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The spinocerebellar ataxias (SCAs) are a clinically and genetically 

heterogeneous group of neurodegenerative disorders. To date, ten SCA loci have 

been described (SCA 1 -SCAS, SCAlO and SCAl 1 ), with six genes having been 

cloned (SCA1, SCA2, SCA3/MJD, SCA6, SCA7 and SCA8) and show to 

contain CAGKTG repeats. 

This study investigated various aspects of the SCA2, SCA6, and SCA7 

subtypes. Haplotype analysis in our panel of SCA2 families identified multiple 

ancestral mutation events to be responsible for disease in this group. Screening 

for the newly ideatified SCA6 and SCA7 mutations in our large collection of SCA 

families and patients revealed that these mutations are rare in our panel, each 

accounting for less than 1 % of o u .  ataxia samples. Finaily, the CAG repeat- 

containing locus hGTI was found to be associated with residual age at onset 

variability in our SCA2 families. 

Together, these results add to our growing understanding of the SCAs, and 

bring us a few steps closer to effective diagnoses of, and treatments for, these 

devastating diseases. 



Les ataxies spinocérébelleuses représentent un groupe cliniquement et 

génétiquement hétérogène de maladies neuroddgénératives. A ce jour, dix loci 

SCA ont été décrits (SCAI- SCAS, SCA10, et SCAl1) et six gènes ont été clonés 

(SCAI, SCA2, SCA3MJD. SCA6, SCA7 et SCAS). Tous ces gènes contiennent 

des répétitions CAGICTG. 

Ce travail a pour but l'étude de divers aspects des sous-groupes SCA.2, 

SCA6, et SCA7. L'analyse des haplotypes des familles SCA2 a permis 

d'identifier plusieurs mutations ancestrales responsables de la maladie de ce 

groupe de patients. En testant nos familles SCA pour les gènes SCA6 et SCA7, 

récemment identifiés, nous avons constaté que ces mutations sont rares dans notre 

population. Elles représentent moins de 1% des cas d'ataxies de notre collection. 

Finalement, nous avons montré que la répétition CAG du locus hGTl est associée 

a la variabilité de l'âge d'apparition de la maladie dans les familles SCA2. 

Ensemble, ces rkultats nous aident à mieux comprendre les ataxies 

spinocérébelleuses, ce qui nous permet d'envisager, pour l'avenir, des diagnostics 

et des traitements plus efficaces. 

vii 



Genetic and molecular investigation of the minocerebellar ataxias 

Introduction to the human rmeat expansion disorders 

Science has long hown  that human DNA contains repeated sequences, such as 

microsatellites and variable tandem repeats, interspersed throughout the genome. 

Despite their usual occurrence in noncoding portions of DNA, these polyrnorphic 

repeats have proven to be valuable twls, serving as landmarks in our efforts to 

map and identiQ the complex array of human genes. Recently, however, 

sequence repeats have begun to receive scientific attention for an entirely different 

reason. A new class of repeat has emerged that, unlike their harmless cousins, in 

one way or another impact normal gene fhction, and are thus associated with 

human disease. This new family of "repeat disorders" is one of the most rapidly 

growing and intensely investigated areas of genetic research. Case in point, this 

group of mutations has expanded nom nine to 15 members (including two novel 

repeat types) in the less than three ytars of this study, to presently include two 

fiagile X loci (FRAXA and FRAXE), myotonic dystrophy (DM), Friedreich's 

ataxia (FRDA), spinal and bulbar muscular atrophy (SBMA), myoclonus epilepsy 

type 1 (EPM 1 ), Huntington disease (HD), dentatorubral pallidoluysian atrophy 

(DRPLA), spinocerebellar ataxia type 1 (SCA 1 ), SCA2, SCA3/Machado-Joseph 

disease (MD), SCA6, SCA7, SCAB, and dopharyngeal muscular dystrophy 

(OPMD) (1-20) (Fig. 1.1). 



(promotcr) 

EPM 1 Fricdreic h 's 
(12mr) FRAXA (CGG) ataxia (GAA) SBMA (CAG) Myotonic 

FRAXE (GCC) Huntington disease (CAG) ~ F ~ O P ~ Y  (CTG) 
DRPLA (CAG) SCAS (CTG) 
SCA 1-3, SCA6-7 (CAG) 
OPMD (GCG) 

Figure 1.1. Genetic position and repeat type for al1 known repeat expansion 
disorders. For abbreviations, see Table 1.1. 

Several key features are shared by the repeat disorders. In al1 cases, 

normally polymorphic repeat sequences expand beyond a disease-specific 

threshold, and become associated with disease. Once expanded into the 

pathological range, the repeats, also known as "dynamic mutations", become 

unstable, and tend to gmw in size as they are passed fiom generation to generation 

(21). Interestingly, longer expanded repeats are generally associated with earlier 

ages of omet and/or more sevcre phenotypes. This relationship, when combined 

with the presence of intergenerational instability, has introduced a new wrinkle to 

human genetics: as repeats expand M e r ,  they tend to produce earlier ages of 

onset and disease severity. This causes disease symptoms to occur at younger 

ages in successive generations in pedigrees, a phenornenon known as  genetic 

"anticipation". In fact, the discovery of repeat mutations provided a molecular 

explanation for observed genetic anticipation, which until that point was ofien 

said to have resultad h m  asc ertainment bias because it could not be adequately 

explained by classical Mendelian genetics (22). 



Despite the presence of hallmarks such as repeat instability and genetic 

anticipation, not al1 repeat mutations are created equal. Several unique qualities 

and important différences exist which allow the repeat diseases to be divided into 

subtypes, and these will be discussed in the following section. 

Tvpe 1 and type 2 repeat diseases 

The identification of new mutations in recent years has made classifjhg 

and categorizing repeat disorders increasing more difficult. For instance, the 

discovery of an expanded dodecarner (1 2mer) repeat in EPM 1 has broken the 

"rule of three" (23) as the fust non-trinucleotide repeat clearly associatecl with 

disease, while the novel GCG repeat which causes OPMD (20) is the first repeat 

mutation to cause no apparent neuronal deficits. Despite these developments, it is 

still possible to divide the repeat disorders into two main groups based on 

similarities in repeat type, size, and position. 

Until recently, ail of the identified expansion mutations were trinucleotide 

repeats, which were generally divided into two categories, known as type 1 and 

type 2 trinucleotide repeat diseases (24,25). However, the recmt discovery of the 

EPMl dodecamer repeat has broadened the definition of repeat diseases, and 

necessitates dropping the "trinucleotide" h m  the category titles. As a result, it 

can now be argued that al1 known repeat disorders can be divided into two 

categories known simply as type 1 and type 2 rcpeat diseases. Table 1.1 lists some 

of the characteristics of the members of these categories. 



Table 1.1. Characteristics of the human repeat expansion disorders. 
Discase Repeat Location Rcpcat length Repeat length Gene product 

of repeata n o d  range disease range 
(premutation) 

Tme 2 reueat discases 
myocionuS epiiepsy 
type 1 (EPMI) 

Fragile X syndrome 
(FRAXA locus) 

FRAXE 
mental retarâation 

Myotonic dystrophy 
(DM) 

Spinocerebellar ataxia 
type 8 (SCAS) 

Friedreic h's ataxia 
(FRDA) 

T m  1 rebcat diseases 
Spinobulbar muscular 
atrophy (SBMA) 

Spinocerebellar ataxia 
type 1 (SCAI) 

Spinocercbcllar ataxia 
&pe 3 (SCA3)Machndo- 
Joseph discase (MJD) 

Spinoccrcbellar ataxia 
type 6 (SCA6) 

Spinocerebellar ataxia 
type 7 (SCA7) 

WC rich 
12mer 

CGG 

GCC 

CTG 

CTG 

GAA 

CAG 

CAG 

CAG 

CAG 

CAG 

CAG 

CAG 

CAG 

GCG 

promoter 

5' UTR 

5' UTR? 

3' UTR 

3' UTR 

inîronic 

ORF 

ORF 

ORF 

ORF 

ORF 

ORF 

ORF 

ORF 

ORF 

cystatin B 

FMRl 

FMR2 

DMPK 

unknown 

frataxin 

androgen 
reccptor 

huntingtin 

ataxin- 1 

ataxin-2 

ataxin-3 

alA, calcium 
channcl subunit 

ataxin-7 

(OPMD) 
'UTR, untranslatai region; ORF, open d i n g  fnmc, b7 q m t s  cuises recessive OPMD when homozygous 



z m e  1 rmeat diseases 

The h t  group, type 1 repeat diseases, cwently consists of nine disorders: 

SBMA, HD, SCA1, SCA2, SCAYMJD, SCA6, SCA7, DRPLA, and OPMD. Al1 

of these diseases are caused by fairly modest expansions of trinucleotide repeats 

which occur in the coding region of the respective genes (Fig. 1.1 ). With the 

exception of OPMD, al1 of the type 1 diseases are caused by the expansion of a 

(CAG), repeat tract, which codes for an expanded polyglutarnine @olyGln) tract 

in the mature protein. The newest member of this group, OPMD, is caused by a 

modestly expanded (GCG), tract, which produces an expanded polyalanine 

(polyAla) tract in the PABP2 protein (20). The expansions in OPMD are the 

smallest of al1 the type 1 disorders, and are well within the nomal range of al1 

other type 1 members (see Table 1.1). OPMD is also unique in that it is the only 

member of this group that does not show progressive nedegeneration as a 

pathological feature, but uistead shows progressive atrophy of certain skeletal 

muscles (20). Despite these differences, type 1 repeat diseases are unified by 

having progressive phenotypes caused by the existence of modest expansions (8- 

-100 repeat units) of trinucleotide repeats which occur in the coding regions of 

their respective genes. It is also generally accepteci that al1 type 1 mutations (with 

the possible exception of the SCA6 mutation) exert their pathological effects via a 

toxic gain-of-function of the expanded proteins, not via disruption of nomal gene 

function (24). Members of the type 1 repeat disorders, particularly the 

spinocerebellar ataxias, will be discussed in greater detail in later sections. 



Twe 2 reDeat diseases 

As can be seen in Figure 1.1, several repeat mutations occur outside of the 

coding region of their respective genes. These mutations make up the type 2 

repeat disorders. Mutations of this type have been shown to occur in a promoter 

region, 5' untranslated region (UTR), 3 ' UTR, and in an intron, and are presently 

associated with EPM1, FRAXA and FRAXE fiagile-X mental retardation, FRDA, 

DM, and SCA8. Not unlike the type 1 diseases, new additions to the type 2 group 

have challenged the accepted characteristics of this group somewhat, but in 

general, type 2 repeat diseases are caused by relatively large (tiom -50 to several 

thousand units), very unstable repeat expansions which occur in non-coding 

regions of their respective genes, and appear in some way to disrupt normal gene 

fùnction (25). Unlike type 1 mutations, which tend to lead to progressive, single 

systern disorders, type 2 mutations are ofien developmental, multisystem 

disorders. While both type 1 and type 2 mutations are caused by the expansion of 

unstable repeats into an affectecl range, type 2 repeats are usually very much larger 

(see Table 1. l), and tend to show more explosive expansions, with increases of 

several hundred repeats common during transmission (25). Ideritance patterns in 

type 2 disorders include autosomal dominant (DM, SCAS), autosomal recessive 

(EPM1, FRDA), and X-linked (FIMXA, FRAXE) inheritance (2-5,7,19). The 

occumnce of type 2 mutations in non-coding regions of their respective genes, 

combined with the fact that in FRDA, EPM1, and F k U A ,  point mutations 

andor deletions have occasionally been shown to be involved in disease 

development (5,7,26), suggcsts that a loss of normal gene fûnction is likely the 



underlying cause of most type 2 repeat diseases. While loss-of-fiinction versus 

gain-of-fiinction has, in the past, been a key difference between the type 1 and 

type 2 diseases, questions raised as a result of the cloning of the SCA6 and SCA8 

mutations has begun to blur the line between these two groups somewhat. These 

two loci, and their proposed pathologicai etiologies, will be discussed more hlly 

in later sections, as we now direct our attention to the polyGln disorders, the 

h i l y  of diseases which houses the focus of this study: the spinocerebellar 

ataxias. 

The ~olvnlutarnine disorders 

In 199 1, La Spada et al. (6) discovered that a normally polymorphic CAG 

repeat Iocated within the first exon of the androgen receptor (AR) gene was 

expanded in patients with spinal and bulbar muscular atrophy (SBMA). Since 

then, seven other diseases have also been shown to be caused by expanded CAG 

repeats, including HD, DRPLA, SCA1, SCA2, SCA3/MJD, SCA6, and SCA7. 

These diseases have becorne collective known as the "plyglutamine disorders" 

because, in each, the expanded (CAG),, repeat is translated into an expanded 

polyGln tract in the mature protein. As with al1 repeat disorders, a relationship 

exists between the size of the repeat and the age at disease onset in the polyGln 

disorders. In general, the repeat size accounts for -50% of the variability seen in 

age at disease onset, although the exact magnitude of this effixt varies according 

to the disease and study. Apart h m  the CAG tracts themselves, the genes show 

no siaiilarities and, with the exception of the loci involved in SBMA and SCA6 



(whose expansion occurs within a calcium ctiannel subunit), code for proteins of 

unknown function (27). Despite widespread expression of the genes, in each 

disease a specific subset of neurons degenerate, ranging fiom motor neurons in 

SBMA (6), striatai and caudate neurons in HD (28), dentate and globus pallidus 

neurons in DRPLA (22), and cerebellar, brain stem, and spinal cord neurons in the 

SCAs (27). With the exception of SBMA, which is X-linked, al1 known polyGln 

disorders are inherited as autosomal dominant diseases. 

Exactly how and why polyGln tracts cause neurodegeneration is stitl 

unclear, but the intense scrutiny these disorders have received in recent years has 

begun to shed light on many aspects of the polyGln disorders, including clues 

about their ongins, relative prevalence, and mechanisms of pathology. It is 

generally believed that the presence of a polyglutarnine expansion results in 

disease via a toxic gain-of-function mechanism (with the possible exception of the 

SCA6 mutation). This notion is support& by several facts: first, dominant 

inheritance is generally consistent with a gain-of-fùnction (although 

haploinsufficiency or dominant negative mechanisms are difficult to rule out 

given the inconsistent reports regarding the phenotypes of individuals 

homozygous for CAG expansion mutations [M,24,29 1). Second, expanded alleles 

are still expressed and translated into protein, suggesting that aitered protein 

fùnction, not reduced levels, is responsible for dis- (24). Third, point 

mutations in the androgen receptor gene, which causes loss of normal gene 

hction, causes testicular feminization - a disease completely unrelated to SBMA 

(the disease produceci by CAG expansions in the same gene). Finally, several 



mouse models have been developed where insertion of expanded transgenes cause 

neurodegeneration a d o r  appropriate disease phenotype, suggesting that these 

transgenes have toxic properfies (30,3 1). Taken together, these factors suggest 

that polyGln expansions confer some sort of toxic quality to proteins. This idea 

will be more fully explored in later sections which deal with ciment research on 

polyGln pathogenesis. First, however, we will tum our attention to the most 

fundamental process in CAG repeat pathogenesis: repeat instability. 

CAG reDeat instabitity 

Like most repeat sequences in the genome, CAG repeats are inherently 

unstable. Rare changes in repeat size during countless histoncal meioses has 

produced a polyrnorphic normal repeat range in the general population for most of 

the CAG repeat sequences studied (see Table 1.1). Despite this polymorphic 

nature, normal sized repeats are almost always stably transmitted at the level of 

individual families (24). However, once repeats expand past a pathological 

threshold, which is approximately 37-40 repeats for most of the polyGln 

disorden, they become much more unstable, undergohg M e r  expansions (as 

well as occasional contractions) during transmission. As was already discussed, 

this tends to lead to longer repeat sizes, and corresponding earlier disease onset, in 

successive generations. 

In addition to this meiotic instability, expanded alleles also appear to be 

unstable during mitotic ce11 division, causing any given population of cells to 

exhibit a range of expanded ailele sizes, a phenornenon hown as "somatic 



rnosaicism". As a result, polymerase chah reaction (PCR) amplification of 

expanded repeats for almost al1 of the polyGln disorders produces a characteristic, 

multi-banded pattern containing a prominent, central band (the inherited size), 

with progressively fainter bands above and below. There is aiso some evidence 

that within ïndividuals, different allele ranges may be seen in different ce11 

populations. For instance, cerebellar cortex tissue in SCAl and SCA3MJD 

shows slightly smaller expanded repeat sizes than do other brain regions (32,33), a 

phenomenon also reported for DRPLA (34). 

This propensity for CAG repeats to M e r  mutate during meiosis and 

mitosis is likely also responsible for a parent-of-origin effect ofien seen in the 

polyGln diseases. Typically, patemal transmissions of expanded alleles are 

associateci with greater transmission instability (1 O,3 5-3 7). It has been proposed 

that this phenomenon occurs because more ceIl divisions, and therefore more 

opportunities for M e r  mutational events, are required in the production of 

sperm as compared to oocytes (38). This instability has been confirmed in severai 

studies where single spem PCR, performed on sperm h m  affected males, 

produces a wide range of expanded alleles (36,39-41), although this effect was not 

seen in afkcted SCA6 males (42). 

One element that appears to influence repeat stability, and seems to be 

crucial for CAG repeats to make the jump h m  the normal range to the expanded 

range, is the loss of interruptions. In many cases, normal alleles are not pure CAG 

tracts, but are instead punctuatad by other trinucleotides. For example, 98% of 

SCAl normal alleles are intermpted by 1-3 CAT trinucleotides, while al1 SCAl 



expanded alleles are composed of pure CAG tracts (35). SCA2 alfeles only 

expand into the pathological range after losing the 1 or 2 CAA repeats present in 

almost al1 normal alleles (13-15). In this way, the presence of intenuptions 

appears to afford a degree of stability to CAG tracts, with the loss of these 

intenuptions being an important initiating step in the transition fiom the normal to 

expanded range. 

Exactly how and why CAG repeats become unstable is not fully 

understood, but it is commonly believed that hairpin formation plays an important 

role in the process. Figure 1.2 outlines the ways in which hairpin formation 

during DNA replication might lead to expansion and/or contraction of a CAG 

repeat tract. Hairpins form when CAG and/or CTG tracts loop back on 

themselves such that cytosine residues can fom hydrogen bonds with guanine 

residues, adopting the following configuration: 

..... C A G C A G C A G C A G C  
I I I  I I  I I  I A  

..... G A C G A C G A C G A C G  

As can be seen in Figure 1.2, if a hairpin foms in the newly synthesized daughter 

strand during replication, the result will be an expansion of the repeat, while a 

hairpin in the parent ternplate strand will lead to a contraction (43). 



Expansion Contraction 

lagging strand 

Figure 1.2. Role of hairpins in CAG repeat tract expansion/contraction 
during DNA synthesis. Hairpin formation in the newly formed strand will 
lead to expansions; hairpin formation in the template strand will lead to 
contractions. 

Hairpin stability, and thus the likelihood that they will fom, can be 

influenced by the length and composition of repeat sequences. As a result, longer 

rcpeats are more unstable than short repeats because longer repeats more readily 

fom stable haixpïns (43.44). Similady, the loss of sequence interruptions (such as 

a CAA repeat) to produce a pure repeat may increase repeat instability by 

increasing the stability of hairpins (44). Interruptions may also increase repeat 

stability by sewing as reference points, or "anchors," within the repeat tract, 

dccreasing slippage by DNA replication machinery (a mechanism also proposed 

to contribute to repeat mutation)(45). Regardless of the mechanism, it is obvious 

that intemptions are crucial for repeat stability, and that the loss of these 

interruptions, dong with incltashg q u i t  length, are central to the mutability of 

CAG repeat tracts. 



One final factor has recentiy become implicated as possibly contributing to 

CAG repeat tract instability. Three separate snidies have reported that a 

CGW-GGG polymorphism immediately downstream of the CAG repeat in the - 

MJDI gene effects intergenerational instability (40,46,47). Surprisingly, the 

effect appears to act both in cis and in trans, as it is specifically the [expanded 

CAG-CGG/normal CAG--GGG] genotype which is associated with the greatest 

instability. This suggests that some sort of inter-allelic interaction may be 

involved in intergenerational instability of the MJDI repeat tract. Exactly how or 

why this effect occurs, or if a similar phenornenon occurs in other polyGln 

disorders, remains to be detennined. Nevertheless, these results indicate that 

intragenic regions other than the CAG repeat itself may play a role in confemng 

instability to CAG repeat tracts. 

To sumrnarize, instability of CAG rcpeat tracts, an integral component of 

the pathology of the polyGln diseases, appears to be influenceci by several factors, 

including repeat length, presence or absence of intemiptions, gender of 

transmitting parent, and perhaps the presence of intragcnic polymorphisms. As 

has been discussed, these factors not only contribute to instability within the 

expanded range, but may also play a role in the expansion of normal alleles into 

the expanded range, with obvious implications for disease origins and prevalence. 

The above examination of some of the general characteristics of the CAG 

repeat disorders provides a fkamework for the introduction of the spinocerebellar 

ataxias, which, in terms of numbers of identified genes, constitute the majonty of 

the polyglutamine disorciers. Besides beiing the focus of this investigation, many 



of the identifieci characteristics of the SCA subtypes have providecl important 

clues regarding aspects of polyglutamine-induced pathology in general, making it 

important to discuss these qualities before finally addressing the most recent 

theones regarding polyglutarnine pathogenesis. 

The s~inocerebellar ataxias 

Until very recently, it would have been quite logical to include the 

spinocerebellar ataxias (SCAs) as a group within the polyGln disorders, but the 

recent cloning of the SCAS gene has challenged the notion that al1 SCAs are 

caused by polyglutamine-coding CAG repeats, a fact which will be discussed 

later. The SCAs are, however, unified to some extent by overlapping clinical 

features, which usually include gait and limb ataxia, dysarthna, and other 

associated signs, as well as by cornmon pathology of the brain stem, cerebellum, 

and spinal cord (27). 

Prior to the identification of any SCA mutations, attempts were made to 

group and classify these disorclers based solely on clinical observations. The most 

widely cited example of üus was Harding's classification system (48) which 

recognized three cerebellar ataxia groups: autosomal dominant cerebella. ataxia 

type 1 (ADCA I), which is characterized by cerebellar ataxia in conjunction with 

various associated features; autosomal dominant cerebellar ataxia type II (ADCA 

II), which consists of cerebellar ataxia with retinai degeneration; and autosomal 

dominant cerebellar ataxia type iII (ADCA ID), which consists of pure cerebellar 

ataxia without associated fcatures. While this system is still used, it is really 



genetic classification, which has resulted fkom gene cloning, which is now most 

usefiil. To date, six SCA genes have been cloned (SCAI, SCA2, SCA3/MJD, 

SCA6, SCA7, and SCAS), while four other loci have been mapped in SCA 

families (SCA4, SCAS, SCA10, and SCAl1) (49-52). 

The first SCA gene discovered, SCAI, was cloned in 1993. The 

identification of an expanded CAG repeat as the causai mutation in SCAl gave 

direction to the search for similar mutations in other forms of SCA, and opened 

the door for the cloning of SCAYMJD in 1994, SCA2 in 1996, SCA6 in 1997, 

and SCA7, later in 1997. Each gene was found to contain an expanded, 

polyglutamine-coding CAG tract as the causal mutation. Four other loci have 

been linked in families suffering fiom SCA; SCA4 on chromosome 16q22.1, 

SCAS on the centromeric region of chromosome 1 1, and recently SCAl O on 

chromosome 22q 13 and SCA11 on chromosome 1Sq 14-2 1.3. Efforts to identiw 

mutations in these candidate regions have thus far failed. As has already been 

mentioned, very recently a sixth SCA gene, spinocerebellar ataxia type 8 (SCA8), 

was cloned (lg), and shown to contain an untranslated CTG expansion in a subset 

of SCA patients. This hding obviously challenges the notion that al1 SCAs are 

caused by polyglutamine-encoding CAG expansions, and suggests that SCA8 may 

be related to the type 2 repeat disease myotonic dystrophy, which is also caused by 

an untranslated CTG repeat in the 3' UTR. SCA8 also appears unique in that it is 

found to segregate in autosornal dominant, autosornai recessive, and isolated SCA 

familididividuals. Al1 other known SCA gencs generally affect autosomal 

dominant families, although occasional sporadic cases have been reported (53-60). 
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Three of the more recently cloned forms of SCA were specifically 

examined in this study: SCA2, SCA6, and SCA7. In order to help establish the 

rationale for the approaches of this study, a brief description of each of these loci, 

including some of the unique characteristics of each, follows. 

S~inocerebeiiar ataxia m e  2 (SCA2) 

The gene for SCA2 was cloned independently in 1996 by three different 

groups (1 3-1 5) having already been mapped and shown to be associated with 

polyglutamine expansions using an antibody specific to expanded polyglutamine 

motifs (6 1 ). Clinically, SCA2 typically features ataxia, dysarthna, and 

characteristic slow saccades (27). At the time of the cloning, SCA2 expanded 

alleles were the smallest seen in the CAG repeat disorders, with the srnailest 

pathological allele (35 repeats) weil below the pathological threshold of the other 

CAG repeat diseases identified at that time. Unlike most of the other CAG repeat 

disorciers, which are highly polymorphic in the normal population, the vast 

majority (>go%) of SCA2 normal aileles consist of 22 repeats, with the remaining 

rare alleles ranging between 14 and 34 repeats (1 3,14,39,58). No gap exists 

between the largest normal allele and smallest expanded alleie in SCAî ,  with 34 

repeat being reported as both a normal dlele and an "at risk" allele by different 

investigators (39,58). 

While the relative prevalence of each SCA subtype varies depending on 

the ethnic and geographic group behg studied, most sweys show that SCA2 is 

the second most common cause of spinocerebeiiar ataxia (behind SCA3/MJD), 



generally accounting for between 10-20% of al1 ataxia patients (39,s 5.62-64). In 

Bntain, however, SCA2 is reporteci to be the most cornmon cause of SCA at 40% 

@5), while in Japan it is generally a rare cause of SCA (-5%) behind SCA3/MJD, 

DRPLA, and SCA6 in terms of prevalence (53,56,66). 

S~inocerebeku ataxia w e  6 (SCA6) 

In contrast to SCA2, which was already defined pnor to its cloning by 

virtue of linkage to chromosome 12, SCA6 became a distinct genetic entity only 

after the SCA6 repeat was discovered. Using a (GCT), probe to screen a human 

brain cDNA library, Zhuchenko et al. (17) identified SCA6 as a short CAG repeat 

which rangeci fiom 4- 1 6 CAG repeats in nomal controls, but was expanded to 2 1 - 

27 repeats in a subset of tested SCA patients. This repeat is located in the 3' end 

of the well characterized ai*-voltage-dependent calcium channel gene, now 

known as CACNAlA (67). and was predicted to code for polygiutamine in three 

of the six isaforms discovered. Initial screcning results suggested that SCA6 was 

typified by late omet, relatively pure cercbellar ataxia (ADCA m) (1 7), but more 

recent studies have found some SCA6 patients with early onset and associated 

signs (59,66,68). 

Many characteristics of the SCA6 subtype make it a unique member of the 

spinocerebellar ataxia f h l y .  First, the size of the expanded alleles arc within the 

normal range of al1 other CAG repeat discases. At present, normal alleles have 

been found to range h m  4-20 repeats, with expanded alleles ranging b m  2 1-33 

repeats (29,69,70). As with ail the CAG repeat diseases, a negative correlation 



exists between the size of  the expanded repeat and the age of disease onset, but in 

SCA6 this association is particularl y pronounced, with approximately 6575% of 

the variability in age at onset explained by repeat size in some panels (29). Thus, 

the addition of even a single glutamine residue can have a profound effect on 

disease onset. 

Several factors, incluâing the small repeat size and strong negative - 

correlation between disease onset and repeat size, have prompted some 

researchers to suggest that SCA6 pathogenesis results fiom a loss of normal gene 

fùnction, as opposed to the gain-of-fùnction mechanism proposed for most other 

polyGln disorders (17,71). This characteristic, so far unique to SCA6, is 

intriguing as it is difficult to imagine how two CAG tracts, differing in size by as 

few as two repeat uni& (in the case of the largest SCA6 repeat and the srnailest 

SCA2 repeat), could produce nearly identical pathological and clinical pictures via 

completely different pathological mechanisms. Nevertheless, there does appear to 

be evidence that disruption of normal gene huiction may be at the root of SCA6 

pathogenesis. For instance, recessive (loss of fiuiction) mutations in the mouse 

homologue of the al*-voltage-dependent calcium channel gene are associated 

with the mouse tottering (tg) and leaner &la) phenotypes, which are charactenzed 

by cerebellar ataxia and seizures (1 7Jl). Also intriguing are recent findings 

linking SCA6 with two other diseases also caused by mutations in the CACNAl A 

locus. Missense mutations in this prie have been found to cause familial 

hemiplegic migraine 0, while mutations causing protein tnincation cause 

episodic ataxia -2 (EA-2) (72). Al1 three of these "allelic disorders" cm be 



associatecl with a degree of ataxia and cerebellar atrophy, in addition to the 

features specific to each disease (71). While FHM and EA-2 are also inherited in 

an autosomal dominant fashion, it is generally accepted that the mutations that 

cause these disorders disrupt normal channel function, causing disease via 

haploinsufficiency or dominant negative mechanisms (71). With this in mind, it is 

very interesthg to note that families with episodic ataxia-like features have been 

found to harbour SCA6 expansions (67,68), while individuals wi th progressive 

ataxia have been found with point mutations in the CACNAlA locus (73). In 

fact, Jodice et al. (67) suggest that EA-2 and SCA6 should be considered to be the 

same disorder. These findings do indeed seem to suggest that the SCA6 

expansion causes a disruption of normal channel fiuiction, perhaps also through 

haploinsufficiency or dominant negative mechanisms, as opposed to conferring a 

gain of toxic proteîn fiinction, as is accepted for the other polyGln disorders. 

Having said this, very recent evidence of inappropriate cellular localization of the 

a l * - v o l g e - d e  calcium channel protein (74), which will be discussed 

later, may in fact suggest that SCA6 has more in common pathologically with the 

other polyGln disorders than originaily suggested. 

A third unique characteristic that appears to separate SCA6 fiom the other 

polyGln diseases is the relative stability of the expanded repeat tracts. Expandecl 

repeats in HD, DRPLA, SBMA, and the other SCAS are rarely trammittecl 

faithfully, but rather undergo meiotic expansions or contractions during 

transmission. SCA6, on the other hancl, is almost always stably transmitted, even 

within the expanded range (17,56,70). Perhaps this should not be surprishg 



considering the small expansion sizes seen in SCA6, which are similar to the 

stable, normal alleles of other SCA subtypes. At least two studies have reported, 

however, SCA6 expanded aileles changing size during transmission (53,75), 

pointing out that a measure of transmission instability can be seen in SCA6. 

Once again, as in SCA2, relative prevalence of SCA6 depends greatly on 

the geographic andlor ethnic group being examined, even within a country. For 

instance, in some areas of Japan, SCA6 accounts for in excess of 30% of ataxia 

patients (56,75), while in other regions it is found in only 6% of ataxia patients 

(66). ui general, however, SCA6 appears to be responsible for approximately 10- 

20% of al1 SCA cases (54,55,59,68,76), usually ranking it third behind 

SCA3/MJD and SCA2 in terms of relative prevalence, although in some areas like 

France, parts of North America, and Portugal, it appears te be a very rare cause of 

ataxia (las than 5%) (62,64,77). Several authors have found SCA6 in sporadic or 

isolateci patients (53-57), although Schols et ai. (59) have noted that ofien this 

may be the result of misdiagrmis due to the missing of very late manifesthg 

ataxia symptoms in the parents, as  opposed to genuhe de novo SCA6 mutations, 

like that documented by Shizuka et al. (60). 

One final characteristic which appears to be more common in SCA6 than 

in the other polyGin disorders is the occurrence of patients homozygous for the 

SCA6 expansion. To date, at least six SCA6 homozygotes (also known as 

compound hetemzygotes) have been reported (53.56,68,69,75). High local 

prevalence and founder effècts, particularly in regions of lapan. may be playing a 

role in the generation of these homozygotes. Intercstingiy, authors appear divided 



as to the effects of a homozygous mutation, with some studies reporting earlier 

onset and more severe disease than heterozygotes (53,56,68), while others report 

no effect (69,75). This uncertainty mirrors the ongoing argument of the effects of 

homozygous mutations in other polyGln diseases such as DRPLA, MJD, SCA2, 

and HD (1 4,29,78-80). While clear evidence of increased disease severity in 

homozygotes would provide ches about the pathological mechanisms in diseases 

such as SCA6, the lack of a consensus opinion in this area unfortunately makes 

these data ambiguous at best. 

Spinocerebellar - ataxia me 7 (SCA7) 

The long search for the gene mutated in SCAT ended in 1997 when David 

et al. (1 8) cloned a highly unstable CAG repeat on chromosome 3p 12-p 13. Aided 

once again by the 1C2 antibody which recognizes expanded polyglutamine motifs, 

the cloning of the SCA7 gene was guided by the knowledge that an expanded 

polyglutamine repeat was responsible for this disease (61). 

SCA7 is typified by cerebellar ataxia and retinal degeneration, and 

corresponds to ADCA II in Harding's classification system (48). Although SCA7 

screening reports have generally supportecl the notion that ADCA K i  is genetically 

homogeneous (36,55,76,8 1-83), the very recent identification of a SCA7 negative 

ADCA II family suggests this phenospc can be associateci with a degree of 

genetic hetemgeneity (84). It should also be mentioned that SCA7 expansions 

have been found in patients without retinal degeneration, at least for the initial 



phase of disease development (36,81), indicating that the SCA7 phenotype may 

not be as well defined as originally suggested. 

Normal alleles at the SCA7 locus range fiom 4 to 35 repeats, with 10 CAG 

repeats accounting for 65.75% of al1 normal alleles (36,76,8 1,83). Expanded 

alleles range fkom 37 to >300 repeats, and are extremely unstable upon 

transmission, particularly when transmitted patemally (83,84), although matemal 

transmissions are most common (36,83). The largest SCA7 repeats (>200 CAG 

units), associated with infantile disease omet and early death, are the largest 

repeats found thus far in any of the polyGln diseases (76,8 1). This propensity for 

large expansions is likely a reflection of the fact that the SCA7 repeat is the most 

unstable of al1 known disease-causing CAG repeats (36). 

Assessing the prevdence of SCA7 by examining the literature is a difficult 

task, as some authors discuss ADCA II completely separately from other forms of 

ADCA, and therefore never compare SCA7 to other SCAs (36,8145). Studies 

which do integrate ADCA groups, however, generally report that SCA7 is a rare 

to moderately rare cause of cerebellar ataxia, accounting for approximately 5- 10% 

of al1 SCA cases (55,76). 

Having introduced the key concepts and players in the CAG repeat 

diseases, we will next briefly discuss the most recent theories about the cellular 

pathology of the polyglutamine disorders, before finally establishing the specific 

goals and aims of this study. 



Protein accumulation in the wlvdutamine disorders 

While there is now very Iittle doubt that expanded polyglutamine motifs 

are in some way toxic to neurons, very little is known about the actual 

mechanisms that may be responsible for cellular pathogenesis, including what role 

expanded polyglutamine tracts play in ce11 death, and why specific populations of 

neurons are susceptible in different diseases. While answers to these questions 

are still possibly years away, severai exciting new studies have begun to shed 

some light in this area by investigating the possibility that improper protein 

localization and aggregation may be key contributors to polyglutamine-induced 

neurodegeneration. 

While evidence for protein accumulation in affected neurons in the 

polyGln disorders has only recently been gcnerated, theories proposing such 

accumulation andor aggregation have been cstablished for several years. Green 

(86) speculated in 1993 that expanded polyglutamine motifs may act as substrates 

for covalent cross-linking by transgiutambses, while Perutz et al. (87) suggested 

that these repeats may act as "polar zippers," gradually causing disease protein to 

aggregate and accumulate through non-covalent hydrogen bonding. In both cases, 

it was assumeci that aggregates would somehow interfere with normal ce11 

function, and ultimately contribute to ce11 death. These models also introduced 

the possibility that expanded polyglutamine-containing proteins might interact 

with ceil-specific factors, r e n d e ~ g  specific populations of neurons at nsk for 

each disease. 



Direct evidence for protein aggregation in the polyGln diseases h t  

appeared in 1997 when Davies et al. (88) noticed small, neuronal intranuclear 

inclusions (NIs) in braïn specimens of HD transgenic mice. These inclusions, 

which Iabeled with antibodies to huntingtin and ubiquitin (Ub), were present in 

brain regions typically affiected in HD, and only occurred in animals canying an 

expanded transgene. These results appeared to suggest that the presence of a 

polyglutamine expansion was causing inappropriate protein accumulation andor 

nuclear translocation, perhaps with degenerative consequences. 

Since this initial report, NIs have been clearly seen in transgenic mouse 

and Drosophifa models, cellular models, and patient brain matenal for SCAl, 

SCA3/MJD, DRPLA, HD, SBMA and SCA7 (89-99), as well as with cellular and 

mouse models using CAG repeats alone, or inserted into non-disease genes 

(3 1,100). While the wmplete make-up of these aggregate bodies is not yet 

known, other cellular proteins (in addition to Ub), such as wmponents of the 

proteasorne, as well as chaperones, have also been fond to be associated with 

aggregates in some cases (101,102). 

Recently, protein aggregation has been reported in the polyGln diseases 

with the shortest pathological aileles, SCA2 and SCA6. Two recent studies have 

demonstrated the presence of the SCA2 and SCA6 disease proteins in cytoplasmic 

accumulations and aggregates (74,103). These results are somewhat surpnsing 

given the gmerally acceptecl notion that SCA6 pathogenesis occurs via different 

mechanisms than in the 0 t h  polyGin disordexs. Having said this, it is still 

possible that protein aggregation in SCA6 may lead to loss of proper calcium 



channel hction, and not necessarily to a gain of toxic qualities. Further data is 

neeâed to adequately address this issue. 

The presence of NIs in disease models, as well as patient material, 

originally lead researchers to suggest that these structures must be responsible for 

ce11 death in some way. New evidence has surfaceci, however, which suggests that 

NIs are not necessarily required for ce11 death - indeed that these structures may 

actually be beneficial to ce11 suMvai (98,104- 106). Basically, these data indicate 

that ce11 death can occur in the absence of discexnible inclusions (1 O4), while 

other cells can sunrive despite the presence of NIs (98,106). Additionally, 

blocking the formation of inclusion bodies actually increased the rate of ce11 death 

in one study (105). It is therefore possible, b a s 4  on these hdings, to imagine a 

model whereby expanded polyglutamine-containing protein is toxic to cells in its 

unbound form, and that the formation of NIs is a protective strategy utilized by the 

ce11 in an atternpt to neutralize and/or degrade this protein (thus explainhg the 

presence of degraâation machinery such as Ub and chaperones) (1 05). It may be 

possible that some populations of cells have a lessa capacity to handle toxic 

protein in this way, eventually rendering them vuherable to toxic protein build- 

up. Having said this, it is important to note that this model is based on 

preliminary reports only, and does not preclude the possibility that protein 

accumulation and aggregation may play an important role in the 

neurodegenerative process. Suffice it to Say that f i e r  exploration is needed 

before we can adequately address the role protein aggregation plays in polyGln- 

induced pathogenesis. 



Objectives of this study 

Several aspects of the genetics of the spinocerebellar ataxias were 

independently investigated in this study. While these studies are able to stand 

alone as separate bodies of research, together they contribute to our increasing 

understanding of the SCAs. Using techniques such as haplotype analysis, 

mutation screening, and candidate gene analysis, we investigated aspects of 

mutation origin, prevalence, and genetic modification of disease onset in certain 

SCA subtypes. 

This study consists of three independent projects. The specific objectives 

of these projects are: 

Investinathri the orighs - and smead of the sbinocerebeliar ataxia t p e  2 (SCA2) 

mutation. 

1. to use haplotype analysis to examine whether the SCA2 mutation arose 

independently in our SCA2 positive families, or whether these farnilies are 

linked by common ancestral mutations. 

Investiaating the role of the SCA6 and SCA7 meat mutations in a lame panel of 

ataxia ~atients. 

2. to determine the frequency of the SCA6 and SCA7 mutations in our large 

panel of SCA patients, and to compare these Erequencies to those found for the 

previously tested fonns of SCA. 



Examination of CAG repeat-containina loci as possible genetic modifiers of ap;e at 

onset in spinocerebellar ataxia tme 2 (SCA2). 

3. to determine whether the size of CAG repeat tracts found in various CAG 

repeat-containing loci can account for any of the variability in SCA2 age at 

disease onset not explained by the size of the expanded SCA2 repeat tract 

itself. 

Each of these studies attempts to provide another small piece to the bigger puzzle 

that is the spinocerebellar ataxias, as well as to contribute to our knowledge of the 

polyglutamine disorders in generai. 



Investigating the on- and mread of the minocerebellar 

ataxia type 2 (SCA21 mutation 

This first study addressed the possibility that all, or a subset, of cases of 

SCA2 identified in our lab may have resulted fkom a common ancestral mutation, 

reflecting a founder effect. Similar studies in other SCA subtypes and 

polyglutamine disorders have oAen found multiple mutational events responsible 

for disease prevalence, even within restricted ethnic or geographic groups. Work 

of this type c m  reveal a great deal about the origins and spread of a particular 

mutation, as well as give valuabie information regarding the relative cornmonness 

or rarity of mutational events. 

This work will be submitted for publication as: 

Hayes, S., Lopes-Cendes, 1.. Gaspar, C., Jain, S., and Rouleau, G.A. Haplotype 

analpis in a group of spinocerebellar ataxia type 2 (SCAî) patients. 



Haplotme analvsis in a w u p  of s~inocerebellar ataxia M e  2 (SCA2) ~atients 

Introduction 

The autosomal dominant spinocerebellar ataxias (SCAs) are a genetically 

diverse group of neurodegener&e disorders typically affecting the cerebellum, 

brain stem, and spinal cord. The growing list of loci identified as causing SCA 

presently contains six genes (SCA 1, SCA2, SCA3Machado-Joseph disease 

m), SCA6, SCA7, and SCA8) (12-19) as well as four linked loci (SCA4, 

SCAS, SCA10, and SCA11) (49-52). Five genes identified so far have an 

expanded (CAG),, repeat as their pathological mutation. These repeats are located 

in the coding region of their respective genes and code for polyglutamine tracts, 

making these foms of SCA members of a larger group of "polyglutamine 

(polyGln) disorders" which also includes spinal and bulbar muscular atrophy 

(SBMA) (6), Huntington disease (HD) (9), and dentatombrai-pallidoluysian 

atrophy @RPLA) (10.1 1). Current evidence suggests that SCA8 is not a polyGln 

disorder, as its pathological expansion is an untranslated CTG, making this form 

of SCA similar to the expansion disease myotonic dystrophy (DM) (19). It is 

therefore possible that the pathological mechanism at work in SCA8 is different 

than that of the other polyGln disorders, and similar to that of DM. 

The mechanism by which polyGln expansions cause the characteristic 

patterns of neurodegeneration seen in each disorder is unknown, as is how and 

why these expansions arise. It has been pmposed that certain factors, including 

repeat sue (107), as well as cis and/or tram acting elernents (40,46,47), 

predispose certain normal alleles to expand to bewme pathological alieles. It has 



aiso been suggested that present day distributions of these diseases may, in some 

cases, be due to founder effects, with ancient mutations responsible for most or al1 

current cases (108). While it is tnie that some studies have reported apparent 

founder effects in certain geographic regions (109), the vast majority of evidence 

seems to indicate that the unstable nature of CAG repeats has lead to numerous 

mutational events for most of the polyGLn diseases, even within apparently 

homogeneous populations. For example, haplotype analysis in South Afncan 

SCAl families revealed the existence of at least three ancient mutations (1 IO), 

while at least two founder mutations appear to be responsible for modem cases of 

MJD in the Azore Islands (C. Gaspar, in preparation) (1 1 1). Multiple founders 

have likewise been reported for SCA2, SCA6, SCA7, DRPLA, and HD 

(64,65,82,112- 1 14). Several authors have also reported de novo mutations 

accurring in polyGln families (60,82,84, 1 15), M e r  supporting the notion that 

expansions h m  normal to pathological ranges are not limited to rare, ancient 

events. 

In order to M e r  investigate the possible origins of CAG expansions in 

the polyGln diseases, we used haplotype analysis to identify potential founder 

chromosomes in SCA.2. Unlike most of the other polyGln disorders, SCA2 

normal alleles are relatively non-polymorphic, with 22 repeats accounting for in 

excess of 80% of al1 normal alleles (14,65,112). Given this apparent stability of 

normal length SCA2 alleles, one might speculate that expansion events will occur 

less fkquently in this form of SCA. However, even within geographic and ethnic 

groups, we were able to identitjr multiple founder chromosomes, suggesting that 



mutational events have occurred tiequently in SCA2. Our data also allowed us to 

make some assurnptions about the spread of the SCA2 mutation within our 

families. 

Materials and Methods 

Subjects 

Twenty-four seemingly unrelated SCA2 families, including nine isolated 

patients, were included in this experiment. The families examined were fiom 

three main geographidethnic groups. Sarnples fkom seven of the families were 

collected in and around Delhi, India, and practiced the Hindu hith. Three 

families had ties to Canada, with one family h m  the Gaspé region of Québec, 

one from Newfoundland, and one with branches in Saskatchewan and Austria. 

Samples h m  five families, and one isolated individual, were collected in either 

Portugal or Brazil. An isolated Greek-Canadian individual, as well as seven 

isolated pathological brain specimens of wiknown ethnic origin, were also 

included. 

Genomic DNA was isolated fiom penpheral lymphocytes or autopsy 

materials using standard procedures (1 16). Al1 families and isolated cases were 

identifiai as having the SCA2 mutation using previously reported methods (1 17). 

At least one a f k t e d  individuai fiom each family was genotyped, as well as 

parents andlor sibs (when available) in order to determine chromosome phase. 

Control data was gathered h m  unaffectecl spouses of affected individuals, as well 

as h m  patients' non-segregating normal chromosames. 



PCR analysis of microsatellite markers 

Three chromosome 12 microsatellite CA repeat markers were used to 

establish haplotypes in this study. Markers D12S 1333 and D 12s 1332 Bank the 

SCA2 gene, with D 12s 1333 located approximately 200 kb telomenc to the gene, 

and D12S1332 approximately 350 kb centromenc (1 3). The third marker, 

Dl 2s 1672, is located in the first intron of the SCA2 gene (1 18). Marker repeat 

sizes were detemiined by polymerase chah reaction (PCR) in a total volume of 

13 .O pl, containing approxirnately 100 ng of genomic DNA, 10 mM Tris-HCl (pH 

8.8), 1.5 mM MgClz, 50 m M  KCl, 10% dimethylsulfoxide (DMSO), 250 rnM 

each of dCTP, dGTP and dTTP, 25 mM dATP, 1.5 pCi a 3 ' s - d ~ V ,  100 ng of 

each primer, and 1.5 U Tuq polymerase (Perkin-Elmer). The following primer 

pairs and annealing temperatures were used: Dl2S 1332a (5'-GCC AGG TAC 

AGT GGC TC-3') and D12S1332b (5'-CTG GGA CCA CAG GTG TAG-3') at 

60°C; D12S l333a (5'-TTC AGG TGG TAC AGC CGT-3') and Dl 2s l333b (5'- 

CAT CAG AAG GCT TCA TAG GAA T-3') at 500C; D12S l672a (5'-CAG AGG 

GAG ATT CCA TCC AA-3') and D 12s l672b (5'-CGG T'IT GAC AAG TTT 

CGA GA-3') at 4PC. Products were resolved on 6% polyacrylamide gels, and 

allele sizes were determineci by cornparison to an M 13 DNA sequencing ladder. 

Results 

Table 2.1 contains the haplotypes &or genotypés of d l  of the SCA2 

families and isolat4 patients examined in this study. Haplotypes are included 



where phase could be detemhed, or where phase was unequivocal due to 

homozygosity at a &en locus. Genotypes are included where phase could not be 

determined. 

Table 2.1. SCA2 disease chromosome ha~iotmes' 

Gaspé 7 3 6 
Austrian-Canadian 4 5 7 
Newfoundland 4 3 7 

Brazilian 2 
Brazilian 4 
Brazilian 3 
Portuguese 1 
Portuguese 2 

Isolated cases 
Brazilian 1 
Greek 
Brain 94-546 
Brain 92-403 
Brain 91 -289 
Brain 94-542 
Brain 94-5 17 
Brain 86-84 
Brain 95-669 
'double cntrics dcnote phase w h o w n  gcnotypts 
b allele 4=240 bp, 6=236 bp, 7x228 bp, 8-226 bp, 9=230 bp; Callele 1=301 bp, 
2-299 bp, 3=297 bp, 4=295 bp, 5=293 bp, 8=287 bp; *allele 1=217 bp, 2=215 
bp, 3=213 bp, 4=211 bp, 5=209 bp, 6=207 bp, 7-205 bp, 8=203 bp, 10=197 bp 



Complete haplotypes, which included ail three loci, were generated for 14 

families, incluâing ail seven Indian families, al1 three families with Canadian 

members, and four of the five PortugueselBrazilian families. Ten di fferent 

haplotypes were found in these 14 families, with no single haplotype present in 

more than three families. The most common haplotype, 4-5-7 (D12S1333- 

D12S 1672-D12S l332), segregated with the SCA2 disease chromosome in the 

Austrian-Canadian family, one of the Brazilian families, and one of the 

Portuguese families. Two other haplotypes, 8-3-4 and 8-2-7, were both found in 

two of the Indian families. Al1 other haplotypes were present only once. Partial 

haplotypes (consisting of one or two phase-detennined markers) were seen in one 

Brazilian family, and in five of the isolated brain sarnples. Normal contml allele 

fiequencia for each marker are shown in Fig. 2.1. In general, increasing allele 

nurnber for each marker corresponds to decreasing CA-repeat size, with the 

exception of allele "9" at D12S 1333, which is intermediate in size between alleles 

"6" and "7" (see Table 2.1). 

allelc nurnber 

Figure 2.1. Microsatellite marker allele frequency distribution 
found in the normal population 



Discussion 

Consistent with results obtained in studies dealing with other CAG repeat 

disorders, haplotype analysis in our SCAî families revealed that multiple 

mutational events appear to be responsible for the cases of SCA2 seen in our 

panel. Several distinct haplotypes exist in these families, both between and within 

geographic and ethnic groups. 

Within the largest and most homogeneous group of farnilies, the seven 

Indian farnilies, five different haplotypes were seen. This is somewhat surprising 

considering that these families al1 share similar ethnic, religious, and geographic 

parameters. It is, however, interesting to note that despite the presence of five 

different haplotypes, six of the seven M a n  families share allele "8" for 

Dl 2s 1333. While it is possible that the four haplotypes containing this "8" allele 

arose independently, the rarity of this allele in our control population (3.8%; see 

Fig. 2.1) as well as  in 35 Xnciian control chromosomes (2.9%, data not shown), 

makes this less likely. Examination of the haplotypes containing this "8" allele 

reveals that ancestral relationships between some of these haplotypes may have 

been masked by marker mutation events. For instance, three of the haplotypes 

which contain the rare "8" allele (8-2-7,8-2-8, and 8-1-7) might have evolved 

fkom a conmon ancestral mutation as a result of simple marker mutations. It is 

possible that the 8-2-7 haplotype, which is seen in two families, could have 

produced the 8-2-8 haplotype a£€er the loss of a single CA repeat in Dl 2s 1 332, as 

well as the 8- 1-7 haplotype as a result of the addition of a single CA repeat in 

D12S 1672. This scenarïo is even more like1y considering the rarity of the 



D 12s 1 672 " 1 " and 'Y" alleles in the control population (3.4% and 0.6% 

respectively, see Fig. 2.1) and in 35 Indian control chromosomes (2.9% for each, 

data not shown). Indeed, the chances of an "8-2-X" haplotype arising twice 

independently are extremely remote (10.038 x 0.006~~). As for the remaining "8" 

allele-containing haplotype (8-3-4), more complicated scenarios, perhaps 

including a recombination event, would be needed to link these chromosomes to 

the other 8-X-X haplotypes. Nonetheless, it is possible that our Indian families 

may have arisen from three ancestral mutations, not five, as the data might 

suggest. Conversely, it is possible that the presence of this "8" allele marks 

chromosomes in this population as having SCA2 repeats which are predisposed to 

undergohg expansion, causiag the prevalence of this allele on SCA2 disease 

chromosomes in o w  Indian famifies. Examination of more markers, perhaps 

including intragenic single nucleotide polymorphisms, would be necessary to 

M e r  investigate this question. 

Three of the SCA2 f ~ l i e s  examined segregated the 4-5-7 haplotype: the 

Austrïan-Canadian kindred, a Brazilian kindred, and a Portuguese kindred. While 

a case can certainly be made linlcing the Brazilian and Porhiguese to a common 

ancestral mutation, it is also possible that these disease chromosomes, as well as 

the Austrian-Canadian chromosome, arose independently. As Fig. 2.1 shows, 

these alleles are relatively comrnon in the control population (32.8%, 67.6%, and 

59.9% for allele ''4" at D 12s 1333, allele "5" at D 12s 1672, and allele "7" at 

D12S 1332, respectively). The chances of an expanded allele o c c h g  randomly 

on a chromosome with this haplotype is roughly 13% given these numbers, and 



supposing complete linkage equilibrium between the markers. in fact, four of the 

isolated cases for whom it was possible to constnict partial haplotypes could also 

potentially be carryùig the 4-5-7 haplotype (see Table 2.1). 

As with the Indian families, multiple haplotypes are seen within the 

Canadian pedigrees, the Brazilian pedigrees, and the Portuguese pedigrees, M e r  

supporting the notion that the formation of SCA2 mutations has not been a 

historically rare occurrence, even within geographic and ethnic groups . It is 

interesting to note, however, that one of the Pomiguese families, the Portuguese 2 

kindred, is reporteâ to have ancestry in Goa, Western India, a region formerly 

known as  Portuguese India. This family's ancestral link to India is interesting in 

light of the fact that the Portuguese 2 lrindred segregates a 7-2-7 haplotype, 

reminiscent of the 8-2-7 seen in two of the Indian kindreds. The extreme rarity of 

the 'Y" allele at D 12s 1672, seen only once in 179 control chmmosomes, makes a 

link between this Portuguese family and the Indian pedigrees an intriguing 

possibility. Unforhmately, sufnciently detailed genealogical data was not 

available on this Portuguese family to investigate this potential relationship 

fùrîher. 

Very recently, Didiejean et al. (1 19) published hdings similar to those 

found in this study. Using the same tluee markers, the authors reporteci several 

distinct haplotypes among the 23 families they investigated, with common 

haplotypes shared by small clusters of families, likely as a result of founder 

effects. Although the calculated allele sizes are slightly different between these 

published results and those found in this study, it is possible to compensate for 



these differences by comparing the sizes of the predorninant alleles for each 

marker in the control populations. Cornparison of haplotypes reveals our 

Austrian-Canadian family as having the same haplotype as the three Austrian 

families in the Didiejean et al. study. Also interesting were haplotypes shared 

between our Portuguese 2 family and the Didie jean et al. Portuguese family, and 

between our Gaspé family and the Didie jean et al. French and Gennan families. 

These shared haplotypes, combined with the potential ancestral connections 

between these families, make it quite possible that these families share common 

ancestral SCA2 mutations. 

The data generated in these studies seem to support the increasingly 

apparent notion that the formation of CAG expansion mutations has not been 

restricted to a few, rare, ancestral events, but instead has occurred several times 

for each CAG disease locus. While several studies have generated convincing 

haplotype data in support of this concept (1 10,114,119), perhaps the most 

compelling evidence cornes fiom groups reporting identification of de novo 

mutations in polyGin diseases. De novo mutations have thus far been reporteci in 

HD (1 15), SCAl (1 13), SCA7 (82,84), SCA2 (58), and SCA6 (60), and have long 

been observed in other trinucleotide disorders such as h g i l e  X syndrome (24). 

Interestingly, our data suggest that one of the isolated cases examined in this study 

may have resulted fiom a de novo mutation. The Greek patient listed in Table 2.1 

is an affected male with an SCA2 expanded allele consisting of 42 repeats. His 

parents, both in their 605, presently show no signs of neurological dyshuiction. 

Molecula. examination reveaied SCA2 alleles of 22 and 28 repeats in the father, 



and 22 and 34 repeats in the mother. It remains to be seen if the mother's 34 

repeat allele will eventualiy be associated 4 t h  disease, as this size allele appears 

to lie on the border between normal and expanded alleles for SCA2 (39,58). 

Regardless, it appears that this allele fùrther expanded during transmission to the 

affected son, potentially representing a de novo expansion. It should be noted that 

subsequent testing of the proband's hvo sisters revealed alleles of 35 repeats in his 

40 year old sister, and 37 repeats in his 32 year old sister. Neither sister cwrently 

shows signs of ataxia, although both should now be considered at risk (the 

proband was considered an isolated case for this study as other family members 

were not made available until aAer haplotype analysis was completed). Results 

such as these fùrther demonstrate the unstable nature of CAG repeats, illustrate 

the way in which new SCA families must have been histoncally generated, and 

help explain the multiple haplotypes seen in the SCA2 families examined in this 

study. 

In summary, we have used haplotype analysis to determine that SCA2 

expanded alleles appear to have arisen through multiple, independent events in 

our SCA2 families. It was, however, possible ta make some speculative links 

between families based on haplotype information, with a partial founder effect in 

the Indian population a distinct possibility. We were also able to make some 

assumptions about the spread of the SCA2 mutation between our families based 

on historical relationships and shared haplotype information. Nevertheless, our 

data undexscore the unstable nature of the SCA2 repeat, and support the notion 



that expansion events in trinucleotide repeat disorders may not be as rare as was 

originally thought. 



Cha~ter 3 

Investi~ating - the role of the SCA6 and SCA7 repeat mutations 

in a lame panel of ataxia patients 

Haplotype analyses, like that discussed in chapter 2, point out that 

expansion fiorn the nonnal range to the expanded range in many of the CAG 

repeat diseases is not a historically rare event. The relative commonness or rarity 

of such expansion events c m  aiso be investigated by screening for expansion 

mutations in a given population of ataxia patients. While general trends do exist, 

examination of the literature reveals îhat each panel of ataxia patients has a unique 

fiequency distribution for each SCA subtype, depending on the geographic and 

ethnic make-up of the samples. This study investigated the fiequency of the 

newly cloned SCA6 and SCA7 mutations in our large panel of ataxia patients. 

This work will be submitted for publication as: 

Hayes, S., Lopes-Cendes, I., Gaspar, C., Maciel, P., Silviera, I., Rousseau, M., and 

Rouleau, G. A. Incidence of the SCA6 and SCA7 repeat mutations in a large 

panel of ataxia patients. 



Incidence of the SCA6 and SCA7 repeat mutations in a lame panel of ataxia 

patients 

introduction 

The autosomal dominant spinocerebellar ataxias are a heterogeneous 

group of often fatal disorders which typically involve neurodegeneration of the 

cerebellum, brain stem, and spinal cord. To date, ten spinocerebellar ataxia 

(SCA) loci have been identified (SCAI-SCA8, SCAlO, and SCAl1) (49-52), with 

six genes having already been cloned (SCAI, SCAî, SCN/Machado-Joseph 

disease, SCA6, SCA7, and SCA8) (12-19). With the exception of SCA8, al1 of 

the genes identified so fat have an expanded, polyglutamine encoding (CAG)n 

tract as  the disease causing mutation. 

The identification of the various genes involved in SCA has no1 only 

allowed scientists to examine the relative prevalence of the SCAs, it has enabled 

physicians to begin establishing a clinical phenotype for each SCA subtype. Early 

reports have suggested that two of the most recently cloned genes, SCA6 and 

SCA7, are associated with characteristic and identifiable clinical patterns. For 

instance, authors have suggested that SCA6 comprises a relatively "pure" 

cerebellar syndrome with late onset and few or no wociated signs (1 7), while 

SCA7 is reporteci to be the only SCA to include retinal degeneration as a clinical 

feature (36). New evidence, however, suggests that the phenotypes of these forms 

of SCA might be more complicated. For example, SCA6 expanded alleies have 

been found in patients with associatecl signs, such as peripheral neuropathy (59), 



in patients with early onset (66), and in patients sufferhg with episodic ataxia 

(67,68). Perhaps more surprisingly, SCA7 expansions have been found in patients 

where retinal degeneration occurs years &er initial symptorns, as well as in 

patients with no history of visual disturbances at al1 (36,81). Such findings wam 

against ruling out (or in) these forms of SCA based on clinical observations, and 

emphasize the requirement that multiple studies be performed in multiple 

populations before a clear clinical picture of any of the SCA subtypes can be 

established. Caution should also be used when deciding which patients to include 

in a screen for SCA mutations based on mode of inheritance. Several studies have 

reported 6nding SCA expansions in patients with no family history (53-60), while 

a recent study by Moseley et al. (55) found SCA gene CAG expansions in 

autosomal dominant families, autosornal recessive families, and in isolated cases. 

As a result, it may be wise to include al1 cases which fit a broad SCA phenotype, 

regardless of inheribnce pattern, in a screen for any of the SCA mutations. 

In order to assess the relative frequencies of the recently cloned SCA6 and 

SCA7 subtypes in cornparison to the 0 t h  foms of SCA alrcady screened by our 

laboratory, we perforrned a screen for these mutations in a large group of ataxia 

patients collected without regard to inhentance pattern or associated clinical 

feahues. This screen also allowed us to m e r  investigate the clinical boundaries 

which have been established for these mutations. 



Methods and Materials 

We collected a total of 198 blood samples h m  unrelated individuals for 

SCA6 and SCA7 testing. These had previously been shown to be negative for the 

SCAI, SCA2, SCA3/MJD, and DRPLA mutations. Al1 samples were either 

collected by us, or were sent to us for SCA testing by physicians fiom various 

parts of the world, with robust contributions fiom Portugal, Brazil, and North 

America. Individuals f?om farnilies with autosomal dominant inhentance, 

autosomal recessive inheritance, as well as isolated cases, were included. The 

majonty of the samples collected came fkom patients with progressive ataxia as 

their main cluiical feature, although other clinical findings, such as episodic 

ataxia, peripherai neuropathy, and multiple system atrophy, were occasionally 

reported. All samples coming h m  patients with ataxia and retinal degeneration 

were tested for SCA7, as were 1 18 additional samples h m  patients with no 

history of visual difficuitics. Al1 198 sarnples were examined for SCA6 

expansions. 

Blood fkom at Ieast one affeçted individual per family was collected and 

used to establish Iymphoblastoid ce11 lines, or directly for DNA extraction. 

Genomic DNA was obtained from lymphocytes or lymphoblastoid ce11 Iines using 

standard protocols (1 16). 

SCA6 and SCA7 repeat size w m  determinexi by polymerase chah 

reaction (PCR) in a total volume of 13.0 pl containing approximately 100 ng of 

genomic DNA, 10 mM Tris-HCl (pH 8.8). 1.5 mM MgCl*, 50 mM KCI, 10% 

dimetbylsuUoxide -O), 250 mM each of dCTP, dGTP and dTTP, 25 m M  



dATP, 1.5 pCi ~ ' s - ~ A T P ,  100 ng of each primer, and 1.5 U Taq polymerase 

(Perlcin-Elmer). The SCA6 repeat was amplified using S-5-F 1 (1 7), and SCA6-D 

(5'-CCG GGC CCC GCC GTG TCG-3'). SCA6-D is a primer of our design and 

was effective at reducing shadow bands obtained with S-5-R1 (17). The SCA7 

repeat was amplified using the primer pair of 7ALT and 411716 (83). PCR 

products were nin on 6% denaturing polyacrylamide gels and sized by cornparison 

with an M 13 sequencing ladder. 

Results 

Of the 198 samples wllected for this study, 57 samples (28.8%) came 

h m  families with a clear autosomal dominant pattern of inheritance. Forty-five 

samples (22.7%) were h m  families with apparent autosomal recessive 

inheritance, having at least one afiected sibling in most cases, and phenotypically 

normal parents. Eighty-seva isolated cases (43.9%) were also included. These 

patients had no recorded f ~ l y  history of ataxia, although in some cases complete 

parentai information was not available due to early parental death or other factors. 

Finally, nine samples (4.5%) were tested for which we had no known mode of 

inheritance. 

SCA6 and SCA7 testing in our panel revealed only four individuals (2.0%) 

with an expanded repeat in either the SCA6 or SCA7 gene. The mutation 

responsible for SCA6 was found in a single individual, while three sarnples were 

positive for the SCA7 expansion. 



The SCA6 positive sample we identified came nom a French-Canadian 

farnily which showed a clear autosomal dominant pattern of inhentance, and 

whose affected individuals had previously been diagnosed as having Holrnes 

ataxia. We tested nine additional affected individuals fiom this family, fkom three 

generations, and found an expanded allele of 26 repeats in al1 cases (Figure 3.1). 

Al1 of the afTected individuals in this pedigree were reported to suffer fkom severe 

ataxia, with dysarthtia and nystagmus occurring in some patients. Ages of onset 

ranged &om 22 years of age to 35 years of age, with the majonty of patients 

reporting initia1 symptoms in their mid 20's. 

expanded allel 

normal alleles 

Figure 3.1. SCA6 nomal and expanded alleles. The three 
lanes on the nght contain three afTected individuals fiom 
the same family. 



Figure 3.2 shows the distribution of SCA6 alleles found in 236 individuals 

for whorn we amplified this repeat. These data include resdts obtained during 

SCA6 screening for this study, as well as h m  SCA2 patients and normal controls 

typed for another experirnent (S. Hayes. in preparation). SCA6 nonnal aileles 

range h m  4 repeats to 18 repeats, with 1 1 - 13 repeats accounting for 82.1 % of the 

alleles found. 

Figure 3.2. Distribution of nonnal and expanded (CAGX repeats in the 
SCA6 gene. 

Figure 3.3 shows nonnal and expanded allele ranges for the SCA7 repeat. 

Three unrelated individuals were found to carry SCA7 repeat expansions, with 

expanded allele sizes of 44.5 1, and 54 rcpeats. An affected son of the patient 

with 44 repeats was also tested. and found to carry an expanded allele of 52 

repeats, reflecting a fiuther expansion of 8 repeats duriag this mother/son 

transmission. Al1 three SCA7 positive simples were h m  autosomal dominant 



families, and were associated with cluiical features including limb and gait ataxia, 

dysarthria, hyperreflexia, and blindness. Age of onset ranged nom early twenties 

to 40 years of age, with the materna1 increase of 8 repeats associated with an 18 

year decrease in the age at onset in this motherlson pair. No SCA7 repeat 

expansions were found in samples fiom patients without retinal degeneration. 

SCA7 normal alleles ranged from 7 repeats to 35 repeats, with 20 repeats 

accounting for 76% of the normal alleles typed. No alleles were found between 

13 repeats and 35 repeats, with 35 repeats equaling the largest normal SCA7 allele 

yet reported (36,82). 

(CAG)n repeat lengtb 

Figure 3.3. Distribution of normal and expanded (CAG). repeats in the 
SCA7 gene. 

SCA6 or SCA7 expanded repeats were not found in any patients h m  

autosomal recessive families, or in any of the isolated cases tested. The four 



samples identified with either SCA6 or SCA7 expansions accounted for 7.0% of 

the 57 autosomal dominant families tested in this study. 

As was mentioned eariier, the panel tested in this study contained samples 

which had previously been shown to be negative for the SCAI,  SCA2, 

SCA3/MJD, and DRPLA mutations. Table 3.1 shows the fiequencies of al1 of the 

SCA loci tested, with data combined fiom previous studies as well as fiom this 

stud y. 

Table 3.1. Frequencies of SCA i, ,2,3,6,7, and DRPLA mong 3 5 1 ataxia 
sarn~les. 
Locus Overall Dominant Recessive Isolated 

panela families fami lies cases 
(n=35 1) (n=206) (1145) (n=9 1) 

SCA1 9 (2.6%) 9 (4.4%) O (0.0%) O (0.0%) 
SCA2 20 (5.7%) 18 (8.7%) O (0.0%) 2 (2.2%) 
SCA3/MJD 121 (34.5%) 1 19 (57.8%) O (0.0Yo) 2 (2.2%) 
DRPLA 3 (0.9%) 3 (1.5%) O (0.0Yo) O (O.OO/o) 
SCA6 1 (0.3%) 1 (0.5%) O (0.0%) O (0.0%) 
SCA7 3 (0.9%) 3 (1.5%) O (0.0%) O (0.0%) 
unknownb 194 (55.3%) 53 (25.7%) 45 (100%) 87 (95.6%) 
a includes 9 samples with undetcrmincd inhcritancc 

faRillicisamplcs which remain negative fa ail tested loci 

Overall, we examined 35 1 unrelated samples for expansions, including 206 

dominant samples, 45 recessive samples, 91 isolateâ cases, and 9 samples with 

unknown inheritance. 



Discussion 

We screened 198 ataxia patients for the SCA6 mutation, and 12 1 of these 

patients for the SCA7 mutation, and found these loci to be rare in our panel. Only 

2.0% of the samples tested in this study were positive for either SCA6 or SCA7, 

which represented 7.0% of the autosomal dominant farnilies exarnined. 

Unlike the other SCAS, and consistent with previous reports (29), SCA6 

expanded alleles appear to be stably transmitted fiom generation to generation in 

the single SCA6 positive family we identified. Al1 ten affected individuals tested 

showed an expanded allele of 26 repeats, with no changes in repeat size in seven 

meioses over three generations (data not shown). Despite carrying the same sized 

expansion in al1 cases, affêcted individuals in this pedigree showed a 13 year 

range in age at onset, raising the possibility that other genetic or environmental 

factors may influence disease onset. This is particularly intriguing in light of the 

fact that later generations in this pedigree tend to show later ages of onset (data 

not shown), therefore lessening the likelihood that age of onset variability was the 

result of ascertainment bias. In contrast to reports labelhg SCA6 as a late onset 

ataxia (17,68), this pedigree showed relatively early disease onset (22 to 35 years 

of age), perhaps reflecting the large SCA6 repeat carried by this farnily. Clinical 

symptoms were consistent with relatively pure cerebellar ataxia- 

It is worth noting that point mutations in the gene which contains the 

SCA6 CAG repeat (CACNAIA) have been found to be responsible for episodic 

ataxia type 2 (72), as well as rare cases of progressive ataxia (73). As a result, we 

cannot d e  out the possibility thpt some of our samples may contain point 



mutations in the CACNAl A gene, especially those with episodic clinical 

episodes. 

Al1 four SCA7 positive samples identifieci in this study suffered fiom 

ataxia as well as retinal degeneration, consistent with published reports (36). The 

single SCA7 mother to son expansion seen in our data also seems to support 

published data which characterizes SCA7 as an extremely unstably transmitted 

expanded repeat (36,83). The maternally transmitted +8 repeat expansion seen in 

our sample is consistent with the average range of matemally transmitted SCA7 

increases in the literature (36,76,83), and was also associateci with clinical 

anticipation. Although we did not find s s c i e n t  SCA7 positive samples to 

formally regress repeat size against age at onset, it does appear that there is a 

general trend in our sample of increasing repeat size corresponding to earlier ages 

of onset. 

It should be mentioned that the extremely unstable nature of the SCA7 

repeat can lead to expansions too large to accurately identify by standard PCR 

techniques (81), and it is thereforc possible that we have rnissed such expansions 

in our screen. However, our panel does not contain any patients with retinal 

degeneration and very early ages of onset, as would be expected fiom large SCA7 

alleles, making the likelihood of missing such expansions quite small. 

Combining the data generated in this study with screening results for other 

SCAs allows us to examine the true impact the SCA6 and SCA7 loci have in our 

panel. In 35 1 SCA samples, the most commoniy found mutation was SC-/UID, 

which accounteâ for 34.5% of al1 SCA cases testad, followed by SCA2 at 5.7%, 



SCAl at 2.6%, SCA7 and DRPLA at 0.9%, and SCA6 at 0.3% (see Table 3.1). In 

our 206 autosomal dominant families, SCAYMJD was the most fiequent (57.8%), 

followed by SCA2 (8.7%), SCAl (4.4%), SCA7 and DRPLA (1.5%) and SCA6 

(0.5%). Overall, 194 (55.3%) of the samples in our panel remain genetically 

undefined, including 53 (25.7%) of the autosomal dominant h i l i es .  

While it is interesting to compare the distribution of SCA expansions in 

o w  samples with other published reports, it should be noted that our panel is 

somewhat biased by a preponderance of Portuguese and Brazilian patients, Iikely 

contributing to an inflated occurrence of SCA3MJD expansions. In fact, in our 

panel, al1 other SCA loci combined (other than SCA3/MJD) account for only 

10.3% of our total SCA samples, and 16.5% of the autosomal dominant fmilies. 

By cornparison, SCA6 alone accounts for over 20% of SCA cases in Gerrnany 

(63), and over 30% of autosornal dominant cases in Japan (56). It is becoming 

evident with each published SCA genotyping report that SCA distributions may 

Vary grealy between geographic and ethnic groups, with local founder effmts 

likely playing a major role in infiuencing relative proportions. 

In summary, it appears that SCA6 and SCA7 are rare causes of SCA in our 

panel. WhiIe our SCA6 and SCA7 positive samples tended to fit the established 

clinical criteria for these loci, we did find relatively early disease omet in our 

SCA6 pedigree. We did not find SCA6 or SCA? to be associated with any of our 

autosomal recessive SCA families or isolated cases. Despite screening for five 

known SCA loci, as welî as DRPLA, 53 dominant (25.7%), 45 recessive (IO%), 

and 87 sporadic samples (95.6%) in our panel main genetically undenncd. 



Recent kdings of homozygous Friedreich's ataxia (FRDA) mutations in isolated 

and autosomal recessive SCA patients (5435) raises the possibility that FRDA 

expansions may be present in our panel as well. It will also be interesting to see 

whether the newly identifiai SCA8 will be a common cause of SCA in our panel, 

especiaîly considering this locus' apparent association with recessive and sporadic 

SCA (19). Whether the mutations responsible for SCA4, SCAS, SCAlO and 

SCAl 1 will play a significant role in our panel awaits the discovery of these 

genes, but the clinical diversity of our samples, combined with the rather well- 

defmed phenotypes associated with these SCA subtypes, seem to suggest that 

these loci will not be major contributors. Given the fact that the six loci examined 

thus far are responsible for less than half of the SCA in our panel, even with a 

substantial contribution fiom SCA3/MJD, it appears likely that severai dominant 

andor recessive SCA loci are still awaiting discovery. 



Examination of CAG rmeat-containinn loci as possible me t i c  modifiers of 

ane at onset in svinocerebellar ataxia m e  2 (SCA2) 

For al1 of the SCAS, a significant proportion (-50%) of the age at onset 

variability seen between patients is not accounted for by the size of the expanded 

CAG repeat. This final study tested the hypothesis that other, non-expanded CAG 

repeats may act as genetic modifiers of age at onset variability in the SCAs. This 

study was inspired by the recent discovery of inappropriate protein aggregation in 

the polyglutamine disorders, and is based on the assumption that a) polyglutamine 

tracts have the ability to interact with one another within the cell, perhaps 

influencing protein aggrcgation, and b) variations in the r q e a t  length of 

interacting CAG repeat-containing loci may influence this rate of aggregation, and 

thus disease progression (age at onset). 

This work will be submitted for publication as: 

Hayes, S., Turecki, G., Brisebois, IL, Lopes-Cendes, 1.. Gaspar, C., Riess, O., 

Ranum, L.P.W., Pulst, S.-M., and Rouleau, GA. CAG repeat length in hGTl is 

associated with age at onset variability in spinocerebellar ataxia type 2 (SCA2). 



CAG repeat length in hGTl is associated with apre at onset variabilitv in 

minocerebellar ataxia m e  2 (SCAS) 

Introduction 

The autosomal dominant cerebellar ataxias (ADCAs) are a heterogeneous 

group of neurodegenerative disorders typified by gait, speech, and limb 

incoordination. The diseases are progressive in nature and generally feature 

degeneration of the cerebellum, brainstem, and spinocerebellar tracts (48). To 

date, ten spinocerebellar ataxia (SCA) loci have been implicated in the ADCAs 

(SCA1-SCA8, SCA10, and SCAl1) (49-52), while six genes have been cloned 

(SCAI, SCA2, SCA3/Machado-Joseph disease, SCA6, SCA7, SCA8) (12-19) and 

shown to contain polyrnorphic (CAG/CTGIn repeats. With the exception of 

SCA8, these repeats arc translateci into polyglutamine tracts which appear to be 

toxic when expanded into a pathological range. For this group of "polyglutamine 

disorders", which dso includes Huntington disease (HD) (9), dentatorubral- 

pallidoluysian atrophy (DRPLA) (1 0,l l), and spinobulbar muscular atrophy 

(SBMA) (6), a negative correlation exists between the size of the repeat tract and 

the age at disease onset (27), with variations in repeat size generaliy accounting 

for -25080% of the variability in the age at onset (24,63,75), depending on the 

disease being examineci. Several studies have suggested that the variability in age 

at omet not attributable to the repeat size is in part due to the existence of 

modifjhg genttic factors (24,120-122). How these modifiers affect the disease 

process is not known, but it is an attractive possibility that tkse fectors may 



interact with the disease proteins and, by virtue of their distribution, help explain 

why specific subsets of neurons appear vulnerable in each disease despite 

widespread expression of the disease proteins themselves (123). In fact, models 

have been proposed where polyglutamine-containing disease proteins interact with 

cell-specific factors via non-covalent "polar-zippers" (87), or via transglutaminase 

mediated covalent cross-linking (86), producing complexes which perhaps play a 

role in the characteristic patterns of ce11 death seen in each disease. 

Recently, insoluble intranuclear inclusions (NIs) have been reported in 

both affecteci patient brain material, as well as transfected cells, for many of the 

polyglutamine disorders (1 23,124). While some evidence exists indicating that 

NIs may not be necessary for initiation of SCAl and HD pathogenesis (1 O4,l  OS), 

the existence of expandeci polyglutamine tracts in these structures, as well as the 

firiding that NIs are commonly found in affectai brain regions, suggest that NIs 

are, at some level, disease-relateci structures (125). Much attention is now being 

focused on determinhg the protein make-up of NIs, and initial results suggest that 

some proteins may enter these complexes in a disease-specific rnanner. For 

instance, a protein expressed predominantly in cerebellar Purkinje cells, the 

leucine-rich acidic nuclear protein (LANP), colocalizes to NIs in SCAI (126) but 

is not found in NIs in SCA7 (98). Identification of the fiil1 protein complement of 

NIs is important as it is possible that the spectrum of interacting proteins found in 

each disotder may influence the pracess of ce11 death, while rates at which these 

proteins enter aggregates may impact on the rate of neurodegeneration. 



While the list of possible interacting candidate proteins is indeed large, the 

ability of polyglutamine tracts to interact with one another makes proteins with 

even non-pathological polyglutamine stretches excellent candidates for 

recruitment into nuclear aggregates. in addition, the polymorphic nature of these 

repeats could potentially impact on the rate of aggregate formation. This in turn 

may influence age of disease onset, which makes polymorphic polyglutamine- 

coding genes strong candidates for roles as genetic modifiers of age at onset in the 

SCAs. Support for this hypothesis can be seen in Perez et al. 's (125) recent 

demonstration that ataxin-3 (the disease protein in SCA3MJD) can interact with 

both ataxin- 1 (the disease protein in SCAl) and the polyglutamine-containing 

TATA-binding protein (TBP), in nuclear aggregates. There is also evidence that 

an expanded repeat-containing protein can recniit the same protein with a non- 

expanded repeat into aggregates (91,gS). However, the pathological consequences 

of these interactions, or their relationship to disease progression, remain unclear. 

SCA2 is a typical polyglutamine disorder, with expansions of 34-59 

repeats associated with disease (123). While no clear evidence of NIs has yet 

been reported in SCA2, the appearance of punctate, perinuclear ataxin-2 staining 

in patient Purkinje cells suggests that protein aggregation and sequestering may 

also play a role in this dis- (103). Aithough expanded repeat sizes are 

relatively small in SCA2, expanded ataxin-2 still has the potential to fom 

aggregates and interact with other polyglutamine-containing proteins, with 

potential pathological consequences. Therefore, as a way to begin addressing the 

possible mIe of polyglutamine-containing proteins as genetic modifiers in the 



SCAs. we have investigated several CAG-contaking loci as potential modifiers of 

the age at disease onset in SCA2. 

Materials and methods 

Patients 

A panel consisting of 46 individuals taken fiom 10 SCA2 pedigrees was 

assembled for an initial screen with potential modifier loci. Genomic DNA was 

extracteci fiom peripheral lymphocytes or lyrnphoblastoid ce11 lines using standard 

protocols (1 26). SCAî repeat size was determinecl as reported elsewhere (77). 

A second panel was assembled which included 26 individuals chosen at 

random fiom SCA2 pedigrees such that a single individual was tested per 

pedigree (in the case of small pedigrees) or pet nuclear family (in the case of large 

pedigrees). This panel was used to re-test any loci which yielded suggestive 

results in the initial screen in order to address any biases that may have been 

introduced by testing multiple affkcted individuah from single families. Any loci 

which stilI produced significant results were also tested in 47 additional unrelated 

SCA2 patients obtained through collaboration, yielding a total of 73 unreiated 

SCA2 patients for this final screen. 

Finally. a panel of 68 unrelated SCIUIMJD patients was assembled and 

used to test any loci which produced suggestive results with the SCA2 panels. 



Molecular analysis 

A totai of 10 loci known to contain polymorphic (CAG),, tracts were 

examined as potential modifiers of SCA2 age of onset. These included six genes 

known to be involved in neurological disease (SCA1, SCA3/MJD, SCA6, SCA7, 

DRPLA, and HD), as well as four loci not known to be directly responsible for a 

disease phenotype (TBP, hSKCa3 [accession number AF03 1 8 151, STS accession 

number G09710, and EST accession number U80757). These latter loci were 

chosen fiom a panel of 50 CAG repeat containing loci previously identified 

through database searches and used in an unrelateci study (1 27). They were 

included based on their hi& heterozygosity andor long repeat length. Repeats 

were amplified by polymerase chah reaction (PCR) using conditions reported 

elsewhere (77) and the primer pairs and annealhg temperatures listed in Table 

4.1. SC241 and SC242 ampli@ both CAG tracts in hSKCa3, which were added 

together to give total CAG length for this locus. Ten percent DMSO was included 

in al1 reactions except for SCA3/UTD, which used reaction conditions reported 

elsewhere (37). PCR products werc rua on 6% denaturing polyacrylarnide gels 

and sized by cornparison with an Ml3 sequencing ladder. For each locus, the 

number of CAG repeats in both alleles was recorded. 



Table 4.1. PCR annealing temperatures, primers, and allelic results obtained for tested CAG-containing loci 
Locus Primer Pairsa Annealing Number Range of 

Ternb.l0C) of Alleles ~ l l e l e s ~  
SCA1 
SCA31MJD 
SCA6 

SCA7 
DRPLA 
hSKCa3 

HD 

TBP 

Go9710 

U80757 

Repl and Rep2 (12) 
M m 5 2  and MJD25a (37) 
S-5-Fl(17) and 
SCA6-D (5'-CCGGGCCCCGCCGTGTCG-3') 
7ALT and 4U7 16 (83) 
B37 primer pair (128) 
SCZ4 1 (5'-GGGCTGGGGGACTTGGATAA-3') 
SCZ42 (5'-GGGCGAACTGAGACAGGGGATGC-3') 
HD2 (5'-ATGGCGACCCTGGAAAAGCTGATOAA-3') 
ml (5'-GGCGGCTGAGGAAGCTGAW) 
TBP 1 (5'-CTGTCTATT"Tl'GGAAGAGCAACAh4GG-3') 
TBP2 (5'-CTGCTGGGACGTTGACTGCTGAAC-3') 
. SC21 5 (5'-GGGGCAGCGGGTCCAGAATCTTC-3') 
SC2 1 6 (5'-CTGGCCTTGCTGCCCGTAGTGCT-3') 
SCZ9 1 (5'-TGGTCGGGAAGCCAGTTTGTTTG-3') 
SC292 (5'-CCACCGCATTCGGGGCAGAG-3') 

- 

brhr rcfercnces shown in brackets whcn available 
bmiiiimum and maximum &es of CAG tracts 



Statistical analvsis 

Statistical analysis was carried out using step-wise multiple linear 

regression with age at onset as the dependent variable (Systat V5.05). This 

analysis was considered suitable to study the potential effect of the investigated 

loci as age at onset modifiers because it controls for the SCA2 expansion. 

Number of CAG repeats were treated quantitatively and regressions were 

performed using the smaller allele at each locus, the larger allele at each locus, 

and the total of the two alleles (smaller plus larger). Overall "CAG load" was also 

tested by summing the large allele of each locus together (total-large), as well as 

both alleles at each locus together (total-dl). 

Results 

Table 4.1 lists the size ranges and the nurnber of alleles found for each of 

the loci tested. In our initial screen of 46 SCA2 patients, regression with the small 

allele of each locus tested, or the total of the two alleles, did not yield significant 

results (data not shown). Whcn the large alleles were considered, the size of the 

SCAî expanded repeat accounted for 48% of the variability seen in the age at 

onset (R = -0.693; @ = 0.480; P < 0.0001). Of the remaining loci that were 

tested, only GO9710 produced a significant improvement of fit (p = 0.543; P = 

0.021). A log transformation of age at onset slightly increased the fit of the 

regression equation for the SCA2 repeat alone (Ft2 = 0.5 16; P c 0.0001). as well as 

for Go97 1 O (Ft2 = 0.576; P = 0.01 9). and allowed DRPLA to enter the equation. 

Mer accounting for the efféct of the SCA2 repeat and Go97 10, the large allele of 



the DRPLA repeat improved the fit to R~ = 0.6 15 @ = 0.050). At no time did 

overall CAG-load, as represented by summing both alleles of al1 loci, or the large 

allele of al1 loci, have an effect on age at onset. 

in order to adâress the possibili ty that the presence of multiple affecteci 

individuals fiom single nuclear families may have been producing false positive 

results in the initial screen. we decided to perform a second screen ushg a single 

SCA2 positive individual per nuclear family. This new panel of 26 samples was 

used to retest SCA2, GO97 10, and DRPLA. Using the large alleles of each of 

these loci in step-wise multiple regressions versus age at onset produced an 

increase in the fit only for GO9710 (R2 = 0.572; P = 0.003 up nom R~ = 0.362; P = 

0.00 1 for SCA2 repeat alone). 

To M e r  investigate this possible association, we obtained an additional 

and independent sample of 47 SCA2 subjects to produce a panel of 73 unrelated 

SCA2 patients. This panel was used to test GO9710 in a final screen. Once again, 

the large allele of the Go9710 locus siguificantly increased the fit from R~ = 0.447 

(P < 0.0001) for the SCAî repeat alone, to R~ = 0.488 (P = 0.02 1 ) for the two loci 

together. This represents an increase of 4.1% in the total explained SCA2 age at 

onset variability. 

Finally, the possible role this locus may play in modi@ing age at onset in 

other SCAs was examined by assembling a panel of 68 unrelated SCA3IMJD 

patients and testing this panel for the effect of the SCA3/MJD repeat. as well as 

(309710. While the SCA3/MJD repeat accounted for 37.3% of age at onset 



variability (R = -0.6 10; P c 0.0001), GO97 10 did not produce a signi ficant effect 

after step-wise multiple linear regression (data not shown). 

Discussion 

We have identified the polymorphic (CAG),, repeat within the STS 

GO97 10 as a potential modifier of age at disease onset for SCA2. In our SCA2 

patients, the large allele of this locus accounts for an additional 4.1% of the age at 

onset variability after accounting for the eflect of the SCA2 expanded repeat. 

Interestingly, the magnitude of the effect attributable to the repeat in 

GO97 10 is similar to that predicted by Ranum et al. (1 20), who found that 

approximately 5% of age at onset variation in SCAl may be due to unidentifiecl 

genetic factors. A similar percentage of the total variation in age of onset in HD 

(4.1%) was reported by Rubinsztein et al. (121) to be associated with a 

polymorphic TAA repeat in GluE16 kainate receptor locus. Although the 

identification of potential modifiers for the polyglutamine disorders is a 

significant hduig, it should be noted that the modest size of these effects stili 

makes predictive testing in these disorders impossible, as too much age of onset 

variation remains unexplained. As a result, the role of loci such as those reported 

here rnay be more important for the clues they can provide about the pathways and 

mechanisms that may be involved in the pathogeaesis of the polyglutamine 

disorders. 

As noted by Joober et al. (127) GO9710 appears to be the human 

homologue of the mouse gene GTI, a 196 kDa protein of unknown fùnction which 



is expressed during retinoic acid-induced differentiation of mouse embryonic 

carcinoma cells into neurons (1 29). This neuronal expression reinforces the 

possibility that GTi might be involved in a neurodegenerative disease. If hurnan 

GTI (hGT1) is also expressed in neurons, it may be available for interaction with 

ataxin-2. In our study, larger hGTl alleles were associated with earlier ages of 

onset (after accounting for SCA2 repeat size). While it is impossible to establish 

the true nature of this association at this time, it is tempting to speculate that hGT1 

protein might interact with ataxin-2 more readily as the hGTl polyglutamine tract 

increases in size. This may in turn influence the rate of protein aggregation and 

therefore impact disease progression, as reflected by the age at onset association. 

Further attempts to identify discernible protein aggregates in SCA2, as well as 

their wnstituents, will be necessary to test the validity of this model. If protein 

aggregation is occurrhg in SCA2, it would be interesting to see if the hGT1 gene 

product, or other polyglutacnine-containin~ protek, are involved in their 

formation. Such interactions may simply influence the rate of aggregate formation 

and growth, or serve to sequester important cellular components and disrupt 

cellular pathways. Many groups are presently attempting to address these 

questions. 

Recently, Perez et al. (125) rqorted that ataxin-3 can interact with both 

ataxin-1 and TBP in cellular aggregates. It is interesting to note that we found no 

association between the TBP CAG repeat and age of onset for SCA2 patients, and 

that similar testing with SCMIMID patients did not produce significant results 

(data not show). This is not to say that TBP is not involved in aggregate 



formation in these diseases, but simply that it does not appear to influence age at 

onset in o u .  panels. In addition to those noted by Perez et al., ataxin-3 may 

interact with other polyglutamine-containing proteins, including the hGTl gene 

product, although we did not find hGTI to be associated with variation in 

SCA3/M,JD disease onset. This is perhaps not surprising considering that it is 

possible that each polyglutamine disorder will have a unique spectrum of 

interacting proteins as well as genetic modifiers. Nevertheless, Perez and 

colleagues' findings M e r  support the possibility that "normal length" 

polyglutamine-containing proteins may be involved in the pathogenesis of the 

polyglutamine disorders. To this end, we had hypothesized that overall "CAG 

load", that is the total of al1 the polyglutamine proteins found in the affecteci 

neurons, might have an infiuence on the disease process. While the data we 

obtained for the total of the 10 loci tested did not support this idea, many variables 

exist wiiich were not controllable. For example, the cells which are vulnerable in 

SCA2 potentially only express a subset of the 10 loci tested, while at the same 

time expressing other polyglutarnine-contauiing proteins which were not tested. 

Expression levels and compartmentalization of the various proteins will also 

influence cellular polyglutamine levels. As a result, our "CAO load" is most 

likely not an accurate reflection of the actual levels found within the affectecl cells. 

Nevertheless, it appears that certain CAG tract-containing genes, such as hGTI, 

rnay play a role in modifying the age of disease onset for at least some of the 

SCAS. 



It should be noted that the precise magnitude of the effect any locus has on 

age at onset in the polyghtamine disorders is subject to the accuracy of several 

variables. A certain degree of error can be expected when patients or their 

families are asked to recall an accurate age of disease onset. Likewise, exact 

sizing of polymorphic CAG repeats can be difficult, especially when somatic 

mosaicism produces several bands, as is seen in the expanded alleles of most 

SCAs. Indeed, the source tissue for DNA extraction (lymphocytes, 

lymphoblastoid ce11 lines, brain material) used in the analysis may also affect the 

repeat size results obtained (39). As a reçult, replication of results such as those 

obtained in this study will be important before the absolute validity of any 

associations can be established. 

As Rubinsztein et al. (1 2 1) points out, the boundaries between monogenic 

and multifactorial diseases have become blurred somewhat in recent years by the 

identification of genetic modifiers. Diseases such as the polyglutamine disorders 

appear to be more genetically complex than originally imagined. Discoveries of 

even modest modifier effects are important as they may serve to increase our 

overall understanding of the pathological mechanisms of these diseases. 

Hopefùlly, this ïncreased undersbnding will ultimately lead to our ability to 

effectively treat, or even cure, these devastahg disorders. 



Chapter 5 

Conclusion 

Summary and implications of thesis results 

This work comprising this thesis attempted to address several interesting 

aspects of the genetics of the spinocerebellar ataxias. The first part of this study 

was designed to investigate the origins of the SCA2 mutation in our SCA2 

positive families. Using haplotype analysis, we were able to determine that 

multiple mutational events were responsible for the cases of SCA2 found in our 

panel. Having said this, these data also indicated potential ancestral relationships 

between several of the faniilies exarnined. 

Results of this type can reveal a great deal about the origins and spread of 

CAG expansion mutations, and are also usefiil indicators of the histoncal 

commo~ess or rarity of mutational events. Our results add to the growing cache 

of data which seem to indicate that the transition h m  the normal range to the 

expanded range in the CAG repeat diseases is not as uncornmon as it was once 

believed to be. Even in fairly geographically andor ethnically homogeneous 

groups, logically perfect candidates for founder effects, it is now evident that 

multiple mutational events can be responsible for disease. In fact, the discovery of 

de novo mutations seen in several polyGln disease families (60,82,84,115) points 

out that the gaieration of new expansion mutations is an onping process. 

There is some evidence that large normal CAG alleles in any given 

population can serve as a reservoir for the introduction of new expanded 



mutations into that population (107), similar to the role premutations play in type 

2 repeat disorders Iike h g i l e  X syndrome. This continual reintroduction of 

disease alleles into a population is not surprising when it is considered that such a 

mechanism is necessary to maintain disease prevalence over time. As anticipation 

drives disease onset below the reproductive years, new mutations arise, thus 

maintaining disease prevalence. Therefore, while it is certainly true that in some 

populations a founder effect is responsible for high disease prevalence, haplotype 

analysis results such as those seen in this study seem to suggest that hi& disease 

prevalence may, in some cases, result fiom the existence of a large pool of normal 

alleles predisposed to expansion within that population. ITthis is indeed the case, 

it will hopefûlly prompt researchers to begin identifjing what factors and 

mechanisms are responsible for CAG repeat instability, ultimately impacting 

future disease monitoring and trcatment. 

The factors which contribute to the occurrence of disease mutations in a 

particular population also directly impact the second part of this study, which 

examined the prevalence of the SCA6 and SCA7 mutations in our collection of 

SCA patients. While the identification of each new SCA mutation provides many 

research opportunities, groups inevitably begin by determinhg the relative 

prevalence of new mutations in their SCA panels. Not only does this alfow 

researchers to determine which SCA subtype(s) to focus future research energy 

upon, it cm a h  have an important clinical impact - allowing physicians to infom 

patients of theù genetic statu, and begin implementing more effective genetic 

counseling, which may include gcnetic testing of at-risk family members. 



Examination of the literature quickly reveals that, while general trends 

exist as to the relative prevalence of each SCA subtype, each group's testing 

produces a unique subtype fkquency distribution. This distribution is, of course, 

a reflection of the specific geographic and ethnic background of the patients that 

make up any given panel. We were able to determine that the SCA6 and SCA7 

mutations were relatively rare causes of SCA in our panel, accounting for only 

0.3% and 0.9%, respectively, of al1 SCA cases exarnined. Our overall testing, 

including the SCAI, SCA2, SCA3/MJD, SCA6, SCA7, and DRPLA loci, has 

identified the causal mutation for less than half of our SCA patient panel. These 

data would seem to suggest that several more SCA loci remain undiscovered. 

While it is a distinct possibility that the recently cloned SCA8 locus, as well as the 

presently uncloned SCA4, SCAS, SCAl O and SCA I 1 loci will account for a 

significant proportion of our genetically undefineci samples, it would seem logical 

that other loci will also be involved. 

The increasing genetic diversity of the spinocerebellar ataxias is a 

reflection of the increasing importance of dynamic repeat mutations in the modem 

study of human genetics. It is tmly amazing how a mutation type which was 

unknown even a decade ago has grown to gamer so much attention. With the 

potmtial to have an impact upon many other diseases, perhaps including 

psychiatric conditions such as schizophrenia and bipolar disorder, the scmtiny 

dynamic mutations receive will likely continue to expand. 

As was mentioncd earlier, genetic testing for identified SCA mutations has 

become a useful clinical tml, but the value of such testing on genetic counseling 



is tempered by only a moderate level of predicative validity between repeat size 

and age of disease omet. Ideally, genetic counselors would like to be able to 

make concrete predictions about disease onset and severity based on mutant repeat 

size, but at present too much variability in age of onset data remains unexplained 

by repeat size. Identification of genetic modifiers which can account for some of 

the -50% variability in age of onset not explained by repeat size would not only 

prove clinically valuable, it could potentially provide insights into the molecular 

mechanisms of neurodegeneration by highlighting putative molecular interactions 

and pathways. It is also quite possible that each CAG repeat disease will have a 

unique spectrum of genetic modifiers and interacting proteins, which may help 

explain the population-specific susceptibility seen in each disease. 

The third component of this study attempted to address some of these 

issues by investigating potential contributions of candidate loci to age of onset 

variability in SCA2. Our study was based on the hypothesis that gene products 

fiom CAGcontaining loci are ideal candidates for interaction with polyglutarnine- 

containing disease proteins, perhaps through transglutaminase-mediated 

crosslinking, or non-covalent "polar-zippering". By screening a panel of SCA2 

patients with CAG-containing candidate loci, we were able to identify a locus, 

hGTI, whose CAG repeat tract accounted for 4.1 % of SCA2 age of onset 

variability not explained by the SCA2 expandecl repeat itself. While this effect is 

certainly moàest, it does suggest that CAG repeat-containing loci may be involved 

in modifLing the pathological effects of polyglutamine disease proteins. These 

data are paaicularly interesthg in light of the ment fïndings of neuronal 



intranuclear inclusions (NIs) in several of the polyglutamine disorders (1 23,130). 

If these protein aggregates are involved in disease pathogenesis (a topic currently 

under debate), it is distinctly possible that other proteins involved in these 

complexes may modim the neurodegenerative process. Efforts to identiQ the 

components of nuclear aggregates are underway, and thus far have identified 

several proteins, including: ubiquitin in most disease subtypes (1 23). chaperones 

and proteasorne elements in SCAl and SCA3/MJD (1 0 1,102), the Purkinje cell- 

specific leucine-rich acidic nuclear protein ( L N )  in SCAl (126), and the 

pol yglutamine-containing TATA-binding protein in SC AYMJD (1 25). This last 

result once again illustrates the potential for polyglutamine-containing proteins to 

interact, as was implied by the SCA2 modifjing effects of hGTI. Interestingly, 

we did not find the hGTl repeat to be associated with age of onset variability in 

SCIU/UJD, perhaps supporthg the notion that each polyglutamine disease has a 

unique spectrum of interacting proteins. 

As more loci andor proteins are identified as being associated with CAG- 

repeat disease pathology, we inch one step closer to understanding the complex 

factors which infîuence disease pathogenesis in the polyglutamine diseases. 

Although the three components of this study deal with specific SCA subtypes, the 

findings and conclusions are in many cases tramferable to other subtypes, and 

contribute to our growing lcnowledge and understanding of the spinocerebellar 

ataxias, as well as the polyglutamine disorders in general. This new found 

howledge, combined with the almost daily contributions made by other 

researchm in this area, will hopefblly soon lead to effective treatment strategies 



for disorders such as Huntington disease and the spinocerebellar ataxias, at long 

1st giving some hope to individuals who s ~ e r  fiom these devastating diseases. 
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