

protein profile and reduced integrin alpha-1 surface expression. 
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Future Perspectives  

 

This work opened several questions that we aim to answer in the near future. 

 

Regarding the study of ATX-3 interactors, we further need to confirm the interactions using 

complementary techniques as immunoprecipitation and co-localization studies. Since some of them 

could be potential ATX-3 substrates, it would be very interesting to analyze their levels in the 

absence or overexpression of ATX-3. Due to the low availability of worm antibodies, and considering 

the fact that several of these interactors have human homologues, we can also confirm these 

findings using other species. Verifying the conservation of interaction between worms and humans 

is relevant not only in a functional point of view, but also for the disease study, given that the polyQ 

expansion and ataxin-3 isoforms/fragment(s) can have different interaction affinities.  

 

Concerning the ATX-3-UBXN-5-CDC-48 complex, we still need to determine its biological 

substrates, thus we have to generate antibodies against some of the putative targets Regarding the 

fact that i) several of the potential in vivo targets of this complex are muscle-related proteins, ii) 

ATX-3 mutants accumulate paramyosin at 25ºC and iii) ATX-3 mutants have a significant motility 

defect at 25ºC, we need to analyze the muscle of these animals at a more detailed level, using 

electron microscopy for example.  

 

In relation to the stress response, we plan to cross the ATX-3 mutant animals with strains in 

which the protein folding capacity is in the limit, to see if they have a different homeostatic 

environment from wild type. We also pretend to analyze in detail the molecular and physiological 

changes occurring in these animals in response to other stresses (tunicamycin (ER stress), 

pathogens, toxic compounds). To complement and complete this data, we will investigate the 

siATXN3 human cells at a molecular level and see if the chaperones are altered, how these cells 

respond to heat stress and whether they are in homeostatic stress. Furthermore, by exploring the 

nature and the composition of the ubiquitylated foci present in siATXN3 cells, we might unveil the 

mechanism underneath their formation and eventually identify ataxin-3 substrate(s).  

 

We also need to analyze in detail and in a timecourse manner the exact changes in the 

cytoskeleton in siATXN3 cells. Although we showed that ataxin-3 is a MAP, further studies need to 
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be conducted to understand its functional role in the microtubules. Another pending question is 

whether the low integrin alpha-1 levels at the surface of siATXN3 cells interfere with the cell-cell 

interconnection. In addition, we will test if vimentin interacts with ataxin-3 and if it is its substrate. 

To do so, we will perform co-immunoprecipitation studies and check the levels of ubiquitylated 

vimentin in siATXN3 cells.  
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Science is wonderfully equipped to answer the question "How?"  

but it gets terribly confused when you ask the question "Why?"  

Erwin Chargaff 
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Table 1. Primers used in this study. 

Primer Name Sequence 

Chapter 2  

atx3_EL GAGTCAATAGCGGTATCTCA 

atx3_ER GGACGAGATTTCGCGCATTG 

atx3_IL CCGACGGTATTGAAGAATTTTG 

atx3_IR TCGAGGTTGTGTTTAAGCCT 

atx3_EL2 CTACTCCTCGTGGAGCACTAG 

atx3_ER2 GGAGACTTGAAGTCGCCGAA 

atx3_IL2 GCACTAGCTTAAGCTCGAAT 

atx3_IR2 GCGGTGTCGTTCTTTCGGAG 

ceNde GCACAAACCAGTGCTCTCTGAG 

SL1 GAGGCTGCAGGTTTAATTACCCAAGTTTGAG 

C20A_hisATX-3F GCACCAGGAAGCTGCGCTAGCTGCTCAACACGCGCTGAATATGC 

J1_hisATX-3F CGGAAAACGACTTGGCGGTTGAAGCGGAGCTCCT 

S232A_hisATX-3F CGATAGCTTTTGCAATGGCCATGGAAACAAAGGATGG 

S260A_hisATX-3F CTCAGAAAGGCGATTGAGCTGGCCCAGGCTCCAGGACCAT 

act-1F GTCGGTATGGGACAGAAGGA 

act-1R GCTTCAGTGAGGAGGACTGG 

hprt-1F TCCAACTCGTGCTGTCATTC 

hprt-1R CGATTGGTTTGTTTCCGATT 

atx-3F GAAAATCCTGCGATGGTGGA 

atx-3R ACTTTTGGCGGTACAACTGG 

msp-19F TCTTCAATGCCCCATACGAT 

msp-19R GAAACGGCAAGAAGAACTGC 

col-9F ACATCGTCCACAATCGAACA 

col-9R CTCCTTCTGACGCAACAACA 

F44D12.3F CTGCTGGAGGTGCTTCTACC 

F44D12.3R GGAGTGATGCGGTATTCGTT 

skr10-F TGCCTGCAACTACCTTGATG 

skr10-R TTCTCAGCATTCGCCTTCTT 

skr8-F AAGGTCGAATCGAATGATGG 

skr8-R CAACATCCTCTGGAGCACAA 

skr13-F AAGATCATTTCGAGCGATGG 

skr13-R GATCACGGGTCTCGATGTTT 

nmy-1F GGCACGTAGAAAGGCAGAAG 

nmy-1R TGAGAAGCACGCACATTTTC 

pes-2F TTTCCATCCGTTGTTCTTCA 
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Primer Name Sequence 

pes-2R CGAATTCACGAACTCCCATT 

Chapter 3  

BamHI_atx-3 GTACAAAAAAGCAGGCTGGGGATCCATGTCAAAAGACGATCCGATCAACT 

PstI_atx-3 GTACAAGAAAGCTGGGTCCTGCAGTTATTTTTCATCGTTCCT 

attB1_ubxn-5 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGCCAACTAACAATCACGTAC 

attB2_ ubxn-5 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCATTGAATCAAATTCACGTAG 

attB1_rbx-1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCCCAAGCAAGCGACAGC 

attB2_rbx-1 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGTGTCCGTACTTTTGGAATTC 

attB1_C10G11.8 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGAAACAAAATGGCCCTTCC 

attB2_ C10G11.8 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGAGAAGAATCCTTCTGGTGC 

attB1_csn-5 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGAAGTTGATAACGTCAAGC 

attB2_ csn-5 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAAGCATCGGCCATCTCAACAGC 

attB1_CUL-1_CT GGGGACAAGTTTGTACAAAAAAGCAGGCTCCAGCGTGATTAGTGCTTGCA 

CDC-48.1_NT_attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCCTCGGTTCCAACGC 

CDC-48.1_NT_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACATTTCCTTGATCTGAG 

CDC-48.1_CT_attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGCAACTTTTCAAGGCTA 

CDC-48.1_CT_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGTTATAAAGGTCGTCA 

CDC-48.2_NT_attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCCTCAGTTCCGACTC 

CDC-48.2_NT_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACATTTCCTTGATCTGAG 

CDC-48.2_CT_attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGCAACTTTTCAAGGCTA 

CDC-48.2_CT_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGTTGTACAGGTCAT 

attB1_atx-3 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCAAAAGACGATCCGATC 

attB2_atx-3 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATTATTTTTCATCGTTCCTCTC 

attB2_atx-3_NT GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATCGTTTTCCGACGGT 

attB1_atx-3_CT GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGTCGGAAAACGACTTGGCG 

Chapter 5  

RNAi_ATXN3F ATCAGCTGGATGAGGAGGAGAGGA 

RNAi_ATXN3R GATTTGTACCTGATGTCTGTGTCA 

RNAi_UBXD8F GCAGACAGAGAAGCTGCTGCAGTT 

RNAi_UBXD8R AGTGCATAAATGAAACAATGTCCC 

MJD119F TGGATGAGGAGGAGAGGATG 

MJD360R GCCTCTGATACTCTGGACTG 

UBXD8F ACCCAGGAGCAGACAGAGAA 

UBXD8R CACTAGGTACGCCCTCTTGC 

HPRTF GACCAGTCAACAGGGGACAT 

HPRTR CTTGCGACCTTGACCATCTT 
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Primer Name Sequence 

Sequencing Primers  

attL1 TCGCGTTAACGCTAGCATGGATCTC 

attL2 GTAACATCAGAGATTTTGAGACAC 

pACT_F CTATCTATTCGATGATGAAG 

pACT_R ACAGTTGAAGTGAACTTGCG 

pDESTattB2 CTTTCAGCAAAAAACCCC 

pDESTPromT7 AGCAACCGCACCTGTGG 

GAL4BD TCATCGGAAGAGAGTAG 

BAITGAL4_REV ATCATAAGAAATTCGCCCGGA 

BAITGAL4_FOR ATCAACTCCAAGCTTGAAGCA 
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Table 2. Differentially expressed genes in ATX-3 mutants. M is the log2 ratio of ATX-3/wild type expression. 

Sequence Name Gene Name INTEPRO_description M P Value 

Structure, Motility & Development 

R13H9.4 msp-53 Major sperm protein 2.87 3.55E-09 

ZK354.11 msp-59 Major sperm protein 2.86 4.81E-11 

C34F11.4 msp-50 Major sperm protein 2.81 2.31E-07 

T13F2.11 msp-78 Major sperm protein 2.81 6.34E-10 

ZK1248.4 ZK1248.4 Major sperm protein 2.81 1.75E-09 

ZK354.4 msp-113 Major sperm protein 2.80 2.80E-07 

C04G2.4 msp-36 Major sperm protein 2.77 2.11E-10 

Y59E9AR.1 Y59E9AR.1 Major sperm protein 2.75 1.60E-07 

ZK546.6 msp-152 Major sperm protein 2.75 9.72E-08 

F58A6.8 msp-45 Major sperm protein 2.71 3.88E-08 

K05F1.2 msp-142 Major sperm protein 2.69 5.97E-06 

Y59H11AM.1 Y59H11AM.1 Major sperm protein 2.68 2.65E-10 

F32B6.6 msp-77 Major sperm protein 2.65 2.77E-10 

R05F9.13 msp-31 Major sperm protein 2.65 7.89E-08 

F09C12.7 msp-74 Major sperm protein 2.65 4.19E-09 

F08B4.2a cdh-5 NA 2.65 2.06E-06 

F44D12.3 F44D12.3 Major sperm protein 2.64 1.39E-06 

K08F4.8 msp-38 Major sperm protein 2.63 1.22E-08 

R05F9.3 msp-32 Major sperm protein 2.62 3.82E-07 

F44D12.3 F44D12.3 Major sperm protein 2.62 1.14E-08 

ZK1251.6 msp-76 Major sperm protein 2.60 6.64E-11 

C09B9.6 msp-55 Major sperm protein 2.59 3.57E-10 

R13H9.2 msp-57 Major sperm protein 2.59 3.05E-10 

Y2H9A.3 col-162 
Tropoelastin -- Nematode cuticle collagen, N-terminal -- 

Collagen triple helix repeat 
2.58 8.57E-07 

C35D10.11 C35D10.11 Major sperm protein 2.57 4.05E-06 

ZK354.5 msp-51 Major sperm protein 2.56 5.83E-08 

C34F11.6 msp-49 Major sperm protein 2.46 8.41E-09 

ZK354.1 msp-65 Major sperm protein 2.45 7.89E-09 

K07F5.11 ssq-1 Eggshell protein 2.45 5.43E-08 

F48C1.7 spe-11 Bipartite nuclear localization signal 2.39 1.07E-07 

F52B11.4 col-133 
Cholecystokinin receptor, type A -- Nematode cuticle 

collagen, N-terminal -- Collagen triple helix repeat 
2.36 1.11E-06 

F41F3.3.1 F41F3.3 NA 2.33 5.92E-06 

T28H11.6 ssp-11 Major sperm protein 2.30 2.83E-07 
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Sequence Name Gene Name INTEPRO_description M P Value 

C33F10.9 msp-40 Major sperm protein 2.29 1.61E-05 

K07F5.3 msp-56 Major sperm protein 2.28 6.16E-09 

T06E4.6 col-146 
Nematode cuticle collagen, N-terminal -- Collagen triple 

helix repeat 
2.28 1.84E-05 

K05F1.7 msp-63 Major sperm protein 2.26 4.20E-06 

T28H11.5 ssq-2 
VP6 blue-tongue virus inner capsid protein -- 

Leukotriene B4 type 2 receptor 
2.22 1.70E-07 

F36H12.7 msp-19 Major sperm protein 2.21 1.58E-05 

T28C6.4 col-117 
Nematode cuticle collagen, N-terminal -- Collagen triple 

helix repeat 
2.16 3.07E-08 

F58A6.9 F58A6.9 Major sperm protein 2.15 2.58E-06 

ZC477.1 ssq-3 
Eggshell protein -- Mevalonate and galactokinase -- 

RecA bacterial DNA recombination protein 
2.14 1.88E-07 

F11G11.8.1 col-149 NA 2.14 3.92E-07 

C27D6.3 C27D6.3 Bipartite nuclear localization signal 2.08 6.71E-08 

F38A3.1 col-81 
Nematode cuticle collagen, N-terminal -- Collagen triple 

helix repeat -- Bipartite nuclear localization signal 
2.04 4.24E-08 

F42E8.2 F42E8.2 Major sperm protein 1.99 1.07E-05 

F32B6.5 sss-1  1.98 4.83E-07 

F54B11.1 col-9 
Tumour necrosis factor c/lymphotoxin-beta -- Collagen 

triple helix repeat 
1.98 7.97E-10 

F53B6.4 F53B6.4 
ATP/GTP-binding site motif A (P-loop) -- Major sperm 

protein -- Bipartite nuclear localization signal 
1.91 5.04E-07 

F36H12.3 T27E7.1 

ATP/GTP-binding site motif A (P-loop) -- Tropomyosin -- 

Histone H5 -- Major sperm protein -- Bipartite nuclear 

localization signal 

1.85 4.32E-07 

B0024.1 F36H12.3 
Nematode cuticle collagen, N-terminal -- Collagen triple 

helix repeat 
1.82 4.16E-07 

C35E7.9 C35E7.9 

ATP/GTP-binding site motif A (P-loop) -- Histone H5 -- 

Major sperm protein -- Bipartite nuclear localization 

signal 

1.82 9.79E-06 

ZK1307.3 ZK1307.3 Major sperm protein 1.81 4.74E-06 

T05A10.5 T05A10.5 Allergen V5/Tpx-1 related -- Ves allergen 1.74 1.24E-06 

F58E6.5 F58E6.5 
Major sperm protein -- Bipartite nuclear localization 

signal 
1.73 1.52E-07 

ZK1225.6 ssp-31 Major sperm protein 1.58 1.95E-06 

F13A7.1 F13A7.1 Eggshell protein -- Adrenergic receptor, alpha-1A -- 1.58 1.24E-06 
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Sequence Name Gene Name INTEPRO_description M P Value 

Major sperm protein 

F21H7.5 F21H7.5 
ATP/GTP-binding site motif A (P-loop) -- Major sperm 

protein 
1.49 2.02E-06 

ZK1248.17 ZK1248.17 Major sperm protein 1.47 1.68E-05 

K12F2.1 myo-3 

ATP/GTP-binding site motif A (P-loop) -- Myosin head, 

motor region -- Keratin, type I -- Tropomyosin -- Myosin, 

N-terminal, SH3-like -- IQ calmodulin-binding region -- 

Myosin tail 

1.45 3.03E-07 

F41F3.4 col-139 
Eggshell protein -- Nematode cuticle collagen, N-

terminal -- Collagen triple helix repeat 
1.34 1.97E-09 

K05F1.9 K05F1.9 
Major sperm protein -- Bipartite nuclear localization 

signal 
1.34 1.76E-06 

ZK354.7 ZK354.7 
Tropomyosin -- Major sperm protein -- Bipartite nuclear 

localization signal 
1.30 1.73E-06 

T28H11.1 ssq-4 

Eggshell protein -- FAD-dependent pyridine nucleotide-

disulphide oxidoreductase -- Prion protein -- Pyridine 

nucleotide-disulphide oxidoreductase, class-II -- Cell 

division protein FtsZ 

1.29 1.11E-05 

T08B1.2b tnt-4 NA 1.19 3.13E-06 

F42E11.4.2 F42E11.4.2 NA 1.17 2.34E-07 

T05D4.5 T05D4.5 
Tropomyosin -- Major sperm protein -- Bipartite nuclear 

localization signal 
1.03 3.30E-06 

K04H4.1a emb-9 NA 0.98 1.09E-06 

C43C3.1.2 C43C3.1.2 NA 0.97 8.14E-06 

F52B10.1 nmy-1 

Myosin head, motor region -- Tropomyosin -- Myosin, N-

terminal, SH3-like -- IQ calmodulin-binding region -- 

Myosin tail -- Bipartite nuclear localization signal 

0.86 1.94E-06 

F49E11.10 F49E11.10 Allergen V5/Tpx-1 related -- Ves allergen -1.00 6.36E-07 

D2023.7 col-158 

Protein prenyltransferase, alpha subunit -- Nematode 

cuticle collagen, N-terminal -- Collagen triple helix 

repeat 

-1.08 2.61E-07 

W09G12.1 dsl-2 EGF-like region -- Delta/Serrate/lag-2 (DSL) protein -1.12 3.86E-06 

Ubiquitin-Proteasome Pathway 

C10G11.8 C10G11.8 

AAA-protein subdomain -- ATP/GTP-binding site motif A 

(P-loop) -- Chaperonin clpA/B -- Bacterial chromosomal 

replication initiator protein, DnaA -- AAA ATPase, central 

region -- ATPase associated with various cellular 

1.91 8.68E-09 
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Sequence Name Gene Name INTEPRO_description M P Value 

activities, AAA-5 

T01E8.9 ubxn-5 UBX 1.75 1.62E-07 

F56F3.4 F56F3.4 
Ubiquitin -- Zinc finger, AN1-type -- Bipartite nuclear 

localization signal 
1.13 6.67E-07 

ZC204.7 fbxb-15 Cyclin-like F-box -- F-box associated type 2 -0.69 1.40E-05 

Y56A3A.10 fbxb-22 Cyclin-like F-box -- F-box associated type 2 -0.78 8.12E-06 

Y56A3A.14 sdz-33 Cyclin-like F-box -- F-box associated type 2 -0.86 1.67E-05 

Y56A3A.15 fbxb-24 Cyclin-like F-box -- F-box associated type 2 -0.89 2.81E-06 

T17A3.4 fbxb-82 Cyclin-like F-box -- F-box associated type 2 -0.99 1.34E-05 

C52D10.8 skr-13 SKP1 component -1.02 8.36E-07 

C52D10.9 skr-8 
ATP/GTP-binding site motif A (P-loop) -- SKP1 

component 
-1.05 6.66E-06 

Y105C5B.13 skr-10 
ATP/GTP-binding site motif A (P-loop) -- SKP1 

component 
-1.13 1.46E-06 

F56G4.2 pes-2 F-box associated type 2 -- Cyclin-like F-box -1.46 1.07E-05 

Signal Transduction 

F52H3.6 F52H3.6 

Serine/threonine-specific protein phosphatase and 

bis(5-nucleosyl)-tetraphosphatase -- 

Metallophosphoesterase 

2.31 7.14E-09 

ZK938.1 ZK938.1 

Serine/threonine-specific protein phosphatase and 

bis(5-nucleosyl)-tetraphosphatase -- 

Metallophosphoesterase 

2.25 2.21E-09 

F36H12.8 F36H12.8 
Serine/threonine protein kinase, active site -- Protein 

kinase 
2.13 5.48E-06 

C39H7.1 C39H7.1 
Protein kinase -- Serine/threonine protein kinase, 

active site 
2.04 3.51E-07 

Y113G7C.1 Y113G7C.1 

Tubulin -- Tyrosine specific protein phosphatase and 

dual specificity protein phosphatase -- Tyrosine specific 

protein phosphatase -- Protein of unknown function 

WSN -- Bipartite nuclear localization signal 

1.95 1.30E-06 

B0280.11 B0280.11 
Tyrosine specific protein phosphatase -- Bipartite 

nuclear localization signal 
1.86 1.72E-06 

C43E11.5 C43E11.5 Tyrosine specific protein phosphatase 1.84 1.18E-05 

C17H12.3 C17H12.3 

Tyrosine specific protein phosphatase and dual 

specificity protein phosphatase -- Tyrosine specific 

protein phosphatase -- Bipartite nuclear localization 

signal 

1.77 7.43E-06 
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C55C3.4 C55C3.4 
Tyrosine protein kinase, active site -- Protein kinase -- 

Tyrosine protein kinase -- SH2 motif 
1.76 5.74E-07 

C17H12.5 C17H12.5 

Tyrosine specific protein phosphatase -- Bipartite 

nuclear localization signal -- Tyrosine specific protein 

phosphatase and dual specificity protein phosphatase 

1.72 1.71E-05 

C08F8.6 C08F8.6 
Serine/threonine protein kinase, active site -- Protein 

kinase -- Bipartite nuclear localization signal 
1.68 3.42E-07 

C27D8.1 C27D8.1 Protein kinase -- Bipartite nuclear localization signal 1.68 1.14E-06 

W02B12.12a W02B12.12 NA 1.64 2.61E-06 

ZK354.8 ZK354.8 

Tyrosine specific protein phosphatase and dual 

specificity protein phosphatase -- Tyrosine specific 

protein phosphatase -- Proline-rich region 

1.63 4.42E-06 

C02B10.6 C02B10.6 

Tyrosine specific protein phosphatase and dual 

specificity protein phosphatase -- Tyrosine specific 

protein phosphatase -- Bipartite nuclear localization 

signal 

1.60 1.02E-05 

K09F6.3 K09F6.3 

Tyrosine specific protein phosphatase and dual 

specificity protein phosphatase -- Tyrosine specific 

protein phosphatase -- Protein of unknown function 

WSN -- Bipartite nuclear localization signal 

1.58 3.82E-06 

T05C12.1 T05C12.1 Protein kinase -- Bipartite nuclear localization signal 1.44 8.07E-06 

F33D11.7 F33D11.7 ATP/GTP-binding site motif A (P-loop) -- Protein kinase 1.42 1.03E-05 

T05A7.6 T05A7.6 Protein kinase 1.41 8.05E-07 

C34B2.3 C34B2.3 ATP/GTP-binding site motif A (P-loop) -- Protein kinase 1.37 1.38E-05 

H05L14.1 H05L14.1 Protein kinase 1.34 1.80E-06 

K11C4.1 K11C4.1 
Serine/threonine protein kinase, active site -- Protein 

kinase -- Bipartite nuclear localization signal 
1.33 1.57E-05 

R13H9.5 R13H9.5 
Serine/threonine protein kinase, active site -- Protein 

kinase 
1.33 1.26E-05 

F42C5.5 F42C5.5 Tyrosine specific protein phosphatase 1.26 4.89E-06 

C24D10.1 C24D10.1 

Tyrosine specific protein phosphatase -- Tyrosine 

specific protein phosphatase and dual specificity 

protein phosphatase 

1.24 7.80E-06 

C35E7.10a C35E7.10 NA 1.21 1.87E-05 

F25H5.7 F25H5.7 

Tyrosine specific protein phosphatase and dual 

specificity protein phosphatase -- Tyrosine specific 

protein phosphatase -- Bipartite nuclear localization 

1.20 2.60E-07 
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signal 

F55H12.5 F55H12.5 Tyrosine specific protein phosphatase 1.10 1.61E-05 

F26E4.5 F26E4.5 
Tyrosine protein kinase, active site -- Protein kinase -- 

Tyrosine protein kinase -- SH2 motif 
0.88 9.86E-06 

Y59A8B.14 par-4 
Protein kinase -- Serine/threonine protein kinase, 

active site -- Tyrosine protein kinase 
-0.94 2.52E-06 

General Cellular Processes 

F44D12.4 F44D12.4 PDZ/DHR/GLGF 2.41 5.40E-08 

C35D10.2 C35D10.2 PDZ/DHR/GLGF 2.31 6.01E-08 

ZC116.2 ZC116.2 Cytochrome c, class IA/ IB -- Cytochrome c, class I 2.25 4.64E-08 

K05F1.3 K05F1.3 

Acyl-CoA dehydrogenase -- Acyl-CoA dehydrogenase, N-

terminal -- Acyl-CoA dehydrogenase, central region -- 

Acyl-CoA dehydrogenase, type 1 -- Acyl-CoA 

dehydrogenase, C-terminal type2 

1.91 1.14E-07 

T21G5.4 T21G5.4 PDZ/DHR/GLGF 1.89 8.46E-08 

Y46G5A.30 snf-5 Sodium:neurotransmitter symporter 1.71 1.07E-06 

Y46C8AL.1 clec-73 C-type lectin 1.65 3.12E-06 

C01G12.8 C01G12.8 

ATPase, E1-E2 type -- Cation transporting ATPase -- H+ 

transporting ATPase, proton pump -- Cation transporting 

ATPase, N-terminal -- E1-E2 ATPase-associated region -- 

Haloacid dehalogenase-like hydrolase -- Cation 

transporting ATPase, C-terminal -- Bipartite nuclear 

localization signal 

1.64 7.05E-06 

C43F9.6 C43F9.6 Na+/K+ ATPase, beta subunit 1.63 1.76E-05 

ZK520.5.1 cyn-2 NA 1.61 1.70E-06 

C25G4.6 C25G4.6 PDZ/DHR/GLGF 1.59 1.46E-06 

F18A12.4 F18A12.4 
Peptidase M, neutral zinc metallopeptidases, zinc-

binding site -- Peptidase M13, neprilysin 
1.59 8.16E-07 

C37A2.3 C37A2.3 

Acyl-CoA dehydrogenase -- Acyl-CoA dehydrogenase, N-

terminal -- Acyl-CoA dehydrogenase, central region -- 

Acyl-CoA dehydrogenase, type 1 -- Acyl-CoA 

dehydrogenase, C-terminal type2 

1.55 1.48E-05 

C31H1.5 C31H1.5 Phospholipase A2, active site 1.45 1.29E-07 

W01C9.4 W01C9.4 

Glucose/ribitol dehydrogenase -- 2,3-dihydro-2,3-

dihydroxybenzoate dehydrogenase -- Insect alcohol 

dehydrogenase family -- Short-chain 

dehydrogenase/reductase SDR 

1.25 1.08E-05 
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B0244.9 B0244.9 
Ribosomal protein S2 -- Type III secretion system inner 

membrane P protein 
1.21 1.75E-05 

F10F2.7 F10F2.7 C-type lectin 1.16 1.78E-05 

C06A8.6 C06A8.6 Cecropin -- Leucine-rich repeat 1.09 1.89E-05 

T09A12.3 ocr-2 
Ankyrin -- Ion transport -- Cation (not K+) channel, TM 

region -- Bipartite nuclear localization signal 
0.89 1.12E-06 

K07C6.15 n/a  0.82 4.19E-06 

K08B4.3 ugt-19 UDP-glucuronosyl/UDP-glucosyltransferase 0.81 5.51E-06 

F30F8.2 F30F8.2 
Glutaminase -- Ankyrin -- Bipartite nuclear localization 

signal 
0.74 1.05E-05 

C24A3.6.3 twk-18 NA 0.74 1.65E-07 

F23B2.12.2 pcp-2 NA 0.72 1.85E-05 

F59D6.3 F59D6.3 Peptidase A1, pepsin 0.62 6.27E-06 

F52F10.5 srsx-8  -0.53 1.31E-05 

F01D5.2 F01D5.2 
TNFR/CD27/30/40/95 cysteine-rich region -- Glutelin -- 

Metridin-like ShK toxin 
-0.55 1.08E-05 

C04G2.7 egl-38 Paired box protein, N-terminal -0.68 1.82E-05 

F12E12.4 bath-31 MATH -- BTB/POZ -- BTB -0.70 9.74E-06 

F21F8.9 str-136 

7TM chemoreceptor, subfamily 1 -- Nematode 7TM 

chemoreceptor (probably olfactory) -- Rhodopsin-like 

GPCR superfamily 

-0.73 1.25E-06 

R12H7.2 asp-4 
Peptidase aspartic, active site -- Peptidase A1, pepsin -- 

Propeptide, peptidase A1 
-0.77 9.48E-08 

Y73C8C.2 Y73C8C.2 C-type lectin -0.91 1.36E-06 

Unknown 

C04G2.9.1 C04G2.9.1 NA 2.81 4.47E-09 

C04G2.8 C04G2.8 Bipartite nuclear localization signal 2.66 5.48E-06 

C04F12.7 C04F12.7  2.54 1.13E-06 

ZK484.8.1 ZK484.8 NA 2.52 1.51E-06 

Y69E1A.2 Y69E1A.2  2.52 5.11E-10 

T27A3.4 T27A3.4 Bipartite nuclear localization signal 2.49 4.38E-07 

F27C1.1 F27C1.1  2.45 1.09E-08 

C15C6.2b C15C6.2 NA 2.42 2.27E-07 

F07A5.2 F07A5.2 Bipartite nuclear localization signal 2.29 2.33E-07 

R09E10.6 R09E10.6  2.26 1.74E-07 

H12D21.1 nspa-1  2.24 1.09E-07 

T10E9.4 T10E9.4 Protein of unknown function DX -- Bipartite nuclear 2.20 2.11E-06 
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localization signal 

T28H11.7 T28H11.7  2.13 1.98E-08 

B0491.3 B0491.3  2.13 1.30E-07 

C45G9.9 C45G9.9 Histone H5 -- Bipartite nuclear localization signal 2.10 2.65E-07 

T23B7.1 T23B7.1 
Protein of unknown function DUF780, Caenorhabditis 

species 
2.10 5.27E-06 

F49C12.15 F49C12.15 Bipartite nuclear localization signal 2.09 4.00E-08 

ZC477.7 ZC477.7  2.08 1.18E-08 

C24D10.7 C24D10.7 
Eggshell protein -- Protein of unknown function DUF780, 

Caenorhabditis species 
2.08 1.03E-08 

ZK484.5 ZK484.5  2.08 1.44E-06 

T23G11.1 T23G11.1  2.08 1.61E-08 

W09D6.4 W09D6.4  2.08 1.69E-05 

B0379.7.1 B0379.7 NA 2.06 5.64E-08 

E03H12.5 E03H12.5 
Adrenergic receptor, alpha-2A -- Histone H5 -- Bipartite 

nuclear localization signal -- Proline-rich region 
2.05 8.83E-09 

Y38E10A.17 Y38E10A.17 Eggshell protein -- Bipartite nuclear localization signal 2.04 1.22E-08 

C45G9.4 C45G9.4 Histone H5 -- Bipartite nuclear localization signal 1.97 2.11E-08 

K06A5.2 K06A5.2 
Sodium:dicarboxylate symporter -- Protein of unknown 

function DUF856, Caenorhabditis species 
1.96 1.29E-06 

Y57G7A.6 Y57G7A.6 Protein of unknown function WSN 1.92 2.17E-07 

Y25C1A.1 Y25C1A.1  1.91 3.70E-06 

T27E7.1 T27A3.4  1.89 4.32E-07 

Y57G11A.2 Y57G11A.2 Vitelline membrane outer layer protein I (VOMI) 1.89 3.44E-06 

E03H12.10.1 ssp-9 NA 1.87 1.30E-05 

T13F2.9 T13F2.9 Orphan nuclear receptor, HMR type 1.84 3.02E-09 

F32H2.7 F32H2.7  1.84 2.73E-07 

R148.7 R148.7  1.84 1.44E-06 

F11G11.4 F11G11.4 
ATP/GTP-binding site motif A (P-loop) -- Bipartite nuclear 

localization signal 
1.83 3.58E-07 

Y47D3A.13 Y47D3A.13  1.83 9.31E-08 

Y43F8A.2 Y43F8A.2  1.82 1.80E-06 

ZK265.3 ZK265.3  1.81 9.00E-08 

Y106G6D.3 Y106G6D.3 Bipartite nuclear localization signal 1.80 2.35E-08 

Y39G10AR.16 Y39G10AR.16 
Treacher Collins syndrome protein Treacle -- Histone H5 

-- Bipartite nuclear localization signal -- Proline-rich region 
1.78 6.72E-06 

Y59E9AL.6 Y59E9AL.6 Ribosomal protein P2 -- Bipartite nuclear localization 1.77 2.25E-06 
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F17E9.5 F17E9.5  1.75 7.70E-07 

C33F10.1 C33F10.1  1.74 4.94E-06 

K08F4.5 K08F4.5 Bipartite nuclear localization signal 1.73 8.50E-07 

C09B9.2 C09B9.2  1.72 9.49E-08 

C24D10.2 C24D10.2 

ATP/GTP-binding site motif A (P-loop) -- High mobility 

group protein HMG14 and HMG17 -- Bipartite nuclear 

localization signal 

1.71 1.09E-06 

Y38C1AA.7 Y38C1AA.7  1.70 3.04E-06 

K01H12.4 K01H12.4  1.70 1.81E-06 

K08C9.2 K08C9.2  1.68 4.15E-06 

Y37E11B.10b Y37E11B.10 NA 1.68 7.35E-07 

F26F4.2 F26F4.2  1.67 1.15E-05 

Y106G6A.4 Y106G6A.4  1.61 4.59E-07 

F07E5.4 F07E5.4  1.60 1.13E-05 

Y106G6E.3 Y106G6E.3  1.60 4.82E-07 

T13A10.1 T13A10.1 Bipartite nuclear localization signal -- Proline-rich region 1.58 3.44E-07 

T08B6.4 T08B6.4 Proline-rich region 1.55 4.70E-07 

T05A10.3 T05A10.3 
Tropomyosin -- Transthyretin-like -- Bipartite nuclear 

localization signal 
1.55 2.28E-06 

F36A2.12 F36A2.12  1.55 3.21E-06 

C15C6.2a C15C6.2 NA 1.54 1.18E-06 

F31E8.5 F31E8.5  1.54 2.41E-06 

Y69E1A.1 Y69E1A.1 
Sodium:dicarboxylate symporter -- Protein of unknown 

function DUF856, Caenorhabditis species 
1.53 9.60E-07 

F34D10.8 F34D10.8 ATP/GTP-binding site motif A (P-loop) 1.52 1.28E-06 

F52F12.5 F52F12.5 Prenyl group, CAAX box, attachment site 1.51 2.29E-08 

R08A2.1 R08A2.1 
ATP/GTP-binding site motif A (P-loop) -- Protein of 

unknown function DUF236 
1.51 7.10E-07 

C43G2.3 C43G2.3  1.48 1.31E-06 

Y47D3A.31 Y47D3A.31  1.48 6.88E-08 

R10E9.2 R10E9.2 Bipartite nuclear localization signal 1.48 7.68E-07 

C34G6.3 C34G6.3 Histone H5 -- Bipartite nuclear localization signal 1.47 6.22E-07 

B0379.2 B0379.2  1.46 6.20E-08 

C38C3.3 C38C3.3  1.46 6.73E-06 

T27C10.7 T27C10.7 
Protein of unknown function DUF780, Caenorhabditis 

species 
1.45 1.57E-05 
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F40F8.3 F40F8.3 Bipartite nuclear localization signal 1.43 3.88E-06 

F58D2.2 F58D2.2  1.41 1.16E-05 

W03D8.10 W03D8.10 
Sodium:dicarboxylate symporter -- Protein of unknown 

function DUF856, Caenorhabditis species 
1.40 5.57E-06 

F36H12.11 F36H12.11  1.39 1.39E-05 

F32B6.4 F32B6.4  1.39 1.56E-05 

F10C1.3 F10C1.3  1.38 8.04E-07 

F40F9.3 F40F9.3  1.37 2.93E-07 

D2062.7 D2062.7  1.36 5.53E-06 

F37A8.1 F37A8.1  1.36 1.08E-05 

Y73F8A.14 Y73F8A.14  1.36 8.21E-06 

T16A9.5 T16A9.5 
Sodium:dicarboxylate symporter -- Protein of unknown 

function DUF856, Caenorhabditis species 
1.34 1.56E-06 

Y59H11AM.2 Y59H11AM.2 Rhodanese-like 1.29 6.30E-06 

F36D3.8 F36D3.8 Protein of unknown function DUF1248 1.27 9.70E-06 

T22B3.2b T22B3.2 NA 1.25 1.61E-05 

C02F5.5 C02F5.5  1.25 1.63E-05 

F13E9.5 F13E9.5  1.23 1.75E-05 

R10E4.7 R10E4.7  1.21 4.62E-06 

T05F1.5 T05F1.5  1.19 1.80E-05 

C18A3.7 C18A3.7  1.18 7.48E-06 

ZK418.2 ZK418.2 BTB -- BTB 1.18 6.75E-06 

F58G11.3 n/a  1.18 5.63E-06 

C17F3.3 C17F3.3 
Tropomyosin -- Histone H5 -- Stathmin -- Bipartite nuclear 

localization signal 
1.17 1.17E-05 

ZK637.12 ZK637.12  1.15 1.25E-05 

ZK858.8 ZK858.8  1.15 9.35E-06 

B0334.10 B0334.10  1.12 8.19E-06 

F59E11.5.1 F59E11.5.1 NA 1.11 9.10E-07 

Y8G1A.1 n/a Protein of unknown function DUF236 1.10 3.83E-06 

C53D6.10 C53D6.10 Bipartite nuclear localization signal 1.08 1.76E-05 

ZK858.2 ZK858.2  1.05 7.01E-06 

F21C10.7 F21C10.7 

Immunoglobulin I-set -- Immunoglobulin V-set -- 

Immunoglobulin -- Bipartite nuclear localization signal -- 

Spectrin repeat 

1.04 1.99E-09 

C48E7.7 C48E7.7  1.03 3.73E-06 

F15G9.4b him-4 NA 0.99 3.84E-08 
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C28D4.7 C28D4.7 Protein of unknown function DUF1248 0.95 5.33E-06 

C16A11.7 C16A11.7  0.93 1.90E-05 

B0511.11 B0511.11  0.87 7.85E-06 

F42G10.1.2 F42G10.1 NA 0.86 1.27E-05 

B0524.5 B0524.5 Bipartite nuclear localization signal 0.84 1.75E-05 

H03A11.2 H03A11.2  0.80 2.66E-08 

C54D2.4.3 C54D2.4.3 NA 0.78 1.10E-06 

H06A10.1 H06A10.1  0.77 1.45E-05 

C05B5.3 pqn-8  0.76 1.11E-06 

F54F7.3 F54F7.3  0.75 1.48E-06 

ZC204.14 ZC204.14  0.68 6.37E-08 

F09B9.4 F09B9.4 Treacher Collins syndrome protein Treacle 0.68 4.36E-06 

C03H5.5 C03H5.5  0.67 4.96E-07 

F44B9.2.2 F44B9.2.2 NA 0.63 1.42E-05 

D2092.1a D2092.1 NA 0.61 1.63E-05 

Y57G11A.1b tag-273 NA 0.61 3.66E-06 

F41G4.3a sto-5 NA 0.58 1.50E-06 

T28B4.1a T28B4.1 NA 0.54 1.44E-05 

K06A4.3.2 K06A4.3 NA 0.54 1.14E-05 

W06H8.8c ttn-1 NA 0.53 7.12E-06 

B0252.6 n/a  0.51 7.71E-06 

M02F4.8 aqp-7 NA 0.34 1.73E-05 

T01B10.1 grd-4 Protein of unknown function DUF398, Ground-like region -0.50 1.74E-05 

T13F3.6 T13F3.6  -0.59 1.23E-05 

Y62H9A.5 Y62H9A.5  -0.60 8.41E-06 

Y51B9A.4 Y51B9A.4 Arrestin, N-terminal -- Arrestin, C-terminal -0.63 1.09E-05 

F48B9.7 n/a NA -0.67 5.39E-06 

Y113G7A.13 Y113G7A.13  -0.77 1.37E-05 

Y57A10C.1 Y57A10C.1  -0.79 1.71E-05 

F17E9.2 F17E9.2  -0.88 3.77E-06 

F56A8.8 F56A8.8  -0.92 4.56E-06 

ZK899.6 ZK899.6  -0.94 1.65E-05 

C54G6.5.1 C54G6.5.1 NA -0.99 3.68E-06 

Y44A6C.2 Y44A6C.2  -1.00 1.53E-05 

F56F4.1 sdz-22 Transthyretin-like -1.03 6.96E-06 

Y25C1A.6.1 Y25C1A.6 NA -1.04 1.26E-05 

Y46G5A.28 Y46G5A.28 Pes-10 -1.10 1.17E-05 
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R09B5.8 cnc-3  -1.29 5.11E-09 

F15E11.13 F15E11.13  -2.22 1.01E-08 
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Table 3. List of human genes used for Ingenuity analysis and respective C. elegans homologues/orthologues. 

Human 

Gene 
Brief description C. elegans Gene(s) 

ACOT1 acyl-CoA thioesterase 1 W03D8.8 

ACOT2 acyl-CoA thioesterase 2 W03D8.8 

ACOT4 acyl-CoA thioesterase 4 W03D8.8 

ALDH7A1 aldehyde dehydrogenase 7 family, member A1 ALH-9 

ATP6V1A ATPase, H+ transporting, lysosomal 70kDa, V1 subunit A vha-12, -13, -15 

ATP6V1B1 ATPase, H+ transporting, lysosomal 56/58kDa, V1 subunit B1 vha-12, -13, -15 

ATP6V1B2 ATPase, H+ transporting, lysosomal 56/58kDa, V1 subunit B2 vha-12, -13, -15 

ATP6V1H ATPase, H+ transporting, lysosomal 50/57kDa, V1 subunit H vha-12, -13, -15 

BAAT amino acid N-acyltransferase W03D8.8 

DHX15 DEAH (Asp-Glu-Ala-His) box polypeptide 15 SMGL-2 

DHX8 DEAH (Asp-Glu-Ala-His) box polypeptide 8 SMGL-2 

EEF2 eukaryotic translation elongation factor 2 EFT-2 

FANCG Fanconi anemia, complementation group G 
 

GLUD1 glutamate dehydrogenase 1 CE06652 

GLUD2 glutamate dehydrogenase 2 CE06652 

HSP90AA1 heat shock protein 90kDa alpha (cytosolic), class A member 1 DAF-21 

HSP90AB1 heat shock protein 90kDa alpha (cytosolic), class B member 1 DAF-21 

HSPD1  heat shock 60kDa protein 1 (chaperonin) HSP-60 

IHPK1 inositol hexaphosphate kinase 1 Y22D7AL.14 

IHPK2 inositol hexaphosphate kinase 2 Y22D7AL.14 

IHPK3 inositol hexaphosphate kinase 3 Y22D7AL.14 

INTS5 integrator complex subunit 5 Y51A2D.7 

KYNU kynureninase C15H9.7 

NSF N-ethylmaleimide-sensitive factor NSF-1 

PCK1 phosphoenolpyruvate carboxykinase 1 (soluble) R11A5.4 

PCK2 phosphoenolpyruvate carboxykinase 2 (mitochondrial) W05G11.6 

PFKL phosphofructokinase, liver CE05467 

PFKM phosphofructokinase, muscle CE05467 

PFKP phosphofructokinase, platelet CE05467 

PMPCB peptidase (mitochondrial processing) beta MRP-1 

PSMC4 proteasome (prosome, macropain) 26S subunit, ATPase, 4 RPT-3 

PYGB brain glycogen phosphorylase CE24003 

PYGL muscle glycogen phosphorylase CE24003 

PYGM muscle glycogen phosphorylase CE24003 
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Human 

Gene 
Brief description C. elegans Gene(s) 

SDHA succinate dehydrogenase complex, subunit A, flavoprotein sdha-2 

SPHK1 sphingosine kinase 1 SPHK-1 

SPHK2 sphingosine kinase 2 SPHK-1 

TUBB tubulin, beta tubulin(s) 

TUBB2C tubulin, beta 2C tubulin(s) 

TUBB4 tubulin, beta 4 tubulin(s) 

UBR5 ubiquitin protein ligase E3 component n-recognin 5 CE29688 

UGP2 UDP-glucose pyrophosphorylase 2 K08E3.5 

UQCRC1 ubiquinol-cytochrome c reductase core protein I ucr-1 

VCP valosin-containing protein CDC-48.1 and -48.2 

VPS4A vacuolar protein sorting 4 homolog A (S. cerevisiae) VPS-4 

VPS4B vacuolar protein sorting 4 homolog B (S. cerevisiae) VPS-4 

YME1L1 YME1-like 1 (S. cerevisiae) YMEL-1 
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Table 4.1 Proteomic results of ATX-3 knockout animals in basal conditions.  

BASAL CONDITIONS 

Replicate 1 

Accession 
Gene 
Name 

Description 
gk193/ 

wt 
p 

value 
tm1689/ 

wt 
p 

value 

F59D8.2 vit-4 vit-4 encodes a vitellogenin 0,2 0,000 1,5 0,025 

C04F6.1 vit-5 vit-5 encodes a vitellogenin, a lipid-binding protein precursor 0,3 0,000 1,2 0,001 

K09F5.2 vit-1 vit-1 encodes a vitellogenin 0,5 0,000 1,2 0,093 

C55B7.4a acdh-1 short-chain acyl-CoA dehydrogenase; plays a key role in energy production 0,6 0,004 1,6 0,002 

D1054.11 D1054.11 
 

0,7 0,002 0,8 0,019 

C34G6.7a pqn-19  predicted to contain a glutamine/asparagine (Q/N)-rich ('prion') domain 0,7 0,038 0,7 0,042 

F18H3.3a pab-2 
polyadenylate-binding protein 1 homolog with high similarity to human 
PABP 1. 

0,7 0,028 0,8 0,042 

R10E4.2b tag-310 
 

0,7 0,007 0,7 0,002 

F45E1.6 his-71 
 H3 histone required for embryonic viability, body morphology, and larval 
viability. 

0,7 0,001 0,7 0,000 

C46G7.4a pqn-22 predicted to contain a glutamine/asparagine (Q/N)-rich ('prion') domain 0,8 0,014 0,6 0,001 

F54D11.1 pmt-2 N-methyltransferase required for phosphocholine biosynthesis and viability 0,8 0,000 1,3 0,003 

B0491.5 B0491.5 
 

1,2 0,014 1,2 0,019 

F44E7.4b F44E7.4 
 

1,2 0,033 1,2 0,106 

T22D1.3a T22D1.3 
 

1,2 0,030 1,4 0,000 

F43G9.1 F43G9.1 
 

1,3 0,005 1,2 0,034 

F40F4.6 F40F4.6 
 

1,4 0,002 1,2 0,037 

K09E2.3 K09E2.3 
 

1,4 0,035 1,5 0,023 

T08A9.9 spp-5 
transmembrane protein containing a saposin (B) domain; SPP-5 is 
predicted to function as a lipid-binding protein that may possess pore-
forming,cytotoxic activity 

1,6 0,002 1,6 0,004 

M6.1b ifc-2 
ifc-2 encodes three isoforms of an intermediate filament protein 
dispensable for viability but required for normal movement, growth rate, 
body size, body shape, and cuticle strength 

1,6 0,000 1,2 0,000 

K03E5.2a K03E5.2 
 

1,6 0,001 1,2 0,076 

F57F4.3 gfi-1  encodes a protein that contains 21 ET modules 1,7 0,000 1,2 0,028 

F35C5.6 clec-63 Lectin C-type 1,7 0,000 1,2 0,003 

W05H9.1 W05H9.1 
 

1,8 0,000 1,3 0,001 

Y38F2AL.4 vha-3 
vha-3 and vha-2 encode an ortholog of subunit c of the membrane-bound 
(V0) domain of vacuolar proton-translocating ATPase 

2,0 0,001 1,7 0,001 

BASAL CONDITIONS 

Replicate 2 

Accession 
Gene 
Name 

Description 
gk193/ 

wt 
p 

value 
tm1689/ 

wt 
p 

value 

K12G11.3 sodh-1 sodh-1 alcohol dehydrogenase 0,4 0,027 0,6 0,042 

T06E4.9 T06E4.9 
 

0,7 0,006 0,5 0,021 

ZK131.8 his-14 H4 histone. 0,7 0,002 0,7 0,006 

ZK131.6 his-12 H2A histone 0,7 0,007 0,8 0,017 

E04A4.8 rpl-20 large ribosomal subunit L18a protein. 1,2 0,018 1,4 0,000 

F32H2.5 fasn-1 putative fatty acid synthase 1,3 0,013 1,4 0,018 

F54C9.5 rpl-5 
 large ribosomal subunit L5 protein; by homology, RPL-5 is predicted to 
function in protein biosynthesis 

1,3 0,001 1,3 0,008 

F10E7.7 rpl-33  large ribosomal subunit L35a protein. 1,4 0,018 1,4 0,050 

F45H10.1 alh-7 ortholog of the human gene DJ73M23.2  1,5 0,022 1,6 0,037 

Y65B4BL.5 Y65B4BL.5 1,6 0,041 1,8 0,043 

Y77E11A.15 col-106 collagen 1,8 0,020 1,8 0,042 

ZK622.3d pmt-1 phosphoethanolamine N-methyltransferase 2,0 0,031 2,1 0,020 
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Proteins were identified, quantified and normalized using the Protein Pilot software. Table refers to the proteins which are statistically different in ATX-

3 mutants when compared to wild type (p<0.05). Only differences above 20% were considered. gk193/wt refers to the protein ratio between the atx-

3(gk193) knockout strain and wild type, similarly, tm1689/wt refers to the protein ratio between the atx-3(tm1689) knockout strain and wild type. 

Orange and green are upregulated and downregulated proteins, respectively. 

 

 

Table 4.2 Proteomic results of ATX-3 knockout animals after exposure to a 2 hour heat shock at 33ºC.  

HEAT SHOCK 

Replicate 1 

Accession 
Gene 
Name 

Description 
gk193/ 

wt 
p 

value 
tm1689/

wt 
p 

value 

K12G11.3 sodh-1 sodh-1 alcohol dehydrogenase 0,2 0,000 0,2 0,000 

C05E4.9 gei-7 predicted isocitrate lyase/malate synthase 0,3 0,000 0,3 0,000 

B0213.6 nlp-31 nlp-31 encodes five predicted neuropeptide-like proteins 0,4 0,000 0,3 0,000 

K08H10.1 lea-1 
encodes a protein that is predicted to be hydrophilic and heat-resistant, and 
that might participate in anhydrobiosis. 

0,4 0,000 0,4 0,000 

K08B4.6 cpi-1 cysteine protease inhibitors (cystatins) 0,4 0,002 0,4 0,011 

W05G11.6 W05G11.6 
 

0,5 0,000 0,6 0,000 

F08F1.8 tth-1 
thymosin beta ortholog;  TTH-1 plays a direct role in regulating actin 
polymerization and cytoskeletal organization in C. elegans 

0,5 0,003 0,6 0,011 

Y37D8A.19 Y37D8A.19 0,5 0,002 0,6 0,027 

C42D4.1 C42D4.1 
 

0,5 0,000 0,7 0,000 

ZK637.13 ZK637.13 
 

0,5 0,000 1,8 0,001 

T08A9.9 spp-5 
 SPP-5 is predicted to function as a lipid-binding protein that may possess 
pore-forming,cytotoxic activity 

0,6 0,023 0,7 0,021 

ZK131.6 his-12  H2A histone 0,6 0,002 0,6 0,001 

D2030.5 mce-1 
 

0,6 0,006 0,6 0,002 

T07C4.5 T07C4.5 
 

0,6 0,008 0,7 0,001 

Y62H9A.6 Y62H9A.6 
 

0,6 0,000 0,7 0,003 

H02I12.6 his-66 H2B histone. 0,6 0,000 0,6 0,000 

F40F4.2 lbp-2 novel fatty acid binding protein 0,6 0,000 0,7 0,000 

F15E11.15 F15E11.15 0,6 0,034 4,6 0,001 

F52H3.7 lec-2 
galectin, by homology, LEC-2 may play roles in cell adhesion and 
aggregation, proliferation, or programmed cell death 

0,6 0,000 0,7 0,000 

K05B2.3 ifa-4 non essential intermediate filament protein  0,6 0,018 0,6 0,002 

F57F5.1 F57F5.1 
 

0,6 0,018 0,8 0,004 

R11A5.4 R11A5.4 
 

0,6 0,000 0,7 0,000 

R13H4.2a R13H4.2a 
 

0,7 0,000 0,6 0,000 

W09H1.6 lec-1 
galectin in which each galectin domain is homologous to typical vertebrate 
14-kDa-type galectins; expressed most abundantly in the adult cuticle. 

0,7 0,000 0,7 0,000 

ZK131.8 his-14 H4 histone. 0,7 0,000 0,6 0,000 

D1054.10 D1054.10 
 

0,7 0,001 0,7 0,003 

Y48B6A.14 hmg-1.1 member of the high mobility group (HMG) family of proteins. 0,7 0,002 0,6 0,004 

K10B3.8 gpd-2 
gpd-2 encodes one of four C. elegans glyceraldehyde-3-phosphate 
dehydrogenases (GAPDHs) 

0,7 0,000 0,6 0,001 

C09B8.6 hsp-25 member of the small heat shock family of proteins 0,7 0,007 0,8 0,008 

R06F6.9 ech-4 
 

0,7 0,014 0,8 0,009 

T03F1.11 T03F1.11 
 

0,7 0,026 0,8 0,021 

M6.1 ifc-2 
ifc-2 encodes three isoforms of an intermediate filament protein 
dispensable for viability but required for normal movement, growth rate, 
body size, body shape, and cuticle strength 

0,7 0,003 0,7 0,004 

Y17G7B.7 tpi-1 orthologous to the human gene TRIOSEPHOSPHATE ISOMERASE 1 0,7 0,000 0,7 0,000 
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Accession 
Gene 
Name 

Description 
gk193/ 

wt 
p 

value 
tm1689/ 

wt 
p 

value 

F45E1.6 his-71 
 H3 histone required for embryonic viability, body morphology, and larval 
viability. 

0,7 0,004 0,7 0,003 

C44B7.10 C44B7.10 
 

0,7 0,002 0,7 0,000 

F10C1.7 ifb-2 
ifb-2 encodes a nonessential intermediate filament protein; IFB-2 is 
predicted to function as a structural component of the cytoskeleton 

0,7 0,000 0,7 0,000 

Y5F2A.1 Y5F2A.1 
 

0,7 0,000 0,7 0,004 

F53A2.7 F53A2.7 
 

0,7 0,002 0,7 0,000 

C34B2.8 C34B2.8 
 

0,8 0,023 0,7 0,015 

C38C3.5 unc-60 
orthologs of actin depolymerizing factor/cofilin, actin-binding proteins that 
regulate actin filament dynamics 

0,8 0,010 0,8 0,004 

F55C5.5 tsfm-1 
translational elongation factor Ts (EF-Ts) that binds two different EF-Tu 
proteins (EF-TU1/Y71H2AM.23 and EF-TU2/C43E11.4) 

0,8 0,043 0,7 0,008 

F46E10.10 F46E10.10 0,8 0,000 0,8 0,000 

W10C8.5 W10C8.5 
 

0,8 0,000 0,8 0,000 

C28A5.3 nex-3 
annexin, a member of a family of calcium-dependent phospholipid binding 
proteins; by homology, NEX-3 could function in membrane fusion, 
cytoskeletal interactions, and intracellular signaling 

0,8 0,005 0,8 0,040 

K12F2.1 myo-3 
myo-3 encodes MHC A, the minor isoform of MHC (myosin heavy chain) 
that is essential for thick filament formation, and for viability, movement, 
and embryonic elongation 

0,8 0,000 0,8 0,000 

C06G3.5 C06G3.5 orthologous to human ADENOSINE DEAMINASE  0,8 0,005 0,8 0,010 

T21B10.2 enol-1 orthologous to human ENOLASE 1 0,8 0,000 0,8 0,002 

T05G5.6 ech-6 Enoyl-CoA hydratase/isomerase 0,8 0,002 0,6 0,000 

F40E10.3 csq-1 
calsequestrin that is required to normal survival in media containing either 
excess or deficient Ca[2+] 

0,8 0,018 0,8 0,007 

F02A9.2 far-1  fatty acid/retinol binding protein 0,8 0,000 0,8 0,001 

C01F6.6 tag-60 
 

0,8 0,028 0,7 0,002 

T03F1.3 pgk-1 orthologous to the human gene PHOSPHOGLYCERETE KINASE 1 0,8 0,001 0,8 0,006 

K04D7.3 gta-1  ortholog of the human gene GABAT 0,8 0,022 0,8 0,002 

F25H2.11 tct-1 putative microtubule binding protein 1,2 0,000 1,3 0,000 

R13A5.8 rpl-9 
large ribosomal subunit L9 protein that affects fertility and embryonic 
viability. 

1,2 0,000 1,3 0,000 

F26D10.3 hsp-1 hsp-1 encodes hsp70A, a member of the heat shock family of proteins 1,2 0,000 1,3 0,000 

Y105E8A.16 rps-20  small ribosomal subunit S20 protein. 1,2 0,000 1,3 0,000 

C53B7.4 asg-2 
 homolog of ATP synthase G required both for growth at a normally high 
rate and for normal osmoregulation. 

1,3 0,010 1,4 0,012 

K04D7.1 rack-1 
 

1,3 0,000 1,3 0,000 

F56F3.5 rps-1  small ribosomal subunit S3A protein. 1,3 0,000 1,2 0,000 

K03A1.5 sur-5 high similarity to H. sapiens Acetoacetyl-coenzyme A synthetase 1,3 0,043 1,3 0,030 

M03F4.7 calu-1 calumenin 1,3 0,001 1,3 0,008 

C47E8.5 daf-21 daf-21 encodes a member of the Hsp90 family of molecular chaperones 1,3 0,000 1,2 0,000 

C27A2.2 rpl-22 

rpl-22 encodes a large ribosomal subunit L22 protein; by homology, RPL-
22 is predicted to function in protein biosynthesis; in C. elegans, RPL-22 
activity is broadly required for embryonic and germline development, as 
well as normal body coloration, morphology, and postembryonic growth 
rates. 

1,3 0,000 1,3 0,003 

C04F6.1 vit-5 
vit-5 encodes a vitellogenin, by homology, VIT-5 is predicted to function as 
a lipid transport protein 

1,3 0,000 1,5 0,000 

F40F11.1 rps-11 
 small ribosomal subunit S11 protein; by homology, RPS-11 is predicted to 
function in protein biosynthesis 

1,3 0,000 1,3 0,001 

T05G5.10 iff-1 
eIF-5A homolog that affects fertility and is required for germ cell 
proliferation and for some P granule components to localize properly 

1,3 0,004 1,2 0,000 

C50B6.2 nasp-2 
 

1,3 0,007 1,3 0,020 

T08B2.10 rps-17 small ribosomal subunit S17 protein. 1,3 0,000 1,4 0,000 

F54C9.5 rpl-5 
large ribosomal subunit L5 protein; by homology, RPL-5 is predicted to 
function in protein biosynthesis 

1,3 0,000 1,3 0,000 

F36A2.6 rps-15 small ribosomal subunit S15 protein. 1,3 0,000 1,3 0,033 
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Accession 
Gene 
Name 

Description 
gk193/ 

wt 
p 

value 
tm1689/ 

wt 
p 

value 

T07A9.11 rps-24 
 small ribosomal subunit S24 protein; by homology, RPS-24 is predicted to 
function in protein biosynthesis 

1,3 0,000 1,2 0,003 

Y43B11AR.4 rps-4 small ribosomal subunit S4 protein. 1,3 0,000 1,3 0,000 

F42C5.8 rps-8 
small ribosomal subunit S8 protein; by homology, RPS-8 is predicted to 
function in protein biosynthesis 

1,3 0,000 1,3 0,000 

Y22F5A.4 lys-1 putative lysozyme 1,3 0,017 1,4 0,036 

F55D10.2 rpl-25.1 large ribosomal subunit L23a protein. 1,3 0,001 1,5 0,002 

F13B10.2 rpl-3 
large ribosomal subunit L3 protein required in mass RNAi assays for 
embryonic and larval viability, fertility, and general health 

1,3 0,000 1,3 0,000 

B0250.1 rpl-2 large ribosomal subunit L8 protein. 1,3 0,000 1,3 0,002 

E04A4.8 rpl-20 large ribosomal subunit L18a protein. 1,3 0,000 1,3 0,000 

K11H12.2 rpl-15  large ribosomal subunit L15 protein. 1,3 0,000 1,3 0,015 

F40F8.10 rps-9 small ribosomal subunit S9 protein. 1,3 0,000 1,3 0,000 

T22F3.4 rpl-11.1 large ribosomal subunit L11 protein. 1,3 0,000 1,3 0,000 

T21G5.3 glh-1 
glh-1 encodes a putative DEAD-box RNA helicase  a germ-line-specific, ATP-
dependent RNA helicase 

1,3 0,002 1,3 0,000 

F10B5.1 rpl-10 
 large ribosomal subunit L10 protein required in mass RNAi assays for 
embryonic viability, fertility, normally rapid growth, and normal body 
coloration 

1,3 0,000 1,4 0,000 

F53G12.10 rpl-7 
large ribosomal subunit L7 protein required in mass RNAi assays for 
embryonic viability and normally rapid growth. 

1,3 0,000 1,3 0,000 

C53H9.1 rpl-27 large ribosomal subunit L27 protein. 1,3 0,005 1,3 0,014 

C30C11.4 C30C11.4 
 

1,4 0,000 1,3 0,000 

F56E10.4 rps-27  small ribosomal subunit S27 protein. 1,4 0,000 1,3 0,000 

C53D5.6 imb-3 
 importin-beta-like protein ; IMB-3 is predicted to function as a nuclear 
transport factor that, with the RAN-1 GTPase, regulates nuclear import of 
ribosomal proteins 

1,4 0,018 1,3 0,019 

Y65B4BR.5 Y65B4BR.5 1,4 0,000 1,3 0,001 

Y45F10D.12 rpl-18 large ribosomal subunit L18 protein. 1,4 0,000 1,4 0,000 

F37C12.4 rpl-36 
large ribosomal subunit L36 protein; by homology, RPL-36 is predicted to 
function in protein biosynthesis 

1,4 0,000 1,6 0,001 

Y37E3.7 rpa-1 acidic ribosomal subunit protein P1. 1,4 0,002 1,3 0,002 

T01C3.6 rps-16 small ribosomal subunit S16 protein. 1,4 0,000 1,3 0,000 

Y71A12B.1 rps-6 small ribosomal subunit S6 protein. 1,4 0,000 1,3 0,000 

C16A3.9 rps-13 
 small ribosomal subunit S13 protein; by homology, RPS-13 is predicted to 
function in protein biosynthesis 

1,4 0,000 1,4 0,000 

F43E2.8 hsp-4 

hsp-4 encodes a predicted homolog of the mammalian ER chaperone BiP 
that affects embryonic and larval viability; expression is most prominent in 
the spermatheca and transcription of hsp-4 is induced in the gut and in the 
hypodermis upon ER stress. 

1,4 0,008 1,4 0,000 

B0041.4 rpl-4  large ribosomal subunit L4 protein. 1,4 0,000 1,4 0,000 

M01F1.2 rpl-16  large ribosomal subunit L13a protein. 1,4 0,000 1,4 0,000 

T24B8.1 rpl-32  large ribosomal subunit L32 protein. 1,4 0,000 1,3 0,000 

F39B2.6 rps-26 
small ribosomal subunit S26 protein; by homology, RPS-26 is predicted to 
function in protein biosynthesis 

1,4 0,000 1,3 0,000 

W09C5.6 rpl-31  large ribosomal subunit L31 protein. 1,4 0,000 1,4 0,000 

F54E7.2 rps-12 
 small ribosomal subunit S12 protein; by homology, RPS-12 is predicted to 
function in protein biosynthesis 

1,4 0,000 1,3 0,025 

C07H6.5 cgh-1 
The ortholog of a RNA helicase ste13/ME31B/RCK/p54 that is required 
for oocyte and sperm function and the prevention of physiological germline-
associated apoptosis 

1,4 0,000 1,4 0,000 

M02H5.8 M02H5.8 
 

1,4 0,004 2,0 0,001 

Y37E3.8 Y37E3.8 
 

1,4 0,000 1,3 0,000 

Y24D9A.4 rpl-7A 
large ribosomal subunit L7a protein required in mass RNAi assays for 
fertility, vulval development, and general health 

1,4 0,000 1,4 0,000 

F53A3.3 rps-22 small ribosomal subunit S15a protein. 1,4 0,002 1,4 0,000 

C56C10.8 icd-1 beta-subunit of the nascent polypeptide-associated complex 1,5 0,000 1,3 0,002 
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Accession 
Gene 
Name 

Description 
gk193/ 

wt 
p 

value 
tm1689/

wt 
p 

value 

C06B8.8 rpl-38  large ribosomal subunit L38 protein. 1,5 0,013 1,5 0,030 

C32E8.2 rpl-13  large ribosomal subunit L13 protein. 1,5 0,000 1,4 0,000 

B0412.4 rps-29 
 small ribosomal subunit S29 protein; by homology, RPS-29 is predicted to 
function in protein biosynthesis 

1,5 0,000 1,4 0,000 

C14B9.7 rpl-21 
 large ribosomal subunit L21 protein; by homology, RPL-21 is predicted to 
function in protein biosynthesis 

1,5 0,000 1,4 0,001 

Y48B6A.2 rpl-43  large ribosomal subunit L37a protein. 1,5 0,000 1,3 0,001 

C04F12.4 rpl-14  large ribosomal subunit L14 protein. 1,5 0,000 1,4 0,000 

B0336.10 rpl-23 large ribosomal subunit L23 protein. 1,5 0,000 1,4 0,000 

W01A8.1 mdt-28 
 

1,5 0,005 1,3 0,011 

Y18D10A.17 car-1 RNA-binding protein 1,5 0,002 1,5 0,001 

F28C6.7 rpl-26 
 large ribosomal subunit L26 protein; by homology, RPL-26 is predicted to 
function in protein biosynthesis 

1,5 0,000 1,4 0,000 

T05F1.3 rps-19 small ribosomal subunit S19 protein, orthologous to human RPS19  1,5 0,000 1,5 0,008 

T05E11.1 rps-5 small ribosomal subunit S5 protein. 1,5 0,000 1,5 0,000 

ZK652.4 rpl-35  large ribosomal subunit L35 protein. 1,5 0,000 1,5 0,000 

R11D1.8 rpl-28 large ribosomal subunit L28 protein. 1,5 0,005 1,4 0,049 

F59D8.2 vit-4 vit-4 encodes a vitellogenin 1,5 0,000 1,8 0,000 

C09D4.5 rpl-19  large ribosomal subunit L19 protein. 1,5 0,000 1,5 0,000 

D1007.12 rpl-24.1  large ribosomal subunit L24 protein. 1,5 0,000 1,5 0,000 

F56D12.5 vig-1 
 

1,5 0,000 1,4 0,007 

C49F5.1 sams-1 S-adenosyl methionine synthetase 1,5 0,000 1,5 0,000 

F59D8.1 vit-3 vit-3 encodes a vitellogenin; VIT-3 is a major yolk component 1,5 0,010 1,8 0,031 

R151.3 rpl-6  large ribosomal subunit L6 protein. 1,5 0,000 1,5 0,000 

H06I04.4 ubl-1 
ubl-1 encodes a protein similar to Drosophila ubiquitin/ ribosomal protein 
S27a that affects body length, fertility, and larval viability. 

1,6 0,002 1,4 0,023 

C42C1.14 rpl-34 
large ribosomal subunit L34 protein that affects growth and body 
coloration. 

1,6 0,000 1,4 0,001 

Y71F9AL.9 Y71F9AL.9 1,6 0,000 1,4 0,016 

M01E11.5 cey-3 
 protein with a cold-shock/Y-box domain; it is predicted to be mitochondrial 
by phylogenetic profiling. 

1,6 0,011 1,5 0,017 

W06H3.1 W06H3.1 
 

1,6 0,016 1,7 0,040 

F46F11.2 cey-2 cey-2 encodes a cold-shock/Y-box domain-containing protein;  1,7 0,002 1,5 0,015 

F45H11.2 ned-8 
The ned-8 gene encodes a ubiquitin-like protein that is required for both 
embryogenesis and terminal hypodermal differentiation. 

1,7 0,020 1,7 0,007 

K09F5.2 vit-1 vit-1 encodes a vitellogenin 1,9 0,000 2,3 0,000 

Y71H10A.2 Y71H10A.2 2,1 0,021 2,0 0,000 

ZK622.3 pmt-1 phosphoethanolamine N-methyltransferase 2,5 0,003 2,5 0,005 

F44E5.5 F44E5.5 
 

4,1 0,001 3,9 0,001 

T27E4.8 hsp-16.1 
hsp-16.1 encodes a 16-kD heat shock protein (HSP) that is a member of 
the hsp16/hsp20/alphaB-crystallin (HSP16) family of heat shock proteins 

4,7 0,000 5,4 0,000 

T27E4.9 hsp-16.49 
hsp-16.49 encodes a 16-kD heat shock protein (HSP) that is a member of 
the hsp16/hsp20/alphaB-crystallin (HSP16) family of heat shock proteins 

6,4 0,000 7,3 0,000 

 

HEAT SHOCK 

Replicate 2 

Accession 
Gene 
Name 

Description 
gk193/ 

wt 
p 

value 
tm1689/

wt 
p 

value 

K12G11.3 K12G11.3 sodh-1 alcohol dehydrogenase 0,8 0,002 0,5 0,001 

C42D4.1 C42D4.1 
 

0,8 0,005 0,4 0,001 

T27E4.9 hsp-16.49 
hsp-16.49 encodes a 16-kD heat shock protein (HSP) that is a member of 
the hsp16/hsp20/alphaB-crystallin (HSP16) family of heat shock proteins 

1,3 0,007 6,6 0,000 
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M01G5.3 M01G5.3 
 

1,5 0,005 1,3 0,022 

T27E4.8 hsp-16.1 
hsp-16.1 encodes a 16-kD heat shock protein (HSP) that is a member of the 
hsp16/hsp20/alphaB-crystallin (HSP16) family of heat shock proteins 

1,2 0,012 5,3 0,003 

 

Proteins were identified, quantified and normalized using the Protein Pilot software. Table refers to the proteins which are statistically different in ATX-

3 mutants when compared to wild type (p<0.05). Only differences above 20% were considered. gk193/wt refers to the protein ratio between the atx-

3(gk193) knockout strain and wild type, similarly, tm1689/wt refers to the protein ratio between the atx-3(tm1689) knockout strain and wild type. 

Orange and green are upregulated and downregulated proteins, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

230 



 

231 

 

 

 

 

 

 

 

 

 

 

 

 

Publication 

 
 

 

 

 

 



 

232 

 



Supplementary Material  

233 

 



 

234 



Supplementary Material  

235 



 

236 

 



Supplementary Material  

237 

 



 

238 

 



Supplementary Material  

239 



 

240 

 



Supplementary Material  

241 

 



 

242 

 



Supplementary Material  

243 

 



 

244 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References 

 
 

 

 

 

 

 

 

 



 

246 

 



References 

247 

 

 1.  Margolis, R. L. & Ross, C. A. Expansion explosion: new clues to the pathogenesis of repeat expansion 
neurodegenerative diseases. Trends Mol. Med. 7, 479-482 (2001). 

 2.  Kawaguchi, Y. et al. CAG expansions in a novel gene for Machado-Joseph disease at chromosome 14q32.1. 
Nat. Genet. 8, 221-228 (1994). 

 3.   A novel gene containing a trinucleotide repeat that is expanded and unstable on Huntington's disease 
chromosomes. The Huntington's Disease Collaborative Research Group. Cell 72, 971-983 (1993). 

 4.  La Spada, A. R., Wilson, E. M., Lubahn, D. B., Harding, A. E. & Fischbeck, K. H. Androgen receptor gene 
mutations in X-linked spinal and bulbar muscular atrophy. Nature 352, 77-79 (1991). 

 5.  Nagafuchi, S. et al. Dentatorubral and pallidoluysian atrophy expansion of an unstable CAG trinucleotide on 
chromosome 12p. Nat. Genet. 6, 14-18 (1994). 

 6.  Koide, R. et al. Unstable expansion of CAG repeat in hereditary dentatorubral-pallidoluysian atrophy (DRPLA). 
Nat. Genet. 6, 9-13 (1994). 

 7.  Orr, H. T. et al. Expansion of an unstable trinucleotide CAG repeat in spinocerebellar ataxia type 1. Nat. 
Genet. 4, 221-226 (1993). 

 8.  Nechiporuk, A. et al. Genetic mapping of the spinocerebellar ataxia type 2 gene on human chromosome 12. 
Neurology 46, 1731-1735 (1996). 

 9.  Imbert, G. et al. Cloning of the gene for spinocerebellar ataxia 2 reveals a locus with high sensitivity to 
expanded CAG/glutamine repeats. Nat. Genet. 14, 285-291 (1996). 

 10.  Sanpei, K. et al. Identification of the spinocerebellar ataxia type 2 gene using a direct identification of repeat 
expansion and cloning technique, DIRECT. Nat. Genet. 14, 277-284 (1996). 

 11.  Zhuchenko, O. et al. Autosomal dominant cerebellar ataxia (SCA6) associated with small polyglutamine 
expansions in the alpha 1A-voltage-dependent calcium channel. Nat. Genet. 15, 62-69 (1997). 

 12.  David, G. et al. Molecular and clinical correlations in autosomal dominant cerebellar ataxia with progressive 
macular dystrophy (SCA7). Hum. Mol. Genet. 7, 165-170 (1998). 

 13.  Holmes, S. E. et al. Expansion of a novel CAG trinucleotide repeat in the 5' region of PPP2R2B is associated 
with SCA12. Nat. Genet. 23, 391-392 (1999). 

 14.  Zoghbi, H. Y. & Orr, H. T. Polyglutamine diseases: protein cleavage and aggregation. Curr. Opin. Neurobiol. 
9, 566-570 (1999). 

 15.  Tallaksen-Greene, S. J. et al. Hprt(CAG)146 mice: age of onset of behavioral abnormalities, time course of 
neuronal intranuclear inclusion accumulation, neurotransmitter marker alterations, mitochondrial function 
markers, and susceptibility to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. J. Comp Neurol. 465, 205-219 
(2003). 

 16.  Gusella, J. F. & Macdonald, M. E. Molecular genetics: unmasking polyglutamine triggers in neurodegenerative 
disease. Nat. Rev. Neurosci. 1, 109-115 (2000). 

 17.  Paulson, H. L. Protein fate in neurodegenerative proteinopathies: polyglutamine diseases join the (mis)fold. 
Am. J. Hum. Genet. 64, 339-345 (1999). 

 18.  Maciel, P. et al. Correlation between CAG repeat length and clinical features in Machado-Joseph disease. Am. 
J. Hum. Genet. 57, 54-61 (1995). 



 

248 

 19.  Rubinsztein, D. C. et al. Sequence variation and size ranges of CAG repeats in the Machado-Joseph disease, 
spinocerebellar ataxia type 1 and androgen receptor genes. Hum. Mol. Genet. 4, 1585-1590 (1995). 

 20.  Zoghbi, H. Y. & Orr, H. T. Glutamine repeats and neurodegeneration. Annu. Rev. Neurosci. 23, 217-247 
(2000). 

 21.  Sharp, A. H. et al. Widespread expression of Huntington's disease gene (IT15) protein product. Neuron 14, 
1065-1074 (1995). 

 22.  Trottier, Y. et al. Cellular localization of the Huntington's disease protein and discrimination of the normal and 
mutated form. Nat. Genet. 10, 104-110 (1995). 

 23.  Coutinho, P., Guimaraes, A. & Scaravilli, F. The pathology of Machado-Joseph disease. Report of a possible 
homozygous case. Acta Neuropathol. (Berl) 58, 48-54 (1982). 

 24.  Ross, C. A. Intranuclear neuronal inclusions: a common pathogenic mechanism for glutamine-repeat 
neurodegenerative diseases? Neuron 19, 1147-1150 (1997). 

 25.  Ross, C. A. & Poirier, M. A. Protein aggregation and neurodegenerative disease. Nat. Med. 10 Suppl, S10-
S17 (2004). 

 26.  Ross, C. A. & Poirier, M. A. Opinion: What is the role of protein aggregation in neurodegeneration? Nat. Rev. 
Mol. Cell Biol. 6, 891-898 (2005). 

 27.  Paulson, H. L. et al. Intranuclear inclusions of expanded polyglutamine protein in spinocerebellar ataxia type 
3. Neuron 19, 333-344 (1997). 

 28.  Hung, C. C., Davison, E. J., Robinson, P. A. & Ardley, H. C. The aggravating role of the ubiquitin-proteasome 
system in neurodegenerative disease. Biochem. Soc. Trans. 34, 743-745 (2006). 

 29.  Kayed, R. et al. Common structure of soluble amyloid oligomers implies common mechanism of 
pathogenesis. Science 300, 486-489 (2003). 

 30.  Kayed, R. et al. Permeabilization of lipid bilayers is a common conformation-dependent activity of soluble 
amyloid oligomers in protein misfolding diseases. J. Biol. Chem. 279, 46363-46366 (2004). 

 31.  Caughey, B. & Lansbury, P. T. Protofibrils, pores, fibrils, and neurodegeneration: separating the responsible 
protein aggregates from the innocent bystanders. Annu. Rev. Neurosci. 26, 267-298 (2003). 

 32.  Haacke, A. et al. Proteolytic cleavage of polyglutamine-expanded ataxin-3 is critical for aggregation and 
sequestration of non-expanded ataxin-3. Hum. Mol. Genet. 15, 555-568 (2006). 

 33.  Trottier, Y. et al. Polyglutamine expansion as a pathological epitope in Huntington's disease and four 
dominant cerebellar ataxias. Nature 378, 403-406 (1995). 

 34.  Davies, S. W. et al. Formation of neuronal intranuclear inclusions underlies the neurological dysfunction in 
mice transgenic for the HD mutation. Cell 90, 537-548 (1997). 

 35.  DiFiglia, M. et al. Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in 
brain. Science 277, 1990-1993 (1997). 

 36.  Schmidt, T. et al. An isoform of ataxin-3 accumulates in the nucleus of neuronal cells in affected brain regions 
of SCA3 patients. Brain Pathol. 8, 669-679 (1998). 

 37.  Holmberg, M. et al. Spinocerebellar ataxia type 7 (SCA7): a neurodegenerative disorder with neuronal 
intranuclear inclusions. Hum. Mol. Genet. 7, 913-918 (1998). 



References 

249 

 38.  Koyano, S. et al. Neuronal intranuclear inclusions in spinocerebellar ataxia type 2: triple-labeling 
immunofluorescent study. Neurosci. Lett. 273, 117-120 (1999). 

 39.  Sieradzan, K. A. et al. Huntington's disease intranuclear inclusions contain truncated, ubiquitinated huntingtin 
protein. Exp. Neurol. 156, 92-99 (1999). 

 40.  Chai, Y., Koppenhafer, S. L., Shoesmith, S. J., Perez, M. K. & Paulson, H. L. Evidence for proteasome 
involvement in polyglutamine disease: localization to nuclear inclusions in SCA3/MJD and suppression of 
polyglutamine aggregation in vitro. Hum. Mol. Genet. 8, 673-682 (1999). 

 41.  Duyckaerts, C., Durr, A., Cancel, G. & Brice, A. Nuclear inclusions in spinocerebellar ataxia type 1. Acta 
Neuropathol. (Berl) 97, 201-207 (1999). 

 42.  Martindale, D. et al. Length of huntingtin and its polyglutamine tract influences localization and frequency of 
intracellular aggregates. Nat. Genet. 18, 150-154 (1998). 

 43.  Cemal, C. K. et al. YAC transgenic mice carrying pathological alleles of the MJD1 locus exhibit a mild and 
slowly progressive cerebellar deficit. Hum. Mol. Genet. 11, 1075-1094 (2002). 

 44.  Ikeda, H. et al. Expanded polyglutamine in the Machado-Joseph disease protein induces cell death in vitro 
and in vivo. Nat. Genet. 13, 196-202 (1996). 

 45.  Klement, I. A. et al. Ataxin-1 nuclear localization and aggregation: role in polyglutamine-induced disease in 
SCA1 transgenic mice. Cell 95, 41-53 (1998). 

 46.  Faber, P. W., Alter, J. R., Macdonald, M. E. & Hart, A. C. Polyglutamine-mediated dysfunction and apoptotic 
death of a Caenorhabditis elegans sensory neuron. Proc. Natl. Acad. Sci. U. S. A 96, 179-184 (1999). 

 47.  Satyal, S. H. et al. Polyglutamine aggregates alter protein folding homeostasis in Caenorhabditis elegans. 
Proc. Natl. Acad. Sci. U. S. A 97, 5750-5755 (2000). 

 48.  Khan, L. A. et al. Expanded polyglutamines impair synaptic transmission and ubiquitin-proteasome system in 
Caenorhabditis elegans. J. Neurochem. 98, 576-587 (2006). 

 49.  Perez, M. K. et al. Recruitment and the role of nuclear localization in polyglutamine-mediated aggregation. J. 
Cell Biol. 143, 1457-1470 (1998). 

 50.  Warrick, J. M. et al. Expanded polyglutamine protein forms nuclear inclusions and causes neural 
degeneration in Drosophila. Cell 93, 939-949 (1998). 

 51.  Scherzinger, E. et al. Huntingtin-encoded polyglutamine expansions form amyloid-like protein aggregates in 
vitro and in vivo. Cell 90, 549-558 (1997). 

 52.  Cooper, J. K. et al. Truncated N-terminal fragments of huntingtin with expanded glutamine repeats form 
nuclear and cytoplasmic aggregates in cell culture. Hum. Mol. Genet. 7, 783-790 (1998). 

 53.  Ishikawa, K. et al. Cytoplasmic and nuclear polyglutamine aggregates in SCA6 Purkinje cells. Neurology 56, 
1753-1756 (2001). 

 54.  Stenoien, D. L. et al. Polyglutamine-expanded androgen receptors form aggregates that sequester heat shock 
proteins, proteasome components and SRC-1, and are suppressed by the HDJ-2 chaperone. Hum. Mol. 
Genet. 8, 731-741 (1999). 

 55.  Piccioni, F. et al. Androgen receptor with elongated polyglutamine tract forms aggregates that alter axonal 
trafficking and mitochondrial distribution in motor neuronal processes. FASEB J. 16, 1418-1420 (2002). 



 

250 

 56.  Evert, B. O. et al. High level expression of expanded full-length ataxin-3 in vitro causes cell death and 
formation of intranuclear inclusions in neuronal cells. Hum. Mol. Genet. 8, 1169-1176 (1999). 

 57.  Gales, L. et al. Towards a structural understanding of the fibrillization pathway in Machado-Joseph's disease: 
trapping early oligomers of non-expanded ataxin-3. J. Mol. Biol. 353, 642-654 (2005). 

 58.  Chai, Y., Koppenhafer, S. L., Shoesmith, S. J., Perez, M. K. & Paulson, H. L. Evidence for proteasome 
involvement in polyglutamine disease: localization to nuclear inclusions in SCA3/MJD and suppression of 
polyglutamine aggregation in vitro. Hum. Mol. Genet. 8, 673-682 (1999). 

 59.  Waelter, S. et al. Accumulation of mutant huntingtin fragments in aggresome-like inclusion bodies as a result 
of insufficient protein degradation. Mol. Biol. Cell 12, 1393-1407 (2001). 

 60.  Cummings, C. J. et al. Chaperone suppression of aggregation and altered subcellular proteasome localization 
imply protein misfolding in SCA1. Nat. Genet. 19, 148-154 (1998). 

 61.  Schmidt, T. et al. Protein surveillance machinery in brains with spinocerebellar ataxia type 3: redistribution 
and differential recruitment of 26S proteasome subunits and chaperones to neuronal intranuclear inclusions. 
Ann. Neurol. 51, 302-310 (2002). 

 62.  McCampbell, A. et al. CREB-binding protein sequestration by expanded polyglutamine. Hum. Mol. Genet. 9, 
2197-2202 (2000). 

 63.  Lunkes, A. & Mandel, J. L. A cellular model that recapitulates major pathogenic steps of Huntington's 
disease. Hum. Mol. Genet. 7, 1355-1361 (1998). 

 64.  Moulder, K. L., Onodera, O., Burke, J. R., Strittmatter, W. J. & Johnson, E. M., Jr. Generation of neuronal 
intranuclear inclusions by polyglutamine-GFP: analysis of inclusion clearance and toxicity as a function of 
polyglutamine length. J. Neurosci. 19, 705-715 (1999). 

 65.  De Cristofaro, T., Affaitati, A., Feliciello, A., Avvedimento, E. V. & Varrone, S. Polyglutamine-mediated 
aggregation and cell death. Biochem. Biophys. Res. Commun. 272, 816-821 (2000). 

 66.  Davies, S. W. et al. From neuronal inclusions to neurodegeneration: neuropathological investigation of a 
transgenic mouse model of Huntington's disease. Philos. Trans. R. Soc. Lond B Biol. Sci. 354, 981-989 
(1999). 

 67.  Reddy, P. H. et al. Transgenic mice expressing mutated full-length HD cDNA: a paradigm for locomotor 
changes and selective neuronal loss in Huntington's disease. Philos. Trans. R. Soc. Lond B Biol. Sci. 354, 
1035-1045 (1999). 

 68.  Rub, U. et al. Spinocerebellar ataxia type 3 (SCA3): thalamic neurodegeneration occurs independently from 
thalamic ataxin-3 immunopositive neuronal intranuclear inclusions. Brain Pathol. 16, 218-227 (2006). 

 69.  Arrasate, M., Mitra, S., Schweitzer, E. S., Segal, M. R. & Finkbeiner, S. Inclusion body formation reduces 
levels of mutant huntingtin and the risk of neuronal death. Nature 431, 805-810 (2004). 

 70.  Saudou, F., Finkbeiner, S., Devys, D. & Greenberg, M. E. Huntingtin acts in the nucleus to induce apoptosis 
but death does not correlate with the formation of intranuclear inclusions. Cell 95, 55-66 (1998). 

 71.  Schubert, U. et al. Rapid degradation of a large fraction of newly synthesized proteins by proteasomes. Nature 
404, 770-774 (2000). 

 72.  Ben Zvi, A. P. & Goloubinoff, P. Review: mechanisms of disaggregation and refolding of stable protein 
aggregates by molecular chaperones. J. Struct. Biol. 135, 84-93 (2001). 



References 

251 

 73.  Kobayashi, Y. & Sobue, G. Protective effect of chaperones on polyglutamine diseases. Brain Res. Bull. 56, 
165-168 (2001). 

 74.  Muchowski, P. J. & Wacker, J. L. Modulation of neurodegeneration by molecular chaperones. Nat. Rev. 
Neurosci. 6, 11-22 (2005). 

 75.  Opal, P. & Zoghbi, H. Y. The role of chaperones in polyglutamine disease. Trends Mol. Med. 8, 232-236 
(2002). 

 76.  Sakahira, H., Breuer, P., Hayer-Hartl, M. K. & Hartl, F. U. Molecular chaperones as modulators of 
polyglutamine protein aggregation and toxicity. Proc. Natl. Acad. Sci. U. S. A 99 Suppl 4, 16412-16418 
(2002). 

 77.  Cummings, C. J. et al. Over-expression of inducible HSP70 chaperone suppresses neuropathology and 
improves motor function in SCA1 mice. Hum. Mol. Genet. 10, 1511-1518 (2001). 

 78.  Warrick, J. M. et al. Suppression of polyglutamine-mediated neurodegeneration in Drosophila by the 
molecular chaperone HSP70. Nat. Genet. 23, 425-428 (1999). 

 79.  Chai, Y., Koppenhafer, S. L., Bonini, N. M. & Paulson, H. L. Analysis of the role of heat shock protein (Hsp) 
molecular chaperones in polyglutamine disease. J. Neurosci. 19, 10338-10347 (1999). 

 80.  Bailey, C. K., Andriola, I. F., Kampinga, H. H. & Merry, D. E. Molecular chaperones enhance the degradation 
of expanded polyglutamine repeat androgen receptor in a cellular model of spinal and bulbar muscular 
atrophy. Hum. Mol. Genet. 11, 515-523 (2002). 

 81.  Cao, F., Levine, J. J., Li, S. H. & Li, X. J. Nuclear aggregation of huntingtin is not prevented by deletion of 
chaperone Hsp104. Biochim. Biophys. Acta 1537, 158-166 (2001). 

 82.  Carmichael, J. et al. Bacterial and yeast chaperones reduce both aggregate formation and cell death in 
mammalian cell models of Huntington's disease. Proc. Natl. Acad. Sci. U. S. A 97, 9701-9705 (2000). 

 83.  Kobayashi, Y. et al. Chaperones Hsp70 and Hsp40 suppress aggregate formation and apoptosis in cultured 
neuronal cells expressing truncated androgen receptor protein with expanded polyglutamine tract. J. Biol. 
Chem. 275, 8772-8778 (2000). 

 84.  Krobitsch, S. & Lindquist, S. Aggregation of huntingtin in yeast varies with the length of the polyglutamine 
expansion and the expression of chaperone proteins. Proc. Natl. Acad. Sci. U. S. A 97, 1589-1594 (2000). 

 85.  Muchowski, P. J. et al. Hsp70 and hsp40 chaperones can inhibit self-assembly of polyglutamine proteins into 
amyloid-like fibrils. Proc. Natl. Acad. Sci. U. S. A 97, 7841-7846 (2000). 

 86.  Chan, H. Y., Warrick, J. M., Gray-Board, Paulson, H. L. & Bonini, N. M. Mechanisms of chaperone 
suppression of polyglutamine disease: selectivity, synergy and modulation of protein solubility in Drosophila. 
Hum. Mol. Genet. 9, 2811-2820 (2000). 

 87.  Kazemi-Esfarjani, P. & Benzer, S. Genetic suppression of polyglutamine toxicity in Drosophila. Science 287, 
1837-1840 (2000). 

 88.  Hsu, A. L., Murphy, C. T. & Kenyon, C. Regulation of aging and age-related disease by DAF-16 and heat-shock 
factor. Science 300, 1142-1145 (2003). 

 89.  Adachi, H. et al. Heat shock protein 70 chaperone overexpression ameliorates phenotypes of the spinal and 
bulbar muscular atrophy transgenic mouse model by reducing nuclear-localized mutant androgen receptor 
protein. J. Neurosci. 23, 2203-2211 (2003). 



 

252 

 90.  Hay, D. G. et al. Progressive decrease in chaperone protein levels in a mouse model of Huntington's disease 
and induction of stress proteins as a therapeutic approach. Hum. Mol. Genet. 13, 1389-1405 (2004). 

 91.  Hershko, A. & Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 67, 425-479 (1998). 

 92.  Pickart, C. M. & Fushman, D. Polyubiquitin chains: polymeric protein signals. Curr. Opin. Chem. Biol. 8, 610-
616 (2004). 

 93.  Haglund, K. & Dikic, I. Ubiquitylation and cell signaling. EMBO J. 24, 3353-3359 (2005). 

 94.  Kim, I. & Rao, H. What's Ub chain linkage got to do with it? Sci. STKE. 2006, e18 (2006). 

 95.  Woelk, T., Sigismund, S., Penengo, L. & Polo, S. The ubiquitination code: a signalling problem. Cell Div. 2, 11 
(2007). 

 96.  Glickman, M. H. & Ciechanover, A. The ubiquitin-proteasome proteolytic pathway: destruction for the sake of 
construction. Physiol Rev. 82, 373-428 (2002). 

 97.  Hartmann-Petersen, R., Seeger, M. & Gordon, C. Transferring substrates to the 26S proteasome. Trends 
Biochem. Sci. 28, 26-31 (2003). 

 98.  Palombella, V. J., Rando, O. J., Goldberg, A. L. & Maniatis, T. The ubiquitin-proteasome pathway is required 
for processing the NF-kappa B1 precursor protein and the activation of NF-kappa B. Cell 78, 773-785 
(1994). 

 99.  Ravikumar, B., Duden, R. & Rubinsztein, D. C. Aggregate-prone proteins with polyglutamine and polyalanine 
expansions are degraded by autophagy. Hum. Mol. Genet. 11, 1107-1117 (2002). 

 100.  Qin, Z. H. et al. Autophagy regulates the processing of amino terminal huntingtin fragments. Hum. Mol. 
Genet. 12, 3231-3244 (2003). 

 101.  Mizushima, N. Autophagy: process and function. Genes Dev. 21, 2861-2873 (2007). 

 102.  Kegel, K. B. et al. Huntingtin expression stimulates endosomal-lysosomal activity, endosome tubulation, and 
autophagy. J. Neurosci. 20, 7268-7278 (2000). 

 103.  Nixon, R. A. et al. Extensive involvement of autophagy in Alzheimer disease: an immuno-electron microscopy 
study. J. Neuropathol. Exp. Neurol. 64, 113-122 (2005). 

 104.  Petersen, A. et al. Expanded CAG repeats in exon 1 of the Huntington's disease gene stimulate dopamine-
mediated striatal neuron autophagy and degeneration. Hum. Mol. Genet. 10, 1243-1254 (2001). 

 105.  Taylor, J. P. et al. Aggresomes protect cells by enhancing the degradation of toxic polyglutamine-containing 
protein. Hum. Mol. Genet. 12, 749-757 (2003). 

 106.  Martinez-Vicente, M. & Cuervo, A. M. Autophagy and neurodegeneration: when the cleaning crew goes on 
strike. Lancet Neurol. 6, 352-361 (2007). 

 107.  Pandey, U. B. et al. HDAC6 rescues neurodegeneration and provides an essential link between autophagy 
and the UPS. Nature 447, 859-863 (2007). 

 108.  Bennett, E. J., Bence, N. F., Jayakumar, R. & Kopito, R. R. Global impairment of the ubiquitin-proteasome 
system by nuclear or cytoplasmic protein aggregates precedes inclusion body formation. Mol. Cell 17, 351-
365 (2005). 

 109.  Cuervo, A. M., Stefanis, L., Fredenburg, R., Lansbury, P. T. & Sulzer, D. Impaired degradation of mutant 
alpha-synuclein by chaperone-mediated autophagy. Science 305, 1292-1295 (2004). 



References 

253 

 110.  Massey, A. C., Kaushik, S., Sovak, G., Kiffin, R. & Cuervo, A. M. Consequences of the selective blockage of 
chaperone-mediated autophagy. Proc. Natl. Acad. Sci. U. S. A 103, 5805-5810 (2006). 

 111.  Iwata, A., Riley, B. E., Johnston, J. A. & Kopito, R. R. HDAC6 and microtubules are required for autophagic 
degradation of aggregated huntingtin. J. Biol. Chem. 280, 40282-40292 (2005). 

 112.  Wyttenbach, A. et al. Effects of heat shock, heat shock protein 40 (HDJ-2), and proteasome inhibition on 
protein aggregation in cellular models of Huntington's disease. Proc. Natl. Acad. Sci. U. S. A 97, 2898-2903 
(2000). 

 113.  Iwata, A. et al. Increased susceptibility of cytoplasmic over nuclear polyglutamine aggregates to autophagic 
degradation. Proc. Natl. Acad. Sci. U. S. A 102, 13135-13140 (2005). 

 114.  Berger, Z. et al. Rapamycin alleviates toxicity of different aggregate-prone proteins. Hum. Mol. Genet. 15, 
433-442 (2006). 

 115.  Ravikumar, B. et al. Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansions 
in fly and mouse models of Huntington disease. Nat. Genet. 36, 585-595 (2004). 

 116.  Ravikumar, B. et al. Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansions 
in fly and mouse models of Huntington disease. Nat. Genet. 36, 585-595 (2004). 

 117.  Jia, K., Hart, A. C. & Levine, B. Autophagy genes protect against disease caused by polyglutamine expansion 
proteins in Caenorhabditis elegans. Autophagy. 3, 21-25 (2007). 

 118.  Johnston, J. A., Ward, C. L. & Kopito, R. R. Aggresomes: a cellular response to misfolded proteins. J. Cell 
Biol. 143, 1883-1898 (1998). 

 119.  Garcia-Mata, R., Bebok, Z., Sorscher, E. J. & Sztul, E. S. Characterization and dynamics of aggresome 
formation by a cytosolic GFP-chimera. J. Cell Biol. 146, 1239-1254 (1999). 

 120.  Bence, N. F., Sampat, R. M. & Kopito, R. R. Impairment of the ubiquitin-proteasome system by protein 
aggregation. Science 292, 1552-1555 (2001). 

 121.  Kim, S., Nollen, E. A., Kitagawa, K., Bindokas, V. P. & Morimoto, R. I. Polyglutamine protein aggregates are 
dynamic. Nat. Cell Biol. 4, 826-831 (2002). 

 122.  Keller, J. N. & Markesbery, W. R. Proteasome inhibition results in increased poly-ADP-ribosylation: 
implications for neuron death. J. Neurosci. Res. 61, 436-442 (2000). 

 123.  Ding, Q., Dimayuga, E., Markesbery, W. R. & Keller, J. N. Proteasome inhibition increases DNA and RNA 
oxidation in astrocyte and neuron cultures. J. Neurochem. 91, 1211-1218 (2004). 

 124.  Qiu, J. H. et al. Proteasome inhibitors induce cytochrome c-caspase-3-like protease-mediated apoptosis in 
cultured cortical neurons. J. Neurosci. 20, 259-265 (2000). 

 125.  Bennett, E. J., Bence, N. F., Jayakumar, R. & Kopito, R. R. Global impairment of the ubiquitin-proteasome 
system by nuclear or cytoplasmic protein aggregates precedes inclusion body formation. Mol. Cell 17, 351-
365 (2005). 

 126.  Venkatraman, P., Wetzel, R., Tanaka, M., Nukina, N. & Goldberg, A. L. Eukaryotic proteasomes cannot digest 
polyglutamine sequences and release them during degradation of polyglutamine-containing proteins. Mol. Cell 
14, 95-104 (2004). 

 127.  Holmberg, C. I., Staniszewski, K. E., Mensah, K. N., Matouschek, A. & Morimoto, R. I. Inefficient degradation 
of truncated polyglutamine proteins by the proteasome. EMBO J. 23, 4307-4318 (2004). 



 

254 

 128.  Matsumoto, M. et al. Molecular clearance of ataxin-3 is regulated by a mammalian E4. EMBO J. 23, 659-669 
(2004). 

 129.  Cummings, C. J. et al. Mutation of the E6-AP ubiquitin ligase reduces nuclear inclusion frequency while 
accelerating polyglutamine-induced pathology in SCA1 mice. Neuron 24, 879-892 (1999). 

 130.  Jana, N. R., Zemskov, E. A., Wang, G. & Nukina, N. Altered proteasomal function due to the expression of 
polyglutamine-expanded truncated N-terminal huntingtin induces apoptosis by caspase activation through 
mitochondrial cytochrome c release. Hum. Mol. Genet. 10, 1049-1059 (2001). 

 131.  Michalik, A. & Van Broeckhoven, C. Proteasome degrades soluble expanded polyglutamine completely and 
efficiently. Neurobiol. Dis. 16, 202-211 (2004). 

 132.  Keller, J. N., Gee, J. & Ding, Q. The proteasome in brain aging. Ageing Res. Rev. 1, 279-293 (2002). 

 133.  Martinez-Vicente, M., Sovak, G. & Cuervo, A. M. Protein degradation and aging. Exp. Gerontol. 40, 622-633 
(2005). 

 134.  Sugars, K. L. & Rubinsztein, D. C. Transcriptional abnormalities in Huntington disease. Trends Genet. 19, 
233-238 (2003). 

 135.  Evert, B. O. et al. Gene expression profiling in ataxin-3 expressing cell lines reveals distinct effects of normal 
and mutant ataxin-3. J. Neuropathol. Exp. Neurol. 62, 1006-1018 (2003). 

 136.  Abou-Sleymane, G. et al. Polyglutamine expansion causes neurodegeneration by altering the neuronal 
differentiation program. Hum. Mol. Genet. 15, 691-703 (2006). 

 137.  Chen-Plotkin, A. S. et al. Decreased association of the transcription factor Sp1 with genes downregulated in 
Huntington's disease. Neurobiol. Dis. 22, 233-241 (2006). 

 138.  Hughes, R. E. et al. Altered transcription in yeast expressing expanded polyglutamine. Proc. Natl. Acad. Sci. 
U. S. A 98, 13201-13206 (2001). 

 139.  Kegel, K. B. et al. Huntingtin is present in the nucleus, interacts with the transcriptional corepressor C-
terminal binding protein, and represses transcription. J. Biol. Chem. 277, 7466-7476 (2002). 

 140.  Li, F., Macfarlan, T., Pittman, R. N. & Chakravarti, D. Ataxin-3 is a histone-binding protein with two 
independent transcriptional corepressor activities. J. Biol. Chem. 277, 45004-45012 (2002). 

 141.  Lieberman, A. P., Harmison, G., Strand, A. D., Olson, J. M. & Fischbeck, K. H. Altered transcriptional 
regulation in cells expressing the expanded polyglutamine androgen receptor. Hum. Mol. Genet. 11, 1967-
1976 (2002). 

 142.  Luthi-Carter, R. et al. Polyglutamine and transcription: gene expression changes shared by DRPLA and 
Huntington's disease mouse models reveal context-independent effects. Hum. Mol. Genet. 11, 1927-1937 
(2002). 

 143.  Nucifora, F. C., Jr. et al. Interference by huntingtin and atrophin-1 with cbp-mediated transcription leading to 
cellular toxicity. Science 291, 2423-2428 (2001). 

 144.  Osborne, L. R. Polyglutamine stretches suppress transcription. Mol. Med. Today 6, 457-458 (2000). 

 145.  Shimohata, M., Shimohata, T., Igarashi, S., Naruse, S. & Tsuji, S. Interference of CREB-dependent 
transcriptional activation by expanded polyglutamine stretches--augmentation of transcriptional activation as a 
potential therapeutic strategy for polyglutamine diseases. J. Neurochem. 93, 654-663 (2005). 



References 

255 

 146.  Shimohata, T., Onodera, O. & Tsuji, S. Interaction of expanded polyglutamine stretches with nuclear 
transcription factors leads to aberrant transcriptional regulation in polyglutamine diseases. Neuropathology. 
20, 326-333 (2000). 

 147.  Steffan, J. S. et al. The Huntington's disease protein interacts with p53 and CREB-binding protein and 
represses transcription. Proc. Natl. Acad. Sci. U. S. A 97, 6763-6768 (2000). 

 148.  Wyttenbach, A. et al. Polyglutamine expansions cause decreased CRE-mediated transcription and early gene 
expression changes prior to cell death in an inducible cell model of Huntington's disease. Hum. Mol. Genet. 
10, 1829-1845 (2001). 

 149.  Dunah, A. W. et al. Sp1 and TAFII130 transcriptional activity disrupted in early Huntington's disease. Science 
296, 2238-2243 (2002). 

 150.  Okazawa, H. et al. Interaction between mutant ataxin-1 and PQBP-1 affects transcription and cell death. 
Neuron 34, 701-713 (2002). 

 151.  Wood, J. D. et al. Atrophin-1, the dentato-rubral and pallido-luysian atrophy gene product, interacts with 
ETO/MTG8 in the nuclear matrix and represses transcription. J. Cell Biol. 150, 939-948 (2000). 

 152.  Helmlinger, D. et al. Ataxin-7 is a subunit of GCN5 histone acetyltransferase-containing complexes. Hum. Mol. 
Genet. 13, 1257-1265 (2004). 

 153.  Nakamura, K. [SCA17, a novel polyglutamine disease caused by the expansion of polyglutamine tracts in 
TATA-binding protein]. Rinsho Shinkeigaku 41, 1123-1125 (2001). 

 154.  Yu, Z. X., Li, S. H., Nguyen, H. P. & Li, X. J. Huntingtin inclusions do not deplete polyglutamine-containing 
transcription factors in HD mice. Hum. Mol. Genet. 11, 905-914 (2002). 

 155.  Perez, M. K. et al. Recruitment and the role of nuclear localization in polyglutamine-mediated aggregation. J. 
Cell Biol. 143, 1457-1470 (1998). 

 156.  Fu, L., Gao, Y. S. & Sztul, E. Transcriptional repression and cell death induced by nuclear aggregates of non-
polyglutamine protein. Neurobiol. Dis. 20, 656-665 (2005). 

 157.  Gerber, H. P. et al. Transcriptional activation modulated by homopolymeric glutamine and proline stretches. 
Science 263, 808-811 (1994). 

 158.  Li, S. H. et al. Interaction of Huntington disease protein with transcriptional activator Sp1. Mol. Cell Biol. 22, 
1277-1287 (2002). 

 159.  Shimohata, T. et al. Expanded polyglutamine stretches interact with TAFII130, interfering with CREB-
dependent transcription. Nat. Genet. 26, 29-36 (2000). 

 160.  Shimohata, T., Onodera, O. & Tsuji, S. Expanded polyglutamine stretches lead to aberrant transcriptional 
regulation in polyglutamine diseases. Hum. Cell 14, 17-25 (2001). 

 161.  Takahashi, T., Nozaki, K., Tsuji, S., Nishizawa, M. & Onodera, O. Polyglutamine represses cAMP-responsive-
element-mediated transcription without aggregate formation. Neuroreport 16, 295-299 (2005). 

 162.  Hebbes, T. R., Thorne, A. W. & Crane-Robinson, C. A direct link between core histone acetylation and 
transcriptionally active chromatin. EMBO J. 7, 1395-1402 (1988). 

 163.  Rundlett, S. E. et al. HDA1 and RPD3 are members of distinct yeast histone deacetylase complexes that 
regulate silencing and transcription. Proc. Natl. Acad. Sci. U. S. A 93, 14503-14508 (1996). 



 

256 

 164.  Taunton, J., Hassig, C. A. & Schreiber, S. L. A mammalian histone deacetylase related to the yeast 
transcriptional regulator Rpd3p. Science 272, 408-411 (1996). 

 165.  Butler, R. & Bates, G. P. Histone deacetylase inhibitors as therapeutics for polyglutamine disorders. Nat. Rev. 
Neurosci. 7, 784-796 (2006). 

 166.  Igarashi, S. et al. Inducible PC12 cell model of Huntington's disease shows toxicity and decreased histone 
acetylation. Neuroreport 14, 565-568 (2003). 

 167.  Hodges, A. et al. Regional and cellular gene expression changes in human Huntington's disease brain. Hum. 
Mol. Genet. 15, 965-977 (2006). 

 168.  McCampbell, A. et al. Histone deacetylase inhibitors reduce polyglutamine toxicity. Proc. Natl. Acad. Sci. U. S. 
A 98, 15179-15184 (2001). 

 169.  Steffan, J. S. et al. Histone deacetylase inhibitors arrest polyglutamine-dependent neurodegeneration in 
Drosophila. Nature 413, 739-743 (2001). 

 170.  Bates, E. A., Victor, M., Jones, A. K., Shi, Y. & Hart, A. C. Differential contributions of Caenorhabditis elegans 
histone deacetylases to huntingtin polyglutamine toxicity. J. Neurosci. 26, 2830-2838 (2006). 

 171.  Shelbourne, P. F. et al. A Huntington's disease CAG expansion at the murine Hdh locus is unstable and 
associated with behavioural abnormalities in mice. Hum. Mol. Genet. 8, 763-774 (1999). 

 172.  Wheeler, V. C. et al. Long glutamine tracts cause nuclear localization of a novel form of huntingtin in medium 
spiny striatal neurons in HdhQ92 and HdhQ111 knock-in mice. Hum. Mol. Genet. 9, 503-513 (2000). 

 173.  Lin, C. H. et al. Neurological abnormalities in a knock-in mouse model of Huntington's disease. Hum. Mol. 
Genet. 10, 137-144 (2001). 

 174.  Levine, M. S. et al. Enhanced sensitivity to N-methyl-D-aspartate receptor activation in transgenic and knockin 
mouse models of Huntington's disease. J. Neurosci. Res. 58, 515-532 (1999). 

 175.  Usdin, M. T., Shelbourne, P. F., Myers, R. M. & Madison, D. V. Impaired synaptic plasticity in mice carrying 
the Huntington's disease mutation. Hum. Mol. Genet. 8, 839-846 (1999). 

 176.  Mangiarini, L. et al. Exon 1 of the HD gene with an expanded CAG repeat is sufficient to cause a progressive 
neurological phenotype in transgenic mice. Cell 87, 493-506 (1996). 

 177.  Emamian, E. S. et al. Serine 776 of ataxin-1 is critical for polyglutamine-induced disease in SCA1 transgenic 
mice. Neuron 38, 375-387 (2003). 

 178.  Yoshizawa, T. et al. Cell cycle arrest enhances the in vitro cellular toxicity of the truncated Machado-Joseph 
disease gene product with an expanded polyglutamine stretch. Hum. Mol. Genet. 9, 69-78 (2000). 

 179.  Goti, D. et al. A mutant ataxin-3 putative-cleavage fragment in brains of Machado-Joseph disease patients and 
transgenic mice is cytotoxic above a critical concentration. J. Neurosci. 24, 10266-10279 (2004). 

 180.  Yamamoto, Y., Hasegawa, H., Tanaka, K. & Kakizuka, A. Isolation of neuronal cells with high processing 
activity for the Machado-Joseph disease protein. Cell Death. Differ. 8, 871-873 (2001). 

 181.  Berke, S. J., Schmied, F. A., Brunt, E. R., Ellerby, L. M. & Paulson, H. L. Caspase-mediated proteolysis of the 
polyglutamine disease protein ataxin-3. J. Neurochem. 89, 908-918 (2004). 

 182.  Colomer, G., V et al. A Mutant ataxin-3 fragment results from processing at a site N-terminal to amino acid 
190 in brain of Machado-Joseph disease-like transgenic mice. Neurobiol. Dis. (2007). 



References 

257 

 183.  Michalik, A. & Van Broeckhoven, C. Pathogenesis of polyglutamine disorders: aggregation revisited. Hum. 
Mol. Genet. 12 Spec No 2, R173-R186 (2003). 

 184.  Matilla, A. et al. Mice lacking ataxin-1 display learning deficits and decreased hippocampal paired-pulse 
facilitation. J. Neurosci. 18, 5508-5516 (1998). 

 185.  Schmitt, I. et al. Inactivation of the mouse Atxn3 (ataxin-3) gene increases protein ubiquitination. Biochem. 
Biophys. Res. Commun. 362, 734-739 (2007). 

 186.  Cattaneo, E. et al. Loss of normal huntingtin function: new developments in Huntington's disease research. 
Trends Neurosci. 24, 182-188 (2001). 

 187.  Duyao, M. P. et al. Inactivation of the mouse Huntington's disease gene homolog Hdh. Science 269, 407-
410 (1995). 

 188.  Dragatsis, I., Levine, M. S. & Zeitlin, S. Inactivation of Hdh in the brain and testis results in progressive 
neurodegeneration and sterility in mice. Nat. Genet. 26, 300-306 (2000). 

 189.  White, J. K. et al. Huntingtin is required for neurogenesis and is not impaired by the Huntington's disease 
CAG expansion. Nat. Genet. 17, 404-410 (1997). 

 190.  Leavitt, B. R. et al. Wild-type huntingtin reduces the cellular toxicity of mutant huntingtin in vivo. Am. J. Hum. 
Genet. 68, 313-324 (2001). 

 191.  Warrick, J. M. et al. Ataxin-3 suppresses polyglutamine neurodegeneration in Drosophila by a ubiquitin-
associated mechanism. Mol. Cell 18, 37-48 (2005). 

 192.  Nakano, K. K., Dawson, D. M. & Spence, A. Machado disease. A hereditary ataxia in Portuguese emigrants to 
Massachusetts. Neurology 22, 49-55 (1972). 

 193.  Woods, B. T. & Schaumburg, H. H. Nigro-spino-dentatal degeneration with nuclear ophthalmoplegia. A unique 
and partially treatable clinico-pathological entity. J. Neurol. Sci. 17, 149-166 (1972). 

 194.  Rosenberg, R. N., Nyhan, W. L., Coutinho, P. & Bay, C. Joseph's disease: an autosomal dominant 
neurological disease in the Portuguese of the United States and the Azores Islands. Adv. Neurol. 21, 33-57 
(1978). 

 195.  Coutinho, P. & Andrade, C. Autosomal dominant system degeneration in Portuguese families of the Azores 
Islands. A new genetic disorder involving cerebellar, pyramidal, extrapyramidal and spinal cord motor 
functions. Neurology 28, 703-709 (1978). 

 196.  Coutinho, P. & Sequeiros, J. [Clinical, genetic and pathological aspects of Machado-Joseph disease]. J. 
Genet. Hum. 29, 203-209 (1981). 

 197.  Sequeiros, J. & Coutinho, P. Epidemiology and clinical aspects of Machado-Joseph disease. Adv. Neurol. 61, 
139-153 (1993). 

 198.  Gaspar, C. et al. Ancestral origins of the Machado-Joseph disease mutation: a worldwide haplotype study. 
Am. J. Hum. Genet. 68, 523-528 (2001). 

 199.  Lima, L. & Coutinho, P. Clinical criteria for diagnosis of Machado-Joseph disease: report of a non-Azorena 
Portuguese family. Neurology 30, 319-322 (1980). 

 200.  Tuite, P. J., Rogaeva, E. A., St George-Hyslop, P. H. & Lang, A. E. Dopa-responsive parkinsonism phenotype 
of Machado-Joseph disease: confirmation of 14q CAG expansion. Ann. Neurol. 38, 684-687 (1995). 



 

258 

 201.  Bai, C. et al. SKP1 connects cell cycle regulators to the ubiquitin proteolysis machinery through a novel motif, 
the F-box. Cell 86, 263-274 (1996). 

 202.  Takiyama, Y. et al. The gene for Machado-Joseph disease maps to human chromosome 14q. Nat. Genet. 4, 
300-304 (1993). 

 203.  Ichikawa, Y. et al. The genomic structure and expression of MJD, the Machado-Joseph disease gene. J. Hum. 
Genet. 46, 413-422 (2001). 

 204.  http: & www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?cmd=entry&id=109150. OMIM.  2008.  
Ref Type: Generic 

 205.  do Carmo, C. M. et al. Genomic structure, promoter activity, and developmental expression of the mouse 
homologue of the Machado-Joseph disease (MJD) gene. Genomics 84, 361-373 (2004). 

 206.  Schmitt, I., Brattig, T., Gossen, M. & Riess, O. Characterization of the rat spinocerebellar ataxia type 3 gene. 
Neurogenetics. 1, 103-112 (1997). 

 207.  Linhartova, I. et al. Conserved domains and lack of evidence for polyglutamine length polymorphism in the 
chicken homolog of the Machado-Joseph disease gene product ataxin-3. Biochim. Biophys. Acta 1444, 299-
305 (1999). 

 208.  Burnett, B., Li, F. & Pittman, R. N. The polyglutamine neurodegenerative protein ataxin-3 binds 
polyubiquitylated proteins and has ubiquitin protease activity. Hum. Mol. Genet. 12, 3195-3205 (2003). 

 209.  Doss-Pepe, E. W., Stenroos, E. S., Johnson, W. G. & Madura, K. Ataxin-3 interactions with rad23 and valosin-
containing protein and its associations with ubiquitin chains and the proteasome are consistent with a role in 
ubiquitin-mediated proteolysis. Mol. Cell Biol. 23, 6469-6483 (2003). 

 210.  Goto, J. et al. Machado-Joseph disease gene products carrying different carboxyl termini. Neurosci. Res. 28, 
373-377 (1997). 

 211.  Paulson, H. L. et al. Machado-Joseph disease gene product is a cytoplasmic protein widely expressed in 
brain. Ann. Neurol. 41, 453-462 (1997). 

 212.  Tait, D. et al. Ataxin-3 is transported into the nucleus and associates with the nuclear matrix. Hum. Mol. 
Genet. 7, 991-997 (1998). 

 213.  Schmidt, T. et al. An isoform of ataxin-3 accumulates in the nucleus of neuronal cells in affected brain regions 
of SCA3 patients. Brain Pathol. 8, 669-679 (1998). 

 214.  Trottier, Y. et al. Heterogeneous intracellular localization and expression of ataxin-3. Neurobiol. Dis. 5, 335-
347 (1998). 

 215.  Fujigasaki, H. et al. Ataxin-3 is translocated into the nucleus for the formation of intranuclear inclusions in 
normal and Machado-Joseph disease brains. Exp. Neurol. 165, 248-256 (2000). 

 216.  Paulson, H. L. et al. Machado-Joseph disease gene product is a cytoplasmic protein widely expressed in 
brain. Ann. Neurol. 41, 453-462 (1997). 

 217.  Evert, B. O. et al. Ataxin-3 represses transcription via chromatin binding, interaction with histone deacetylase 
3, and histone deacetylation. J. Neurosci. 26, 11474-11486 (2006). 

 218.  Zhong, X. & Pittman, R. N. Ataxin-3 binds VCP/p97 and regulates retrotranslocation of ERAD substrates. 
Hum. Mol. Genet. 15, 2409-2420 (2006). 



References 

259 

 219.  Burnett, B. G. & Pittman, R. N. The polyglutamine neurodegenerative protein ataxin 3 regulates aggresome 
formation. Proc. Natl. Acad. Sci. U. S. A 102, 4330-4335 (2005). 

 220.  Chai, Y., Berke, S. S., Cohen, R. E. & Paulson, H. L. Poly-ubiquitin binding by the polyglutamine disease 
protein ataxin-3 links its normal function to protein surveillance pathways. J. Biol. Chem. 279, 3605-3611 
(2004). 

 221.  Berke, S. J., Chai, Y., Marrs, G. L., Wen, H. & Paulson, H. L. Defining the role of ubiquitin-interacting motifs in 
the polyglutamine disease protein, ataxin-3. J. Biol. Chem. 280, 32026-32034 (2005). 

 222.  Burnett, B., Li, F. & Pittman, R. N. The polyglutamine neurodegenerative protein ataxin-3 binds 
polyubiquitylated proteins and has ubiquitin protease activity. Hum. Mol. Genet. 12, 3195-3205 (2003). 

 223.  Deveraux, Q., Ustrell, V., Pickart, C. & Rechsteiner, M. A 26 S protease subunit that binds ubiquitin 
conjugates. J. Biol. Chem. 269, 7059-7061 (1994). 

 224.  Thrower, J. S., Hoffman, L., Rechsteiner, M. & Pickart, C. M. Recognition of the polyubiquitin proteolytic 
signal. EMBO J. 19, 94-102 (2000). 

 225.  Doss-Pepe, E. W., Stenroos, E. S., Johnson, W. G. & Madura, K. Ataxin-3 interactions with rad23 and valosin-
containing protein and its associations with ubiquitin chains and the proteasome are consistent with a role in 
ubiquitin-mediated proteolysis. Mol. Cell Biol. 23, 6469-6483 (2003). 

 226.  Boeddrich, A. et al. An arginine/lysine-rich motif is crucial for VCP/p97-mediated modulation of ataxin-3 
fibrillogenesis. EMBO J. 25, 1547-1558 (2006). 

 227.  Doss-Pepe, E. W., Stenroos, E. S., Johnson, W. G. & Madura, K. Ataxin-3 interactions with rad23 and valosin-
containing protein and its associations with ubiquitin chains and the proteasome are consistent with a role in 
ubiquitin-mediated proteolysis. Mol. Cell Biol. 23, 6469-6483 (2003). 

 228.  Wang, G., Sawai, N., Kotliarova, S., Kanazawa, I. & Nukina, N. Ataxin-3, the MJD1 gene product, interacts 
with the two human homologs of yeast DNA repair protein RAD23, HHR23A and HHR23B. Hum. Mol. Genet. 
9, 1795-1803 (2000). 

 229.  Doss-Pepe, E. W., Stenroos, E. S., Johnson, W. G. & Madura, K. Ataxin-3 interactions with rad23 and valosin-
containing protein and its associations with ubiquitin chains and the proteasome are consistent with a role in 
ubiquitin-mediated proteolysis. Mol. Cell Biol. 23, 6469-6483 (2003). 

 230.  Ferro, A. et al. NEDD8: a new ataxin-3 interactor. Biochim. Biophys. Acta 1773, 1619-1627 (2007). 

 231.  Jana, N. R. et al. Co-chaperone CHIP associates with expanded polyglutamine protein and promotes their 
degradation by proteasomes. J. Biol. Chem. 280, 11635-11640 (2005). 

 232.  Doss-Pepe, E. W., Stenroos, E. S., Johnson, W. G. & Madura, K. Ataxin-3 interactions with rad23 and valosin-
containing protein and its associations with ubiquitin chains and the proteasome are consistent with a role in 
ubiquitin-mediated proteolysis. Mol. Cell Biol. 23, 6469-6483 (2003). 

 233.  Tsai, Y. C., Fishman, P. S., Thakor, N. V. & Oyler, G. A. Parkin facilitates the elimination of expanded 
polyglutamine proteins and leads to preservation of proteasome function. J. Biol. Chem. 278, 22044-22055 
(2003). 

 234.  Lim, J. et al. A protein-protein interaction network for human inherited ataxias and disorders of purkinje cell 
degeneration. Cell 125, 801-814 (2006). 

 235.  Heir, R. et al. The UBL domain of PLIC-1 regulates aggresome formation. EMBO Rep. 7, 1252-1258 (2006). 



 

260 

 236.  Nijman, S. M. et al. A genomic and functional inventory of deubiquitinating enzymes. Cell 123, 773-786 
(2005). 

 237.  Wilkinson, K. D. Regulation of ubiquitin-dependent processes by deubiquitinating enzymes. FASEB J. 11, 
1245-1256 (1997). 

 238.  Lam, Y. A., Xu, W., DeMartino, G. N. & Cohen, R. E. Editing of ubiquitin conjugates by an isopeptidase in the 
26S proteasome. Nature 385, 737-740 (1997). 

 239.  Wang, Q., Li, L. & Ye, Y. Regulation of retrotranslocation by p97-associated deubiquitinating enzyme ataxin-3. 
J. Cell Biol. 174, 963-971 (2006). 

 240.  Dhananjayan, S. C., Ismail, A. & Nawaz, Z. Ubiquitin and control of transcription. Essays Biochem. 41, 69-80 
(2005). 

 241.  Yatin, S. M., Varadarajan, S., Link, C. D. & Butterfield, D. A. In vitro and in vivo oxidative stress associated 
with Alzheimer's amyloid beta-peptide (1-42). Neurobiol. Aging 20, 325-330 (1999). 

 242.  Kuwahara, T. et al. Familial Parkinson mutant alpha-synuclein causes dopamine neuron dysfunction in 
transgenic Caenorhabditis elegans. J. Biol. Chem. 281, 334-340 (2006). 

 243.  Kraemer, B. C. et al. Neurodegeneration and defective neurotransmission in a Caenorhabditis elegans model 
of tauopathy. Proc. Natl. Acad. Sci. U. S. A 100, 9980-9985 (2003). 

 244.  Caldwell, G. A. et al. Suppression of polyglutamine-induced protein aggregation in Caenorhabditis elegans by 
torsin proteins. Hum. Mol. Genet. 12, 307-319 (2003). 

 245.  Levitan, D. et al. Assessment of normal and mutant human presenilin function in Caenorhabditis elegans. 
Proc. Natl. Acad. Sci. U. S. A 93, 14940-14944 (1996). 

 246.  Kaletta, T. & Hengartner, M. O. Finding function in novel targets: C. elegans as a model organism. Nat. Rev. 
Drug Discov. 5, 387-398 (2006). 

 247.  Kenyon, C., Chang, J., Gensch, E., Rudner, A. & Tabtiang, R. A C. elegans mutant that lives twice as long as 
wild type. Nature 366, 461-464 (1993). 

 248.  Conradt, B. & Xue, D. Programmed cell death. WormBook. 1-13 (2005). 

 249.  La Spada, A. R., Paulson, H. L. & Fischbeck, K. H. Trinucleotide repeat expansion in neurological disease. 
Ann. Neurol. 36, 814-822 (1994). 

 250.  La Spada, A. R. & Taylor, J. P. Polyglutamines placed into context. Neuron 38, 681-684 (2003). 

 251.  Restituito, S. et al. The polyglutamine expansion in spinocerebellar ataxia type 6 causes a beta subunit-
specific enhanced activation of P/Q-type calcium channels in Xenopus oocytes. J. Neurosci. 20, 6394-6403 
(2000). 

 252.  Katsuno, M. et al. Testosterone reduction prevents phenotypic expression in a transgenic mouse model of 
spinal and bulbar muscular atrophy. Neuron 35, 843-854 (2002). 

 253.  Takeyama, K. et al. Androgen-dependent neurodegeneration by polyglutamine-expanded human androgen 
receptor in Drosophila. Neuron 35, 855-864 (2002). 

 254.  Lerer, I., Merims, D., Abeliovich, D., Zlotogora, J. & Gadoth, N. Machado-Joseph disease: correlation between 
the clinical features, the CAG repeat length and homozygosity for the mutation. Eur. J. Hum. Genet. 4, 3-7 
(1996). 



References 

261 

 255.  Lang, A. E., Rogaeva, E. A., Tsuda, T., Hutterer, J. & George-Hyslop, P. Homozygous inheritance of the 
Machado-Joseph disease gene. Ann. Neurol. 36, 443-447 (1994). 

 256.  Chai, Y., Berke, S. S., Cohen, R. E. & Paulson, H. L. Poly-ubiquitin binding by the polyglutamine disease 
protein ataxin-3 links its normal function to protein surveillance pathways. J. Biol. Chem. 279, 3605-3611 
(2004). 

 257.  Brenner, S. The genetics of Caenorhabditis elegans. Genetics 77, 71-94 (1974). 

 258.  Makarova, O., Kamberov, E. & Margolis, B. Generation of deletion and point mutations with one primer in a 
single cloning step. Biotechniques 29, 970-972 (2000). 

 259.  Patton, E. E., Willems, A. R. & Tyers, M. Combinatorial control in ubiquitin-dependent proteolysis: don't Skp 
the F-box hypothesis. Trends Genet. 14, 236-243 (1998). 

 260.  Murphy, C. T. et al. Genes that act downstream of DAF-16 to influence the lifespan of Caenorhabditis 
elegans. Nature 424, 277-283 (2003). 

 261.  Schuberth, C., Richly, H., Rumpf, S. & Buchberger, A. Shp1 and Ubx2 are adaptors of Cdc48 involved in 
ubiquitin-dependent protein degradation. EMBO Rep. 5, 818-824 (2004). 

 262.  Piekny, A. J., Johnson, J. L., Cham, G. D. & Mains, P. E. The Caenorhabditis elegans nonmuscle myosin 
genes nmy-1 and nmy-2 function as redundant components of the let-502/Rho-binding kinase and mel-
11/myosin phosphatase pathway during embryonic morphogenesis. Development 130, 5695-5704 (2003). 

 263.  Miller, M. A. et al. A sperm cytoskeletal protein that signals oocyte meiotic maturation and ovulation. Science 
291, 2144-2147 (2001). 

 264.  Kemphues, K. J., Priess, J. R., Morton, D. G. & Cheng, N. S. Identification of genes required for cytoplasmic 
localization in early C. elegans embryos. Cell 52, 311-320 (1988). 

 265.  Reinke, V., Gil, I. S., Ward, S. & Kazmer, K. Genome-wide germline-enriched and sex-biased expression 
profiles in Caenorhabditis elegans. Development 131, 311-323 (2004). 

 266.  Inoue, T., Wang, M., Ririe, T. O., Fernandes, J. S. & Sternberg, P. W. Transcriptional network underlying 
Caenorhabditis elegans vulval development. Proc. Natl. Acad. Sci. U. S. A 102, 4972-4977 (2005). 

 267.  Bardwell, V. J. & Treisman, R. The POZ domain: a conserved protein-protein interaction motif. Genes Dev. 8, 
1664-1677 (1994). 

 268.  Deweindt, C. et al. The LAZ3/BCL6 oncogene encodes a sequence-specific transcriptional inhibitor: a novel 
function for the BTB/POZ domain as an autonomous repressing domain. Cell Growth Differ. 6, 1495-1503 
(1995). 

 269.  Genomatix. http://www.genomatix.de/products/Gene2Promoter/index.html.  2008.  
Ref Type: Generic 

 270.  Metzstein, M. M., Hengartner, M. O., Tsung, N., Ellis, R. E. & Horvitz, H. R. Transcriptional regulator of 
programmed cell death encoded by Caenorhabditis elegans gene ces-2. Nature 382, 545-547 (1996). 

 271.  Bowerman, B., Eaton, B. A. & Priess, J. R. skn-1, a maternally expressed gene required to specify the fate of 
ventral blastomeres in the early C. elegans embryo. Cell 68, 1061-1075 (1992). 

 272.  An, J. H. & Blackwell, T. K. SKN-1 links C. elegans mesendodermal specification to a conserved oxidative 
stress response. Genes Dev. 17, 1882-1893 (2003). 



 

262 

 273.  Kahn, N. W., Rea, S. L., Moyle, S., Kell, A. & Johnson, T. E. Proteasomal dysfunction activates the 
transcription factor SKN-1 and produces a selective oxidative-stress response in Caenorhabditis elegans. 
Biochem. J. 409, 205-213 (2008). 

 274.  Li, S. et al. A map of the interactome network of the metazoan C. elegans. Science 303, 540-543 (2004). 

 275.  Shimura, H. et al. Familial Parkinson disease gene product, parkin, is a ubiquitin-protein ligase. Nat. Genet. 
25, 302-305 (2000). 

 276.  Dai, R. M., Chen, E., Longo, D. L., Gorbea, C. M. & Li, C. C. Involvement of valosin-containing protein, an 
ATPase Co-purified with IkappaBalpha and 26 S proteasome, in ubiquitin-proteasome-mediated degradation 
of IkappaBalpha. J. Biol. Chem. 273, 3562-3573 (1998). 

 277.  Zhong, W. & Sternberg, P. W. Genome-wide prediction of C. elegans genetic interactions. Science 311, 1481-
1484 (2006). 

 278.  Cope, G. A. & Deshaies, R. J. Targeted silencing of Jab1/Csn5 in human cells downregulates SCF activity 
through reduction of F-box protein levels. BMC. Biochem. 7, 1 (2006). 

 279.  Lyapina, S. et al. Promotion of NEDD-CUL1 conjugate cleavage by COP9 signalosome. Science 292, 1382-
1385 (2001). 

 280.  Lee, J. et al. A deubiquitinating enzyme, UCH/CeUBP130, has an essential role in the formation of a 
functional microtubule-organizing centre (MTOC) during early cleavage in C. elegans. Genes Cells 6, 899-911 
(2001). 

 281.  Davidson, B. L. & Paulson, H. L. Molecular medicine for the brain: silencing of disease genes with RNA 
interference. Lancet Neurol. 3, 145-149 (2004). 

 282.  Tsai, Y. C., Fishman, P. S., Thakor, N. V. & Oyler, G. A. Parkin facilitates the elimination of expanded 
polyglutamine proteins and leads to preservation of proteasome function. J. Biol. Chem. 278, 22044-22055 
(2003). 

 283.  Hirabayashi, M. et al. VCP/p97 in abnormal protein aggregates, cytoplasmic vacuoles, and cell death, 
phenotypes relevant to neurodegeneration. Cell Death. Differ. 8, 977-984 (2001). 

 284.  Wang, Q., Goh, A. M., Howley, P. M. & Walters, K. J. Ubiquitin recognition by the DNA repair protein hHR23a. 
Biochemistry 42, 13529-13535 (2003). 

 285.  van, C. W. & Beyaert, R. Yeast Two-Hybrid: State of the Art. Biol. Proced. Online. 2, 1-38 (1999). 

 286.  Kerscher, O., Felberbaum, R. & Hochstrasser, M. Modification of proteins by ubiquitin and ubiquitin-like 
proteins. Annu. Rev. Cell Dev. Biol. 22, 159-180 (2006). 

 287.  Zhu, G. D. & L'Hernault, S. W. The Caenorhabditis elegans spe-39 gene is required for intracellular 
membrane reorganization during spermatogenesis. Genetics 165, 145-157 (2003). 

 288.  Sun, C. et al. An azoospermic man with a de novo point mutation in the Y-chromosomal gene USP9Y. Nat. 
Genet. 23, 429-432 (1999). 

 289.  Stouffs, K., Lissens, W., Tournaye, H., Van, S. A. & Liebaers, I. Possible role of USP26 in patients with 
severely impaired spermatogenesis. Eur. J. Hum. Genet. 13, 336-340 (2005). 

 290.  Zhang, J. et al. Novel mutations in ubiquitin-specific protease 26 gene might cause spermatogenesis 
impairment and male infertility. Asian J. Androl 9, 809-814 (2007). 



References 

263 

 291.  Masino, L. et al. Characterization of the structure and the amyloidogenic properties of the Josephin domain of 
the polyglutamine-containing protein ataxin-3. J. Mol. Biol. 344, 1021-1035 (2004). 

 292.  DeLaBarre, B. & Brunger, A. T. Complete structure of p97/valosin-containing protein reveals communication 
between nucleotide domains. Nat. Struct. Biol. 10, 856-863 (2003). 

 293.  Kondo, H. et al. p47 is a cofactor for p97-mediated membrane fusion. Nature 388, 75-78 (1997). 

 294.  Rabouille, C. et al. Syntaxin 5 is a common component of the NSF- and p97-mediated reassembly pathways 
of Golgi cisternae from mitotic Golgi fragments in vitro. Cell 92, 603-610 (1998). 

 295.  Ye, Y. et al. Inaugural Article: Recruitment of the p97 ATPase and ubiquitin ligases to the site of 
retrotranslocation at the endoplasmic reticulum membrane. Proc. Natl. Acad. Sci. U. S. A 102, 14132-
14138 (2005). 

 296.  Meyer, H. H., Shorter, J. G., Seemann, J., Pappin, D. & Warren, G. A complex of mammalian ufd1 and npl4 
links the AAA-ATPase, p97, to ubiquitin and nuclear transport pathways. EMBO J. 19, 2181-2192 (2000). 

 297.  Mizuno, Y., Hori, S., Kakizuka, A. & Okamoto, K. Vacuole-creating protein in neurodegenerative diseases in 
humans. Neurosci. Lett. 343, 77-80 (2003). 

 298.  Dai, R. M. & Li, C. C. Valosin-containing protein is a multi-ubiquitin chain-targeting factor required in ubiquitin-
proteasome degradation. Nat. Cell Biol. 3, 740-744 (2001). 

 299.  Yamanaka, K., Okubo, Y., Suzaki, T. & Ogura, T. Analysis of the two p97/VCP/Cdc48p proteins of 
Caenorhabditis elegans and their suppression of polyglutamine-induced protein aggregation. J. Struct. Biol. 
146, 242-250 (2004). 

 300.  Yamauchi, S., Yamanaka, K. & Ogura, T. Comparative analysis of expression of two p97 homologues in 
Caenorhabditis elegans. Biochem. Biophys. Res. Commun. (2006). 

 301.  Rodrigues, A. J. et al. Functional genomics and biochemical characterization of the C. elegans orthologue of 
the Machado-Joseph disease protein ataxin-3. FASEB J. 21, 1126-1136 (2007). 

 302.  Jentsch, S. & Rumpf, S. Cdc48 (p97): a "molecular gearbox" in the ubiquitin pathway? Trends Biochem. Sci. 
32, 6-11 (2007). 

 303.  Richly, H. et al. A series of ubiquitin binding factors connects CDC48/p97 to substrate multiubiquitylation 
and proteasomal targeting. Cell 120, 73-84 (2005). 

 304.  Richly, H. et al. A series of ubiquitin binding factors connects CDC48/p97 to substrate multiubiquitylation 
and proteasomal targeting. Cell 120, 73-84 (2005). 

 305.  Rape, M. et al. Mobilization of processed, membrane-tethered SPT23 transcription factor by 
CDC48(UFD1/NPL4), a ubiquitin-selective chaperone. Cell 107, 667-677 (2001). 

 306.  Buchberger, A. From UBA to UBX: new words in the ubiquitin vocabulary. Trends Cell Biol. 12, 216-221 
(2002). 

 307.  Rumpf, S. & Jentsch, S. Functional division of substrate processing cofactors of the ubiquitin-selective Cdc48 
chaperone. Mol. Cell 21, 261-269 (2006). 

 308.  Wilson, J. D., Liu, Y., Bentivoglio, C. M. & Barlowe, C. Sel1p/Ubx2p participates in a distinct Cdc48p-
dependent endoplasmic reticulum-associated degradation pathway. Traffic. 7, 1213-1223 (2006). 

 309.  Liang, J. et al. Characterization of erasin (UBXD2): a new ER protein that promotes ER-associated protein 
degradation. J. Cell Sci. 119, 4011-4024 (2006). 



 

264 

 310.  Gregori, L., Poosch, M. S., Cousins, G. & Chau, V. A uniform isopeptide-linked multiubiquitin chain is 
sufficient to target substrate for degradation in ubiquitin-mediated proteolysis. J. Biol. Chem. 265, 8354-
8357 (1990). 

 311.  Chau, V. et al. A multiubiquitin chain is confined to specific lysine in a targeted short-lived protein. Science 
243, 1576-1583 (1989). 

 312.  Kamitani, T., Kito, K., Nguyen, H. P. & Yeh, E. T. Characterization of NEDD8, a developmentally down-
regulated ubiquitin-like protein. J. Biol. Chem. 272, 28557-28562 (1997). 

 313.  Osaka, F. et al. A new NEDD8-ligating system for cullin-4A. Genes Dev. 12, 2263-2268 (1998). 

 314.  Gong, L. & Yeh, E. T. Identification of the activating and conjugating enzymes of the NEDD8 conjugation 
pathway. J. Biol. Chem. 274, 12036-12042 (1999). 

 315.  Hori, T. et al. Covalent modification of all members of human cullin family proteins by NEDD8. Oncogene 18, 
6829-6834 (1999). 

 316.  Jones, J. et al. A targeted proteomic analysis of the ubiquitin-like modifier nedd8 and associated proteins. J. 
Proteome. Res. 7, 1274-1287 (2008). 

 317.  Kipreos, E. T. & Pagano, M. The F-box protein family. Genome Biol. 1, REVIEWS3002 (2000). 

 318.  Kipreos, E. T. Ubiquitin-mediated pathways in C. elegans. WormBook. 1-24 (2005). 

 319.  Nayak, S. et al. The Caenorhabditis elegans Skp1-related gene family: diverse functions in cell proliferation, 
morphogenesis, and meiosis. Curr. Biol. 12, 277-287 (2002). 

 320.  Yamanaka, A. et al. Multiple Skp1-related proteins in Caenorhabditis elegans: diverse patterns of interaction 
with Cullins and F-box proteins. Curr. Biol. 12, 267-275 (2002). 

 321.  Hubbard, E. J., Wu, G., Kitajewski, J. & Greenwald, I. sel-10, a negative regulator of lin-12 activity in 
Caenorhabditis elegans, encodes a member of the CDC4 family of proteins. Genes Dev. 11, 3182-3193 
(1997). 

 322.  Liao, E. H., Hung, W., Abrams, B. & Zhen, M. An SCF-like ubiquitin ligase complex that controls presynaptic 
differentiation. Nature 430, 345-350 (2004). 

 323.  Feng, H. et al. CUL-2 is required for the G1-to-S-phase transition and mitotic chromosome condensation in 
Caenorhabditis elegans. Nat. Cell Biol. 1, 486-492 (1999). 

 324.  Xu, L. et al. BTB proteins are substrate-specific adaptors in an SCF-like modular ubiquitin ligase containing 
CUL-3. Nature 425, 316-321 (2003). 

 325.  Zhong, W., Feng, H., Santiago, F. E. & Kipreos, E. T. CUL-4 ubiquitin ligase maintains genome stability by 
restraining DNA-replication licensing. Nature 423, 885-889 (2003). 

 326.  Kawakami, T. et al. NEDD8 recruits E2-ubiquitin to SCF E3 ligase. EMBO J. 20, 4003-4012 (2001). 

 327.  Pan, Z. Q., Kentsis, A., Dias, D. C., Yamoah, K. & Wu, K. Nedd8 on cullin: building an expressway to protein 
destruction. Oncogene 23, 1985-1997 (2004). 

 328.  Maytal-Kivity, V., Reis, N., Hofmann, K. & Glickman, M. H. MPN+, a putative catalytic motif found in a subset 
of MPN domain proteins from eukaryotes and prokaryotes, is critical for Rpn11 function. BMC. Biochem. 3, 
28 (2002). 



References 

265 

 329.  Schwechheimer, C. & Deng, X. W. COP9 signalosome revisited: a novel mediator of protein degradation. 
Trends Cell Biol. 11, 420-426 (2001). 

 330.  Nury, D., Doucet, C. & Coux, O. Roles and potential therapeutic targets of the ubiquitin proteasome system in 
muscle wasting. BMC. Biochem. 8 Suppl 1, S7 (2007). 

 331.  Mitch, W. E. & Goldberg, A. L. Mechanisms of muscle wasting. The role of the ubiquitin-proteasome pathway. 
N. Engl. J. Med. 335, 1897-1905 (1996). 

 332.  Koegl, M. et al. A novel ubiquitination factor, E4, is involved in multiubiquitin chain assembly. Cell 96, 635-
644 (1999). 

 333.  Kuhlbrodt, K., Mouysset, J. & Hoppe, T. Orchestra for assembly and fate of polyubiquitin chains. Essays 
Biochem. 41, 1-14 (2005). 

 334.  Gidalevitz, T., Ben Zvi, A., Ho, K. H., Brignull, H. R. & Morimoto, R. I. Progressive disruption of cellular protein 
folding in models of polyglutamine diseases. Science 311, 1471-1474 (2006). 

 335.  Landsverk, M. L. et al. The UNC-45 chaperone mediates sarcomere assembly through myosin degradation in 
Caenorhabditis elegans. J. Cell Biol. 177, 205-210 (2007). 

 336.  Waterston, R. H., Epstein, H. F. & Brenner, S. Paramyosin of Caenorhabditis elegans. J. Mol. Biol. 90, 285-
290 (1974). 

 337.  Harris, H. E. & Epstein, H. F. Myosin and paramyosin of Caenorhabditis elegans: biochemical and structural 
properties of wild-type and mutant proteins. Cell 10, 709-719 (1977). 

 338.  Epstein, H. F. Myosins A & B in the organization of myofilaments. Adv. Exp. Med. Biol. 182, 215-222 (1985). 

 339.  Waterston, R. H. The minor myosin heavy chain, mhcA, of Caenorhabditis elegans is necessary for the 
initiation of thick filament assembly. EMBO J. 8, 3429-3436 (1989). 

 340.  Morimoto, R. I. Proteotoxic stress and inducible chaperone networks in neurodegenerative disease and aging. 
Genes Dev. 22, 1427-1438 (2008). 

 341.  Goldberg, A. L. Protein degradation and protection against misfolded or damaged proteins. Nature 426, 895-
899 (2003). 

 342.  Stirling, P. C., Lundin, V. F. & Leroux, M. R. Getting a grip on non-native proteins. EMBO Rep. 4, 565-570 
(2003). 

 343.  Scheibel, T. & Buchner, J. Protein aggregation as a cause for disease. Handb. Exp. Pharmacol. 199-219 
(2006). 

 344.  Lithgow, G. J., White, T. M., Melov, S. & Johnson, T. E. Thermotolerance and extended life-span conferred by 
single-gene mutations and induced by thermal stress. Proc. Natl. Acad. Sci. U. S. A 92, 7540-7544 (1995). 

 345.  Walker, G. A. & Lithgow, G. J. Lifespan extension in C. elegans by a molecular chaperone dependent upon 
insulin-like signals. Aging Cell 2, 131-139 (2003). 

 346.  Hockertz, M. K., Clark-Lewis, I. & Candido, E. P. Studies of the small heat shock proteins of Caenorhabditis 
elegans using anti-peptide antibodies. FEBS Lett. 280, 375-378 (1991). 

 347.  Link, C. D. et al. Conversion of green fluorescent protein into a toxic, aggregation-prone protein by C-terminal 
addition of a short peptide. J. Biol. Chem. 281, 1808-1816 (2006). 



 

266 

 348.  Walker, G. A. et al. Heat shock protein accumulation is upregulated in a long-lived mutant of Caenorhabditis 
elegans. J. Gerontol. A Biol. Sci. Med. Sci. 56, B281-B287 (2001). 

 349.  Rattan, S. I. Hormesis in aging. Ageing Res. Rev. 7, 63-78 (2008). 

 350.  Khazaeli, A. A., Tatar, M., Pletcher, S. D. & Curtsinger, J. W. Heat-induced longevity extension in Drosophila. 
I. Heat treatment, mortality, and thermotolerance. J. Gerontol. A Biol. Sci. Med. Sci. 52, B48-B52 (1997). 

 351.  Hercus, M. J., Loeschcke, V. & Rattan, S. I. Lifespan extension of Drosophila melanogaster through hormesis 
by repeated mild heat stress. Biogerontology. 4, 149-156 (2003). 

 352.  Shama, S., Lai, C. Y., Antoniazzi, J. M., Jiang, J. C. & Jazwinski, S. M. Heat stress-induced life span extension 
in yeast. Exp. Cell Res. 245, 379-388 (1998). 

 353.  Rattan, S. I. & Ali, R. E. Hormetic prevention of molecular damage during cellular aging of human skin 
fibroblasts and keratinocytes. Ann. N. Y. Acad. Sci. 1100, 424-430 (2007). 

 354.  Rea, S. L., Wu, D., Cypser, J. R., Vaupel, J. W. & Johnson, T. E. A stress-sensitive reporter predicts longevity 
in isogenic populations of Caenorhabditis elegans. Nat. Genet. 37, 894-898 (2005). 

 355.  Lee, W. et al. Alternative chaperone machinery may compensate for calreticulin/calnexin deficiency in 
Caenorhabditis elegans. Proteomics. 6, 1329-1339 (2006). 

 356.  Singh, V. & Aballay, A. Heat-shock transcription factor (HSF)-1 pathway required for Caenorhabditis elegans 
immunity. Proc. Natl. Acad. Sci. U. S. A 103, 13092-13097 (2006). 

 357.  Cohen, E., Bieschke, J., Perciavalle, R. M., Kelly, J. W. & Dillin, A. Opposing activities protect against age-
onset proteotoxicity. Science 313, 1604-1610 (2006). 

 358.  Cypser, J. R. & Johnson, T. E. Hormesis in Caenorhabditis elegans dauer-defective mutants. Biogerontology. 
4, 203-214 (2003). 

 359.  Snutch, T. P., Heschl, M. F. & Baillie, D. L. The Caenorhabditis elegans hsp70 gene family: a molecular 
genetic characterization. Gene 64, 241-255 (1988). 

 360.  Heschl, M. F. & Baillie, D. L. Characterization of the hsp70 multigene family of Caenorhabditis elegans. DNA 
8, 233-243 (1989). 

 361.  Yoneda, T. et al. Compartment-specific perturbation of protein handling activates genes encoding 
mitochondrial chaperones. J. Cell Sci. 117, 4055-4066 (2004). 

 362.  Stringham, E. G., Dixon, D. K., Jones, D. & Candido, E. P. Temporal and spatial expression patterns of the 
small heat shock (hsp16) genes in transgenic Caenorhabditis elegans. Mol. Biol. Cell 3, 221-233 (1992). 

 363.  Birnby, D. A. et al. A transmembrane guanylyl cyclase (DAF-11) and Hsp90 (DAF-21) regulate a common set 
of chemosensory behaviors in caenorhabditis elegans. Genetics 155, 85-104 (2000). 

 364.  Sasagawa, Y., Yamanaka, K. & Ogura, T. ER E3 ubiquitin ligase HRD-1 and its specific partner chaperone BiP 
play important roles in ERAD and developmental growth in Caenorhabditis elegans. Genes Cells 12, 1063-
1073 (2007). 

 365.  Linder, B., Jin, Z., Freedman, J. H. & Rubin, C. S. Molecular characterization of a novel, developmentally 
regulated small embryonic chaperone from Caenorhabditis elegans. J. Biol. Chem. 271, 30158-30166 
(1996). 



References 

267 

 366.  Kokke, B. P., Leroux, M. R., Candido, E. P., Boelens, W. C. & de Jong, W. W. Caenorhabditis elegans small 
heat-shock proteins Hsp12.2 and Hsp12.3 form tetramers and have no chaperone-like activity. FEBS Lett. 
433, 228-232 (1998). 

 367.  Clark, S. G., Shurland, D. L., Meyerowitz, E. M., Bargmann, C. I. & van der Bliek, A. M. A dynamin GTPase 
mutation causes a rapid and reversible temperature-inducible locomotion defect in C. elegans. Proc. Natl. 
Acad. Sci. U. S. A 94, 10438-10443 (1997). 

 368.  Arpa, J. et al. Spanish family with Machado-Joseph disease: neurophysiological features and neuropathy 
study. Neurologia 15, 213-221 (2000). 

 369.  Kawaguchi, Y. et al. The deacetylase HDAC6 regulates aggresome formation and cell viability in response to 
misfolded protein stress. Cell 115, 727-738 (2003). 

 370.  Johnston, J. A., Illing, M. E. & Kopito, R. R. Cytoplasmic dynein/dynactin mediates the assembly of 
aggresomes. Cell Motil. Cytoskeleton 53, 26-38 (2002). 

 371.  Bruce Alberts, A. J. J. L. M. R. K. R. P. W. Molecular Biology of the Cell, 4th edition.  2007.  
Ref Type: Generic 

 372.  McMurray, C. T. Neurodegeneration: diseases of the cytoskeleton? Cell Death. Differ. 7, 861-865 (2000). 

 373.  Gunawardena, S. & Goldstein, L. S. Polyglutamine diseases and transport problems: deadly traffic jams on 
neuronal highways. Arch. Neurol. 62, 46-51 (2005). 

 374.  Alonso, A. C., Grundke-Iqbal, I. & Iqbal, K. Alzheimer's disease hyperphosphorylated tau sequesters normal 
tau into tangles of filaments and disassembles microtubules. Nat. Med. 2, 783-787 (1996). 

 375.  Li, X. J. et al. A huntingtin-associated protein enriched in brain with implications for pathology. Nature 378, 
398-402 (1995). 

 376.  Engelender, S. et al. Huntingtin-associated protein 1 (HAP1) interacts with the p150Glued subunit of 
dynactin. Hum. Mol. Genet. 6, 2205-2212 (1997). 

 377.  Muchowski, P. J., Ning, K., D'Souza-Schorey, C. & Fields, S. Requirement of an intact microtubule 
cytoskeleton for aggregation and inclusion body formation by a mutant huntingtin fragment. Proc. Natl. Acad. 
Sci. U. S. A 99, 727-732 (2002). 

 378.  Pierre, P., Scheel, J., Rickard, J. E. & Kreis, T. E. CLIP-170 links endocytic vesicles to microtubules. Cell 70, 
887-900 (1992). 

 379.  Piperno, G., LeDizet, M. & Chang, X. J. Microtubules containing acetylated alpha-tubulin in mammalian cells 
in culture. J. Cell Biol. 104, 289-302 (1987). 

 380.  Hubbert, C. et al. HDAC6 is a microtubule-associated deacetylase. Nature 417, 455-458 (2002). 

 381.  Byun, Y. et al. Caspase cleavage of vimentin disrupts intermediate filaments and promotes apoptosis. Cell 
Death. Differ. 8, 443-450 (2001). 

 382.  Maria do Carmo Costa. Study of the homologue of the Machado-Joseph disease gene in Mus musculus.  
2008.  
Ref Type: Thesis/Dissertation 

 383.  Goldman, R. D. The role of three cytoplasmic fibers in BHK-21 cell motility. I. Microtubules and the effects of 
colchicine. J. Cell Biol. 51, 752-762 (1971). 



 

268 

 384.  Helfand, B. T., Chang, L. & Goldman, R. D. Intermediate filaments are dynamic and motile elements of 
cellular architecture. J. Cell Sci. 117, 133-141 (2004). 

 385.  Prahlad, V., Yoon, M., Moir, R. D., Vale, R. D. & Goldman, R. D. Rapid movements of vimentin on microtubule 
tracks: kinesin-dependent assembly of intermediate filament networks. J. Cell Biol. 143, 159-170 (1998). 

 386.  Yang, H. Y., Lieska, N., Goldman, A. E. & Goldman, R. D. Colchicine-sensitive and colchicine-insensitive 
intermediate filament systems distinguished by a new intermediate filament-associated protein, IFAP-70/280 
kD. Cell Motil. Cytoskeleton 22, 185-199 (1992). 

 387.  Colucci-Guyon, E. et al. Mice lacking vimentin develop and reproduce without an obvious phenotype. Cell 79, 
679-694 (1994). 

 388.  Welch, W. J. & Suhan, J. P. Morphological study of the mammalian stress response: characterization of 
changes in cytoplasmic organelles, cytoskeleton, and nucleoli, and appearance of intranuclear actin filaments 
in rat fibroblasts after heat-shock treatment. J. Cell Biol. 101, 1198-1211 (1985). 

 389.  Kopito, R. R. & Sitia, R. Aggresomes and Russell bodies. Symptoms of cellular indigestion? EMBO Rep. 1, 
225-231 (2000). 

 390.  Anderson, P. & Kedersha, N. Stressful initiations. J. Cell Sci. 115, 3227-3234 (2002). 

 391.  Kedersha, N. & Anderson, P. Stress granules: sites of mRNA triage that regulate mRNA stability and 
translatability. Biochem. Soc. Trans. 30, 963-969 (2002). 

 392.  Luo, B. H., Carman, C. V. & Springer, T. A. Structural basis of integrin regulation and signaling. Annu. Rev. 
Immunol. 25, 619-647 (2007). 

 393.  Sheetz, M. P., Steuer, E. R. & Schroer, T. A. The mechanism and regulation of fast axonal transport. Trends 
Neurosci. 12, 474-478 (1989). 

 394.  Morfini, G., Pigino, G. & Brady, S. T. Polyglutamine expansion diseases: failing to deliver. Trends Mol. Med. 
11, 64-70 (2005). 

 395.  Lim, J. et al. Opposing effects of polyglutamine expansion on native protein complexes contribute to SCA1. 
Nature 452, 713-718 (2008). 

 396.  Boutell, J. M. et al. Aberrant interactions of transcriptional repressor proteins with the Huntington's disease 
gene product, huntingtin. Hum. Mol. Genet. 8, 1647-1655 (1999). 

 397.  Bao, J. et al. Expansion of polyglutamine repeat in huntingtin leads to abnormal protein interactions involving 
calmodulin. Proc. Natl. Acad. Sci. U. S. A 93, 5037-5042 (1996). 

 398.  Harjes, P. & Wanker, E. E. The hunt for huntingtin function: interaction partners tell many different stories. 
Trends Biochem. Sci. 28, 425-433 (2003). 

 399.  Ross, C. A. et al. Pathogenesis of neurodegenerative diseases associated with expanded glutamine repeats: 
new answers, new questions. Prog. Brain Res. 117, 397-419 (1998). 

 400.  Ross, C. A. et al. Polyglutamine pathogenesis. Philos. Trans. R. Soc. Lond B Biol. Sci. 354, 1005-1011 
(1999). 

 401.  Miller, V. M. et al. Allele-specific silencing of dominant disease genes. Proc. Natl. Acad. Sci. U. S. A 100, 
7195-7200 (2003). 



References 

269 

 402.  Kwak, M. K. et al. Modulation of gene expression by cancer chemopreventive dithiolethiones through the 
Keap1-Nrf2 pathway. Identification of novel gene clusters for cell survival. J. Biol. Chem. 278, 8135-8145 
(2003). 

 403.  McMahon, M., Itoh, K., Yamamoto, M. & Hayes, J. D. Keap1-dependent proteasomal degradation of 
transcription factor Nrf2 contributes to the negative regulation of antioxidant response element-driven gene 
expression. J. Biol. Chem. 278, 21592-21600 (2003). 

 404.  Song, C., Wang, Q. & Li, C. C. ATPase activity of p97-valosin-containing protein (VCP). D2 mediates the major 
enzyme activity, and D1 contributes to the heat-induced activity. J. Biol. Chem. 278, 3648-3655 (2003). 

 405.  Zhang, M. H. et al. HSP90 protects apoptotic cleavage of vimentin in geldanamycin-induced apoptosis. Mol. 
Cell Biochem. 281, 111-121 (2006). 

 406.  Kovacs, J. J. et al. HDAC6 regulates Hsp90 acetylation and chaperone-dependent activation of glucocorticoid 
receptor. Mol. Cell 18, 601-607 (2005). 

 407.  Boyault, C. et al. HDAC6-p97/VCP controlled polyubiquitin chain turnover. EMBO J. 25, 3357-3366 (2006). 

 408.  Bali, P. et al. Inhibition of histone deacetylase 6 acetylates and disrupts the chaperone function of heat shock 
protein 90: a novel basis for antileukemia activity of histone deacetylase inhibitors. J. Biol. Chem. 280, 
26729-26734 (2005). 

 409.  Zhao, C. et al. Exogenous expression of heat shock protein 90kDa retards the cell cycle and impairs the heat 
shock response. Exp. Cell Res. 275, 200-214 (2002). 

 410.  Zou, J., Guo, Y., Guettouche, T., Smith, D. F. & Voellmy, R. Repression of heat shock transcription factor 
HSF1 activation by HSP90 (HSP90 complex) that forms a stress-sensitive complex with HSF1. Cell 94, 471-
480 (1998). 

 411.  Boyault, C. et al. HDAC6 controls major cell response pathways to cytotoxic accumulation of protein 
aggregates. Genes Dev. 21, 2172-2181 (2007). 

 412.  Pozzi, C. et al. Study of subcellular localization and proteolysis of ataxin-3. Neurobiol. Dis. 30, 190-200 
(2008). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


