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Abstract

Since the early 90°s a new class of inherited neurodegenerative diseases has been
characterized, the polyglutamine (polyQ) expansion diseases. This group is composed by
nine progressive and finally fatal disorders. The mutation underlying each one of these
disorders is an expansion of a CAG trinucleotide repeat that encodes a polyQ tract in the
respective disease proteins. This polyQ expansion causes the appearance of misfolded
protein species, which ultimately lead to the formation of aggregates and neuronal loss.
Although polyQ diseases present different clinical features and neuronal degeneration
pattern, all these diseases have in common the fact that the associated gene products are
widely expressed but affect only specific subsets of neurons. This specificity suggests that
protein misfolding and its toxic outcomes may be determined by the polyQ-flanking
sequences of the specific disease-associated proteins. Machado-Joseph disease (MJD) or
spinocerebellar ataxia type 3 (SCA3) is the most frequent autosomal dominant ataxia
worldwide. Ataxin-3 (ATXN3) is a polyQ protein and expansion of its repetitive glutamine
tract causes MJD. The economic and social impact of these neurodegenerative diseases has
led several researchers worldwide to investigate the pathogenesis mechanism and
therapeutic strategies for polyQ diseases. Animal models, like Caenorhabditis elegans (C.

elegans), have proved to be an essential tool in this field due to their importance in the

development of therapeutic trials.

C. elegans offers unique advantages for examining the aggregation dynamics of
aggregation-prone proteins and its toxic effects on individual neurons, since the
transparency of all 959 cells allows easy detection of fluorescent proteins in live animals.
Despite having relatively few neurons, C. elegans display a wide array of complex
behaviors and a clear link exists between the behavior and the function of neuronal subsets.

In this work, we used a C. elegans model of MJD for a screening of therapeutic
compounds. First, we have tested the effect of a candidate compound targeting
mitochondrial toxicity: creatine (Cr). We showed that, in our C. elegans model of MJD
pathogenesis, Cr food supplementation had limited effect in mutant ATXN3-mediated

neuronal dysfunction and aggregation. Further experiments will be required to determine
Vil
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the treatment effectiveness. Next, in a hypothesis-free approach, we have tested 20
compounds from an FDA-approved out-of-patent library, and the small molecules Prestw-
38 and Prestw-227 significantly reduced mutant ATXN3-mediated motor impairment.

In summary, with this work we have identified two compounds that reduced the
percentage of mutant ATXN3 animals that present locomotion defects, and one of which
showed a significant reduction in the number of aggregates per area and in the area of
aggregates per area. It also made available a valuable C. elegans model/tool for drug
discovery and target identification that can be very useful in future therapy development in
MJD.

viii
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Resumo

Desde o inicio dos anos noventa, foi caracterizada uma nova classe de doencas
neurodegenerativas hereditarias, as doencas de expansdo de poliglutaminas (poliQ). Este
grupo € constituido por nove doencas progressivas e fatais. A mutacdo causadora de cada
doenca é a expansdo de uma repeticdo de um trinucleétido de CAG que codifica um
segmento de poliQ na proteina causadora da doenca. Esta expanséo de poliQ esta associada
a uma alteracdo de conformacdo das proteinas, com consequente formacdo de agregados e
perda de células neuronais. Embora as doencas de poliQ apresentem diferencas clinicas e
no padréo de neurodegenerescéncia, todas estas doencas tém em comum o facto de as suas
proteinas causadoras terem uma expressdo ubiqua, mas somente afectarem populacGes
especificas de neurdnios caracteristicas de cada uma das doencas. Esta especificidade
sugere que a agregacao proteica e os seus efeitos toxicos podem ser determinados pela
sequéncia aminoacidica de cada proteina. A doenca de Machado-Joseph (DMJ) ou ataxia
espinocerebelosa do tipo 3 (SCA3) é a ataxia autossomica dominante mais frequente em
todo o mundo. A ataxina-3 (ATXN3) contém um segmento de poliQ cuja expansao esta na
origem da DMJ. O impacto socio-econémico destas doencas neurodegenerativas tem
levado véarios grupos de investigacdo pelo mundo inteiro a investigar o mecanismo
patogénico assim como estratégias terapéuticas para as doencas de poliQ. Os modelos
animais para as doencas de poliQ, por exemplo os Caenorhabditis elegans (C. elegans),
sdo uma ferramenta essencial no estudo destas doencas devido & sua enorme importancia
para o desenvolvimento de ensaios terapéuticos.

O nematode C. elegans proporciona grandes vantagens no estudo dos efeitos
toxicos de proteinas poliQ em neurénios, uma vez que a transparéncia das suas 959 células
facilita a deteccéo de proteinas fluorescentes in vivo. Apesar de apresentarem um ndmero
reduzido de neurdnios, os C. elegans apresentam inimeros comportamentos complexos,
existindo uma relacdo clara entre a funcdo de determinados subtipos neuronais e 0s
comportamentos regulados por esses grupos de neurénios.

Neste trabalho, usamos um modelo transgénico da DMJ em C. elegans para um
rastreio de compostos terapéuticos. Em primeiro lugar, testamos o efeito da creatina (Cr),
um composto-candidato que tem como alvo a toxicidade mitocondrial. Demonstramos que,
no modelo da patogénese da DMJ em C. elegans, o tratamento com Cr teve um efeito
reduzido na disfuncdo neuronal e agregacdo mediados pela ATXN3-mutante. Serdo

necessarios novos ensaios para determinar a eficacia deste tratamento. Por fim, testdmos 20

iX
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compostos de uma biblioteca comercial de compostos terapéuticos. Os compostos Prestw-
38 e Prestw-227 demonstraram reduzir significativamente o fendtipo motor do modelo da
patogénese da DMJ em C. elegans.

Em resumo, este trabalho permitiu identificar dois compostos que reduziram o
defeito de locomocdo presente no modelo da patogénese da DMJ em C. elegans, um dos
quais demonstrou também uma reducdo significativa no nimero de agregados por area do
animal e na area de agregados por area do animal. Estes resultados permitiram validar este
novo modelo animal da DMJ para o rastreio de compostos terapéuticos e identificacdo de
alvos que poderdo ser Gteis para o desenvolvimento de terapias para a DMJ.
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1.1. Neurodegenerative diseases

Neurodegenerative diseases are devastating disorders, affecting thinking, skilled
movements, feelings, moods, cognition and memory. This group of diseases includes
common disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and rarer
diseases such as Huntington’s disease (HD), spinocerebellar ataxias (SCASs), transmissible
spongiform encephalopathies (TSEs) and amyotrophic lateral sclerosis (ALS) (Soto, 2003).
Selective neuronal loss, synaptic abnormalities, neuronal inflammation and the presence of
cerebral deposits of misfolded protein aggregates are some common characteristics of
these diseases (Martin, 1999; Soto, 2003). These aggregates are a typical disease mark and
although the main protein component is different in each disease, they have some similar
morphological, structural and staining features (Soto, 2003). In addition, the area of the
brain that is most affected differs among diseases and determines the distinct clinical
symptoms of each. Though it was initially thought to be the most important problem in
neurodegeneration, different diseases suggest that extensive neuronal death may not be the
initial cause of the diseases (Haass, 2007). Certainly, clinical symptoms have been
described before significant neuronal loss and a better temporal and topographic
correlation is found with synaptic dysfunction (Haass, 2007).

1.2. Protein folding and misfolding

The presence of misfolded proteins within the cellular environment may presents
two types of critical obstacles to cellular function. Firstly, the function of the misfolded
proteins is practically always inevitably lost and in the second place, misfolded proteins
often have a tendency to self-associate and form aggregates. To assist the folding and to
supervise the maintenance of the folded structure, cells have evolved a highly efficient
protein folding quality control system, which regulates protein homeostasis and prevents
accumulation of misfolded protein in the cell (Horwich & Weissman, 1997; Morimoto,
2002; Nollen & Morimoto, 2002). Some of the foremost identified quality control system
include: the Heat Shock Protein (HSP) expression, the Unfolded Protein Response (UPR),
the Ubiquitin-Proteosome System (UPS) and autophagy. The HSPs can assist in the correct
folding by binding to exposed hydrophobic regions on folding proteins therefore protecting
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them from aggregation (Hartl, 1996). Within the endoplasmic reticulum, the UPR operates
as a positive feedback loop increasing the activity of many quality control systems in
response to an increase in misfolded protein (Kostova & Wolf, 2003). The UPS is a
surveillance mechanism which primarily functions to target and degrade misfolded or
aberrant proteins (Ciechanover & Brundin, 2003). Autophagy is a mechanism of
degradation of intracellular components inside lysosomes (Wang & Klionsky, 2002;
Cuervo, 2004). Nevertheless, under particular pathological conditions, the ability of this
machinery is exceeded and aggregation and deposition in tissues are the consequence of
the failure of the protein folding quality control system (Dobson, 1999; Soto, 2003). This
failure may result from: mutations affecting the activity of specific chaperones (Evgrafov
et al., 2004); the damage of the UPS, as occurs in ubiquitin protein catabolic disorders
(Layfield et al., 2001); the tendency for a specific protein, or a set of proteins, to misfold
and aggregate, producing disturbances in protein homeostasis, as occurs in a broader class
of folding disorders called proteinopathies.

Protein aggregation is the hallmark of an ever-increasing number of diseases. These
folding diseases, also referred to as protein conformational disorders, include AD, PD,
HD, SCAs, like spinocerebellar ataxia type 3 (SCA3), type Il diabetes, ALS and prion
diseases such as Creutzfeld-Jakob disease (Dobson, 1999; Soto, 2003).

1.3. Polyglutamine (PolyQ) diseases

In the early 1990s, a new mutational mechanism was identified: the expansion of
unstable trinucleotide repeats (Fu et al., 1991; La Spada et al., 1991; Ross & Poirier, 2004).
The identification of expanded trinucleotide repeats in various genes has been found to be
the last cause of a growing number of neurodegenerative diseases. The largest group of
trinucleotide repeat of neurodegenerative diseases are those due to expansion of a CAG
repeat located within the coding region of the affected gene. These repeats are translated
into an extended polyglutamine (PolyQ) tract in the expressed protein, which results in
protein aggregation within the cell. Of this group, nine diseases associated to expanded
coding (CAG), tracts have been described: HD, caused by expansion of (CAG), tracts in
the HD gene (Gusella et al., 1983), Kennedy disease or spinobulbar muscular atrophy

(SBMA), caused by a mutation in the androgen receptor (La Spada et al., 1991),
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dentatorubral-pallidoluysian atrophy (DRPLA) which is caused by a mutation in atrophin-
1, a transcriptional regulator (Li et al., 1993; Nagafuchi et al., 1994), and several forms of
SCAs: SCAL, caused by a mutation in ataxin-1 (Orr et al., 1993); SCA2, caused by a
mutation in ataxin-2 (Pulst et al., 1996); SCAS3, also known as Machado-Joseph disease
(MJD), caused by CAG-repeat expansion in the C-terminal of ataxin-3 (ATXN3)
(Kawaguchi et al., 1994); SCA6, caused by a mutation in the oya calcium channel
(Zhuchenko et al., 1997), SCA7 (David et al., 1997); and SCA17, caused by a CAG
expansion in TATA-binding transcription factor (Zoghbi & Orr, 2000; Nakamura et al.,
2001). Chromosomal locations of the relevant genes and the names of the translated
protein products are listed in Table 1.1.

Apart from the expanded polyQ tract, that confers toxic properties to the protein,
these proteins are different from each other. They vary in size and function and enclose the
glutamine segment at different location within the protein sequence. In spite of generally
ubiquous patterns of expression, each polyQ containing protein originates a disease-
specific neurodegeneration pattern, suggesting that the protein context plays a role in each
disease (Burright et al., 1995; Sharp et al., 1995; Trottier et al., 1995; Zoghbi & Orr, 2000).

Table 1.1- Plolyglutamine Disorders.
Adapted from Tarlac & Storey, 2003.

Normal  Expanded
Disorders Locus Protein

(CAG), (CAG),
Huntington’s disease 4p16.3 Huntingtin 6-38 36-121
Spinocerebellar ataxia type 1 6p23 Ataxin-1 6-44 40-81
Spinocerebellar ataxia type 2 12924 Ataxin-2 15-29 35-59
Spinocerebellar ataxia type 3 14932 Ataxin-3 12-41 55-84
Spinocerebellar ataxia type 6 19p13 a1a Ca’ channel 4-17 20-30
Spinocerebellar ataxia type 7 3pl4 Ataxin-7 4-35 37-220
Spinocerebellar ataxia type 17 6927 TATA-binding protein 25-42 45-63
Dentatorubral-pallidoluysian atrophy 12p13 Atrophin-1 3-35 49-88
Spinobulbar muscular atrophy 12p13.31 Androgen receptor 11-38 38-62

With the exception of SBMA (which is X-linked), all polyQ diseases are autosomal
dominant inherited disorders, with a late clinical onset characterized by progressive
neuronal degeneration with loss of coordination, motor and, in some of these diseases,

cognitive impairment (reviewed in Zoghbi & Orr, 2000). The transition in polyQ sequence
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length from benign to pathological is quite sharp. In general, the pathological threshold
lengths range from 35 to 50 glutamine residues. The only exception is SCAG, in which the
threshold ranges from 15 to 20 glutamines (Myers et al., 1998). Within the expanded
ranges, there is an inverse correlation between the number of CAG repeats and the age of
disease onset (Gusella & MacDonald, 2000) (see Figure 1.1). The highly expanded CAG
repeats appeared to be unstably transmitted to succeeding generations with a tendency for
further elongation, typically in paternal transmission, providing the molecular basis of a
phenomenon called anticipation (Maciel et al., 1995; Rubinsztein et al., 1996).
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Figure 1.1- Correlation curves between age-at-onset and number of CAG-repeat length for
the different polyQ diseases. ‘+’ represent age at onset associated with various CAG repeats
lengths. The age at onset for homozygotes for the various disorders is also shown (filled circles),
plotted according to the longer of their two expanded CAG repeats. Adapted from Gusella &
MacDonald, 2000.

1.3.1 PolyQ aggregates

Nuclear inclusions (NIs) or aggregates have been observed in mice (Ikeda et al.,
1996) and in cell cultures (Chai et al., 1999; Evert et al., 1999) expressing truncated forms
of MJD proteins. Consistently, Davies and co-workers (1997) reported the presence of an
age-dependent appearance of NIs in HD exon-1 transgenic mice model and suggested that
the inclusions were formed through self-aggregation of the polyQ repeat (Davies et al.,
1997). In 1997, DiFiglia and co-workers reported that the polyQ length influenced the
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extent of huntingtin (Htt) aggregation and accumulation in the HD cortex and striatum
(DiFiglia et al., 1997). At the same period, Paulson and co-workers (1997) discovered
ATXN3 aggregates in post-mortem brain tissue of MJD patients (Paulson et al., 1997).
Moreover, several studies have verified that aggregation occurs in most animal models of
polyQ diseases, such as Caenorhabditis elegans (C. elegans) (Faber et al., 1999; Satyal et
al., 2000), flies (Perez et al., 1998; Warrick et al., 1998), mice (Davies et al., 1997;
Martindale et al., 1998) as well as in cellular models (Scherzinger et al., 1997; Cooper et
al., 1998). However, the role of NIs of mutant proteins in neurodegeneration remains
controversial (Ross, 2002) as several other studies suggest that aggregates can function as a
protective cellular mechanism for stacking the toxic mutant proteins, facilitating their
degradation (Saudou et al., 1998; Fujigasaki et al., 2001).

These aggregates are usually detergent-insoluble, and in each disease, are known by
different names, for example Lewy bodies in PD and plaques or tangles in AD. PolyQ
aggregates typically have a fribrillar structure under electron microscopy, and aggregates
are occasionally strained by amyloid binding dyes such as Congo-red or thioflavin-T,
suggesting that the aggregates take an amyloid-like form (Scherzinger et al., 1997; Huang
et al., 1998; Chen et al., 2002). And also in each disease aggregates have different aspects

and locations.

1.4. Machado-Joseph disease (MJD)

MJD is the most common SCA subtype in most populations. The phenotype is one
of the most variable among SCAs. This disease was first described in North-American
families of Azorean ancestry, in the 1970s, later in the mainland and then in non-
Portuguese families from all continents (Sequeiros & Coutinho, 1981; Sequeiros &
Coutinho, 1993).

Nakano and co-workers reported the first cases, in the Machado family from Séo
Miguel in Azores, in 1972; the disease presented as an autosomal dominant ataxia, and was
named by the authors, “Machado disease” (Nakano et al,. 1972). In the same year, Woods
and Schaumburg observed the Thomas family, also of Portuguese-Azorean ancestry;
although resembling that reported by Nakano and co-workers (1972), some clinical

particularities led the authors to define it as a new clinical entity, and they named *“nigro-
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spino-dentatal degeneration” (Wood & Schaumburg, 1972). In 1976, Rosenberg and co-
workers defined a new hereditary ataxia by observation of the Joseph family, originated
from Flores Island in Azores, which they named as “Joseph disease” (Rosonberg et al.,
1976). A fourth Azorean family was reported to have an “Azorean disease of the nervous
system” in 1977 (Romanul et al., 1977). Finally, Coutinho and Andrade (1978) studied the
first 15 families from Azores and proposed that the above mentioned diseases were indeed
variations of the same clinical disease (Coutinho & Andrade, 1978). Two years later, Lima
and Coutinho (1980) proposed the name “Machado-Joseph disease” for this clinical entity
(Lima & Coutinho, 1980). In our days, with families described all over the world, MJD is
known to be the most common form of dominantly inherited ataxia (15- 45% of all forms
in different countries and ethnic populations) (Margolis, 2002; Schols et al., 2004;
Sequeiros et al., 2007).

1.4.1 Clinical features of MJD

MJD is a progressive neurodegenerative disease, affecting mainly the motor
function. Patients usually present with ataxia, pyramidal and extrapyramidal signs,
peripheral amyotrophies, progressive external ophthalmoplegia, intention fasciculation-like
movements of facial and lingual muscles, rigidy, and bulging eyes (Coutinho & Andrade,
1978; Lima & Coutinho, 1980; Barbeau et al., 1984; Coutinho, 1992). Importantly, no
cognitive impairment is observed in MJD patients; this may be a main criterion in the
differential diagnosis with other SCAs including alterations of the intellect (Coutinho,
1992). Usually, patients will become confined to a wheelchair and will later be bedridden.
The median survival time after onset is 20 years. Diseases manifestations typically start
during adulthood, but the distribution of age at onset is very wide, ranging from 5 to 73
years (Sequeiros & Coutinho, 1993).

The high phenotypic variability associated with MJD, led to the organization of the
disease into four sub-types, occasionally present in the same family, sorted by the age of
clinical onset and major symptoms of the disorder (Lima & Coutinho, 1980). Sub-type 1
includes the MJD forms with early age of onset (10-30 years of age), a faster progression,
and more intense pyramidal and extrapyramidal signs. Sub-type 2 is the most frequent, and
is characterized by intermediate age-of-onset (20-50 years of age) and progression, with
patients exhibiting the usual ataxia and ophthalmoplegia and the possible evolution to
either sub-type. In sub-type 3, patients show the latest age at onset (40-70 years of age),
slower disease progression and more peripheral signs. A fourth sub-type was added by

8
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Rosenberg in 1983; it is the rarest and comprehends MJD patients exhibiting Parkinsonic
symptoms associated with the more typical MJD symptoms (Rosenberg, 1983; Margolis,
2002).

1.4.2 Neuropathological features of MJD

In the 1980s, Coutinho and co-workers defined the pathological criteria of MJD,
nevertheless, the mechanism of neurodegeneration still remains unknown (Coutinho &
Sequeiros, 1981). The neuropathological features also show a large variability.
Pathological examination of post-mortem brains from MJD patients revealed neuronal loss
and degeneration of specific brain regions, such as cerebellar dentate nucleus, pallidum,
stratium, substantia nigra (compacta and reticulate), subthalamic, red and pontine nuclei,
select cranial nerve nuclei and the anterior horn and Clarke’s column of the spinal cord
(see Figure 1.2) (Robitaille et al., 1997; Schmidt et al., 1998; Iwabuchi et al., 1999;
Gilman, 2000; Yamada et al., 2004; Koeppen, 2005). Structures such as the cerebral and
cerebellar cortex and inferior olives are usually spared.

Figure 1.2- Brain regions affected in MJD (illustrated in orange). STN: subtalamic nucleus, GP:
globus pallidus, RN: red nucleus, SN: substantia nigra, PN: pontine nucleus, DN: dentate nucleus,
LCN: lateral cuneate nucleus, CB: cerebellar cortex. Adapted from Ross, 1995.

Besides neuronal loss, MJD as other polyQ diseases, is characterized by neuronal
NIs containing expanded polyQ, molecular chaperones, ubiquitin, some components of the
proteasome and both normal and pathogenic ATXN3 (Paulson et al,. 1997; Perez et al.,
1998; Chai et al., 1999; Nagaoka et al., 2003). In contrast to previous neuropathological
studies, recent pathoanatomical investigations demonstrated widespread damage to the
cerebellum, thalamus, midbrain, pons, medulla oblongata and spinal cord in MJD,

providing suitable explanations for a variety of less understood clinical MJD symptoms
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(Rub et al., 2003a; Rub et al., 2003b; Rub et al., 2003c Rub et al., 2004; Rub et al., 2005;
Rub et al., 2006a; Rub et al,. 2006b; Rub et al., 2007).

1.4.3 Genetics features of MJD

MJD is transmitted in an autosomal dominant manner, meaning that one copy of the
defective ATXN3 gene is sufficient for the disease to be transmitted to the offspring
(Sequeiros & Coutinho, 1981). Intergenerational instability in the transmission of the
mutated allele is common in MJD. The affected offspring commonly manifest the disease
earlier in life, with faster progression and aggravated symptomatology. This phenomenon
of anticipation is common in MJD families (Sequeiros & Coutinho, 1981; Sequeiros &
Coutinho, 1993). A longer expansion is associated an earlier age of onset and a more

severe form of the MJD.

1.4.4 The MJD1/ATXN3 gene

The mutation associated with MJD is the expansion of a (CAG), tract in the coding
region of the MIJD1/ATXN3 gene, mapped to the long arm of chromosome 14 (14924.3-
32.1) in 1993 (Takiyama et al., 1993). The molecular diagnosis of MJD subsequently
became possible, and the mutation was then confirmed in families of different origins
(Maciel et al., 1995; Higgins et al., 1996; Lopes-Cendes et al., 1996; Gaspar et al., 2001).
MJD is caused by the expansion of a CAG repeat in the 3’ coding portion of the gene. The
repeat is highly polymorphic, ranging from 12-41 repeats units in normal-sized alleles, and
55-86 in the expanded allele of MJD patients (Maciel et al., 2001). Even though the range
of repeat lengths with reduced penetrance is not strongly established in MJD as in other
SCA:s, individuals with alleles carrying a CAG repeat between 45-51 have been described
that may or may not manifest the disorder (Maciel et al., 2001; Gu et al., 2004; Padiath et
al., 2005). The human MJD1/ATXN3 gene spans 48 Kbp and comprises 11 exons; the CAG

repeat is located in exon-10 (Ichikawa et al., 2001).

1.4.5 The ATXN3 protein(s)

The MJD1/ATXN3 gene encodes the protein ATXNS3, the smallest of the proteins
known to be involved in polyQ diseases with a molecular weight around 42kDa in normal
individuals. The human ATXNS3 protein has a conserved N-terminal Josephin domain (JD),
which is a conserved module named after MJD, containing the putative catalytic triad
aminoacids cysteine (C14), histidine (H119) and asparagine (N134). Depending on the
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isoform, ATXN3 is followed by two or three ubiquitin-interacting motifs (UIMs) (Young
et al. 1998). Bioinformatics analyses showed that ATXN3 also contains a conserved
nuclear-localization signal (NLS) directly upstream of the polyQ sequence (Tait et al.,
1998). The polyQ stretch of variable in length is in the C-terminus region of ATXN3
(Kawaguchi et al., 1994).

Northern blot analysis revealed ubiquitous ATXN3 expression and suggested the
existence of four different transcripts with different sizes (1.4, 1.8, 4.5 and 7.5 Kb),
thought to result from alternative splicing and polyadenylation events, occurring in exons
2, 10 or 11 (Ichikawa et al., 2001). Five ATXN3 cDNA variants were described: MJD1a,
MJD1-1, MJD5-1, MJD2-1 and H2 (Kawaguchi et al., 1994; Goto et al., 1997); the latter
lacks exon 2, but preserves the open reading frame, identical to variant MJD1-1 (Ichikawa
et al., 2001). A recent study reported fifty-six novel splicing variants of the ATXN3 gene
from which nineteen are likely to be translated into at least twenty different protein
isoforms (Bettencourt et al., 2010). The physiological and clinical relevance of these new
variants remains to be determined.

ATXN3 is expressed throughout the body and in all regions of the brain, including
areas generally spared by the disease (the cerebral cortex) (Trottier et al., 1995; Paulson et
al., 1997; Wang et al., 1997). ATXN3 is highly present in the cytoplasm of most cells, but
can be present also in the nucleus and has been associated with the nuclear matrix,
endoplasmic reticulum (ER) and mitochondria (Paulson et al., 1997; Schmidt et al., 1998;
Tait et al., 1998; Trottier et al., 1998; Fujigasaki et al., 2000). As in other polyQ diseases,
the abnormal and normal allele products were shown to be equally expressed in
lymphoblastoid cells and in the brain of MJD patients (Paulson et al., 1997; Wang et al.,
1997). Isoform 1 (3 UIMs) is the most abundant ATXN3 isoform in brain of patients and
transgenic mice (Harris et al., 2010).

ATXN3 homologous genes are present in different organisms, including plants,
nematodes and humans. Several proteins have been identified that display high homology
to human ATXNS3 in other species, namely, Rattus norvegicus 88% (Schmitt et al., 1997),
Mus musculus 88% (Costa et al., 2004), Gallus gallus 82% (Linhartova et al., 1999), C.
elegans 38% (Rodrigues et al., 2007), and other organisms. Curiously, the long polyQ tract
seems to be human-specific because it is absent in other species such as mouse and C.
elegans, which have only six and one glutamines in their ATXN3 homologues,
respectively.

11



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

1.5. Pathogenic mechanisms of polyQ diseases

PolyQ disorders are characterized clinically by the constant progression of the
symptoms and by the protein accumulation inside neurons causing their dysfunction and
ultimately death. Although it has been years since the identification of the genetic basis of
polyQ diseases, their molecular basis is still controversial. Several cellular and molecular

mechanisms have been proposed to explain polyQ pathogenesis (see Figure 1.3).
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Figure 1.3- Molecular mechanisms underlying pathogenesis of polyQ diseases. Hypothetical
pathway of conformational change, oligomerization and formation of inclusion bodies. The native
expanded polyQ monomer undergoes conversion to a misfolded -sheet conformation, resulting in
formation of Nls through assembly of oligomeric intermediates. Expanded polyQ proteins may
exert toxicity as a misfolded monomer or toxic oligomers. The major toxic effects of these
structures may involve alterations in transcription, impairment of the UPS, mitochondrial
dysfunction, dysregulation of intracellular Ca** homeostasis, impairment of axonal transport and
genotoxic stress in polyQ diseases. Adapted from Takahashi et al., 2010.

1.5.1 Mitochondrial dysfunction in polyQ diseases

Considering that mitochondrial dysfunction may originate from mutations in more
than 1000 genes (Larsson & Clayton, 1995), from the deleterious effects of many toxic
compounds (Kovacic et al., 2005), and even occur spontaneously during ageing (Reeve et
al., 2008), it is almost not surprising that mitochondrial disorders are much more frequent
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than previously thought (Elliott et al, 2008). The mitochondrial theory of
neurodegeneration and aging implies that reactive oxygen species (ROS), mitochondrial
DNA (mtDNA) damage, and progressive respiratory chain defect are mutually interacting
in a vicious circle (Harman, 1972; Bender et al., 2006).

Protein aggregates might induce oxidative stress by producing free radical species,
resulting in protein and lipid oxidation, elevation of intracellular calcium levels and
mitochondrial dysfunction (Behl et al., 1994; Hsu et al., 2000). Oxidative stress has been
shown to contribute to the pathogenesis of many polyQ diseases (Bence et al., 2001;
Butterfield & Kanski, 2001; Imaizumi et al., 2001; Martindale & Holbrook, 2002). A
cellular condition of oxidative stress develops when the mitochondrial oxidative
phosphorylation and the cell’s antioxidative capacity become overloaded. In these
conditions, ROS are generated in excess and damage to the cell and its DNA, RNA, lipid
and protein constituents may possibly occur. In this context, misfolded protein structures
may be particularly susceptible to oxidative modifications, which may promote unfolding
and thus increase the susceptibility to further modifications that exaggerate the stress
responses (Dukan et al., 2000). Although the exact mechanisms and order of events may be
quite different in the various polyQ diseases, the result seems similar: chronic stress and
ultimately death of the cell.

Oxidative stress related with deficiency of the oxidative phosphorylation and the
induction of stress responses are well established as part of the gain-of-function occurring
in neurodegenerative diseases. Deficient activity of components of the mitochondrial
respiratory chain (MRC) has been found in brain cells of patients with AD, PD and HD
(Butterfield & Kanski, 2001; Mattson et al., 2002). Biochemical analyses of the brain of a
HD patient showed abnormal aspects of energy metabolism, including reduced glucose
metabolism, decreased mitochondrial complex activity and increased lactate concentration
(Browne et al., 1997). Reduced concentrations of creatine (Cr) and phosphocreatine (PCr)
have been observed in the basal ganglia of HD patients (Sanchez-Pernaute et al., 1999). In
addition, mitochondria from HD patients and HD transgenic mice exhibited lower
membrane potentials and required lower calcium loads for depolarization than
mitochondria from controls (Sawa et al., 1999; Panov et al., 2002). These findings
reinforcing the idea that oxidative stress and mitochondrial dysfunction play an important

role in polyQ diseases pathogenesis.
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Yu and co-workers (2009) demonstrated that mtDNA copy numbers are decreased in
mutant cells and MJD patient’s leukocytes samples compared with the normal controls.
Furthermore, the amount of the common mtDNA 4,977-bp deletion is higher in MJD
patients compared with that in normal individuals. These results suggest that the cell
damage caused by greater oxidative stress in MJD mutant cells plays an important role, at

least in part, in the disease progression. (Yu et al., 2009).

1.6 Therapeutic approaches for polyQ diseases

There is no effective cure for MJD and all other polyQ diseases. The lack of
therapeutic approaches that effectively prevent neurodegeneration in MJD patients
prompted us to search for compounds that modulate mutant ATXN3 aggregation and the
associated neurological dysfunction.

Potential therapeutic approaches for polyQ diseases could be divided into two
classes: those targeting directly the mutant proteins and those targeting the toxic effects of
the mutant proteins such as mitochondrial dysfunction and oxidative stress, transcriptional
abnormalities, autophagy, UPS impairment, excitotoxicity, or apoptotic pathways such as
preventing the cellular damage (Bauer & Nukina, 2009) (see Figure 1.4).
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Figure 1.4- Summary of therapeutic approaches for polyQ diseases. Blue background
highlights the hypothetic processing of the mutant polyQ protein. Molecules targeting different
events in polyQ disease pathogenesis (black boxes) are displayed in red boxes. Written in red are
molecules targeting mitochondrial dysfunction. Adapted from Bauer & Nukina, 2009.

Few research papers focused on developing therapies for MJD have been published
to date. Chen and co-workers (2008) found that administration of dantrolene (a clinically
relevant stabilizer of intracellular Ca** signaling) improved motor performance and
prevented neuronal cell loss in the pontine nuclei and substantia nigra of the transgenic
mouse model SCA3-YAC-84Q (Chen et al., 2008). Their results indicate that deranged
Ca®* signaling may play an important role in MJD pathology and that Ca?* signaling
stabilizers such as dantrolene may be considered as potential therapeutic drugs for
treatment of MJD patients.

Menzies and co-workers (2010) showed that cell cycle inhibitor-779 (CCI-779)
treatment (a water soluble rapamycin ester which demonstrates the same activity as
rapamycin) significantly improved motor performance in a transgenic mouse model of
MJD (a transgenic mice expressing mutant full-length ATXN3 with an expanded polyQ
repeat region of 70 residues), decreased the number of ATXN3-positive aggregates seen in
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the brains of transgenic mice and also decreased soluble mutant ATXN3 levels (Menzies et
al., 2010). CCI-779 is designed for long-term use in patients and therefore represents a
possible therapeutic strategy for the treatment of MJD.

Chou and co-workers (2011) tested the hypothesis that HDAC inhibitor sodium
butyrate (SB) alleviates ataxic symptoms of MJD transgenic mice by reversing ataxin-3-
Q79-induced histone hypoacetylation and transcriptional repression. SB treatment
significantly reversed ATXN3-Q79-induced histone hypoacetylation and transcriptional
downregulation in the cerebellum of ATXN3-Q79 transgenic mice and also delayed the
onset of ataxic symptoms, improved neurological phenotypes and improved the survival
rate of ATXN3-Q79 transgenic mice (Chou et al., 2011). Their results suggest that SB
might be a promising therapeutic agent for MJD.

1.6.1 Therapeutic approaches to polyQ diseases: targeting mitochondria

As mentioned before, damage of mitochondrial functions is one of the key events in
polyQ diseases leading to cell death by activation of apoptotic cascades. The process of
mitochondrial dysfunction is accompanied by impaired respiration; stress-induced
mitochondrial depolarization; increased free radical production, with oxidative damage;
and globally abnormal energy metabolism in polyQ diseases (Grunewald & Beal, 1999;
Panov et al., 2002; Browne & Beal, 2006).

Different compounds improving energy metabolism defects or reducing oxidative
stress in polyQ diseases have been successfully tested in mouse models. Antioxidants such
as a-lipoic acid, coenzyme Qio (CoQip) clioquinol, tauroursodeoxycholic acid (also with
antiapoptic affects), and BN82451 have been proven effective in the R6/2 mouse lines of
HD (Giampa et al., 2009). As mentioned before, reduced concentrations of Cr and PCr
were observed in basal ganglia of HD patients (Sanchez-Pernaute et al., 1999);
accordingly, in two mouse models of HD, Cr administration stabilized the mitochondrial
permeability transition (MPT), prevented ATP depletion, increased the protein synthesis
(Ferrante et al., 2000; Andreassen et al., 2001) and also ameliorated motor symptoms and
the brain pathology.
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1.6.2 Creatine (Cr), Phosphocreatine (PCr) and Creatine Kinase (CK)

Cr [a-methyl-guanidinoacetic acid] is a natural substance in vertebrates and helps to
supply energy to muscle and nerve cells. In humans, Cr is taken up from the food,
especially meat and fish, (approximately 1-2 g/day) by intestinal absorption (Khan &
Cowen, 1977; Dvorak, 1981). Cr is also synthesized endogenously mainly in the kidney,
pancreas, and liver (approximately 1-5 g/day) by the action of arginine: glycine
amidinotransferase (AGAT) and guanidinoacetate methyltransferase (GAMT).

Cr is taken up into the muscle and brain by a sodium-dependent active
transmembrane creatine transport system (CrT) and becomes physiologically active when
it is transformed enzymatically into PCr. The Cr/PCr system, regulated by the
mitochondrial creatine kinase (CKMi), plays an essential role in maintaining the high
energy levels necessary for brain development and functions, through regeneration and
buffering of ATP/ADP levels (Wallimann et al., 1992, 2007; Wyss & Kaddurah-Daouk,
2000; Brosnan & Brosnan, 2007; Andres et al., 2008). Intracellular Cr and PCr are non-
enzymatically converted, at an almost constant rate constant (of 1.5%/day) of body Cr, into
creatinine (Crn), which passively diffuses out of the cells and is excreted by the kidneys
into the urine. The daily urinary Crn excretion is directly proportional to the total Cr stores
in the body (Greenhaff ,1997). Cr loading by adults at a rate of 5 g/day for 5 days increases
arterial Cr levels (Poortmans et al., 1997). In muscle, PCr levels can rise an average of
20% accompanied by a 20% mean increase in peak work performance (Greenhaff, 1997)

and a loss of fat, and increase of lean body mass (Vandenberghe et al., 1997).

As mentioned before, the Cr/PCr system is thought to be physiologically important
in tissues with high and variable energy requirements, like brain and muscle (Wallimann &
Hemmer, 1994). In these cells, high-energy PCr serves not only as an immediate temporal
energy buffer, but also as an energy shuttle from subcellular sites of energy production
(mitochondria and/or glycolysis) to sites of energy consumption (ion pumps and various
other ATPases) where creatine kinase (CK) isoenzymes are specifically localized in a
compartmented fashion (Bessman & Geiger, 1981; Wallimann et al., 1992) (see Figure
1.5). In the cytoplasm and membrane compartments of neurons, as well as glial cells in
culture (Manos et al., 1991; Molloy et al., 1992) and in vivo (Hemmer et al, 1994; Kaldis et
al., 1996), CK isozyme BB catalyzes the reversible conversion of PCr and ADP to ATP
and Cr to manage different aspects of demands in the brain (Hemmer & Wallimann, 1993;
Chen et al., 1995). On the other hand, CKMi catalyzes the reversible conversion of Cr and
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ATP to ADP and PCr to generate energy reserves in the cytoplasm (Wyss et al., 1992). PCr
reserves are depleted even more rapidly than ATP during ischemia (Passonneau & Lowry,
1971) owing to their conversion to ATP by CK.

Although the brain constitutes only 2% of the body mass, it can be responsible for
up to 20% of total energy consumption under resting conditions. Accordingly, it
necessitates a significant ATP turnover in order to maintain membrane potentials as well as
the signaling activities of the central and peripheral nervous system. The presence of CK
isoforms in the brain and spinal cord underlines the energetic role of Cr/PCr system on

central nervous system (CNS) (Andres et al., 2008).

PHOSPHOCREATINE: A TEMPORAL AND
SPATIAL ENERGY BUFFER

Cr

Km=17mM, Vmax=75 CKBB Km=0.7after phosp

Cr ATP ~ oy ADP

Figure 1.5- Relationship of Cr and PCr to ATP in the neuron. Exogenous Cr should be readily
transported into neurons by a CrT or synthesized if precursors are available (Dringen et al., 1998).
Under resting levels of ADP, ATP produced in the mitochondria is converted to PCr by CKMi and
released into the cytoplasm. In the cytoplasm, the equilibrium constants for brain CK and CKBB
(Quest et al., 1990; Boehm et al., 1996, 1998). Adapted from Brewer & Walliman, 2000; drawn
from information on rat heart and chick brain.

1.6.3 Cr supplementation on neurodegenerative diseases

One potential mechanism of neuroprotection of Cr is buffering of intracellular
energy stores by increasing PCr levels. CK is also coupled directly or indirectly to
energetic processes required for Ca?* homeostasis (Wallimann et al., 1992; Steeghs et al.,
1997).
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The interest in the Cr/PCr system and, consequently, Cr supplementation effects on
the CNS is relatively recent. The fact that exogenous Cr is able to cross the blood-brain
barrier (BBB) and increase the cerebral Cr concentration has generated interest in the
scientific community, since several neurological diseases are associated with reduced
cerebral Cr content. The promising effects of Cr supplementation on neurodegenerative

diseases are notable (see Table 1.2).

Table 1.2-
Clinical trials investigating the effects of Cr supplementation on neurodegenerative diseases.
Adapted from Andres et al., 2008.

Authors and year Disease (n) Study Design Cr Protocol Effect
20 g/day for
- . 7days + 3 tlsometric
Mazzini et al., 2001 ALS (28) Open trial o/day for power
6months
Randomized, 22 d%/da{ fg '
Shefner et al., 2004 ALS (104) double-blind, / dZS for None
placebo-controlled g/aay
6months _
- . 10 g/days for Po_s_5|bl_e
Tabrizi et al., 2003 HD (13) Open trial stabilization
lyear
of signs?
20 g/days for
. 5days + 6
Bender et al., 2005 HD (20) Open trial g/days for 8- |[Glutamate]
12weeks
Possible
. . 10 g/days for  stabilization
Tabrizi et al., 2005 HD (13) Open trial 2years in some
patients®
Randomized oy
e 8 g/days for |Oxidative
Hersch et al., 2006 HD (64) double-blind, 16weeks stress
placebo-controlled
20 g/days for
Randomized, G?dagsS;OZr
Bender et al., 2006 PD (60) double-blind, g Y Mood
months +
placebo-controlled
4 g/days
for 18months
Randomized, 10 a/davs for Not
NINDS NET-PD, 2006  PD (134) double-blind, 91 e;’rs considered
placebo-controlled Y futile”
Randomized, Z%E&/Idiyf gor TMuscle
Hass et al., 2007 PD (20) double-blind, /d Y f function
placebo-controlled graays tor 1Strength
12weeks

1 = improved or increased, | = decreased
°As inferred by the lack of disease deterioration
®A treatment is considered futile when it does not show good therapeutic value
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There is ample evidence showing the presence of CK in pyramidal cells, which are
involved in memory and learning processes (Kaldis et al., 1996). In light of this, some
investigations have addressed the effects of Cr supplementation on the cognition process.

ALS is a severe neurodegenerative disease that occurs with progressive motor
neuron loss (Andres et al., 2008). In transgenic rats mimicking this disease, reductions in
ATP content (Browne et al., 2006) and CK activity were observed (Wendt et al., 2002).
Moreover, Cr supplementation seems to present neuroprotective properties in the same
model, likely due to its direct antioxidant capacity or via the energetic role of the Cr/PCr
system (Dupuis et al., 2004). Oral supplementation with 1 and 2% Cr in the ALS mouse
model starting at 70 days of age protected against the loss of neurons in both the motor
cortex and the substantia nigra, reduced the level of oxidative damage, produced a dose-
dependent improvement in motor performance and extended survival (Klivenyi et al.,
1999). In spite of these promising findings in animal models, the first clinical trials did not
reveal significant benefits in ALS patients (see Table 1.2).

AD is a common disease characterized by dementia. Cerebral CK expression seems
to be reduced in patients with this disease (Aksenov et al., 1997). Appreciably, it has been
demonstrated that Cr exerts neuroprotective effects on neurons cultivated in neurotoxic
media, induced by glutamate and PB-amyloid protein (Brewer & Wallimann, 2000).
Nevertheless, clinical trials are needed to assess whether Cr supplementation can be an
effective approach against AD.

As revealed before, HD is an autosomal dominantly inherited neurodegenerative
disease that clinically occurs with progressive movement loss and important cognitive and
emotional dysfunction (Andres et al., 2008). There is evidence linking the severity of this
disease to increased lactate concentration, decreased muscle PCr content, and
mitochondrial dysfunction (Grunewald & Beal, 1999). Accordingly, Cr supplementation
was proposed to be an appropriate therapeutic approach to prevent the gradual neuronal
loss. Ferrante and co-workers (2000) placed HD transgenic mice (line 6/2) and wild-type
(WT) littermates on either unsupplemented diets or diets supplemented with 1, 2 or 3% Cr
at 21 days of age. Cr supplementation significantly improved body weight and motor
performance, delayed the onset of diabetes present in this particular model, and reduced
the development of brain atrophy, loss of striatal neurons and formation of Htt-positive
aggregates (Ferrante et al., 2000). Cr also exerted similar therapeutic effect in another
transgenic mouse model of HD (N171-82Q) (Adreassen et al., 2001). Clinical studies in
patients with HD have demonstrated that Cr supplementation reduces oxidative stress
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(Hersch et al., 2006) and glutamate concentration (Bender et al., 2005); in addition to
normalizing cerebral Cr content (Ryu et al., 2005).

PD is characterized by a predominant and progressive loss of dopaminergic neurons
in the substantia nigra, resting tremor, bradykinesia, rigidity, and postural imbalance
(Andres et al., 2008). Evidence indicates that a defect in electron transport chain might be
involved in the physiopathology of PD (Schapira et al., 1990; Alam & Schmidt, 2002),
which suggests that therapeutic strategies focused on improvement in mitochondrial
function may be promising. In vitro experiments mimicking PD revealed that Cr has
protective effects against neurotoxic insults. Systemic administration of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) produces parkinsonism in experimental animals
by a mechanism involving impaired energy production. MPTP is converted by monoamine
oxidase B to 1-methyl-4-phenylpyridinium (MPP1), which blocks complex | of the
electron transport Chain (Matthews et al., 1999). Matthews and co-workers (1999) found
that oral supplementation with each 1% Cr or 1% cyclocreatine for 2 weeks produced
significant protection against MPTP-induced dopamine depletion in mice. Using an
experimental in vitro paradigm of PD, Andres and co-workers (2005) observed
neuroprotective effects of Cr against toxic insults induced by 6-hydroxydopamine (6-
OHDA) (Andres et al., 2005a) or 1-methyl-4-phenyl pyridinium (MPP+) (Andres et al.,
2005b) exposure in ventral mesencephalic rat cultures. Nevertheless, the results of clinical
studies in PD patients remain controversial (Bender et al., 2006; Hass et al., 2007).

1.7 Animal models for MJD

Appropriate disease model systems are an essential tool in understanding the
molecular mechanism underlying the pathogenesis and in development in therapeutic
approaches. Cell culture and mouse models continue to be mainstays to complement study
of many diseases for their complexity and simplicity, respectively. In recent times,
invertebrate models (flies and worms) have started been used to great advantage in the
study of neurodegenerative disease (Link, 2001; Driscoll & Gerstbrein, 2003; Thompson &
Marsh, 2003; Westlund et al., 2004).

Since the discovery of the disease-causing gene in MJD (the mutant ATXN3 gene),
several in vitro (Evert et al,. 1999; Yoshizawa et al., 2000; Yoshizawa et al., 2001) and in
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vivo (lkeda et al., 1996; Warrick et al., 1998; Cemal et al., 2002; Goti et al., 2004;
Bichelmeier et al., 2007; Alves et al., 2008; Chou et al., 2008; Boy et al., 2009; Boy et al.,
2010; Silva-Fernandes et al., 2010; Teixeira-Castro et al., 2011a) models have been
developed, in order to investigate the underlying pathology, identify factors and pathways
that modify the disease process, and test potential therapeutic approaches. These MJD
models have been developed using mouse and rat, the fruitfly Drosophila melanogaster
and the nematode C. elegans. The following is a succinct description of MJD animal
models available to data.

1.7.1 Mouse models of MJD

The first MJD mouse model was generated expressing the complete and truncated
cDNAs of MID1/ATXN3 gene specifically in the Purkinje cells of the cerebellum (slightly
affected in MJD). The transgenic mice expressing the C-terminal ATXN3 with 79Q were
ataxic, displayed cerebellar atrophy and Purkinje cells loss, four weeks after birth (Ikeda et
al., 1996).

Since 1996, seven additional mouse models have been generated (Cemal et al.,
2002; Goti et al., 2004; Bichelmeier et al., 2007; Chou et al., 2008; Boy et al., 2009; Boy et
al., 2010; Silva-Fernandes et al., 2010). Cemal and co-workers (2002) generated transgenic
mouse models using a yeast artificial chromosome (YAC) containing MJD1 gene with 64
and 84 CAG repeats (Cemal et al., 2002). Animals with the expanded alleles developed a
very mild and slowly progressive cerebellar deficit, manifesting as early as 4 weeks of age.
NIs and cell loss were observed in the pontine and dentate nuclei, with variable affection of
the cerebellar cortex and of Purkinje cells. As the disease progressed, pelvic elevation
became markedly flattened, and this was accompanied by hypotonia, and motor and
sensory loss. This mouse was the first model described expressing the full length MJD1
gene under the control of its own regulatory elements. Goti and co-workers (2004) had
observed a much more severe phenotype in a mouse model expressing human expanded
ATXN3 (variant MJD1a) with Q71 or normal ATXN3 (Q20) under the control of a mouse
prion protein promoter (moPrP). Q71 transgenic mice expressing mutant ATXN3 above a
critical level experienced a phenotype similar to MJD including progressive postural
instability, gait and limb ataxia, weight loss, premature death, neuronal intranuclear
inclusions, and decreased tyrosine hidroxylase -positive neurons in the substantia nigra.
Q20 transgenic mice had normal behavior and pathology. Interestingly, a C-terminal
cleavage fragment of the transgene product has been revealed in this model, which the
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researchers also observed in human patients’ post-mortem brains (Goti et al., 2004). The
group of Olaf Riess (2007) developed another MJD transgenic mouse model expressing the
full-length ATXN3 with 15, 70 or 148 CAG repeats under the control of the moPrP
transgenic mice for ATXN3 with 15 CAG repeats were normal with no signs of
neurodegeneration, while mice expressing mutant ATXN3 with (70 and 148 CAG repeats)
displayed a neurological phenotype including reduced motor and exploratory activity,
tremor and premature death by 3 to 6 months. ATXN3 and Ub-positive inclusions were
observed in almost all brain with the exception of Purkinje cells. Q148 mice displayed a
more severe neurological phenotype with more inclusions and earlier death when
compared with mice expressing mutant ATXN3 with 70 CAG repeats. The authors proved
that the nuclear localization of the mutant protein is crucial for pathogenesis to occur
(Bichelmeier et al., 2007). In 2008, a new transgenic mouse model was generated
expressing the human ATXN3 cDNA containing 79 CAG repeats, under the moPrP. These
transgenic mice displayed motor dysfunction with an onset age of 5-6 months, and
neurological symptoms deteriorated in the following months. A prominent neuronal loss
was not found in the cerebellum of 10 to 11-month-old ATXN3-Q79 mice displaying
pronounced ataxic symptoms, suggesting that instead of neuronal demise, ATXN3-Q79
causes neuronal dysfunction of the cerebellum and resulting ataxia (Chou et al., 2008). In
order to analyze whether symptoms caused by ATXN3 with an expanded repeat are
reversible in vivo, a conditional mouse model of MJD with the full-length human ATXN3
cDNA with 77 repeats was created using the Tet-Off system (Boy et al., 2009). The
trangenic mice developed a progressive neurologic phenotype characterized by neuronal
dysfunction in the cerebellum, reduced anxiety, hyperactivity, impaired rotarod
performance and decreased gain of body weight. After turning off the expression of the
expanded ATXN3 at an early symptomatic stage of the disease the observed motor
symptoms regressed and after five months of treatment, transgenic MJD mice were
indistinguishable from their controls suggesting that both neurological and physiological
symptoms of MJD are reversible. The same group published another MJD transgenic
mouse model expressing ATXN3 with 148 CAG repeats under the control of the Htt
promoter, resulting in ubiquitous expression throughout the whole brain (Boy et al., 2010).
The model resembles many features of the disease in humans, including a late onset of
symptoms and CAG repeat instability in transmission to offspring. They observed a
biphasic progression of the disease, with hyperactivity during the first months (not seen in
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human patients) and a decline of motor coordination after about 1 year of age; however,
NIs were not visible at this age, but only at the age of 18 months.

Recently, our lab generated two transgenic mouse lineages expressing the expanded
human ATXN3 under the control of the cytomegalovirus promoter ()CMV): CMVMJD83
and CMVMJD94, carrying Q83 and Q94 stretches, respectively. Behavioral analysis
revealed that the CMVMJD94 transgenic mice developed motor uncoordination,
intergenerational instability of the CAG repeat and a tissue-specific increase in the somatic
mosaicism of the repeat with aging. Histopathological analysis of MJD mice at early and
late stages of the disease revealed neuronal atrophy and astrogliosis in several brain
regions; however, they found no signs of microglial activation or neuroinflammatory
response prior to the appearance of an overt phenotype. In this model, the appearance of
MJD-like symptoms was also not associated with the presence of ATXN3 cleavage
products or Nls. The transgenic CMVMJD94 mice as a useful model to study the early
stages in the pathogenesis of MJD and to explore the molecular mechanisms involved in
CAG repeat instability (Silva-Fernandes et al., 2010).

All these MJD transgenic mouse models suggest that despite the expression of
mutant ATXN3 in the whole brain, there are considerable differences in the affected brain
regions and cell types. However, no model has yet completely reproduced the pathological
and clinical symptoms observed in MJD patients.

1.7.2 Rat model of MJD

Overexpression of mutant ATXNS3 in the rat brain using lentiviral vectors (LV) led
to neuropathological abnormalities: formation of ubiquitylated ATXN3 aggregates, alpha-
synuclein immunoreactivity and loss of dopaminergic markers (TH and VMAT2). Alves
and co-workers (2008) proposed striatal pathology as contributing factors for the dystonia
and chorea observed in some MJD patients (Alves, et al., 2008).

1.7.3 Drosophila melanogaster models of MJD

The first transgenic Drosophila melanogaster model of a human neurodegenerative
disease was obtained for MJD (Warrick et al., 1998) and demonstrated formation of
neuronal inclusions and late-onset cell degeneration. Interestingly, different sensitivity to
the expanded protein has been observed among different cell types, the neurons being
particularly susceptible. More recently, the same group, using the Drosophila
melanogaster model, has established a direct link between normal protein function and
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disease pathogenesis, namely in relation to ubiquitin pathways in MJD. Their findings
underline the importance of the normal function of normal ATXN3 in MJD pathogenesis
and suggest a potential protective role of ATXN3 activity for polyQ diseases (Warrick et
al., 2005). Thus, Drosophila melanogaster models have significantly contributed to our
growing understanding of the molecular bases of MJD.

1.7.4 C. elegans models for MJD

As described in more detail later, C. elegans systems represent an attractive
intermediate model system by combining sufficient complexity to allow investigation of
both cellular and behavioral phenotypes with a simplicity that facilitates rapid, high-
throughput testing of hypotheses.

Khan and co-workers (1996) described a study of the pathogenic effects of polyQ
expanded tracts within the context of ATXN3 (Khan et al., 2006). Full-length ATXN3
(variant MJD1a) was expressed in C. elegans nervous system under the regulation of the
unc-119 promoter, which is first active at the pre-comma embryonic stage (Altun-Gultekin
et al., 2001). Animals expressing full-length ATXN3 with 130 glutamines showed age-
dependent aggregation and toxicity (only in animals 7 days-old or more). In contrast,
expression of a truncated form of ATXN3 (containing only the polyQ domain and C-
terminal region) caused polyQ length-dependent aggregation and toxicity. Additionally,
expanded polyQ proteins caused interruption of the synaptic transmission and induced
swelling and abnormal branching of neuronal processes (Khan et al., 2006). All neurons
showed equal susceptibility to the expression of expanded polyQ proteins.

Teixeira-Castro and co-workers (2011) have established a new C. elegans model of
MJD in which ATXN3 was expressed throughout the nervous system. In this model,
expression of both full-length and truncated forms of ATXN3, with different Q-lengths,
results in a consistent pattern of neuronal cell-type specific aggregation, with the ventral
and dorsal nerve-cord neurons being highly affected, while some lateral interneuron cell
bodies are resistant. Certain sensory processes in the head contain aggregated foci, but only
when the polyQ stretch is within the ATXN3 protein flanking sequences and not when
expressed alone. They have also studied the impact of aging and of reprogramming
animals’ survival in their model, and found that reducing 1-like signaling (11S) and
activating heat-shock factor 1 (HSF-1) pathways (genetically or pharmacologically)
reduced pathogenesis, supporting the mechanistic links between the aging process and

neuronal toxic-protein aggregation, which are common hallmarks of neurodegenerative
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disorders (Teixeira-Casto et al, 2011). They found that full-length ATXN3 aggregates only
at high Q-length (AT3q130), and not with a WT Q-length (AT3qg14).The presence of
aggregated protein was confirmed by biophysical approaches (FRAP). Interestingly,
AT3q130 proteins did not form aggregates in all C. elegans neuronal cells. This data
suggested that this C. elegans model recapitulates an important aspect of polyQ diseases -
the neuronal subtype-specific inclusion body formation. Therefore, this AT3q130 C.
elegans model mimics MJD in many aspects, namely by showing a polyQ-length
dependent aggregation that directly correlates with a progressive neurological dysfunction
(Teixeira-Casto et al., 2011a).

1.8. C. elegans as a model system

Due to the complexity of the vertebrate brain and the fact that mammalian model
organisms have their own limitations (e.g. cost, laborious transgenesis, long life spans),
invertebrate models including C. elegans have been used in the past decade to delineate the
molecular mechanisms underlying neurodegeneration.

C. elegans is a small, bacteriovorous nematode (or roundworm) found commonly in
many parts of the world, first described by Emile Maupas in 1900 (Maupas, 1900). In
1960s Sydney Brenner selected C. elegans as a simple model for his intensive studies of
the genetics and development of the nervous system, due to its characteristics as a model

organism (Brenner, 1974).

Caenorhabditis elegans (Caeno: recent; rhabditis: rod; elegans: nice) is a free-
living, non-parasitic soil nematode that can be safely used in the laboratory. C. elegans is
transparent, small (two sexes, hermaphrodites and males, are each about 1mm in length as
an adult) but easy to visualize under the microscope. It thrives in simple Petri-dish cultures,
can be cultivated in large number (about 10 000 worms/Petri-dish) and is cheap to maintain
in the laboratory; it feeds primarily on bacteria such as Escherichia coli (E.coli).

C. elegans is an animal, and so has, like other animals, muscles, a nervous system,
a digestive system, and skin. It is a simple organism, both anatomically and genetically.
The adult hermaphrodite contains exactly 959 cells and their position is constant. Sulston

and co-workers (1983) mapped the origins and fates of all these cells during the

26



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

development (Sulston et al., 1983). The nervous system is the most complex organ in C.
elegans — a third of the cells in the body are neurons (302 out of the 959 cells), located in
the pharynx, ganglia in the head and tail and also in the ventral cord — and all the synapses,
connections and neuronal circuits are well characterized, making possible to detect even
minor defects (White et al., 1976; Albertson et al., 1976). The nervous system mediates a
rich variety of behaviors, despite the small number of component neurons: animals move
forward and backward by propagating sinusoidal waves along their bodies; they perform
exploratory movements with their heads as they feed; and they respond to a number of
sensory stimuli, including mechanical stimulation, changes in the chemical environement,
osmolarity, and temperature (White et al., 1986). As mentioned before, C. elegans are
transparent throughout the life-cycle allowing live imaging and thus, it is simple to track
specific cells and follow cell lineages by light microscopy.

While the nervous system is of particular interest, this model organism has a short
life cycle, which is dependent on temperature (see Figure 1.6). C. elegans goes through a
reproductive life cycle (from egg to reproductive adult) in about 5.5 days at 15°C, 3 days at
20°C and 2.5 days at 25°C. The eggs are fertilized within the adult hermaphrodite and laid
a few hours afterwards — at about the 40-cell stage. A single self-fertilized hermaphrodite
is capable of producing 300 progeny. Each embryo will develop, hatch, and proceed
through four larval stages (L1-L4) before becoming an adult (Nayak et al., 2005). Under
food deprivation or stress, C. elegans can enter an alternative third larval stage called dauer
state. Dauer larvae are stress-resistant and are long-lived; it can survive for months
(Cassada & Russell, 1975). In a normal population, self-fertilizing hermaphrodites are
more than 99%, leading to homozygosis of alleles and thus, making it possible to study
large clonal populations. Males arise at a low frequency, due to meiotic chromosomal non-
disjunction. In the laboratory, crossing males can be used to produce progeny with desired
genotypes which is of particular interest for genetic studies.
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Figure 1.6- The simple life cycle and anatomy of C. elegans. (A) The larvae resemble the adults
except in the lack of fully developed gonads, and their smaller size. The illustration shows the
timing of developmental events at 25°C, with hours since fertilization on the outside of the circle,
and hours since hatching on the inside. Molts are indicated by solid black bars. (B) The adult
hermaphrodite anatomy is simply observed under light microscopy. Above is an adult animal
(length: 1mm). In the representation below the major organ systems are indicated. Adapted from
www.plosbiology.org.

The importance of C. elegans for the study of human biology is twofold. One
aspect is the startling finding that many of the genes in the C. elegans genome have close
homologues in the human, and that many human disease genes are present in the worm
(Gengyo-Ando et al., 1996; Wittenburg et al., 2000). The second is the ability to ask
simple, direct questions of the C. elegans system and thus get simple, direct answers of
universal significance. At least 42% of human disease-related genes have a C. elegans
ortholog, suggesting that most biochemical pathways are conserved across evolution
(Culetto & Sattelle, 2000). For these reasons, C. elegans has emerged as an attractive and
powerful in vivo model system for studying pathological mechanisms in several major

neurodegenerative disorders. The benefits of C. elegans as a model have led to the
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development of multiple C. elegans systems designed for studying the effect of

aggregation-prone proteins.

Nevertheless, it should be pointed that there are limitations to studying
neurodegeneration in C. elegans. Worms do not have myelination or an active immune
system, so they are presumably not appropriate for the study of some neurodegenerative
conditions such as multiple sclerosis. In practice, worm neurons are small and difficult to
patch clamp, so electrophysiology studies are somehow although recordings can be made
from single identified neurons (Ramot et al., 2008).

1.8.1 C. elegans models of polyQ expansions

In agreement with the observations made in human disorders, polyQ proteins
expressed in the C. elegans body wall muscle cells revealed a polyQ length-dependent
aggregate formation and cellular toxicity (Satyal et al., 2000). Similar to human polyQ-
associated diseases, which shows a progressive aggravation of the disease symptoms with
age, the phenotypes observed in the animals expressing expanded polyQ tracts (and not
normal polyQ-lengths) increased as the animals aged (Morley et al., 2002). A relation
between aggregation onset and age-associated cellular changes was shown for the first time
in polyQ C. elegans models (Morley et al., 2002; Hsu et al., 2003; Morley & Morimoto,
2004). In order to identify the protein factors that protect cells against the formation of
protein aggregates, besides proteins involved in the aging pathway, Nollen and co-workers
(2004) established transgenic C. elegans strains expressing Q35::YFP, the Q-length
threshold associated with the age-dependent appearance of protein aggregation (Nollen et
al., 2004). In order to investigate the effect of polyQ pathogenic motifs in neuronal cells
and to determine if the expression of the same toxic species would affect differently
distinct neuronal subtypes, Brignull and co-workers (2006) expressed polyQ expanded
proteins throughout the C. elegans nervous system. By the expression of a range of polyQ
lengths, they demonstrated, similarly to the polyQ C. elegans body wall muscle cells
model, a polyQ length threshold of >Q40 for the formation of visible structures
corresponding to immobile protein. Additionally, at the threshold Q-lengths, distinct
neuronal subtypes were differently susceptible to the expanded polyQ protein (Brignull et
al., 2006).
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1.8.2 High-throughput screenings (HTS)

High-throughput screens (HTS) (genetic or pharmacological) using rodent models
are very expensive and time-consuming and are limited to a small number of animals per
treatment. A maintaining constant condition within each experiment, never mind between
different research groups, is also very difficult with such complex organisms. Many
research groups are recognizing the advantages of in vivo whole organism experiments
using invertebrate animals. These advantages include rapid and inexpensive testing, as well
as negligible animal welfare issues. Although in vitro cell-based HTS assays are
commonly used, whole organism testing allows investigators to observe phenotypes that
are well-characterized and biologically relevant.

Invertebrate models such as C. elegans are therefore attractive as they offer much
greater experimental flexibility and control in a better defined genetic and physiological
background. As mentioned before, C. elegans has a well-characterized and visually
accessible nervous system. The morphology, location and connectivity of each of its 302
neurons are well defined. Combined with the wide array of genetic tools available to the C.
elegans biologist and their capacity do grow in a 96-well plates in liquid culture, these
properties make it amenable to HTS genetic and pharmacological (Lee et al., 2004). C.
elegans neurodegeneration models have been used to test the effects of individual drugs
(Parker et al., 2005; Locke et al., 2008) or relatively small collections of compounds (Wu
et al., 2006; Voisine et al., 2007). Although large numbers of replicate C. elegans
populations can be readily grown in small volumes, a previous hindrance in moving from
low- to HTS was the requirement for manual manipulation and phenotypic scoring of
worms. Advances have now overcome many of the practical limitations in using C.
elegans models for HTS, most prominently the development of the Complex Object
Parametric Analyzer and Sorter (a.k.a. the COPAS "worm sorter™) (Pulak et al., 2006). The
COPAS instrument was used in C. elegans by Burns and co-workers (2006) who
demonstrated how this technology could be incorporated with a HTS digital imager and
data management software for specifically scoring phenotypes (Burns et al., 2006). This
instrument has been used for HTS of neurotoxins, suggesting that this instrument should be
equally applicable for screening for neuroprotective compounds in many

neurodegeneration models (Boyd et al., 2009).

In the absence of generally accepted cell and animal models, and of any compounds
that produce positive effects in the clinical setting, a strategy could be to assess two
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characteristics of MJD and focus on those drugs that work in several assays. Based on all
this, this thesis will focus on the idea that the transgenic C. elegans model of MJD
pathogenesis mentioned above (Teixeira-Castro et al, 2011a) - in which pan-neuronal
expression of AT3g130 proteins cause neuron-specific aggregation and this aggregation
phenotype correlates with locomotion impairment in the animal and both aggregation and
behavior phenotypes aggravates with age, which mimic the human disease - can be used
for the identification of compounds that recover mutant ATXN3 aggregation and its
associated neurological dysfunction. We used the AT3g130 model for a therapeutic
approach (i) focusing on mitochondria and (ii) for the screening of 1120 off-patent FDA-
approved compounds from the Prestwick Chemical LibraryTM (Prestwick Chemical,
France). Aggregation load and locomotion defects were used as readouts for the
assessment of drug treatment efficacy.
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1.9 Objectives

Little was known about therapeutic compounds that effectively prevent
neurodegeneration in MJD patients when this experimental work was started. Bearing in
mind the impact of neurodegenerative diseases in the society and that the mechanisms by
which the expansion of the CAG-repeat of ATXN3 cause neurological dysfunction and

disease are still unclear, our goals were:

Pharmacologic modulation of cellular pathways involved in polyQ pathogenesis -

targeting mitochondria:

1. To define the toxicity threshold of Cr in C. elegans WT (N2);

2. To define the toxicity threshold of Cr in the transgenic C. elegans model of MJD
pathogenesis (AT3q130);

3. To establish whether Cr treatment ameliorates the phenotype of aggregation of
mutant ATXN3 in the transgenic C. elegans model of MJD pathogenesis
(AT3q130);

4. To evaluate if Cr ameliorates the behavior and motor function in the transgenic C.
elegans model of MJD pathogenesis (AT3q130).

Screening of a library of FDA-approved out-of-patent drug molecules -

hypothesis-free approach:

1. To select non-toxic compounds from 1120 small molecules from the Prestwick
Chemical LibraryTM (Prestwick Chemical, France) using a High-throughput
pharmacological screening;

2. To identify drug compounds those improve the motor neuron-regulated locomotion
defect in the transgenic C. elegans model of MJD pathogenesis (AT3q130).
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Chapter 11

Material & Methods
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2.1. C. elegans strains culture and general methods

Nematodes were grown on NGM — nematode growth medium - plates seeded with
E. coli OP50 strain at 20°C, according to standard methods (unless otherwise noted)
(Brenner, 1974). Populations were synchronized either by collecting embryos laid by adult
animals within a 3-h period. All animals were scored at the same chronological age.
Experiments were repeated three to four times.

2.2. Creatine treatment

Cr treatment was performed in regular NGM plates (Brenner, 1974). E. coli OP50
cultures were supplemented with Cr powder obtained from Sigma (C0780, St. Louis, MO,
USA), at the indicated percentages. Plates were seeded with 100uL of OP50/Cr and left at
room temperature to dry. We have also added Cr powder on standard solid media (before
submitting the media to high temperature and pressure — 121°C 20min). AT3q130 animals
were always grown on Cr plates at least one generation prior to the beginning of the
assays. For the toxicity screen, animals were observed every day and growth rates, fertility
and survival parameters were evaluated. After determination of the safe toxicity range for
Cr, synchronized day 4 animals (post-hatching) were scored for motility defects and
alteration in the aggregation profile, using confocal imaging.

2.3. C. elegans treatment with compounds from the Prestwick Chemical
LibraryTM

HTS were performed in 96-well plates in liquid culture (Voisine et al., 2007), with
the following modifications: each well contained a final volume of 60 pL, including 20-25
animals in egg stage, drug at the appropriate concentration and OP50 bacteria to a final OD
of 0.8 measured in the microplate reader (Bio-Rad microplate reader 680). Animals and
bacteria were resuspended in S-medium supplemented with streptomycin, penicillin and
nystatin (Sigma). Worms were grown with continuous shaking at 180 rpm at 20°C. The

effect of compounds on C. elegans physiology is monitored by the rate at which the OP50
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food suspension was consumed, as a read out for C. elegans growth, survival or fecundity.
The absorbance (OD 595nm) was measured daily in the microplate reader. We used WT
animals when determining compound concentration and AT3q130 animals for all the other
assays. At day 4, AT3q130-drug-treated and control animals (N2) were imaged using a
confocal microscope (Olympus FVV1000 - Japan) and tested for motility defects.

2.4. Motility assays

All assays were performed at room temperature (~20°C) using synchronized
animals grown at 20°C. Five 4-days old animals were placed simultaneously in the middle
of a freshly seeded plate, equilibrated at 20°C. Animals remaining inside a 1cm circle after
1min were scored as locomotion defective (Gidalevitz et al., 2006). Experiments were
repeated until an n-value of at least 150 animals.

2.5. Confocal imaging

All images were obtained on an Olympus FV1000 (Japan) confocal microscope,
under 60x oil objective. Animals four-days-old were immobilized with 1.5 mM levamisole
and mounted on a 3% agarose pad. Z-series imaging was taken of all the C. elegans lines
generated, using 514nm laser excitation for YFP fusion proteins. The pinhole was adjusted

to 1.0 Airy unit of optical slice and a scan was taken every ~0.5 um along the Z-axis.

2.6. Quantification of the aggregates

C. elegans fluorescent images were acquired using the Olympus FV1000 (Japan)
confocal microscope. Confocal microscope parameters were set using Hi-Lo pallet, such
that protein foci and not diffuse fluorescent areas of the animals nervous system presented
pixel intensity higher than 255. The z-stack was collapsed and the aggregate load of each
animal (per area unit) was calculated on an imaging processing application using
MeVisLab as a platform (Teixeira-Castro et al., 2011b).
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3.1. Screening of therapeutic compounds in a C. elegans model of MJD:

targeting mitochondria

There is considerable evidence for bioenergetic defects in MJD (Yu et al., 2009).
We have tested the effect of a candidate compound targeting mitochondrial toxicity in our
C. elegans model of MJD: Cr. We chose to test this compound mainly because Cr was
shown to be neuroprotective in several in vitro and in vivo models of AD, HD, PD and of
ALS (reviewed in Beal, 2011) and to target mitochondria and stabilize it.

We examined whether Cr, which may exert neuroprotective effects by increasing
PCr levels or by stabilizing the mitochondrial toxicity, had beneficial effects in mutant

ATXN3-mediated motor dysfunction and aggregation.

3.1.1. Determination of Cr safe concentration range in C. elegans

Cr showed very low solubility in any of the solvents tested (H.O and HCI 0.02M,
0.05M - data not shown), so instead of growing the animals in liquid medium, we
supplemented the food source (OP50 culture) with Cr powder and grew the WT animals on
standard solid media. We have also added Cr powder to standard solid media (before
submitting the media to high temperature and pressure — 121°C 20min) and grew the WT
animals. The final Cr concentrations tested were 1, 2 and 3%. We assessed survival,
fecundity and animal growth to determine the highest non-toxic concentration of Cr that
can be tolerated by C. elegans, when grown in standard conditions (see Figure 3.1). We
found that the highest safe concentration was <2% for Cr-supplemented media. Animals
grown in 3% Cr (food and medium-supplemented) showed a slight developmental delay
and reduced brood size (Figure 3.1).

To further dissect the effects of Cr, we decided to grow mutant-ATXN3 animals
also at intermediate concentrations (see Figure 3.2), using the same conditions. Also for
AT3g130 animals <2% Cr was set as the highest safe concentration tolerated by the
nematodes (Figure 3.2). Along with that, we decided to interrupt the addition of Cr powder
to standard solid media because we found it hard to predict if Cr was resistant to the

processing in the autoclave.
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N2 3% Cr OP50

N2 N2 1% Cr OP50 N2 2% Cr OP50

N2 1% Cr NGM N2 2% Cr NGM N2 3% Cr NGM

Figure 3.1- WT animals (N2) were grown in NGM media containing Cr or with NGM plates seeded with OP50 supplemented with Cr
at the indicated concentrations. When treated with 3% Cr in both conditions, animals showed developmental delay (reduced length and
thickness) and reduced progeny size (each photo is representative of the entire plate). The highest safe concentration was set as <2% for

Creatine-supplemented media. Pictures show day 4 (post-hatching) age-synchronized animals. Scale bar, 200um.

40




Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

AT3q130 AT3q130 0,5% Cr OP50 AT39130 1% Cr OP50 AT3q130 1,5% Cr OP50 AT3q130 2% Cr OP50
/ T iy iy, = > ‘_‘O—'Ef &
? 2 i ~g¢\d"“‘" ",'.'. o

~ 3

v

S L e

o~ ~
— b :

Figure 3.2- AT3q130 animals were grown in NGM media containing Cr or seeded with OP50 supplemented with Cr at the indicated
concentrations. When treated with 2% Cr animals showed no considerable developmental delay (each photo is representative of the entire
plate) The highest safe concentration was set as <2% for Cr-supplemented media. Pictures show day 4 (post-hatching) age-matched animals.
Scale bar, 200um.
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3.1.2. Determining the effect of Cr in mutant ATXN3-mediated motor dysfunction in
C. elegans

We evaluated Cr efficacy to rescue neuronal dysfunction in our C. elegans model of
MJD pathogenesis. Expression of mutant ATXN3 (AT3g130) in all C. elegans neuronal
cells resulted in neuronal cell-type-specific aggregation that correlated with toxicity
(Teixeira-Castro et al., 2011a). AT3g130 animals were grown on standard solid media
supplemented with or without Cr powder for 4 days, and then tested for defects in
locomotion, by employing a motility assay (Gidalevitz et al., 2006).

In our C. elegans model of MJD pathogenesis, Cr food supplementation had limited
effect in mutant ATXN3-mediated neuronal dysfunction at all concentrations tested (see
Figure 3.3), not even after three generations (data not shown).

70%
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Figure 3.3- AT3g130 animals treatment with Cr targeting mitochondrial toxicity. Day
4 AT3g130 animals treated with Cr were subjected to the motility assay. Cr treatment
showed no significant rescue of motor dysfunction. Motility data are the mean £ SD, at
least 150 animals per data point.

42



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

3.1.3. Effect of Cr in mutant ATXN3-mediated aggregation

To determine if Cr produced potential alterations in mutant-ATXN3 aggregation
profile in the animals, despite the absence of effect on motor dysfunction, we performed
live confocal imaging assays in day 4 Cr-treated and vehicle-treated animals (Figure 3.4A).

Quantification of the number of aggregates showed that AT3q130 animals fed with
bacteria supplemented with Cr did not show any significant differences in aggregation (see
Figure 3.4B). However, Cr at 1.5 % seemed to have a tendency to a reduction in the
aggregation load, which did not reach statistical significance.

A AT3q130% AT3q130 0,5% Cr AT3q138 1% Cr
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Figure 3.4-Creatine treatment of mutant ATXN3 animals showed no significant
rescue of the number of aggregates per area unit. (B) Creatine at 1.5 % resulted in a
tendency to a reduction in aggregation that did not reach statistical significance.
Quantification of the number of aggregates per area was performed using a novel imaging
processing application for aggregate quantification in C. elegans (Teixeira-Castro et al.,
2011b), and values are the mean = SD of 3 or more animals per group. (A) The images

were obtained using on an Olympus FV1000 (Japan) confocal microscope. Scale bar, 50
pm.

3.2. Screening of therapeutic compounds in a C. elegans model of MJD:
hypothesis-free approach

3.2.1. Determination of compound concentration range for drug screening in C.
elegans

We have continued our search for small molecules that modulate mutant ATXN3
pathogenesis by using a hypothesis-free approach. In order to achieve that we have started
testing a library of 1120 FDA-approved out-of-patent drug molecules. Figure 3.5 shows the
flow chart of the screening. The first point of the screening was to identify and exclude
small molecules that were toxic to the animals. One of the major disadvantages of using C.

elegans in HTS could arise from the possible toxicity of the compounds in this animal. In
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order to exclude the effects of high toxicity in our study, we used a systematic method,
previously described by Voisine and co-workers (Voisine et al., 2007), for selecting
optimal drug concentrations in C. elegans - the food clearance assay. This is a simple assay
that uses a small amount of compound and is amenable to high-throughput format (96-well
plates). Taking advantage of the short life cycle and the capacity of C. elegans to grow in
liquid culture of E. coli, compounds were monitored by measuring the rate at which the
food source (OP50 bacteria suspension) was consumed. Optical density was measured
every day (from day 1 to day 8) at 595 nm (OD595) (see Figure 3.5). Each adult is capable
of producing hundreds of progeny that rapidly eat the limited bacteria source in non-treated
or vehicle-treated animals. At 20°C, after 4 days the optical density (OD) decreased
significantly. A drug dosage was considered non-toxic to WT animals, if it did not affect
growth, survival and fecundity. We have to take into account the fact that these drugs are
solubilized in dimethyl sulfoxide (DMSQ) and are very distinct chemically. Because of
that, we decided to test two concentrations in which the highest corresponds to the highest
DMSO concentration tolerated by the animals (1%) and the lowest concentration
corresponds to half (0,5%). So, we tested 25uM and 50uM for each drug. Figure 3.6
shows, as examples, the toxicity data for 5 of the compounds tested, named after the library
designation — Prestwick-211 to Prestwick-215. The graphs show that at both concentrations
tested Prestw-212 was toxic to the animals, since the OD values did not significantly
decrease over time. Visual inspection of the plates confirmed the OD results, since we
observed that the drug caused strong developmental delay. In contrast, animals treated with
Prestw-211, -213, -214 and -215 looked normal under the dissecting scope (data not

shown).
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Figure 3.5- Experimental design for screening potential therapeutic compounds for
MJD pathogenesis in C. elegans. The first step is to determine the range of safe
concentrations for each compound, using the food clearance assay. The rate at which the
food source is consumed by WT animals is a good indication of normal growth, survival
and fecundity. Next, mutant ATXN3 animals are grown with different concentrations of
each small molecule and assayed for locomotion defects and aggregation profile.
Compounds that cause rescue of locomotion impairment and also a reduction of the
aggregation load in AT3q130 animals are considered good candidates for testing in higher
model organisms.
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Figure 3.6- Toxicity evaluation of Prestwick library compounds using the food
clearance assay. Example of 5 of the compounds tested is given here. At both
concentrations tested Prestw-212 was toxic to the animals. The OD of E. coli is reported
daily for each drug at 25 and 50 uM. The mean OD is calculated for each day from
triplicate samples and plotted over time.

The main goal of the first step was to select non-toxic compounds from the small
molecule library that will be subsequently used throughout the project. At this point we
should be able to exclude the majority of the highly toxic compounds from the library. We
will continue our study only with the compounds that fulfill this non-toxicity criterion. So
far we already have tested 900 compounds, 264 of which were toxic at the concentrations
tested and were excluded from further testing. A subset of the compounds was toxic when
tested at 50uM and not at 25uM. Based on this, we selected 617 compounds safe at 50uM
and 19 safe at 25uM that satisfied our non-toxicity criteria and continued for the next step:
to determine the effect of the small molecules in the locomotion impairment of AT3q130
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animals. Table 3.1 shows the toxicity data for compounds already tested. Drug toxicity was
classified using the following criteria: Safe drug — all replicates at all days and both
concentrations showed no toxicity; Toxic drug - all replicates at all days and both
concentrations showed toxicity; Likely safe — at both concentrations and all days, at least 2
replicates showed no toxicity; Likely toxic - at both concentrations and all days, at least 2
replicates showed toxicity; Safe at 25uM - at 25uM only and on all days, all 3 replicates
showed no toxicity; Likely Safe at 25uM — at 25uM only and on all days, at least 2
replicates showed no toxicity; Developmental delay — at both concentrations and at days
4/5 the drug is considered toxic, but all replicates showed no toxicity at day 6 at both
concentrations; Developmental delay at 25uM — at both concentrations and at days 4/5 the
drug is considered toxic, but all replicates showed no toxicity at day 6 at 25uM only;
Unclear toxicity — all other situations — includes cases for instance where toxicity is higher
at 50uM than 25uM. We are currently assessing the toxicity of the remaining 220

compounds.
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Table 3.1- Toxicity data for the compounds tested.

Prestw Therapeutic . . .
P Mechanism Side Effect(s) Veredict
Number Group
Nausea;
Analgesic; Seizure;
Prestw-29 Antipyretic; - Drowsiness; Likely Safe
Antiinflammatory Hemolytic
anemia
Antipyrine i .
Prestw-30 metabolite Irritant Safe at 25 uM
Prestw-38 Antihypertensor Ganglion blocking agent - Safe at 25 pM
Migraine;
Asthenia;
Emetic; D1 agonist; Tachycardia;
Prestw-101 Antiparkinson D2 agonist Hypotensive; Safe at 25 uM
Cardivascular
collapse
Prestw-104 Antiulcerative H2 histaminic antagonist - Likely Safe
Prestw-123 Choleretic - - Likely Safe
L Likely Safe at
Prestw-124 - P450 inhibitor - 25 1M
Antipsychotic; . . i .
Prestw-125 Tranquilizer Dopamine antagonist Likely Safe
Antibacterial; Sterol 14-demethylase .
Prestw-127 Antifungal inhibitor - Likely Safe
. . M1 antagonist; .
Prestw-129 Antiulcerative Anticholinergic - Likely Safe
Nasal decongestant; . : . : .
Prestw-223 Vasoconsirictor Adrenergic alpha-agonists Likely Safe
Partial alpha2A agonist;
5-HT1A agonist;
Vasoconstrictor; 5-HT1B agonist, i .
Prestw-224 Decongestant 5-HT1D agonist; Likely Safe
5-HT1C mixed antagonist
agonist
Analgesic; L : .
Prestw-225 Atinctic Cyclooxygenase inhibitor Likely Safe
Antifungal, Headhache; .
Prestw-226 Antibacterial; Enzymatic inductor Antabuse effect;  Likely Safe at
- Teratogenic 25 uM
Antiinflammatory -
(animal)
Antihistaminic;
Local anesthesic; . . Likely Safe at
Prestw-227 il H1 antagonist Allergic 25 M
Antifungal
Prestw-257 Keratolytic - - Likely Safe
Nausea, vomiting
Antihistaminic . Thrombolytic .
Prestw-258 Sedative H1 antagonist anemia Likely Safe
Sedation
I Na* CI” uptake
Prestw-259 Diuretic inhibitor - Safe at 25 uM
. Modulates cell membrane .
Prestw-260 Anthelmintic permeability Bradycardia Safe at 25 uM
Prestw-261 Progestogen - . Likely Safe at

25 uM
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3.2.2. Screening for compounds that rescued mutant ATXN3-mediated motor

dysfunction

Secondly, we aimed to investigate the impact of the hit compounds on neuronal
dysfunction caused by mutant ATXN3 expression (Figure 3.7). For this we perform
motility assays in animals treated with the small molecules that passed the non-toxicity
condition, looking for compounds that significantly improve the 40% locomotion defective
phenotype observed in AT3g130 expressing animals. We have tested 20 compounds, two
of which (Prestw-38 and Prestw-227) revealed to be modulators of mutant ATXNS3-

mediated motor impairment.
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Figure 3.7- Treatment of AT3ql30-expressing animals with the small molecule
Prestwick-38 and Prestwick-227 showed an improvement of motor function (A and
C). Day 4 mutant ATXN3 expressing animals treated with the small molecules Prestw-29,
-30, -101, -104, -123, -124, -125, -127, -129 -223, -224, -225, -226, -257, -258, -259, -260,
-261 showed no significant improvement in motility. Prestw-38and Prestw-227 were able
to rescue the motor dysfunction of AT3g130 animals. Motility data are the mean + SD,

Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
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with at least 150 animals per data point. Student’s test, *, p<0.05

3.2.3. Assessment of the effect of phenotype-improving mutant ATXN3 aggregation

To determine if the effects of Prestw-38 and Prestw-227 on motor dysfunction were
coupled with potential alterations in mutant ATXN3 aggregation profile in the animals, we

performed live confocal imaging assays in day 4 treated and non-treated animals.
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Aggregate quantification of animals treated with the small molecule Prestw38 revealed no
major differences in the aggregation load (see Figure 3.8). However, Prestw-227 treated
animals showed a significant reduction in the number of aggregates per area and in the area
of aggregates per area (see Figure 3.8). The number of aggregates also decreased, however
without reaching statistical significance. Ongoing experiments aim to determine the effect
of these two different compounds in total mutant ATXN3-protein levels.
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Figure 3.8- Animals treated with Prestw-38 revealed no major differences in the
aggregation load and Prestw-227 rescue ataxin-3-mediated aggregation. AT3g130
animals treated with 25uM of Prestw-38 showed a mild reduction in the aggregation
phenotype and Prestw227 treated animals showed a significant reduction in the number of
aggregates per area and in the area of aggregates per area at day4 of adulthood. Scale bar,
50 um (A). The images were obtained using an Olympus FV1000 confocal microscope.
Quantifications of aggregates (B, C, D) were performed using our novel imaging
processing application for aggregates quantification in C. elegans (Teixeira-Castro et al.,
2011b), and values are the mean + SD of seven or more animals per group. Student’s test,
*, p<0.05.

53



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

54



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Chapter IV

Discussion

55



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

56



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

In the last years, several human diseases, including neurodegenerative diseases like
AD, PD, ALS and several polyQ disorders, have been shown to arise from the misfolding
and aggregation of an underlying protein (Gatchel & Zoghbi, 2005). Inappropriate
aggregation of proteins is normally prevented by complex cellular quality control
mechanisms. Nevertheless, under certain circumstances, an unusual subset of proteins is
able to aggregate within or around cells. A more thorough understanding of the factors that
influence this balance is the key for determining how protein aggregation diseases arise
and may provide novel opportunities for developing effective therapies against them.

With this work, we took advantage of our C. elegans model and approach for
therapeutic value in MJD, using a candidate-drug strategy. Given the lack of positive
effects, we initiated a screening to find new bioactive compounds using a hypothesis-free
approach. These compounds may provide candidate drugs to test in higher organism
models of the disease, but they may also provide clues concerning pathogenic mechanisms
of MJD.

4.1 Targeting mitochondria as a therapeutic approach for MJD

As we already know, mitochondrial dysfunction has been implicated in ageing,
which is a major risk factor for progressive neurodegenerative diseases. There is growing
evidence that mitochondrial dysfunction may play an important role in neurodegeneration
(for review see Knott et al., 2008). Therefore, targeting mitochondrial toxicity may be a
valuable strategy for the treatment of many neurodegenerative disorders, like MJD. It is
known that the brain also has cellular defense systems against oxidative stress. These
systems include high levels of several antioxidant enzymes (e.g., catalase, SOD, GSH-px,
and GSSG-R) (Lee et al., 2000). Because of the late onset of the MJD, Yu and co-workers
(2009) hypothesized that the accumulated oxidative stress or/and defective antioxidant
enzyme ability might be contributory factors in the pathogenesis of MJD. Their results
demonstrated that mtDNA copy numbers are reduced in mutant ATXN3 expressing cells
and MJD patient’s leukocyte samples. Moreover, the amount of the common mtDNA
4,977-bp deletion is superior in MJD patients compared with that in normal individuals.
So, mutant ATXN3 may influence the activity of enzymatic components to remove O, and

H,0, successfully and promote mtDNA damage or depletion, which leads to mitochondria
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dysfunction (Yu et al., 2009). There is therefore evidence of mitochondrial dysfunction in
MJD. Although we did not address the presence of mitochondrial dysfunction in our C.
elegans model of MJD, there is evidence of mtDNA dysfunction in a transgenic mouse
model of MJD generated in our lab (results from a pilot-study — Nadya Kazachkova,
personal communication, March 2011). These preliminary results support the hypothesis of
an association between mtDNA dysfunction (depletion and deletion) with aging and

neurodegeneration.

Since Cr had produced significant neuroprotection in the HD toxic rat model
(Matthews et al., 1998), numerous studies have indicated that supplementation of Cr could
promote strong neuroprotective effects. Cr administration also protects against glutamate
and p-amyloid toxicity in rat hippocampal neurons (Brewer &Wallimann, 2000). Similar
results were obtained in the R6/2 and the N-171-82Q transgenic mouse models of HD,
even when Cr significantly improves survival, improves motor performance, slows the
development of brain atrophy, increases brain ATP levels, and delays atrophy of striatal
neurons and the formation of Htt-positive aggregates (Ferrante et al., 2000; Andreassen et
al., 2001; Dedeoglu et al., 2003). Additionally, oral administration of Cr produces a dose-
dependent improvement in motor performance and extends survival in G93A transgenic
ALS mice, where it protects against loss of both motor neurons and substantia nigra
neurons (Klivenyi et al., 1999) but Cr does not exert a beneficial effect on skeletal muscle
function in the same transgenic mice (Derave et al., 2003).Based on these evidences, we
decided to make use of our C. elegans model of. MJD to validate the approach of
correcting mitochondrial dysfunction with Cr food supplementation as a therapeutic
strategy for MJD.Unfortunately, Cr food supplementation had limited effect in MJD
pathogenesis in mutant ATXN3-mediated neuronal dysfunction.This was an unexpected
result given all the successful results in the previous research. On the other hand, it is
important to notice that we are not sure if Cr was consumed or absorbed by the nematodes.
This work opened several questions that we aim to answer in the near future. Assaying
ATP and ADP levels provides a measure of the instantly available energy (Braeckman et
al., 2002).We now propose to study mitochondrial dysfunction in our C. elegans model of
MJD, measuring the number of mtDNA copies, the frequency of mtDNA deletions and the
levels of ATP, because if Cr functions ATP levels in cells should increase (Tsang &
Lemire, 2003).
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The neuroprotective effects of Cr in HD and PD in transgenic mice were described
to be potentiated when in combination with CoQ1o (Yang et al., 2009). The combination of
the two compounds produced additive neuroprotective effects against dopamine depletion
in the striatum and loss of tyrosine hydroxylase neurons in the substantia nigra pars
compacta (SNpc). The combination treatment resulted in significant reduction in lipid
peroxidation and pathologic a-synuclein accumulation in the SNpc neurons. In the R6/2
transgenic mouse model of HD, the combination of CoQ and Cr produced additive effects
in terms of improving motor performance and extending survival. These results suggest
that combination therapy using CoQio and Cr may be useful in the treatment of
neurodegenerative diseases such as MJD. In addition, it was found that the combination of
Cr and minocycline (a tetracycline antibiotic with neuroprotective properties) also
provided additive neuroprotective effects in the G93A mouse model of ALS (Zhang et al.,
2003). In the same way, additive neuroprotective effects of Cr and a COX-2 inhibitor were
found in the MPTP mouse model of PD and the G93A transgenic mouse model of ALS
(Klivenyi et al., 2003; Klivenyi et al., 2004). These findings also suggest that combinations
of therapies targeting different disease mechanisms may be a useful strategy in the
treatment of neurodegenerative diseases and may be a future approach for our C elegans
model of MJD.

4.2 HTS for the identification of MJD therapeutic compounds

The development of C. elegans models for the study the pathogenesis of
neurodegenerative diseases has contributed to the understanding of the disorders. They
provide a major advance for testing or evaluating therapeutics. If therapeutics effects in C.
elegans are shown to be predictive of beneficial effects in transgenic mouse models
(mammalian systems), then this model will allow rapid screening of new therapies. One
clear advantage of C elegans over other multicellular model organisms for
neurodegeneration is its capacity to grow in liquid medium, in standard 96-well microtiter
plates. Growth in a 96-well format permits application of HTS technologies developed for
drug discovery.

In the present study, we have developed strategies for efficiently assessing
therapeutic efficacy of compounds in our C. elegans model of MJD. We used the AT3q130
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model for the screening of 1120 off-patent FDA-approved compounds from the Prestwick
Chemical LibraryTM (Prestwick Chemical, France) and searched for small molecules that
modulate mutant ATXN3 pathogenesis. The majority of the small molecules, 90%, are
marketed drugs and the remaining 10% are bioactive alkaloids or related substances.The
active compounds were selected for their high chemical and pharmacological diversity as
well as for their known bioavailability and safety in humans.

The main goal of the first step was to select non-toxic compounds from the small
molecule library that will be subsequently used throughout the project. We excluded the
majority of the highly toxic compounds from the library and continued our study only with
the compounds that fulfilled this non-toxicity criterion.

The main objective of the current project is of course to identify drug compounds
that improve motor neuron-regulated coordination in our MJD pathogenesis model. In
parallel with the toxicity analyses, we started performing motility assays of AT3q130
animals treated with the small molecules that passed the non-toxicity condition. Our study
of the first set of compounds (Prestw-29, Prestw-30, Prestw-38, Prestw-101, Prestw-104,
Prestw-123, Prestw-124, Prestw-125, Prestw-127, Prestw-129, Prestw-223, Prestw-224,
Prestw-225, Prestw-226, Prestw-227, Prestw-257, Prestw-258, Prestw-259, Prestw-260 and
Prestw-261) showed a significant reduction in the percentage of mutant ATXN3 animals
that present locomotion defects, when treated with Prestw-38 and Prestw-227. Regarding
Prestw-38, we simply know that it corresponds to the compound Hexamethonium
Dibromide Dihydrate (Ci12H34BroN2O;) and that it belongs to the therapeutic group of
antihypertensors. Prestw-227 corresponds to the compound Clemizole Hydrochloride
(C19H21C12N3) and it belongs to the therapeutic group of antihistaminic, local anesthetics,
antibacterial and antifungal drugs, acting as an H1 antagonist.

One of the main biological markers of all polyQ disorders is the formation of
protein aggregates that correlate with pathogenesis. Bearing this in mind, we determined
whether these two compounds (Prestw-38 and Prestw-227) modulated mutant ATXN3
aggregation in vivo. Prestw-227 treated animals (and not Prestw-38) showed a significant
reduction in the aggregation phenotype, suggesting that these two compounds may impact
positively in  mutant ATXN3-mediated pathogenesis through distinct cellular

mechanisms/pathways.
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Chapter V

Conclusion & Future Perspectives
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In recent years, it has become progressively clear that many neurodegenerative
conditions involve aggregation and deposition of misfolded proteins. PolyQ diseases, like
MJD, comprise one of the most common groups of inherited neurodegenerative disorders.
The etiopathology of these disorders is extremely complex and heterogeneous. The most
outstanding evidence pointing to the complexity of these diseases is that to date no single
drug has been developed that can prevent the degenerative process or restore viability of
neurons that are dying.

Neuroprotective compounds targeting identified pathological mechanisms of
diseases have the potential to delay the onset and to slow the progression of these diseases.
Various experimental studies in models systems have validated energy insufficiency as a
promising therapeutic approach. Compounds such as Cr and CoQ10 buffer neuronal
energy demands and are attractive candidates for targeting this important disease
mechanism. Considering the widespread effects of Cr supplementation, one may conclude
that this compound could be one of the most promising supplements in the therapeutic
field. However, we should be alert that several therapeutic effects attributed to this
supplement are still speculative. In other terms, although in vitro and animal studies have
provided strong reason for clinical Cr benefits, the number of randomized controlled trials

is very limited.

Concerning our results, the main conclusions are:

v" Cr treatment showed limited effects in MJD pathogenesis in our C. elegans
model;

v’ 264 out of 1120 compounds from the Prestwick Chemical LibraryTM were
toxic and were excluded from further testing;

v" We selected 617 compounds safe at 50uM and 19 safe at 25uM that satisfy
our non-toxicity criteria;

v" We started a motility analysis with the safe compounds, having completed
the analysis for 20 compounds;

v" We have identified two compounds that reduced mutant ATXN3-mediated
neuronal dysfunction;

v We have identified one small molecule that significantly reduced the
aggregation load caused by pan-neuronal expression of mutant ATXNS3;

v" We have validated our C. elegans model of MJD for the screening of novel
therapies for MJD.
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This work opened several questions that we aim to answer in the near future. We
will study mitochondrial dysfunction in our C. elegans model of MJD, measuring the
mtDNA copy numbers, the frequency of mtDNA deletions and the levels of ATP. We
believe that the measurement of ATP will provide a measure of energy available
immediately after Cr supplementation and we will able to know the extent to which Cr is
metabolized by our model. We will also analyze enzyme activities of MRC complexes.
The MRC is composed of five electron transporting protein complexes (complex | to
complex V) and the structure, metabolism, and bioenergetics of the nematode MRC are
very similar to the mammalian counterpart, so many pathways of intermediary metabolism
are conserved in C. elegans (Murfitt, et al., 1976; O’Riordan, et al., 1989; Wadsworth &
Riddle, 1989).

With regard to combination therapies, many results suggest that combinations of
therapies targeting distinct pathogenic mechanisms may be a useful strategy in the
treatment of MJD. Considering this, whether Cr is actually at acceptable levels in our

model or not, we can try a combination of drugs to a possible potentiation of effects.

Observing the identification of potential therapeutic compounds for testing in our C
elegans model of MJD, our results are promising because two non-toxic compounds
revealed to be modulators of mutant ataxin-3-mediated motor dysfunction which means
that we are in the presence of compounds able to modulate the pathways involved in
mutant ATXN3 pathogenesis. Regarding the effects of these compounds on ATXN3
aggregation, we will use FRAP to assess protein solubility states. This can be
accomplished by photobleaching a region of a neuronal cell (region of interest) with a
high-intensity laser pulse, and the movement of unbleached molecules from neighboring
areas into the bleached area is recorded by time-lapse microscopy. We are also currently
performing pharmacogenetic studies to determine drug target(s). This approach will allow
us to complete the characterization of the hit compounds and establish aggregation-
behavior correlates. Additionally we will study the impact of these drugs on mutant
ATXN3-protein levels, we will exclude the drugs that may be acting at the level of the
promoter by quantitative Real Time PCR (QRT-PCR) and perform Western-blot analysis to
determine if the others small molecules modulates aggregation or/and neurological
dysfunction by altering the steady-state levels of the mutant ATXN3-protein. Next, we will
biochemically quantify the aggregate load of our C. elegans model, to establish a
quantitative correlation between the presence of aggregates and ATXN3-induced
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pathogenesis, and for that we will use a technique named Seprion (Sathasivam et al.,
2009). We also will determine which intermediate species of aggregation are more toxic by
comparing the profile of the aggregation-prone species, when run in agarose gels, with the
impact on the animals’ behavior, and for that we will perform NAGE (native agarose-gel
electrophoresis) (vanHam et al., 2010) that will give us insights regarding native ATXN3
oligomeric species and SDD-AGE (Semi-Denaturating Detergent Agarose Gel
Electrophoresis) (Halfmann and Lindquist, 2008) that is performed in denaturant
conditions.

We expect to complete this study soon and should be able to identify several
efficacious compounds that we will start to test in our MJD (CMVMJD135) mouse model
(Silva-Fernandes et al., 2010) in the near future.

This HTS will also give us insight into the mechanisms of MJD pathogenesis.
Additionally, the hit compound(s) identified in this screening may represent chemical
“scaffolds” to be optimized by chemical modification and constitute strong lead

compounds for the development of therapeutics for human polyQ diseases.

65



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

66



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

References

67



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Alam, M., Schmidt, W. J. 2002. Rotenone destroys dopaminergic neurons and induces
parkinsonian symptoms in rats. Behav Brain Res. 136, 317-324.

Albertson, D. G. and Thomson, J. N. 1976. The pharynx of Caenorhabditis elegans. Philos
Trans R Soc Lond B Biol Sci. 275, 299-325.

Altun-Gultekin, Z., Andachi, Y., Tsalik, E. L., Pilgrim, D., Kohara, Y., and Hobert, O.
2001. A regulatory cascade of three homeobox genes, ceh-10, ttx-3 and ceh-23,
Development. 128(11), 1951-19609.

Alves, S., Nascimento-Ferreira, I., Auregan, G., Hassig, R., Dufour, N., Brouillet, E.,
Pedroso de Lima, M. C., Hantraye, P., Pereira de Almeida, L. and Deglon, N. 2008.
Allele-specific RNA silencing of mutant ataxin-3 mediates neuroprotection in a rat
model of Machado-Joseph disease. PL0S One. 3, e3341.

Aksenov, M. Y., Aksenova, M. V., Payne, R. M., Smith, C. D., Markesbery, W. R.,
Carney, J. M. 1997. The expression of creatine kinase isoenzymes in neocortex of
patients with neurodegenerative disorders: Alzheimer’s and Pick’s disease. Exp
Neurol. 146, 458-465.

Andreassen, O. A., Dedeoglu, A., Ferrante, R. J. et al. 2001 Creatine increase survival and
delays motor symptoms in a transgenic animal model of Huntington’s disease.
Neurobiol Dis. 8, 479-491.

Andreassen, O. A, et al. 2001. Creatine increase survival and delays motor symptoms in a
transgenic animal model of Huntington's disease. Neurobiol Dis. 8, 479-91.
Andres, R. H., Ducray, A. D., Perez-Bouza, A., Schlattner, U., Huber, A. W., Krebs, S. H.,
Seiler, R. W., Wallimann, T. and Widmer, H. R. 2005 b. Creatine supplementation
improves dopaminergic cell survival and protects against MPP + toxicity in an

organotypic tissue culture system. Cell Transplant. 14, 537-550.

Andres, R. H., Ducray, A. D., Schlattner, U., Wallimann, T. and Widmer H. R. 2008.
Functions and effects of creatine in the central nervous system. Brain. Res Bull. 76,
329-343.

Andres, R. H., Huber, A. W., Schlattner, U., Perez-Bouza, A., Krebs, S. H., Seiler, R. W.,
Wallimann, T. and Widmer, H. R. 2005 a. Effects of creatine treatment on the
survival of dopaminergic neurons in cultured fetal ventral mesencephalic tissue.
Neurosci. 133, 701-713.

Barbeau, A., Roy, M., Cunha, L., de Vincente, A. N., Rosenberg, R. N., Nyhan, W. L.,
MacLeod, P. L., Chazot, G., Langston, L. B., Dawson, D. M. and et al. 1984. The
natural history of Machado-Joseph disease. An analysis of 138 personally examined
cases. Can J Neurol Sci. 11, 510-525.

Bauer, P. O. and Nukina, N. 2009. The pathogenic mechanisms of polyglutamine diseases
and current therapeutic strategies. J Neurochem. 110, 1737-1765.

Beal, M. F. Neuroprotective effects of creatine. Amino Acids, 40, 1305-1313.

Behl, C., Davis, J. B., Lesley, R., Schubert, D. 1994. Hydrogen peroxide mediates amyloid
beta protein toxicity. Cell. 77(6), 817-827.

Bence, N. F., Sampat, R. M., and Kopito, R. R. 2001. Impairment of the ubiquitin-
proteasome system by protein aggregation. Science 292, 1552-1555.

Bender, A., Auer, D. P., Merl, T., Reilmann, R., Saemann, P., Yassouridis, A., Bender, J.,
Weindl, A., Dose, M., Gasser, T., Klopstock, T. 2005. Creatine supplementation
lowers brain glutamate levels in Huntington’s disease. J Neurol. 252, 36-41.

Bender, A., Koch, W., Elstner, M., Schombacher, Y., Bender, J., Moeschl, M., Gekeler, F.,
Muller-Myhsok, B., Gasser, T., Tatsch, K., Klopstock, T. 2006. Creatine
supplementation in Parkinson disease: a placebo-controlled randomized pilot trial.
Neurology. 67, 1262-1264.

68



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Bender, A., Krishnan, K. J., Morris, C. M., Taylor, GA., Reeve, A. K., Perry, R. H., Jaros,
E., Hersheson, J. S., Betts, J., Klopstock, T., Taylor, R. W., Turnbull, D. M. 2006.
High levels of mitochondrial DNA deletions in substantia nigra neurons in aging
and Parkinson disease. Nat Genet. 38, 515-517.

Bessman, S. P. and Geiger, P. J. 1981. Transport of energy in muscle: the
phosphorylcreatine shuttle. Science 211, 448-452.

Bettencourt, C., Santos, C., Montiel, R., Costa Mdo, C., Cruz-Morales, P., Santos, L. R,
Simoes, N., Kay, T., Vasconcelos, J., Maciel, P. and Lima, M. 2010. Increased
transcript diversity: novel splicing variants of Machado-Joseph disease gene
(ATXN3). Neurogenetics. 11, 193-202.

Boehm, E. A, Radda, G. K., Tomlin, H., and Clark, J. F. 1996. The utilization of creatine
and its analogues by cytosolic and mitochondrial creatine kinase. Biochim Biophys
Acta. 1274, 119-128.

Boehm, E., Veksler, V., Mateo, P., Lenoble, C., Wieringa, B., and Ventura-Clapier, R.
1998. Maintained coupling of oxidative phosphorylation to creatine kinase activity
in sarcomeric mitochondrial creatine kinase-deficient mice. J Mol Cell Cardiol. 30,
901-912.

Boy, J., Schmidt, T., Schumann, U., Grasshoff, U., Unser, S., Holzmann, C., Schmitt, I.,
Karl, T., Laccone, F., Wolburg, H., Ibrahim, S. and Riess, O. 2010. A transgenic
mouse model of spinocerebellar ataxia type 3 resembling late disease onset and
gender-specific instability of CAG repeats. Neurobiol Dis. 37, 284-293.

Boy, J., Schmidt, T., Wolburg, H., Mack, A., Nuber, S., Bottcher, M., Schmitt, 1.,
Holzmann, C., Zimmermann, F., Servadio, A. and Riess, O. 2009. Reversibility of
symptoms in a conditional mouse model of spinocerebellar ataxia type 3. Hum Mol
Genet. 18, 4282-4295,

Boyd, W. A., Smith, M. V., Kissling, G. E. and Freedman, J. H. 2009. Medium-and
highthroughput screening of neurotoxicants using C. elegans. Neurotoxicol Teratol.
32(1), 68-73.

Braeckman, B. P., Houthoofd, K. and Vanfleteren, J. R. 2002. Assessing metabolic activity
in aging Caenorhabditis elegans: concepts and controversies. Aging Cell. 1(2), 82-
8; discussion, 102-3. Review.

Brenner, S. 1974. The genetics of Caenorhabditis elegans. Genetics. 77, 71-94.

Brewer, G. J. and Wallimann, T. W. 2000. Protective effect of the energy precursor
creatine against toxicity of glutamate and beta-amyloid in rat hippocampal neurons.
J Neurochem. 74, 1968-78.

Brignull, H. R., Moore, F. E., Tang, S. J.,, and Morimoto, R. I. 2006. Polyglutamine
proteins at the pathogenic threshold display neuron-specific aggregation in a pan-
neuronal Caenorhabditis elegans model. J Neurosci. 26(29), 7597-7606.

Brosnan, J. T. and Brosnan, M. E. 2007. Creatine: endogenous metabolite, dietary, and
therapeutic supplement. Annu Rev Nutr. 27, 241-261.

Browne, S. E. and Beal, M. F. 2006 Oxidative damage in Huntington’s disease
pathogenesis. Antioxid Redox Signal. 8, 2061-2073.

Browne, S. E., Bowling, A. C., MacGarvey, U., Baik, M. J., Berger, S. C., Mugit, M. M.,
Bird, E. D., and Beal, M. F. 1997. Oxidative damage and metabolic dysfunction in
Huntington’s disease: selective vulnerability of the basal ganglia. Ann Neurol. 41,
646—-653.

Burns, A. R., Kwok, T. C., Howard, A., Houston, E., Johanson, K., Chan, A., Cutler, S. R.,
McCourt, P. and Roy, P. J. 2006. High-throughput screening of small molecules for
bioactivity and target identification in Caenorhabditis elegans. Nat Protoc. 1(4),
1906-14.

69



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Burright, E. N. et al. 1995. SCA1 transgenic mice: a model for neurodegeneration caused
by an expanded CAG trinucleotide repeat. Cell. 82, 937-48.

Butterfield, D. A. and Kanski, J. 2001. Brain protein oxidation in age-related
neurodegenerative disorders that are associated with aggregated proteins. Mech
Ageing Dev. 122, 945-962.

Cassada, R. C. and Russell, R. L. 1975. The dauerlarva, a post-embryonic developmental
variant of the nematode Caenorhabditis elegans. Dev Biol. 46, 326-42,

Cemal, C. K., Carroll, C. J., Lawrence, L., Lowrie, M. B., Ruddle, P., Al-Mahdawi, S.,
King, R. H., Pook, M. A., Huxley, C. and Chamberlain, S. 2002. YAC transgenic
mice carrying pathological alleles of the MJD1 locus exhibit a mild and slowly
progressive cerebellar deficit. Hum Mol Genet. 11, 1075-1094.

Chai, Y., Koppenhafer, S. L., Shoesmith, S. J., Perez, M. K. and Paulson, H. L. 1999.
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.

Chen, S., Berthelier, V., Hamilton, J. B., O'Nuallain, B., and Wetzel, R. 2002. Amyloid-
like features of polyglutamine aggregates and their assembly Kinetics.
Biochemistry. 41(2), 7391-7399.

Chen, X., Tang, T. S., Tu, H., Nelson, O., Pook, M., Hammer, R., Nukina, N., and
Bezprozvanny, 1. 2008. Deranged calcium signaling and neurodegeneration in
spinocerebellar ataxia type 3. J Neurosci. 26; 28(48), 12713-12724.

Chou, A. H., Chen, S. Y., Yeh, T. H., Weng, Y. H. and Wang, H. L. 2011. HDAC inhibitor
sodium butyrate reverses transcriptional downregulation and ameliorates ataxic
symptoms in a transgenic mouse model of SCA3. Neurobio Dis. 41, 481-488.

Chou, A. H., Yeh, T. H., Ouyang, P., Chen, Y. L., Chen, S. Y. and Wang, H. L. 2008.
Polyglutamineexpanded ataxin-3 causes cerebellar dysfunction of SCA3 transgenic
mice by inducing transcriptional dysregulation. Neurobiol Dis. 31, 89-101.

Ciechanover, A., and Brundin, P. 2003. The ubiquitin proteasome system in
neurodegenerative diseases. Sometimes the chicken, sometimes the egg. Neuron.
40, 427-446.

Cooper, J. K., Schilling, G., Peters, M. F., Herring, W. J., Sharp, A. H., Kaminsky, Z.,
Masone, J., Khan, F. A., Delanoy, M., Borchelt, D. R. et al. 1998. Truncated N-
terminal fragments of huntingtin with expanded glutamine repeats form nuclear and
cytoplasmic aggregates in cell culture. Hum Mol Genet. 7, 783-790.

Costa, C., Gomes-da-Silva, J., Miranda, C. J., Sequeiros, J., Santos, M. M. and Maciel, P.
2004. Genomic structure, promoter activity, and developmental expression of the
mouse homologue of the Machado-Joseph disease (MJD) gene. Genomics. 84, 361-
373.

Coutinho, M. 1992. [Not Available]. Estud Hist Saude. 4, 1-23.

Coutinho, P. and Andrade, C. 1978. 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.

Coutinho, P. and Sequeiros, J. 1981. Clinical, genetic and pathological aspects of
Machado-Joseph disease. J Genet Hum. 29, 203-9.

Cuervo, A. M. 2004. Autophagy: in sickness and in health. Trends Cell Biol. 14, 70-7.

Culetto, E. and Sattelle, D. B., 2000. A role for Caenorhabditis elegans in understanding
the function and interactions of human disease genes. Hum Mol Genet. 9, 869-877.

Cynandione A from Cynanchum wilfordii protects cultured cortical neurons from toxicity
induced by H202, L-glutamate, and kainite. J Neurosci Res. 59, 259-264.

70



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

David, G. et al. 1997. Cloning of the SCA7 gene reveals a highly unstable CAG repeat
expansion. Nat Genet. 17, 65-70.

Davies, S. W., Turmaine, M., Cozens, B. A., DiFiglia, M., Sharp, A. H., Ross, C. A,,
Scherzinger, E., Wanker, E. E., Mangiarini, L., and Bates, G. P. 1997. Formation of
neuronal intranuclear inclusions underlies the neurological dysfunction in mice
transgenic for the HD mutation. Cell. 90, 537-548.

Dedeoglu, A., et al. 2003. Creatine therapy provides neuroprotection after onset of clinical
symptoms in Huntington's disease transgenic mice. J Neurochem. 85, 1359-67.

Derave, W., et al. 2003. Skeletal muscle properties in a transgenic mouse model for
amyotrophic lateral sclerosis effects of creatine treatment. Neurobiol Dis. 13, 264—
72.

DiFiglia, M., Sapp, E., Chase, K. O., Davies, S. W., Bates, G.P., Vonsattel, J. P. and
Aronin, N. 1997. Aggregation of huntingtin in neuronal intranuclear inclusions and
dystrophic neurites in brain. Science. 277, 1990-1993.

Dobson CM. 1999. Protein misfolding, evolution and disease. Trends Biochem Sci. 24,
329-332.

Dringen, R., Verleysdonk, S., Hamprecht, B., Willker, W., Leibfritz, D., and Brand, A.
1998. Metabolism of glycine in primary astroglial cells: synthesis of creatine,
serine, and glutathione. J Neurochem. 70, 835-840.

Dukan, S., Farewell, A., Ballesteros, M., Taddei, F., Radman, M., and Nystrom, T. 2000.
Protein oxidation in response to increased transcriptional or translational errors.
Proc Natl Acad Sci. 97, 5746-5749.

Dupuis, L., Oudart, H., Rene, F., Gonzalez de Aguilar, J. L., Loeffler, J. P. 2004. Evidence
for defective energy homeostasis in amyotrophic lateral sclerosis: benefit of a high-
energy diet in a transgenic mouse model. Proc Natl Acad Sci. 101, 11159-11164.

Driscoll, M., and Gerstbrein, B. 2003. Dying for a cause: Invertebrate genetics takes on
human neurodegeneration. Nat Rev Genet. 4, 181-194.

Dvorak., Z. 1981. Creatine as an indicator of net muscle proteins. J Sci Good Agric. 32,
1033-1036.

Elliott, H. R., Samuels, D. C., Eden, J. A., Relton, C. L., Chinnery, P. F. 2008. Pathogenic
mitochondrial DNA mutations are common in the general population. Am J Hum
Genet. 83, 254-260.

Evert, B. O., Wullner, U., Schulz, J. B., Weller, M., Groscurth, P., Trottier, Y., Brice, A.
and Klockgether, T. 1999. 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.

Evgrafov, O. V., Mersiyanova, I., Irobi, J., Van Den Bosch, L., Dierick, 1., Leung, C. L.,
Schagina, O., Verpoorten, N., Van Impe, K., Fedotov, V., and et al. 2004. Mutant
small heat-shock protein 27 causes axonal Charcot-Marie-Tooth disease and distal
hereditary motor neuropathy. Nat Genet. 36(6), 602-606.

Faber, P. W., Alter, J. R., MacDonald, M. E. and Hart, A. C. 1999. Polyglutamine-
mediated dysfunction and apoptotic death of a Caenorhabditis elegans sensory
neuron. Proc Natl Acad Sci. 96, 179-184.

Ferrante, R. J., Andreassen, O. A., Jenkins, B. G., Dedeoglu, A., Kuemmerle, S., Kubilus,
J. K., Kaddurah-Daouk, R., Hersch, S. M. and Beal, M. F. 2000 Neuroprotective
effects of creatine in a transgenic mouse model of Huntington’s disease. J Neurosci.
20, 4389-4397.

Ferrante, R. J., et al. 2000. Neuroprotective effects of creatine in a transgenic mouse model
of Huntington's disease. J Neurosci. 20, 4389-97.

71



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Fu, Y. H., Kuhl, D. P., Pizzuti, A., Pieretti, M., Sutcliffe, J. S., Richards, S., Verkerk, A. J.,
Holden, J. J., Fenwick, R. G., Jr., Warren, S. T. and et al. 1991. Variation of the
CGG repeat at the fragile X site results in genetic instability: resolution of the
Sherman paradox. Cell. 67, 1047-1058.

Fujigasaki, H. et al. 2001. Preferential recruitment of ataxin-3 independent of expanded
polyglutamine: an immunohistochemical study on Marinesco bodies. J Neurol
Neurosurg Psychiatry. 71, 518-20.

Gaspar, C., Lopes-Cendes, I., Hayes, S., Goto, J., Arvidsson, K., Dias, A., Silveira, 1.,
Maciel, P., Coutinho, P., Lima, M., Zhou, Y. X., Soong, B. W., Watanabe, M.,
Giunti, P., Stevanin, G., Riess, O., Sasaki, H., Hsieh, M., Nicholson, G. A., Brunt,
E., Higgins, J. J., Lauritzen, M., Tranebjaerg, L., Volpini, V., Wood, N., Ranum,
L., Tsuji, S., Brice, A., Sequeiros, J. and Rouleau, G. A. 2001. Ancestral origins of
the Machado-Joseph disease mutation: a worldwide haplotype study. Am J Hum
Genet. 68, 523-528.

Gatchel, J. R. and Zoghbi, H. Y. (2005) Diseases of unstable repeat expansion:
mechanisms and common principles. Nat Rev Genet, 6, 743-755.

Gengyo-Ando, K., Kitayama, H., Mukaida, M. and lkawa, Y. 1996. A murine neural-
specific homolog corrects cholinergic defects in Caenorhabditis elegans unc-18
mutants. J Neurosci. 16, 6695-6702.

Giampa C., Middei S., Patassini S., Borreca A., Marullo F., Laurenti D., Bernardi G.,
Ammassari-Teule M. and Fusco F. R. 2009. Phosphodiesterase type IV inhibition
prevents sequestration of CREB binding protein, protects striatal parvalbumin
interneurons and rescues motor deficits in the R6/2 mouse model of Huntington’s
disease. Eur. J. Neurosci. 29, 902-910.

Gidalevitz, T., Ben-Zvi, A., Ho, K. H., Brignull, H. R. and Morimoto, R. I. 2006.
Progressive disruption of cellular protein folding in models of polyglutamine
diseases. Science. 311, 1471-1474.

Gilman, S. 2000. The spinocerebellar ataxias. Clin Neuropharmacol. 23, 296-303.

Goti, D., Katzen, S. M., Mez, J., Kurtis, N., Kiluk, J., Ben-Haiem, L., Jenkins, N. A.,
Copeland, N. G., Kakizuka, A., Sharp, A. H., Ross, C. A., Mouton, P. R. and
Colomer, V. 2004. 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.

Goto, J., Watanabe, M., Ichikawa, Y., Yee, S.B., lhara, N., Endo, K., lIgarashi, S.,
Takiyama, Y., Gaspar, C., Maciel, P., Tsuji, S., Rouleau, G.A., and Kanazawa, I.
1997. Machado-Joseph disease gene products carrying different carboxyl termini.
Neurosci Res. 28(4), 373-377.

Greenhaff, P. L. 1997. The nutritional biochemistry of creatine. J Nutr Biochem. 8, 610-
618.

Grunewald, T. and Beal, M. F. 1999. Bioenergetics in Huntington’s disease. Ann NY Acad
Sci. 893, 203-213.

Gu, W., Ma, H., Wang, K., Jin, M., Zhou, Y., Liu, X., Wang, G. and Shen, Y. 2004. The
shortest expanded allele of the MJD1 gene in a Chinese MJD Kkindred with
autonomic dysfunction. Eur Neurol. 52, 107-111.

Gusella, J. F. and MacDonald, M. E. 2000. Molecular genetics: unmasking polyglutamine
triggers in neurodegenerative disease. Nat Rev Neurosci. 1, 109-115.

Gusella, J. F. et al. 1983. A polymorphic DNA marker genetically linked to Huntington's
disease. Nature. 306, 234-8.

Halfmann, R. and Lindquist, S. 2008. Screening for amyloid aggregation by semi-
denaturing detergent-agarose gel electrophoresis. J Vis Exp. 16(17), 838.

72



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Harman, D. 1972. The biologic clock: the mitochondria? J Am Geriatr Soc. 20, 145-147.

Hartl, F. U. 1996. Molecular chaperones in cellular protein folding. Nature. 381, 571-579.

Harris, G. M., Dodelzon, K., Gong, L., Gonzalez-Alegre, P. and Paulson, H. L. 2010.
Splice isoforms of the polyglutamine disease protein ataxin-3 exhibit similar
enzymatic yet different aggregation properties. PLoS One. 5, e13695.

Hass, C. J.,, Collins, M. A., Juncos, J. L. 2007. Resistance training with creatine
monohydrate improves upper-body strength in patients with Parkinson disease: a
randomized trial. Neurorehabil Neural Repair. 21, 107-115.

Hemmer, W. and Wallimann, T. 1993. Functional aspects of creatine kinase in brain. Dev
Neurosci. 15, 249-260.

Hemmer, W., Zanolla, E., Furter-Graves, E., Eppenberger, H. M., and Wallimann, T. 1994.
Creatine kinase isoenzymes in chicken cerebellum: specific localization of brain-
type creatine kinase in Bergmann glial cells and muscle-specific creatine kinase in
Purkinje neurons. Eur. J. Neurosci. 6, 538-549.

Hersch, S. M., Gevorkian, S., Marder, K., Moskowitz, C., Feigin, A., Cox, M., Como, P.,
Zimmerman, C., Lin, M., Zhang, L., and et al. 2006. Creatine in Huntington disease
is safe, tolerable, bioavailable in brain and reduces serum 80H2’dG. Neurology.
66, 250-252.

Higgins, J. J., Nee, L. E., Vasconcelos, O., Ide, S. E., Lavedan, C., Goldfarb, L. G. and
Polymeropoulos, M. H. 1996. Mutations in American families with spinocerebellar
ataxia (SCA) type 3: SCA3 is allelic to Machado-Joseph disease. Neurology. 46,
208-213.

Horwich, A. L. and Weissman, J. S. 1997. Deadly conformations-protein misfolding in
prion disease. Cell. 89, 499-510.

Hsu, A. L., Murphy, C. T., and Kenyon, C. 2003. Regulation of aging and age-related
disease by DAF-16 and heat-shock factor. Science. 300(5622), 1142-1145.

Hsu, L. J., Sagara, Y., Arroyo, A., et al. 2000. Alpha-synuclein promotes mitochondrial
deficit and oxidative stress. Am J Pathol. 157(2), 401-410.

Huang, C. C., Faber, P. W., Persichetti, F., Mittal, V., Vonsattel, J. P., MacDonald, M. E.,
and Gusella, J. F. 1998. Amyloid formation by mutant huntingtin: threshold,
progressivity and recruitment of normal polyglutamine proteins. Somatic cell and
molecular genetics. 24(4), 217-233.

Ikeda, H., Yamaguchi, M., Sugai, S., Aze, Y., Narumiya, S., and Kakizuka, A. 1996
Expanded polyglutamine in the Machado-Joseph disease protein induces cell death
in vitro and in vivo. Nat Genet. 13, 196-202.

Ikeda, H., Yamaguchi, M., Sugai, S., Aze, Y., Narumiya, S. and Kakizuka, A. 1996.
Expanded polyglutamine in the Machado-Joseph disease protein induces cell death
in vitro and in vivo. Nat Genet. 13, 196-202.

Imaizumi, K., Miyoshi, K., Katayama, T., et al. 2001. The unfolded protein response and
Alzheimer’s disease. Biochim Biophys Acta 1536, 85-96.

Ishikawa, K., Owada, K., Ishida, K., Fujigasaki, H., Shun Li, M., Tsunemi, T., Ohkoshi,
N., Toru, S., Mizutani, T., Hayashi, M. et al. 2001. Cytoplasmic and nuclear
polyglutamine aggregates in SCA6 Purkinje cells. Neurology. 56, 1753-1756.

Iwabuchi, K., Tsuchiya, K., Uchihara, T. and Yagishita, S. 1999. Autosomal dominant
spinocerebellar degenerations. Clinical, pathological, and genetic correlations. Rev
Neurol. 155, 255-270.

Kaldis, P., Hemmer, W., Zanolla, E., Holtzman, D. and Wallimann, T. 1996. ‘Hot spots’ of
creatine kinase localization in brain: cerebellum, hippocampus and choroid plexus.
Dev Neurosci. 18, 542-554.

73



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Kawaguchi, Y. et al. 1994. CAG expansions in a novel gene for Machado-Joseph disease
at chromosome 14932.1. Nat Genet. 8, 221-8.

Kawaguchi, Y., Okamoto, T., Taniwaki, M., Aizawa, M., Inoue, M., Katayama, S.,
Kawakami, H., Nakamura, S., Nishimura, M., Akiguchi, I., and et al. 1994. CAG
expansions in a novel gene for Machado-Joseph disease at chromosome 14q32.1.
Nat Genet. 8(3), 221-228.

Khan, A. W. and Cowen, D. C. 1977. Rapid estimation of muscle proteins in beef-
vegetable protein mixtures. J Agri. Food Chem. 25, 236-238.

Khan, L. A., Bauer, P. O., Miyazaki, H., Lindenberg, K. S., Landwehrmeyer, B. G., and
Nukina, N. 2006. Expanded polyglutamines impair synaptic transmission and
ubiquitin-proteasome system in Caenorhabditis elegans. J Neurochem. 98(2), 576-
587.

Klivenyi, P., et al. 1999. Neuroprotective effects of creatine in a transgenic animal model
of amyotrophic lateral sclerosis. Nat Med. 5, 347-50.

Klivenyi, P., et al. 2003. Additive neuroprotective effects of creatine and a cyclooxygenase
21, 191-8.

Klivenyi, P., et al. 2004. Additive neuroprotective effects of creatine and cyclooxygenase 2
inhibitors in a transgenic mouse model of amyotrophic lateral sclerosis. J
Neurochem. 88, 576-82.

Klivenyi, P., Ferrante, R. J., Matthews, R. T., Bogdanov, M. B., Klein, A. M., Andreassen,
O. A., Mueller, G., Wermer, M., Kaddurah-Daouk, R and Beal, M. F. 1999.
Neuroprotective effects of creatine in a transgenic animal model of amyotrophic
lateral sclerosis. Nat Med. 5, 347-350.

Knott, A. B., Perkins, G., Schwarzenbacher, R. and Bossy-Wetze,l E. 2008. Mitochondrial

Koeppen, A. H. 2005. The pathogenesis of spinocerebellar ataxia. Cerebellum. 4, 62-73.

Kostova, Z., and Wolf, D. H. 2003. For whom the bell tolls: protein quality control of the
endoplasmic reticulum and the ubiquitinproteasome connection. Embo J. 22, 2309-
2317.

Kovacic, P., Pozos, R. S, Somanathan, R., Shangari, N., O'Brien, P.J. 2005. Mechanism of
mitochondrial uncouplers, inhibitors, and toxins: focus on electron transfer, free
radicals, and structure-activity relationships. Curr Med Chem. 12, 2601-2623.

Larsson, N. G., Clayton, D. A., 1995. Molecular genetic aspects of human mitochondrial
disorders. Annu Rev Genet. 29, 151-178.

Layfield, R., Alban, A., Mayer, R. J., and Lowe, J. 2001. The ubiquitin protein catabolic
disorders. Neuropathol Appl Neurobiol. 27(3), 171-179.

La Spada, A. R., Wilson, E. M., Lubahn, D. B., Harding, A. E. and Fischbeck, K. H. 1991.
Androgen receptor gene mutations in X-linked spinal and bulbar muscular atrophy.
Nature. 352, 77-79.

Lee, J.,, Nam, S., Hwang, S. B., Hong, M., Kwon, J. Y., Joeng, K. S., Im, S. H., Shim, J.
and Park, M. C. 2004. Functional genomic approaches using the nematode
Caenorhabditis elegans as a model system. J Biochem Mol Biol. 37, 107-113.

Lee, M. K., Yeo, H., Kim, J., Markelonis, G. J., Oh, T. H. and Kim, Y. C. 2000.

Li, S. H., McInnis, M. G., Margolis, R. L., Antonarakis, S. E. and Ross, C. A. 1993. Novel
triplet repeat containing genes in human brain: cloning, expression, and length
polymorphisms. Genomics 16, 572-9.

Lima, L. and Coutinho, P. 1980. Clinical criteria for diagnosis of Machado-Joseph disease:
report of a non-Azorena Portuguese family. Neurology. 30(3), 319-322.

Linhartova, I., Repitz, M., Draber, P., Nemec, M., Wiche, G. and Propst, F. 1999.
Conserved domains and lack of evidence for polyglutamine length polymorphism

74



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

in the chicken homolog of the Machado-Joseph disease gene product ataxin-3.
Biochim Biophys Acta. 1444, 299-305.

Link, C. D. 2001. Transgenic invertebrate models of age-associated neurodegenerative
diseases. Mech Ageing Dev. 122, 1639-1649.

Locke, C. J,, Fox, S. A, Caldwell, G. A. and Caldwell, K. A. 2008. Acetaminophen
attenuates dopamine neuron degeneration in animal models of Parkinson's disease.
Neurosci Lett. 439, 129-33.

Lopes-Cendes, 1., Maciel, P., Kish, S., Gaspar, C., Robitaille, Y., Clark, H. B., Koeppen,
A. H., Nance, M., Schut, L., Silveira, I., Coutinho, P., Sequeiros, J. and Rouleau, G.
A. 1996. Somatic mosaicism in the central nervous system in spinocerebellar ataxia
type 1 and Machado- Joseph disease. Ann Neurol. 40, 199-206.

Maciel, P., Costa, M. C., Ferro, A., Rousseau, M., Santos, C. S., Gaspar, C., Barros, J.,
Rouleau, G. A., Coutinho, P. and Sequeiros, J. 2001. Improvement in the molecular
diagnosis of Machado- Joseph disease. Arch Neurol. 58, 1821-1827.

Maciel, P., Gaspar, C., DeStefano, A. L., Silveira, I., Coutinho, P., Radvany, J., Dawson,
D. M., Sudarsky, L., Guimaraes, J., Loureiro, J. E. and et al. 1995. Correlation
between CAG repeat length and clinical features in Machado-Joseph disease. Am J
Hum Genet. 57, 54-61.

Manos, P., Bryan, G. K., and Edmond, J. 1991. Creatine kinase activity in postnatal rat
brain development and in cultured neurons, astrocytes, and oligodendrocytes. J.
Neurochem. 56, 2101-2107.

Margolis, R. L. 2002. The spinocerebellar ataxias: order emerges from chaos. Curr Neurol
Neurosci Rep. 2, 447-456.

Martin, J. B. 1999. Molecular basis of the neurodegenerative disorders. N Engl J Med. 340,
1970-1980.

Martindale, D., Hackam, A., Wieczorek, A., Ellerby, L., Wellington, C., McCutcheon, K.,
Singaraja, R., Kazemi-Esfarjani, P., Devon, R., Kim, S.U. et al. 1998. Length of
huntingtin and its polyglutamine tract influences localization and frequency of
intracellular aggregates. Nat Genet. 18, 150-154.

Martindale, J. L. and Holbrook, N. J. 2002. Cellular response to oxidative stress: signaling
for suicide and survival. J. Cell Physiol. 192, 1-15.

Matthews, R. T., Ferrante, R. J., Klivenyi, P., Yang, L., Klein, A. M., Mueller, G.,
Kaddurah-Daouk, R. and Beal, M. F. 1999. Creatine and cyclocreatine attenuate
MPTP neurotoxicity. Exp Neuro. 157, 142-149.

Matthews, R. T., Yang, L., Jenkins, B. G., Ferrante, R. J., Rosen, B. R., Kaddurah-Daouk,
R. and Beal, M. .F. 1998. Neuroprotective effects of creatine and cyclocreatine in
animal models of Huntington’s disease. J Neurosci. 18, 156-163.

Mattson, M. P., Chan, S. L., and Duan, W. 2002. Modification of brain aging and
neurodegenerative disorders by genes, diet, and behavior. Physiol Rev. 82, 637—
672.

Maupas, E. 1900. Modes et formes de reproduction des nematodes. Archives de Zoologie
Exp Generale. 8, 463-624.

Mazzini, L., Balzarini, C., Colombo, R., Mora, G., Pastore, I., De Ambrogio, R., Caligari,
M. 2001. Effects of creatine supplementation on exercise performance and
muscular strength in amyotrophic lateral sclerosis: preliminary results. J Neurol
Sci. 191, 139-144.

Menzies, F. M., Huebener, J., Renna, M., Bonin, M., Riess, O. and Rubinsztein, D. C.
2010. Autophagy induction reduces mutant ataxin-3 levels and toxicity in a mouse
model of spinocerebellar ataxia type 3. Brain. 133, 93-104.

75



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Molloy, G. R., Wilson, C. D., Benfield, P., de Vellis, J., and Kumar, S. 1992. Rat brain
creatine kinase messenger RNA levels are high in primary cultures of brain
astrocytes and oligodendrocytes and low in neurons. J. Neurochem. 59, 1925-1932.

Morimoto, R. I. 2002. Dynamic remodeling of transcription complexes by molecular
chaperones. Cell. 110, 281-4.

Morley, J. F. and Morimoto, R. I. 2004. Regulation of longevity in Caenorhabditis elegans
by heat shock factor and molecular chaperones. Molecular biology of the cell.
15(2), 657-664.

Morley, J. F., Brignull, H. R., Weyers, J. J., and Morimoto, R. 1. 2002. The threshold for
by heat shock factor and molecular chaperones. Molecular biology of the cell.
15(2), 657-664.

Murfitt, R. R., Vogel, K. and Sanadi, D. R., 1976. Characterization of the mitochondria of
the free-living nematode, Caenorhabditis elegans. Comp Biochem Physiol 53B,
423-430.

Myers, R. H., Marans, K. S. and MacDonald, M. E. 1998. Huntington’s disease. In Wells,
R. D. and Warren, S. T. (eds), Genetic Instabilities and Hereditary Neurological
Diseases. Academic Press. 301-323.

Nagafuchi, S. et al. 1994. Dentatorubral and pallidoluysian atrophy expansion of an
unstable CAG trinucleotide on chromosome 12p. Nat Genet. 6, 14-8.

Nagaoka, U. et al. 2003. Attenuated nuclear shrinkage in neurones with nuclear inclusions
of SCAL brains. J Neurol Neurosurg Psychiatry. 74, 597-601.

Nakamura, K. et al. 2001. SCA17, a novel autosomal dominant cerebellar ataxia caused by
an expanded polyglutamine in TATA-binding protein. Hum Mol Genet. 10, 1441-8.

Nakano, K. K., Dawson, D. M. and Spence, A. 1972. Machado disease. A hereditary ataxia
in Portuguese emigrants to Massachusetts. Neurology. 22, 49-55.

Nayak, S., Goree, J. and Schedl, T. 2005. fog-2 and the evolution of self-fertile
hermaphroditism in Caenorhabditis. PLoS Biol. 3, e6.polyglutamineexpansion
protein aggregation and cellular toxicity is dynamic and influenced by aging in
Caenorhabditis elegans. Proc Natl Acad Sci. 99(16), 10417-10422.

NET-PD N. 2006. A randomized, double-blind, futility clinical trial of creatine and
minocycline in early Parkinson disease. Neurology. 66, 664-671.

Nollen, E. A. and Morimoto, R. I. 2002. Chaperoning signaling pathways: molecular
chaperones as stress-sensing 'heat shock'’ proteins. J Cell Sci. 115, 2809-16.

Nollen, E. A., Garcia, S. M., van Haaften, G., Kim, S., Chavez, A., Morimoto, R. I., and
Plasterk, R. H. 2004. Genome-wide RNA interference screen identifies previously
undescribed regulators of polyglutamine aggregation. Proc Natl Acad Sci. 101(17),
6403-6408.

O’Riordan, V. B. and Burnell, A. M. 1989. Comp Biochem Physiol. 92B, 233-238.

Orr, H. T. et al. 1993. Expansion of an unstable trinucleotide CAG repeat in
spinocerebellar ataxia type 1. Nat Genet 4, 221-6.

Padiath, Q. S., Srivastava, A. K., Roy, S., Jain, S. and Brahmachari, S. K. 2005.
Identification of a novel 45 repeat unstable allele associated with a disease
phenotype at the MJD1/SCAS3 locus. Am J Med Genet B Neuropsychiatr Genet.
133B, 124-126.

Panov, A. V., Gutekunst, C. A., Leavitt, B. R., Hayden, M. R., Burke, J. R., Strittmatter,
W. J., and Greenamyre, J. T. 2002. Early mitochondrial calcium defects in
Huntington’s disease are a direct effect of polyglutamines. Nat Neurosci. 5, 731-
736.

76



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Parker, J. A., Arango, M., Abderrahmane, S., Lambert, E., Tourette, C., Catoire, H. and
Neri, C. 2005. Resveratrol rescues mutant polyglutamine cytotoxicity in nematode
and mammalian neurons. Nat Genet. 37, 349-50.

Paulson, H. L., Das, S. S., Crino, P. B., Perez, M. K., Patel, S. C., Gotsdiner, D.,
Fischbeck, K. H. and Pittman, R. N. 1997. Machado-Joseph disease gene product is
a cytoplasmic protein widely expressed in brain. Ann Neurol. 41, 453-462.

Perez, M. K., Paulson, H. L., Pendse, S. J., Saionz, S. J., Bonini, N. M. and Pittman, R. N.
1998. Recruitment and the role of nuclear localization in polyglutamine-mediated
aggregation. J Cell Biol. 143, 1457-1470.

Poortmans J. R., Auquier H., Renaut V., Durussel A., Saugy M., and Brisson G. R. 1997.
Effect of short-term creatine supplementation on renal responses in men. Eur J
Appl Physiol. 76, 566— 567.

Pulak, R. 2006. Techniques for analysis, sorting, and dispensing of C. elegans on the
COPAS flow-sorting system. Methods Mol Biol. 351, 275-86.

Pulst, S. M. et al. 1996. Moderate expansion of a normally biallelic trinucleotide repeat in
spinocerebellar ataxia type 2. Nat Genet. 14, 269-76.

Quest, A. F. G., Soldati, T., Hemmer, W., Perriard, J. C., Eppenberger, H. M., and
Wallimann, T. 1990. Phosphorylation of chicken brain-type creatine kinase affects
a physiologically important kinetic parameter and gives rise to protein
microheterogeneity in vivo. FEBS Lett. 269, 457-464.

Ramot, D., Maclnnis, B. L. and Goodman, M. B. 2008. Bidirectional temperaturesensing
by a single thermosensory neuron in C. elegans. Nat Neurosci. 11, 908-15.

Reeve, A. K., Krishnan, K. J., Turnbull, D. M. 2008. Age related mitochondrial
degenerative disorders in humans. Biotechnol J. 3, 750-756.

Robitaille, Y., Lopes-Cendes, I., Becher, M., Rouleau, G. and Clark, A. W. 1997.

Rodrigues, A. J., Coppola, G., Santos, C., Costa Mdo, C., Ailion, M., Sequeiros, J.,
Geschwind, D. H. and Maciel, P. 2007. Functional genomics and biochemical
characterization of the C. elegans orthologue of the Machado-Joseph disease
protein ataxin-3. Faseb J. 21, 1126- 1136.

Romanul, F. C., Fowler, H. L., Radvany, J., Feldman, R. G. and Feingold, M. 1977.
Azorean disease of the nervous system. N Engl J Med. 296, 1505-1508.

Rosenberg R. N., Nyhan W. L., Bay C., and Shore P. 1976. Autosomal dominant
striatonigral degeneration. A clinical, pathologic, and biochemical study of a new
genetic disorder, Neurology. 26(8), 703-14.

Rosenberg, R. N. 1983. Dominant ataxias. Res Publ Assoc Res Nerv Ment Dis. 60, 195-
213.

Ross, C. A. and Poirier, M. A. 2004. Protein aggregation and neurodegenerative disease.
Nat Med. 10, Suppl: S10-17.

Ross, C.A. 2002. Polyglutamine pathogenesis: emergence of unifying mechanisms for
Huntington's disease and related disorders. Neuron. 35, 819-22.

Rub, U., Brunt, E. R., de Vos, R. A., Del Turco, D., Del Tredici, K., Gierga, K., Schultz,
C., Ghebremedhin, E., Burk, K., Auburger, G. and Braak, H. 2004. Degeneration of
in a spinocerebellar ataxia type 2 (SCA2) and a spinocerebellar ataxia type 3 the
central vestibular system in spinocerebellar ataxia type 3 (SCA3) patients and its
possible clinical significance. Neuropathol Appl Neurobiol. 30, 402-414.

Rub, U., Brunt, E. R., Del Turco, D., de Vos, R. A, Gierga, K., Paulson, H. and Braak, H.
2003a. Guidelines for the pathoanatomical examination of the lower brain stem in
ingestive andswallowing disorders and its application to a dysphagic
spinocerebellar ataxia type 3 patient. Neuropathol Appl Neurobiol. 29, 1-13.

77



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Rub, U., Brunt, E. R., Gierga, K., Schultz, C., Paulson, H., de Vos, R. A. and Braak, H.
2003b. The nucleus raphe interpositus in spinocerebellar ataxia type 3 (Machado-
Joseph disease). J Chem Neuroanat. 25, 115-127.

Rub, U., Brunt, E. R., Petrasch-Parwez, E., Schols, L., Theegarten, D., Auburger, G.,
Seidel, K., Schultz, C., Gierga, K., Paulson, H., van Broeckhoven, C., Deller, T.
and de Vos, R. A. 2006a. Degeneration of ingestion-related brainstem nuclei in
spinocerebellar ataxia type 2, 3, 6 and 7. Neuropathol Appl Neurobiol. 32, 635-649.

Rub, U., de Vos, R. A, Brunt, E. R., Sebesteny, T., Schols, L., Auburger, G., Bohl, J.,
Ghebremedhin, E., Gierga, K., Seidel, K., den Dunnen, W., Heinsen, H., Paulson,
H. and Deller, T. 2006b. Spinocerebellar ataxia type 3 (SCA3): thalamic
neurodegeneration occurs independently from thalamic ataxin-3 immunopositive
neuronal intranuclear inclusions. Brain Pathol. 16, 218-227.

Rub, U., Del Turco, D., Del Tredici, K., de Vos, R. A., Brunt, E. R., Reifenberger, G.,
Seifried, C., Schultz, C., Auburger, G. and Braak, H. 2003c. Thalamic involvement
(SCAB3) patient, and its clinical relevance. Brain. 126, 2257-2272.

Rub, U., Gierga, K., Brunt, E. R., de Vos, R. A., Bauer, M., Schols, L., Burk, K,
Auburger, G., Bohl, J., Schultz, C., Vuksic, M., Burbach, G. J., Braak, H. and
Deller, T. 2005. Spinocerebellar ataxias types 2 and 3: degeneration of the pre-
cerebellar nuclei isolates the three phylogenetically defined regions of the
cerebellum. J Neural Transm. 112, 1523-1545.

Rub, U., Seidel, K., Ozerden, 1., Gierga, K., Brunt, E. R., Schols, L., de Vos, R. A,, den
Dunnen, W., Schultz, C., Auburger, G. and Deller, T. 2007. Consistent affection of
the central somatosensory system in spinocerebellar ataxia type 2 and type 3 and its
significance for clinical symptoms and rehabilitative therapy. Brain Res Rev. 53,
235-249.

Ryu, H., Rosas, H. D., Hersch, S. M., Ferrante, R. J. 2005. The therapeutic role of creatine
in Huntington’s disease. Pharmacol Ther. 108, 193-207.

Sanchez-Pernaute, R., Garcia-Segura, J. M., del Barrio Alba, A., Viano, J. and de Yebenes,
J. G. 1999. Clinical correlation of striatal 1H MRS changes in Huntington’s
disease. Neurology. 53, 806-812.

Sathasivam, K., Lane, A., Legleiter, J., Warley, A., Woodman, B., Finkbeiner, S.,
Paganetti, P., Muchowski, P. J., Wilson, S., and Bates, G. P., 2009. Identical
oligomeric and fibrillar structures captured from the brains of R6/2 and knock-in
mouse models of Huntington’s disease. Hum Mol Gen. 1;19(1), 65-78.

Satyal, S. H., Schmidt, E., Kitagawa, K., Sondheimer, N., Lindquist, S., Kramer, J. M. and
Morimoto, R. I. (2000) Polyglutamine aggregates alter protein folding homeostasis
in Caenorhabditis elegans. Proc Natl Acad Sci. 97, 5750-5755.

Saudou, F., Finkbeiner, S., Devys, D. and Greenberg, M.E. 1998. Huntingtin acts in the
nucleus to induce apoptosis but death does not correlate with the formation of
intranuclear inclusions. Cell. 95, 55-66.

Sawa, A., Wiegand, G. W., Cooper, J., Margolis, R. L., Sharp, A. H., Lawler, J. F., Jr.,
Greenamyre, J. T., Snyder, S. H. and Ross, C. A. 1999. Increased apoptosis of
Huntington disease lymphoblasts associated with repeat length-dependent
mitochondrial depolarization. Nat Med. 5, 1194-1198.

Schapira, A. H., Cooper, J. M., Dexter, D., Clark, J. B., Jenner, P. and Marsden, C. D.
1990. Mitochondrial complex I deficiency in Parkinson’s disease. J Neurochem. 54,
823-827.

Schmitt, 1., Brattig, T., Gossen, M. and Riess, O. 1997. Characterization of the rat
spinocerebellar ataxia type 3 gene. Neurogenetics. 1, 103-112.

78



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Schmidt, T., Landwehrmeyer, G. B., Schmitt, I., Trottier, Y., Auburger, G., Laccone, F.,
Klockgether, T., Volpel, M., Epplen, J. T., Schols, L. and Riess, O. 1998. An
isoform of ataxin-3 accumulates in the nucleus of neuronal cells in affected brain
regions of SCA3 patients. Brain Pathol. 8, 669-679.

Schols, L., Bauer, P., Schmidt, T., Schulte, T. and Riess, O. 2004. Autosomal dominant
cerebelar ataxias: clinical features, genetics, and pathogenesis. Lancet Neurol. 3,
291-304.

Scherzinger, E., Lurz, R., Turmaine, M., Mangiarini, L., Hollenbach, B., Hasenbank, R.,
Bates, G. P., Davies, S. W., Lehrach, H. and Wanker, E. E. 1997. Huntingtin-
encoded polyglutamine expansions form amyloid-like protein aggregates in vitro
and in vivo. Cell, 90, 549-558.

Sequeiros, J., and Coutinho P. 1981. Genetic aspects of Machado-Joseph disease, Broteria-
Genetica. 77, 131-147,

Sequeiros, J. and Coutinho, P. 1993. Epidemiology and clinical aspects of Machado-Joseph
disease. Adv Neurol. 61, 139-53.

Sequeiros, J., Martins S., and Silveira 1. 2007. Epidemilogy and population genetics of
degenerative ataxias. Handb Clin Neurol. 103, 227-51.

Shefner, J. M., Cudkowicz, M. E., Schoenfeld, D., Conrad, T., Taft, J., Chilton, M.,
Urbinelli, L., Qureshi, M., Zhang, H., Pestronk, A. and et al. 2004. A clinical trial
of creatine in ALS. Neurology. 63, 1656-1661.

Silva-Fernandes, A., Costa Mdo, C., Duarte-Silva, S., Oliveira, P., Botelho, C. M.,
Martins, L., Mariz, J. A., Ferreira, T., Ribeiro, F., Correia-Neves, M., Costa, C. and
Maciel, P. 2010. Motor uncoordination and neuropathology in a transgenic mouse
model of Machado-Joseph disease lacking intranuclear inclusions and ataxin-3
cleavage products. Neurobiol Dis. 40, 163-176.

Sharp, A. H. et al. 1995. Widespread expression of Huntington's disease gene (IT15)
protein product. Neuron. 14, 1065-74.

Soto, C. 2003. Unfolding the role of protein misfolding in neurodegenerative diseases. Nat
Rev Neurosci. 4, 49-60.

Steeghs, K., Benders, A., Oerlemans, F., de Haan, A., Heerschap, A., Ruitenbeek, W., Jost,
C., van Deursen, J., Perryman, P., Pette, D. and et al. 1997. Altered Ca** responses
in muscles with combined mitochondrial and cytosolic Creatine kinase deficiencies.
Cell. 89, 93-103.

Sulston, J. E., Schierenberg, E.,White, J. G. and Thompson, J. N. 1983. The embryonic cell
lineage of the nematode Caenorhabditis elegans. Dev Biol. 100, 64-1109.

Tabrizi, S. J., Blamire, A. M., Manners, D. N., Rajagopalan, B., Styles, P., Schapira, A. H.,
Warner, T. T. 2003. Creatine therapy for Huntington’s disease: clinical and MRS
findings in a 1-year pilot study. Neurology. 61, 141-142.

Tabrizi, S. J., Blamire, A. M., Manners, D. N., Rajagopalan, B., Styles, P., Schapira, A. H.,
Warner, T. T. 2005. High-dose creatine therapy for Huntington disease: a 2-year
clinical and MRS study. Neurology. 64, 1655-1656.

Tait, D., Riccio, M., Sittler, A., Scherzinger, E., Santi, S., Ognibene, A., Maraldi, N.M.,
Lehrach, H. and Wanker, E.E. 1998. Ataxin-3 is transported into the nucleus and
associates with the nuclear matrix. Hum Mol Genet. 7, 991-997.

Takahashi, T., Katada, S., and Onodera, O. 2010. Polyglutamine diseases: Where does
toxicity come from? What is toxicity? Where are we going? J Mol Cell Bio. 2, 180-
191.

Takiyama, Y., Nishizawa, M., Tanaka, H., Kawashima, S., Sakamoto, H., Karube, Y.,
Shimazaki, H., Soutome, M., Endo, K., Ohta, S. et al. 1993. The gene for Machado-
Joseph disease maps to human chromosome 14q. Nat Genet. 4, 300-304.

79



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Tarlac V. and Storey E. 2003. Proteolysis in Polyglutamine Disorders. J Neuro Re. 74,
406-416.

Taylor, J. P., Hardy, J., and Fischbeck, K. H. 2002. Toxic proteins in neurodegenerative
disease. Science 296, 1991-1995.

Teixeira-Castro, A., Ailion, M., Jalles, A., Brignull, H. R., Vilaca, J. L., Dias, N.,
Rodrigues, P., Oliveira, J. F., Neves-Carvalho, A., Morimoto, R. I. and Maciel, P.
2011a. Neuron-specific proteotoxicity of mutant ataxin-3 in C. elegans: rescue by
the DAF-16 and HSF1 pathways. Hum Mol Genetics. 20(15), 2996-3009.

Teixeira-Castro, A., Dias, N., Rodrigues, P., Oliveira, J. O., Rodrigues, N. F., Maciel, P.
and Vilaca, J. L. 2011b. An image processing application for quantification of
protein aggregates in Caenorhabditis elegans. In 5th International Conference on
Practical Applications of Computational Biology and Bioinformatics. Advances in
Soft Computing. Springer. Vol. 93, 31-38.

The neuropathology of CAG repeat diseases: review and update of genetic and molecular
features. Brain Pathol. 7, 901-926.

Thompson, L. M., and Marsh, J. L. 2003. Invertebrate models of neurologic disease:
Insights into pathogenesis and therapy. Curr Neurol Neurosci Rep. 3, 442-448.

Trottier, Y., Cancel, G., An-Gourfinkel, 1., Lutz, Y., Weber, C., Brice, A., Hirsch, E. and
Mandel, J. L. 1998. Heterogeneous intracellular localization and expression of
ataxin-3. Neurobiol Dis. 5, 335- 347,

Trottier, Y. et al. 1995. Polyglutamine expansion as a pathological epitope in Huntington's
disease and four dominant cerebellar ataxias. Nature. 378, 403-6.

Tsang, W. Y. and Lemire, B. D. 2003. The role of mitochondria in the life of the
nematode, Caenorhabditis elegans. Biochim Biophy Acta. 1638, 91-105.

Vandenberghe, K., Gillis, N., Van-Leemputte, M., Van-Hecke. P., Vanstapel, F., and
Hespel, P. 1997. Long term creatine intake is beneficial to muscle performance
during resistance training. J Appl Physiol. 80, 452-457.

Van Ham, T. J., Holmberg, M .A., van der Goot, A. T., Teuling, E., Garcia-Arencibia, M.,
Kim, H., Du, D., Thijssen, K. L., Wiersma, M., Burggraaff, R., and et al. 2010.
Identification of MOAG-4/SERF as a regulator of age-related proteotoxicity. Cell.
142(4), p.601-612.

Voisine, C., Varma, H., Walker, N., Bates, E. A., Stockwell, B. R. and Hart, A. C. 2007.
Identification of potential therapeutic drugs for huntington's disease using
Caenorhabditis elegans. PLoS One. 2(6), e504.

Wadsworth, W. G. and Riddle, D. L. 1989. Developmental regulation of energy
metabolism in Caenorhabditis elegans. Dev Biol. 132, 167-173.

Wallimann, T. and Hemmer, W. 1994. Creatine kinase in non-muscle tissues and cells.
Mol. Cell. Biochem. 133, 193-220.

Wallimann, T., Tokarska-Shlattner, M., Neumann, D., Epand, R. M., Epand, R. F., Andres,
R. H., Widmer, H. R., Hornmann, T., Saks, V. A., Agarkova, I. and Schlatter, U.
2007. The phosphocreatine circuit: molecular and cellular physiology of creatine
kinase, sensitivity to free radicals and enhancement of creatine supplementation. In:
Saks V. A. (ed) Molecular systems bioenergetics: energy for life, basic principles,
organization and dynamics of cellular energetics. Wiley VCH-Publisher Co.,
Weinheim, 195-264.

Wallimann, T., Wyss, M, Brdiczka, D., Nicolay, K. and Eppenberg, H. M. 1992.
Intracellular compartmentation, structure and function of creatine Kkinase
isoenzymes in tissues with high and fluctuating energy demands: the
‘phosphocreatine circuit’ for cellular energy homeostasis. Biochem J. 281(Pt 1), 21-
40.

80



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

Wang, C.W. and Klionsky, D.J. 2003. The molecular mechanism of autophagy. Mol Med.
9, 65-76.

Wang, G. et al. 1997. Machado-Joseph disease gene product identified in lymphocytes and
brain. Biochem Biophys Res Commun 233, 476-9.

Wang, G., Ide, K., Nukina, N., Goto, J., Ichikawa, Y., Uchida, K., Sakamoto, T. and
Kanazawa, 1. 1997. Machado-Joseph disease gene product identified in
lymphocytes and brain. Biochem Biophys Res Commun. 233, 476-479.

Warrick, J. M., Morabito, L. M., Bilen, J., Gordesky-Gold, B., Faust, L. Z., Paulson, H. L.
and Bonini, N. M. 2005. Ataxin-3 suppresses polyglutamine neurodegeneration in
Drosophila by a ubiquitin-associated mechanism. Mol Cell. 18, 37-48.

Warrick, J. M., Paulson, H. L., Gray-Board, G. L., Bui, Q. T., Fischbeck, K. H., Pittman,
R. N. and Bonini, N. M. 1998. Expanded polyglutamine protein forms nuclear
inclusions and causes neural degeneration in Drosophila. Cell. 93, 939-949,

Wendt, S., Dedeoglu, A., Speer, O., Wallimann, T., Beal, M. F., Andreassen. O. A. 2002.
Reduced creatine kinase activity in transgenic amyotrophic lateral sclerosis mice.
Free Radic Biol Med. 32, 920-926.

Westlund, B., Stilwell, G., and Sluder, A. 2004. Invertebrate disease models in
neurotherapeutic discovery. Curr Opin Drug Discov Dev. 7, 169-178.

White, J. G., Southgate, E., Thomson, J. N. and Brenner, S. 1976. The structure of the
ventral nerve cord of Caenorhabditis elegans. Philos Trans R Soc Lond B Biol Sci.
275, 327-48.

White, J. G., Southgate, E., Thomson, J. N. and Brenner, S. 1986. The structure of the
nervous system of the nematode C. elegans. Philos Trans R Soc Lond Series B Biol
Sci. 314, 1-340.

Wittenburg, N., Eimer, S., Lakowski, B., Rohrig, S., Rudolph, C. and Baumeister, R. 2000.
Presenilin is required for proper morphology and function of neurons in C. elegans.
Nature. 406, 306-309.

Woods B. T., and Schaumburg H. H. 1972. Nigro-spino-dentatal degeneration with nuclear
ophthalmoplegia. A unique and partially treatable clinico-pathological entity, J
Neurol Sci. 17(2), 149-66.

Wu, Y., Wu, Z., Butko, P., Christen, Y., Lambert, M. P., Klein, W. L., Link, C. D. and
Luo, Y. 2006. Amyloid-beta-induced pathological behaviors are suppressed by
Ginkgo biloba extract EGb 761 and ginkgolides in transgenic Caenorhabditis
elegans. J Neurosci. 26, 13102-13.

Wyss,. M. and Kaddurah-Daouk, R. 2000. Creatine and creatinine metabolism. Physiol
Rev. 80, 1107-1213.

Wyss, M., Smeitink, J., Wevers, R. A., and Wallimann, T. 1992. Mitochondrial creatine
kinase: a key enzyme of aerobic energy metabolism. Biochim Biophys Acta. 1102,
119-166.

Yamada, M., Sato, T., Tsuji, S. and Takahashi, H. 2008. CAG repeat disorder models and
human neuropathology: similarities and differences. Acta Neuropathol. 115, 71-86.

Yamada, M., Tan, C. F.,, Inenaga, C., Tsuji, S. and Takahashi, H. 2004. Sharing of
polyglutamine localization by the neuronal nucleus and cytoplasm in CAG-repeat
diseases. Neuropathol Appl Neurobiol. 30, 665-675.

Yang, L., Calingasan ,N. Y., Wille, E. J., Cormier,K., Smith , K., Ferrante, R. J. and Beal,
M. F. 2009. Combination therapy with coenzyme Qo and creatine produces
additive neuroprotective effects in models of Parkinson’s and Huntington’s
diseases. J Neurochem. 109(5), 1427-1439.

Yoshizawa, T., Yamagishi, Y., Koseki, N., Goto, J., Yoshida, H., Shibasaki, F., Shoji, S.
and Kanazawa, I. 2000. Cell cycle arrest enhances the in vitro cellular toxicity of

81



Screening of therapeutic compounds in a C. elegans model of Machado-Joseph disease:
targeting mitochondria.

the truncated Machado-Joseph disease gene product with an expanded
polyglutamine stretch. Hum Mol Genet. 9, 69-78.

Yoshizawa, T., Yoshida, H. and Shoji, S. 2001. Differential susceptibility of cultured cell
lines to aggregate formation and cell death produced by the truncated Machado-
Joseph disease gene product with an expanded polyglutamine stretch. Brain Res
Bull. 56, 349-352.

Young, P., Deveraux, Q., Beal, R. E., Pickart, C. M. and Rechsteiner. 1998. M.
Characterization of two polyubiquitin binding sites in the 26 S protease subunit 5a.
J Biol Chem. 273, 5461-7.

YuY.C,, Kuo, C. L., Cheng, W. L., Liu, C. S. and Hsieh, M. 2009. Decreased antioxidant
enzyme activity and increased mitochondrial DNA damage in cellular models of
Machado-Joseph disease. J Neurosci Res. 87, 1884-1891.

Zhang, W., Narayanan, M. and Friedlander, R. M. 2003. Additive neuroprotective effects
of minocycline with creatine in a mouse model of ALS. Ann Neurol. 53, 267-70.

Zoghbi, H. Y. and Orr, H. T. 2000. Glutamine repeats and neurodegeneration. Annu Rev
Neurosci. 23, 217-247.

82



