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Clinical Aspects of CAG Repeat Diseases 
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Seven neurodegenerative disorders are known to 
be caused by unstable expansions of the trinu- 
cleotide CAG within human genes, and more will be 
discovered in the coming years. These disorders 
share some clinical similarities, as well as some dif- 
ferences, which are summarized here. These dis- 
eases have unusual clinical genetic properties relat- 
ed to the dynamic nature of CAG repeat expansions, 
including instability of the repeat expansion in meio- 
sis, particularly male meiosis; a strong correlation 
between onset age and size of the repeat expansion; 
anticipation (earlier disease onset in succeeding 
generations); new mutations arising from unstable, 
mutable alleles with a high-normal CAG repeat num- 
ber; and reduced penetrance for alleles in the low- 
affected range. Much more remains to be learned 
about the molecular biology and clinical pathophys- 
iology of this new class of genetic diseases. 

Introduction 
The CAG repeat diseases are a fascinating group of 

neurogenetic disorders whose pathophysiology is only 
beginning to be understood. Seven diseases caused by 
expansion of intragenic CAG repeat sequences have 
been identified since 1991, and at least an equal number 
will doubtless be revealed in the next five years. Many 
tenets of classical Mendelian genetics have already been 
rewritten in the last six years because of what has been 
learned about the nature and behavior of these “dynam- 
ic mutations”, and more surprises are on the way. 
Although much remains to be learned about the mecha- 
nisms of instability, mutability, and pathophysiology of 
CAG repeat sequences, the careful molecular genetic 
and clinical study of patients with these disorders has 
already led to some clinically important insights. The 
clinical features of the seven CAG repeat diseases are 
summarized below, along with aspects of the available 
molecular genetic data that have clinical relevance. 
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While the clinical and molecular genetic similarities 
among these disorders allow them to be classified 
together, it is the subtle differences between them that 
will ultimately be the most interesting and challenging 
to explain. 

The seven cu-rently known CAG repeat disorders are 
Huntington disease (HD), dentatorubropallidoluysian 
atrophy (DRPLA), spinal and bulbar muscular atrophy 
(SBMA, Kennedy’s disease), and spinocerebellar ataxi- 
as types 1,2,3, and 6 (SCA1, SCA2, SCA3, SCA6). All 
of these are adult-onset neurodegenerative disorders. 
Anticipation, tke earlier onset of symptoms in succeed- 
ing generations, is a common feature of most CAG 
repeat disorder;. Based on the clinical observation of 
anticipation within large kindreds, a number of addi- 
tional disorder: are expected to be caused by CAG 
repeat expansions: spinocerebellar ataxias types 43,  and 
7, and the fami .ial spastic paraplegias. The CAG repeat 
disorders comprise a subset of the larger group of trinu- 
cleotide repeat disorders, which also includes two frag- 
ile X syndromes of mental retardation (FRAXA and 
FRAXE), myo:onic dystrophy, and Friedreich’s ataxia. 
Although some of the known trinucleotide repeat disor- 
ders are multi-systemic, they all exert major or primary 
effects on the iiervous system, suggesting that neurons 
are particularly susceptible to damage by these muta- 
tions. The main clinical, epidemiologic, and pathologic 
features of the seven disorders are summarized in 
Table 1. 

CLINICAL DESCRIPTION OF THE CAG REPEAT 
DISEASES 

Huntington disease 
Huntington disease (HD) was the only one of the 

known CAG repeat diseases to be recognized clinically 
before 1900. First described in 1872 by Dr. George 
Huntington, after whom it was named, HD was the sub- 
ject of 1,963 scientific publications in its first century 
(14), and over 3,000 publications in the last 25 years 
(Medline search, 1997). Two authoritative books 
(5355) have been written on HD, and over 10,000 
patients have tieen described worldwide. Like all of the 
CAG repeat dseases except SBMA, it is an autosomal 
dominant condition. HD has been reported in most 
major ethnic and racial groups; major epidemiologic 
studies have been reviewed succinctly by Harper (53). 
The prevalence is in the range of 3-7/100,000 in most 
European and North American populations, and appears 
to be somewhat lower (1/100,000 or less) in African 
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black and Asian populations. A few regions with high 
prevalence rates due to very large single kindreds or a 
founder effect are known (the Lake Maracaibo 
Venezuelan population, as well as populations in 
Tasmania, the Moray Firth region of Scotland, and oth- 
ers) (reviewed in 53). 

Motor, cognitive, and behavioral dysfunction are the 
hallmarks of HD. The movement disorder includes both 
the presence of involuntary movements and impairment 
in the motor control of voluntary movements,.the rela- 
tive seventy of which varies from individual to individ- 
ual and during the course of the disease. There is 
impairment of the planning, initiation, sequencing, per- 
sistence, and completion of complex motor tasks, and 
eventually of simple movements. The involuntary 
movements are multifocal, irregular, and arrhythmic; 
they may be flowing and smooth (chorea), writhing or 
twisting (athetosis), abrupt and of high amplitude (bal- 
lisrnus), or less .:ommonly, brief and simple 
(myoclonus). Involuntary movements with characteris- 
tics overlapping these categories are the rule rather than 
the exception. As the disease progresses, axial and limb 
rigidity and dystonic posturing accompany or replace 
chorea. Swallowing and speech become difficult and 
the padent becomes wheelchair- or bed-bound. As the 
disease runs its course, affected individuals become 
mute. Death can be due to HD itself, intercurrent infec- 
tion (usually pneumonia), or unrelated causes (107). 

The dementia of HD has been characterized as a 

CAG Repeats in HD 
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Figure 1. Reported normal and expanded CAG allele sizes for the seven CAG repeat disorders, displayed to emphasize the num- 
bers of patients studied and the distribution of allele sizes. Alleles from control, unaffected, or lower alleles of affected subjects are 
shown in white: upper alleles of affected individuals are shown in black. a. Huntington disease (reprinted from (106), with perrnis- 
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“subcortical dementia”, based on the clinical and patho- 
logical features which distinguish it from “cortical 
dementias” such as Alzheimer’s disease ( 1  1). Cognitive 
dysfunction in the early stages of HD parallels many of 
the characteristics of the motor control disorder, in that 
there is difficulty with the “executive functions’’ of plan- 
ning, initiating, sequencing, and persisting in activitizs 
or tasks. With disease progression, verbal learning, 
memory, and global measures of cognitive function 
(e.g., Wechsler Adult Intelligence Scale) are impaired. 

The psychiatric disorder varies considerably, and 
may be the presenting symptom or group of symptoms 
in HD (53). A schizophrenia-like thought disorder has 
been reported in 3.4-12% of individuals. Depression is 
reported in 9-44% of affected individuals, and the sui- 
cide rate has ranged from 0512.7%. Mania or hypo- 
mania, or other psychiatric diagnoses can also be pre- 
sent. In our experience, obsessive thought patterns or 
impulsive behavior are common and may be disabling. 
A small number of patients are diagnosed with sexual 
disorders, pathologic gambling, or eating disorders, and 
some patients have no discernable psychologic or psy- 
chiatric disturbance. 

A fourth consistent feature of HD is weight loss. 
Most affected individuals eat ravenously but lose 
weight, particularly in the mid to late stages of the dis- 
ease. The basis for weight loss has not been fully 
explained; it may relate in part to increased caloric 
requirements, psychosocial factors, or to the degenera- 
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Figure 1.  b. Kennedy disease (N= 322 normal alleles, 237 expanded alleles) (8, 10, 25, 26, 27, 33, 58, 64, 70, 79, 80, 89, 98, 104, 
111,120,165, 178,184, 186) 

tive nervous system disease (75, 107, 110). It has been 
noted that patients who are overweight at the time of the 
diagnosis of HD progress more slowly than patients 
who are not, but whether this is a cause or effect of the 
disease is unknown (100). 

HD affects the central nervous system only; no stud- 
ies have reported primary disease effects on the periph- 
eral nervous system or any other organ system. 
Clinically, HD does not directly affect sensory, visual, 
or linguistic cortical functions, or the function of brain- 
stem nuclei or spinal cord. However, many patients 
develop evidence of pyramidal tract dysfunction as the 
disease progresses (hyperreflexia, extensor plantar 
responses, clonus, and spasticity). Occasional affected 
individuals, particularly children, have clinical or radio- 
logic evidence of cerebellar abnormality (ataxia, cere- 
bellar atrophy). Finally, seizures or epilepsy are seen 
more commonly in individuals with HD than in the gen- 
eral population, affecting up to 30% of children with 
juvenile-onset HD, and 1-396 of individuals with adult- 
onset HD (compared to a general population risk of 

The average age of onset of symptoms in HD is 35- 
40 years. Symptoms begin insidiously, making the 
exact determination of onset problematic; for research 
purposes, disease onset is commonly defined either as 
the time that motor symptoms began, or as the time of 
the first symptoms heralding disease progression. We 
have seen a patient whose symptoms were recognizable 
at age 2.5 years and several patients whose symptoms 

0.35-0.62%). 

began in the 8th or 9th decade. Disease duration aver- 
ages around 15-20 years, with much individual varia- 
tion. Cerebral imaging by CT or MRI shows symmetric 
atrophy of the caudate nucleus, followed later by diffuse 
cortical atrophy. Caudate atrophy is often not discern- 
able at the time of intiial diagnosis. PET scanning may 
detect metabolic changes before the advent of clinical 
symptoms (46). 

About 5- 10% of HD-affected individuals have symp- 
tom onset in the first two decades of life. About 90% of 
individuals with. childhood onset HD have received their 
disease gene from an affected father. Symptoms in 
juvenile-onset patients are generally very different from 
the characteristk features of adult-onset HD. Chorea is 
much less common as a presenting feature than rigidity. 
Behavior and cognitive difficulties are usually recog- 
nized early, pe:rhaps because of the highly scrutinized 
social and academic environments that most children 
live in. Generalized and/or myoclonic seizures are more 
common in childhood-onset than adult-onset HD, 
occurring in up to 30% of children. 

Spinal and bukbar muscular atrophy 
(SBMA, Kennedy’s disease) 

SBMA is a neuromuscular disorder caused by CAG 
repeat expansions in the androgen receptor gene. It dif- 
fers clinically from the other CAG repeat disorders in at 
least four immediately obvious ways: 1) i t  is an X- 
linked disorder; 2) full expression of the disease pheno- 
type is restricted to males; 3) the primary neurologic 
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Figure 1. c. DRPLA (N= 925 normal alleles, 195 expanded alleles) (3, 4, 61, 73, 74, 83. 101, 109, 123, 124, 137. 138, 141 163. 
185) 

effects are on anterior horn cells rather than central ner- 
vous system structures; and 4) the disease directly 
affects male endocrine function as well as neurologic 
function. Whereas CAG repeat expansions in the andro- 
gen receptor gene cause SBMA, point mutations, dele- 
tions, and other mutations, which would be expected to 
truncate the androgen receptor protein or to decrease 
function of the androgen receptor, do not cause SBMA, 
but do cause androgen resistance syndromes. These 
have been reviewed (48). 

Kennedy, Alter, and Sung are generally recognized as 
the first to provide a detailed description of this condi- 
tion (72). although other cases may have been reported 
earlier (76, 89, 95, 117, 165). The clinical and patho- 
logical features of the disease have been reviewed, but 
not since the discovery of disease-causing CAG expan- 
sions within the androgen recepotor gene (5, 156, 173). 
We review here more than 40 clinical reports describing 
about 250 patients from over 60 families, and about 50 
reported sporadic cases, of ethnic backgrounds includ- 
ing American, Australian, and Eastern and Western 
European Caucasian (including Belgian, English, 
German, Greek, Italian, Polish, Spanish, Swiss, and 
Turkish); Chinese, Japanese, Korean, and Vietnamese; 
Chippewa; and French Canadian (1, 5, 6, 8, 10, 20, 25- 
27, 3 1, 33, 41, 52, 54, 58, 70, 72, 79, 80, 89, 9 1, 95, 97, 
98, 102, 104, 111, 112, 116, 117, 120, 126, 132, 142, 
143, 149, 150, 155-157, 160, 167, 168,173, 174, 179, 
184 ). Prevalence data are not known for SBMA; one 
author suggests that it may represent about 2% of cases 
of “ALS” ( 15 1). Many cases have been reported in the 

Japanese literature (reviewed in  156). suggesting that 
the disease may either be more common or more com- 
monly recognized in that country. 

Disease onset has been reported as early as the 
teenage years (for androgen-insensitivity effects) and as 
late as the 8th decade, although symptoms most com- 
monly begin in the 3rd to 5th decades of life. All affect- 
ed individuals eventually develop an insidious neuro- 
genic weakness with progressive atrophy of limb mus- 
cles and tongue. Impaired gait is often the first symp- 
tom of weakness, with changes in handwriting and 
speech representing other common presenting symp- 
toms. Weakness is slowly progressive over years to 
decades, and is never accompanied by upper motor neu- 
ron signs (hyperreflexia or spasticity); hyporeflexia may 
be seen. Creatine phosphokinase (CPK) levels were ele- 
vated in 77% of patients, with levels generally in the 
range of 200-1200 IU. 

However, limb weakness may not be the presenting 
symptom. In the reported cases reviewed here, four 
other symptoms were very common, and were scen to 
evolve in any order or combination: oral-lingual fascic- 
ulations with dysarthria and dysphagia (89%); tremor 
(82%); muscle cramps (65%); and gynecomastia (65%). 

The oral-lingual fasciculations are very prominent 
and may resemble myokymia electrically but may 
increase with voluntary contraction of the involved 
muscles. They have been studied electrophysiological- 
ly (1 12). Neurogenic weakness of the bulbar muscles 
with resultant dysarthria and dysphagia accompany 
these unusual movements. A fine action or postural 
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Figure 1. d. SCAl (N=677 normal alleles, 163 expanded alleles) (21, 22, 28, 38, 45, 6G, 69, 94, 1 15, 127, 128, 135, 152) 

tremor is common and may precede any other motor 
symptoms of SBMA, causing the disease to masquerade 
as essential tremor (70). This tremor resembles the 
tremor seen occasionally in patients with neuropathy. 
Muscle cramps may precede by years or decades any 
other symptoms of SBMA; initially, they are often exer- 
cise- or cold-induced. In addition to muscle cramps, a 
small number of affected males have been reported to 
have episodes of increased weakness resembling myas- 
thenia (3 1, 116, 160); EMG in one case showed a decre- 
mental response (3 1). 

Finally, gynecomastia, a harbinger of testosterone- 
resistant endocrine dysfunction, is seen in somewhat 
more than half of males with SBMA. Although this is 
usually a later phenomenon, occasional patients have 
required surgical treatment of gynecomastia in their 
teens or  twenties, before the onset of other symptoms. 
Gynecomastia is often accompanied by other evidence 
of endocrine dysfunction, including testicular atrophy, 
impotence, and low sperm counts (1, 5 ,  31, 41, 52, 54, 
102, 142, 173); that these are later phenomena is 
demonstrated by the ability of most affected individuals 
to father children. Testosterone levels are usually nor- 
mal but may be slightly low, and estrogen and FSH lev- 
els are commonly (but not always) elevated (143). 
Decreased androgen binding capacity (25, 89, 173) and 
decreased androgen receptors in scrotal skin (94) have 
been reported, although a later study suggests that 
androgen receptors are present in muscle fibers of 
affected patients (98). Although diabetes was reported in 
several early cases, it appears not to be an integral part 

of the disease. 
Many studies have reported EMG, muscle biopsy (5, 

6, 42, 52, 54, 91. 142, 143, 173, 174, 179), or autopsy 
findings in SBMA. The EMG consistently shows find- 
ings consistent w :th neurogenic muscle atrophy. Muscle 
biopsies likewise show group fiber loss, suggesting neu- 
rogenic atrophy, and loss of anterior horn cells is con- 
firmed by autopsy (72, 102, 156, 157). Autopsies have 
generally confinned the clinical impression that the 
forebrain is norrrial. 

Muscle cramps have been occasionally described in 
female carriers of SBMA, generally without other 
symptoms (8, 10,72, 120, 143, 155). A minority of car- 
rier females have tremor, fasciculations, or muscle biop- 
sy abnormalities, but a progressive degenerative course 
has never been reported. 

Dentatorubropallidoluysian atrophy (DRPLA) 
The name dentatorubropallidoluysian atrophy was 

first applied in :.958 to a group of patients with ataxia 
and a hyperkinetic movement disorder with characteris- 
tic neuropathologic findings (154), although the condi- 
tion was probably first described in the 1940s (166, 
170). Since that time, DRPLA has been recognized 
most frequently in Japan, where the prevalence has been 
estimated at about 0.4-0.7/100,000 (61.62). Clinical and 
pathologic features of the condition have been reviewed 
(59,175). The cardinal features of DRPLA include 
dementia, ataxia, chorea, myoclonus, and epilepsy. In 
Japan, two typical phenotypes are recognizable: Type 1, 
or adult-onset !IRPLA (average onset age 44 years), 

____ __-- --_ _ _ _ _  
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Figure 1. e. SCA2 (N= 1 131 normal alleles, 208 expanded alleles) (39, 63, 125, 130, 139) 

with a high incidence of ataxia, chorea, and dementia, 
and less often epilepsy and myoclonus, progressing over 
10-20 years; and Type 2, or childhood-onset, DRPLA, a 
more rapidly progressive condition with prominent 
myoclonus, epilepsy, learning disabilitieshnental retar- 
dation, and relatively less chorea and ataxia (74). About 
45% of patients have early onset, Type 2, DRPLA, most 
of whom have affected fathers (74). Several recent 
authors have stressed the prominence of psychiatric 
symptoms early in the disease (123, 124, 177). When 
DRPLA has been recognized in individuals of European 
descent, it has usually been (mis)diagnosed previously 
as Huntington disease (23, 123, 176, 177). 
Neuroimaging has been reported in a very small number 
of cases, but should easily distinguish DRPLA from HD 
because of the prominent cerebellar atrophy which 
accompanies diffuse cortical and brainstem atrophy in 
DRPLA. Neuropathologic analysis confirms that the 
dentate nucleus and globus pallidus are the primary sites 
of neuronal cell loss, with prominent secondary atrophy 
of the outflow tracts from those structures 
(59,101,154,162,175,177). 

An allelic condition was described in a large African- 
American kindred (1 6,32), known as the Haw River 
syndrome. Clinical features of this condition include 
ataxia, chorea, dementia, and seizures, along with men- 
tal retardation andor  psychiatric disturbance. It is dis- 
tinguished from DRPLA by the additional radiologic 
and pathologic findings of marked demyelination of the 
centrum semiovale and atrophy of the dorsal columns in 

the spinal cord. Degeneration of the posterior columns 
was noted in one additional DRPLA family (1 19). 

The spinocerebellar ataxias 
The epidemiology of the spinocerebellar degenera- 

tions has been studied, but using non-molecular defini- 
tions of the diseases. The prevalence of all spinocere- 
bellar degenerations in Japan was estimated to be 
4.53/100,000 (57). The prevalence of hereditary atarias 
has been estimated to be 3.5-8.5/100,000 in several 
European series (12,35,82,122), and 27/100,000 in 
Libya (159).The most satisfactory clinical classification 
scheme for the ataxias in the pre-molecular era was that 
of Harding (50,51), who used the terms ''autosomill 
dominant cerebellar ataxia Type 1" (ADCA I) for ataxi- 
as with neurologically complex phenotypes but without 
retinal degeneration, ADCA ll for ataxias with retinal 
degeneration, and ADCA 111 for pure cerebellar ataxia. 
Seven different SCA genes have been localized, of 
which four, SCA 1, SCA 2, SCA 3, and SCA 6 have been 
identified. SCA1, SCA2, and SCA 3 are forms of 
ADCA I, and are discussed in detail below. SCA 3 is 
another form of ADCA 1 (36), while SCA 5 appears to 
represent a form of ADCA I11 (129), and SCA 7 is a 
form of ADCA I1 (2,9a). Very little clinical information 
is available about SCA 6, but it appears to represent a 
type of pure cerebellar ataxia, or ADCA HI. .Molecular 
epidemiologic data suggest that SCA1, SCA2, and 
SCA3 combined are responsible for 50-75% of ADCA I 
(19, 30,128,144,152). In most populations studied, 

- _- __ ~ -~ _ _  - _- - ___ 
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Figure 1. f. SCAB (N= 1322 normal alleles, 663 expanded alleles) (18, 30, 58, 65, 71, e4, 88, 93, 128, 135 161, 164) 

SCA 3 is the most common of the three types of ataxia, 
and SCAl is the least common, with one study of 
British and Italian families representing a notable 
exception (42). Population isolates with a high inci- 
dence of SCA2 (114,40) and SCAl (44,45,69) due to 
a founder effect have been identified. Sporadic ataxia is 
rarely if ever caused by mutations in the SCA1, SCA2, 
or SCA3 genes (128, 131, 152). 

Cerebral imaging in the ataxias has been reported, 
largely prior to the advent of molecular genetic diagnos- 
tic methods (121, 133, 180, 182). Four distinct patterns 
of imaging abnormalities can be seen: atrophy of the 
cervical spinal cord, always observed in Friedreich's 
ataxia, but less often found in patients with dominant or 
idiopathc cerebellar ataxia; atrophy of the cerebellar 
hemispheres and verrnis alone or far out of proportion to 
any brainstem atrophy, seen in the pure cerebellar 
degenerations; atrophy of the pons, cerebellum, middle 
cerebellar peduncles, and medulla, which is the pattern 
seen in,sporadic olivopontocerebellx atrophy and some 
of the dominant ataxias; and mild nonspecific diffuse 
infratentorial atrophy. A recent study suggests that 
SCA2 can be distinguished from SCA3 radiologically, 
with SCA2 showing severe olivopontocerebellar atro- 
phy and SCA3 showing only mild cerebellar atrophy 
without severe pontine or medullary loss (15). 
According to these authors, SCAl occupies an interme- 
diate position radiologically, with atrophy of the pons 
and medulla being evident but less pronounced than in 
SCA2. 

Spinocerebellczr ataxia type I (SCAl).  SCAl was 
described in 1941 in a family which was later studied in 
great clinical detz.il by two neurologists who were them- 
selves members of the kindred (47, 49, 135-148). A 
number of additional families of varied ethnic back- 
grounds (Caucasian, African-American, Japanese, 
Siberian) have s i x e  been described (24, 28, 38,44,45, 
108, 140, 158, 1E3, 188). Molecular genotype data sug- 
gest that SCAl i:; less common than SCA2 or SCA3 as 
a cause of adult-onset autosomal dominant ataxia; pub- 
lished series suggest that 6-1596 of index cases have 
SCAl (39, 127, 152). The earliest clinical symptoms of 
SCAl include imbalance, slurred speech, and changes 
in handwriting. I5arly clinical findings include slowness 
in initiating and reacting to movements, slow or infre- 
quent eye-blinking, and abnormal eye movements, 
including hypermetric saccades, lateral gaze-evoked 
nystagmus, and saccadic intrusions in pursuit eye move- 
ments. The saccades later become slowed, giving way 
to frank ophthalmoplegia late in the course. Affected 
individuals develop a pan-cerebellar ataxia. with limb, 
ocular, gait, and truncal ataxia, and dysarthria. In addi- 
tion to ataxia, affected individuals often develop signs 
of involvement of other neurologic systems, such as the 
pyramidal tracts (hyperreflexia, extensor plantar 
responses, and clonus), or less commonly, extrapyrami- 
dal signs (involuntary movements or bradykinesia), in 
varying combinations and to varying degrees. Bulbar 
involvement is prominent as the disease proc oresses, 
leading to severe dysarthria and dysphagia, with tongue 
fasciculations and impaired cough reflex evident on 
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Figure 1. g. SCAG (N= 1208 normal alleles, 18 expanded alleles) (187) 

examination. Choking and its consequences (aspiration 
pneumonia and poor nutrition) are common causes of 
death. Dementia and symptomatic neuropathy or amy- 
otrophy are late findings. The average age of onset in 
the Schut kindred was 26 years (range 17-35 years), 
with an average disease duration of 11.6 (female)-14.4 
(male) years, and an average age of death of 37 years 
(49). A recent review of Japanese SCA 1 kindreds yield- 
ed somewhat different results, with a mean onset age of 
36 years (range 15-63), and a disease duration of 21 
years (140). Within- and among-kindred variability in 
disease onset age and duration has been reported for 
other kindreds (24, 188). 

Spitlocerebellar ataxia type 2 (SCA2). SCA2 was 
not recognized as a separate entity until genetic linkage 
studies in 1993 showed a large Cuban kindred with atax- 
ia similar in phenotype to SCAl but not linked to the 
SCAl locus (40, 114), although it may have been 
described first in 1971 (172). The SCA2 locus was 
mapped to chromosome 12q, and several additional kin- 
dreds were quickly found to localize to the same region 
(7, 29, 34, 85, 125). Clinically. individuals with SCA2 
develop ataxia of gait and limb, with several authors 
emphasizing the additional early presence of slowed 
saccadic eye movements (ophthalmoparesis), as well as 
evidence of peripheral nerve dysfunction (depressed 
tendon reflexes, fasciculations, actiodpostural tremor, 
andor  muscle cramps). Spasticity, parkinsonism, optic 
atrophy, and retinal degeneration are not seen. 
Prominent dementia and chorea were noted in patients 

with higher CAG repeat numbers and a younger age of 
onset (29, 39). Onset age under 20 years is reported 
more commonly in SCA2 than in SCAl or SC,43. 
While most of the initial SCA2 work described single 
large kindreds with multiple affected individuals, a 
recent study reviewed the clinical features of SCA2 in  a 
more diverse population of autosomal dominant ataxia 
type I patients from an ataxia clinic (39). These authors 
commented on the striking variability in clinical symp- 
tomatology between different families (who were also 
of different ethnic backgrounds), and suggested that 
genetic background may have an important effect on the 
phenotypic expression of the disease gene. One recent 
study suggests that careful oculographic and radiologic 
studies can reliably distinguish SCA2 from SCAl and 
SCA3 (15). 

Spinocerebellar ataxia type 3/Machado-Joseph dis- 
ease (SCA3/MJD). SCA3MJD is the most clinically 
heterogeneous of the hereditary ataxias, with symptoms 
ranging from a pure Parkinsonian syndrome to a spastic 
ataxia. SCA3 was first described in 1972 in two 
American families of Portugese (Azorean) descent (105, 
18 1). Rosenberg promoted the name “Machado-Joseph 
disease”, the surnames of the first two known large 
Portugese kindreds, for this disease, which was felt for 
many years to be restricted to individuals of Portugese 
origin (134). Some authors thus defined a condition dis- 
tinct from the original Portuguese families, with a more 
restricted, ataxia-dominant phenotype, and differentiat- 
ed it from MJD, labelling it SCA3 (56. 67). However, 
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Disease 1 Epidemiology I Primary symptoms I Age of orlset I Location of primary 
! Neuropathology 

I chorea, dementia, psychiatric distur- I age 35 - 4.0 (range 2 - ! caudate nucleus 

I ; ____  - .- - ._ ~ -. I 
HD 1 3 - 7 IlO0,OOO 

1 
I 

Caucasian; 1 bance, weight loss 80s) 

Asian; new mutations 1 1 < 1 1100,000 I I 

1 about 1 - 3% of cases ~ I 
_. .- .. I -- ~- 

DRPLA 1 0.4 - 0.7 I 100,000 in 1 ataxia. dementia, seizures, chorea, 1 Type 1 ace F(&entate nucleus, globus -- 1 Japan i myoclonus 17th decace) I pallidus and outflow 

I I ! 20 by def nition) [ tracts 
I Type 2 age 8 (up to 

I 

SCAl - unknown; responsible ataxia. bulbar dysfunction, variable 3rd - 4th decade ’ cerebellar, brainstem I I I for about 10 - 27% of I dominant ataxia 
pyramidal tract, peripheral neuropathy (range 4 0  to S O )  I nuclei, spinocerebellar 

[ tracts i I I 

and facial fasciculations 
I 

unknown; responsible ataxia, opthalmoplegia, neuropathy, i 3rd - 4th decade cerebellar, brainstem 
for 13 - 24% of domi- 1 chorea, dementia (range 2 . 60s) 

, nant ataxia I ~ 

SCA6 , unknown; described in 1 ataxia, abnormal eye movements, I age 26 - 50s ! dentate and olivary nuclei 
I 1 four families 1 mild sensory loss I 

SBMA 1 unknown; present in limb and bulbar weakness, gyneco- ~ 20-50 (rznge teens to anterior horn cells 
I 

i many ethnic groups 1 rnastia I 70s) 
I 

I I I 

Table 1. Clinical features of CAG repeat disorders 

many kindreds of diverse ethnic backgrounds have been 
described since, particularly since molecular diagnosis 
became available (30, 42, 88, 92, 93). It is now clear 
that SCA3 and MJD are caused by the same genetic 
mutations and simply reflect the phenotypic variability 
of this disease. 

Clinically, three SCA3 phenotypes are common. In 
younger patients with Type 1 SCA3, prominent pyrami- 
dal (spasticity, hyperreflexia) andor extrapyramidal 
,(rigidity, dystonia, involuntary movements) signs may 
exceed or accompany ataxia and ophthalmoplegia as the 
most striking symptoms. Type 2 SCA3 presents in early 
to mid-adulthood, usually with ataxia and pyramidal or 
extrapyramidal (dystonia) signs. Patients presenting 
with SCA3 after age 40 (Type 3) generally do not have 
spasticity or Parkinsonism accompanying ataxia and 
ophthalmoparesis, but may instead have prominent 
peripheral signs of neuropathy or anterior horn cell loss, 
with amyotrophy, fasciculations, and weakness. A fourth 
presentation which appears to be much less frequent is 
an ataxia-less presentation, in which individuals have 
Parkinsonism (tremor, rigidity, gait disturbance) and 
neuropathy (17,42). Oral-facial fasciculations are com- 

mon, and “bulging eyes” are often described. The clin- 
ical presentation appears to “run true” in some large 
families (when the large Joseph family was first studied, 
for instance, cerebellar symptoms were not seen in any 
affected individuals [ 1341). 

Phenotypical overlap for the inherited ataxias 
appears to be the rule. Even experienced clinicians can- 
not reliably distiiiguish SCAl from SCA3 on the basis 
of purely clinical symptoms (30, 42). as any particular 
patient with either disease may have ataxia alone or in 
combination with any of the additional symptoms noted 
above. 

Spinocerebellar ataxia type 6 (SCA6). At the time of 
this writing, spinocerebellar ataxia 6 (SCA6) is the 
newest member of the CAG repeat disorder group. 
Zhuchenko et A. reported four families with CAG 
repeat expansioris i: i  the gene on chromosome 1 9 ~ 1 3  
which encodes the a-1 A-voltage-dependent calcium 
channel (CACNLIA) (157). SCA6 is allelic with two 
other neurologic disorders, episodic ataxia type 2,  and 
familial hemiplegic mi p i n e .  Missense and other pro- 
tein-truncating nutations in the CACNL 1A gene result 

~ _ - _ _  
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Disease 
- . .- - - ~ 

1 Inheritance ~ Gene i Chromosomal Gene name i Protein name Number of affected individu- 
I discovered I location of gene als studied molecularly 

___ 1 - .~ 

Huntington AD 1 1993 4pl 6 IT1 5 I huntingtin > 2,500 

I Disease 
_ _  __ - _. __ - 

1994 1 2 ~ 1 3  CTG-B37 atrophin-1 about 200 

ataxin-1 about 160 1 12q23 - 24.1 ~ SCA2 I ataxin-2 abcut 200 ’ 
.......... . - . . . . .  ...... 

AD DRPLA 

SCAl AD 1993 

SCA2 AD 1996 

SCA3 AD 1994 14q32.1 SCAB 

SCAG 

- . . .  - -. . . . .  .- .. . . . .  

. . .  . .  . 
SCAl 6p22 - 23 

. . . . . . . .  -. ~ - .  

. .  . . .  ... 
~ .. .~ ..... -~ .. -- . . .  

660 ataxin-3 
. . .  .. . ... . . . .  .... . -~ +- i a  

.____ 

j AD 1997 1 9 ~ 1 3  I SCAG I 0.1 A-voltage- 
I dependent calcium 
’ channel 

.. .... ~ . .  - -_ .. ___ - - 
I 

SBMA I XL ’ 1991 Xq13 - 21 SBMA 1 androgen receptor ~ about 250 

I 
Table 2. Genetic features of CAG Repeat Disorders 
‘AD= autosomal dominant; XL= X-linked 

in one of these two other disorders, whereas expansions 
of a CAG repeat sequence are associated with SCA6 
(113, 187). 

The four families with SCA6 were identified by 
screening a panel of 133 index cases with ataxia for 
expansions of the CAG repeat sequence which was 
known to be located in the CACNLlA gene. Eight 
index cases were identified (6% of the sample), but only 
four were available for further study. The disorder is 
dominantly inherited; its frequency and other epidemi- 
ologic characteristics are unknown. Clinical informa- 
tion is available for a total of twenty affected individu- 
als from the four families. The clinical features of the 
disease include mild and slowly progressive ataxia of 
limbs and gait, dysarthria, prominent and early nystag- 
mus, and mild vibratory and proprioceptive sensory loss 
later in the disease. Prominent early loss of optokinetic 
nystagmus and mild hyperreflexia were present in one 
family (Dobyns, personal communication). In three of 
four families, symptoms began in the 5th-6th decade, 
and progressed over 20-30 years before affected indi- 
viduals became wheelchair-bound. Some older patients 
developed bulbar symptoms with choking. In one fam- 
ily, symptoms began earlier (26-3 1 years), but were still 
very slowly progressive. Cerebral imaging has shown 
cerebellar atrophy only, without cortical, brainstem, or 
upper spinal cord atrophy. Pathologic features include 
severe loss of Purkinje cells, with moderate loss of gran- 
ule cells and neurons in the dentate nucleus, and mild to 
moderate loss of neurons in the inferior olive. 

... ... . 

MOLECULAR GENETIC ANALYSIS OF THE CAG 
REPEAT DISEASES 

The common thread joining the seven neurodegener- 
ative diseases described above is their single distinctive 
type of genetic mutation, which is expansion of a CAG 
repeat sequence within the coding region of the gene. 
What is known of the mechanisms by which CAG 
repeat expansions cause disease will be reviewed else- 
where in this volume; here, we will describe the clinical- 
genetic features that have been explained by the discov- 
ery of this novel type of mutation and point out similar- 
ities and differences among the known CAG repeat dis- 
orders. 

Inheritance patterns and gene products 
All but one of these disorders have autosomal domi- 

nant inheritance patterns; this and other basic informa- 
tion about the genes and diseases are shown in Table 2. 
Autosomal dominant inheritance, of course, implies that 
50% of the offspring of affected individuals should 
inherit the disease gene. Two recent studies, however, 
found a higher incidence of affected offspring among 
individuals with DRP1.A , SCA1, and SCA3, suggesting 
that “meiotic drive” may exist for the mutant alleles for 
these diseases (60, 130). In addition, another recent 
study demonstrated increased genetic fitness among car- 
riers of mildly expanded SCAl and HD alleles, suggest- 
ing another mechanism by which genes with expanded 
CAG repeats can be maintained in the population (37). 
Although homozygotes for the expanded HD and SCAl 
genes appear to fare no differently than heterozygotes in 
terms of disease onset, course, or seventy, homozygotes 

~. . . . . .  .. 
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Disease 1 Normal I Abnormal Correlation (r) Meiotic instability of Somatic 
CAG ' CAG I between repeat expanded alleles instability mutations penetrance 1 repeat repeat , number and i reported reported I reported' 

1 range 1 range i onset age 
I 

1 
I yes I yes 

I 6 - 3 9  

DRPLA I 3-36 1 -0.69 to -0.84 I male 92%; +1 to +28 ~ yes 
female 94%; -4 to +5 j 

~~~ --.+ ~- I 52-, I 
I 39 - 81 -0.74 to -0.81 ~ male 77%; -4 to +28 yes ! no j yes** 

I female 59%; -6 to +4 I 
I male 78%; -7 to +24 
, female 86%; -1 to +15 i ! case 

! female 75%; -8 to +3 , 

I-_- -. 

! 
.- ._-. -____ I I __-_ 

SCAl 

' 15 - 34 \ 34 - 64 ' -0.77 to -0.86 : not studied ' 1 sporadic I no 

12 - 40 1 61 - 84 -0.43 to -0.92 ! male 75%; -5 to +9 i yes I 2 sporadic I no 

I ! - I 
i I 

scA2 

I 

~ ___ .. 

I 
I 

not reported , not studied no 

i SCAB 

~ SCA6 z t 2 -  studied 

__ _ _ _ ~ _ _ _ -  
9 - 35 1 36 - 121 1 -0 5 to -0.89 male 69%; up to +74 ' yes 

female 3270, up to +16 
' 

I 
pi- 

no j common? 1 no I 0.59 to -0.801 ' male 77%; -2 to +5 , I I 

! female 24%; -4 to +2 (UP to 

I ! j 20%) I 3 8 - 7 5  i -  
i I 

I 
Table 3. Clinical genetics of CAG repeat disorders 
'reduced penetrance refers to the existence of asymptomatic individuals over age 70 -{ears with repeat lengths that have been 
associated with the presence of disease symptoms inother individuals. 
*'a single 66-year old individual with 44 repeats from a large kindred in which the oldcst known onset age is 56 years (45) 

I 9 - 3 3  
SBMA 

for the SCA3 and DRPLA genes may have an earlier 
symptom onset (77, 78, 141). Of interest, CAG expan- 
sions in the AR gene appear to function in a sex-limited 
fashion, as female carriers of these expansions may 
develop muscle cramps, while hemizygous males devel- 
op a progressive, neurodegenerative disorder. 

The normal roles of the proteins encoded by the 
CAG repeat disorder genes are known only for the 
androgen receptor gene in SBMA and the u l A  calcium 
channel in SCA6. The normal functions of ataxins 1-3, 
huntingtin, and the protein encoded by the DRPLA gene 
are not known. The CAG repeat expansions in all of 
these genes are expected to result in elongated polyglu- 
tamine tracts within the encoded protein (discussed fur- 
ther elsewhere in this volume). The number of patients 
who have been studied molecularly remains rather small 
for all of these diseases, so cautious interpretation of the 
clinical-molecular correlations remains appropriate. 

Distribution of normal and abnormal CAG repeat 
numbers 

In Table 3, clinically important molecular data are 
summarized. Subtle differences among the normal and 
abnormal CAG repeat ranges and distributions for the 
different diseases are evident (Figure 1). For instance, 
while the distribution of normal repeat numbers for the 
HD gene and the androgen receptor gene is rather broad, 

only a few CACi repeat lengths for the SCAl and SCA2 
genes are seen with any frequency in the normal popu- 
lations studied. This is probably related to interruptions 
within the CAG repeat sequences of those two genes 
(CAT for SCAl and CAA for SCA2), which appear to 
confer stability on the repeat sequence. For DRPLA and 
SCA3, several discrete allele sizes are seen at a high fre- 
quency in the rlormal population, rather than the broad 
distribution found in HD and SBMA. The gaps between 
normal and disease allele sizes are also notably different 
among the different disorders (Figure l), suggesting that 
different mechs nisms of mutagenesis and disease patho- 
genesis may be operating in the different disorders. 

Several authors have commented that the distribution 
of normal allele sizes for various CAG repeat genes 
varies among different ethnic groups (64,84, 135); these 
differences are intriguing, and may underly the variable 
frequencies of  articular CAG repeat disorders in differ- 
ent populations. 

Instability of expanded CAG repeats and new muta- 
tions 

All studies of all CAG repeat diseases have shown a 
significant and clinically important negative correlation 
between age of disease onset and repeat number, indi- 
cating that the size of the repeat expansion is a major 
determinant of disease onset age. Likewise, with the 
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exception of SCA6 (for which a very sinall sample has 
been examined), all studies of parent-child pairs and of 
single sperm have shown that expanded CAG repeat 
sequences are unstable in meiosis, particularly male 
meiosis (Table 2), in comparison with normal alleles, 
which are stably transmitted (18, 21, 79, 81, 87). While 
further lengthening of an expanded allele is the most 
common change, ample reports of intergenerational 
decreases in CAG repeat length and stably transmitted 
alleles exist. Both the frequency and the magnitude of 
CAG repeat instability may depend on the sex of the 
parent and the disease gene under study (Table 2), with 
less instability evident among women transmitting 
expanded CAG repeats in the androgen receptor gene, 
compared with up to 92% of DRPLA disease alleles 
showing instability (61, 73, 73, 109, 123, 124, 141). 
The molecular mechanisms underlying meiotic instabil- 
ity and the relationship betweeen disease onset and 
CAG repeat size are not fully understood; what is 
known and speculated will be discussed in this volume 
by La Spada. 

New mutations for CAG repeat disorders can occur 
by expansion of alleles which themselves are not able to 
cause the disease but which are meiotically unstable. 
De n o w  expansion of a CAG repeat from a non-disease 
causing size to the disease-causing range has been 
proven for a small number of individuals with HD (43, 
99). Several “sporadic” cases of DRPLA have been 
reported (61, 73), at least one with parents who were 
documented to have no neurologic disease at the time of 
their deaths in their 80s. One DRPLA-affected individ- 
ual homozygous for 57 CAG repeats was reported 
(141). Both parents had 57 CAG repeats and were 
asymptomatic at age 72 and 74 years. Thus, two abnor- 
mal alleles were transmitted stably to form a homozy- 
gous affected offspring by parents who did not have a 
disease phenotype. The finding that mutations in the 
SCA1, SCA2, or SCA3 genes are very uncommon 
among patients with “sporadic” ataxia suggests that new 
mutations in these genes are rare (128, 131, 152). 
Parental genotypes of the rare sporadic SCA2 and SCA3 
cases have not been reported. New mutations for 
SBMA are postulated by pedigree analysis, showing 
fairly frequent sporadic cases of the disease, but have 
not been proven molecularly. 

Mild somatic instability for CAG repeat number has 
been documented for HD, SCA 1, SCA3, and DRPLA 
(4, 21, 163, 169), and is discussed elsewhere in this vol- 
ume. In one study of a patient with SBMA, somatic 
mosaicism for CAG repeat number was not observed in 
multiple nervous system and non-nervous system tis- 
sues examined (165), and a study of fetal tissues con- 
taining an expanded CAG repeat within the huntingtin 
gene showed no variability among the non-nervous sys- 
tem tissues studied (9). The clinical relevance of somat- 

ic tissue mosaicism for CAG rcpcat number has r x ~ t  
been determined. 

Nonpenetrance, mutability, and “intermediate alle- 
les” 

The existence of de novo mutations suggests that 
some CAG repeat sequences acquire the (presumably) 
abnormal property of meiotic instability before acquir- 
ing the ability to cause disease. That the ability to causc 
disease in these “dynamic mutation” disorders is not an 
all-or-none phenomenon has been supported by the 
observation of incomplete penetrance of disease pheno- 
types for repeat lengths at the low end of the abnormal 
range. Nonpenetrance of IT-15 gene CAG expansions 
in the range of 36-39 repeats has been reported (13, 136, 
reviewed in 106; US HD Genetic Testing Group, in 
preparation). Apparent nonpenetrance (or very latc 
onset age) has been observed also for DRPLA (77, 141), 
SCAl ( 4 3 ,  and SCA2 (131). The last authors also 
observed SCA2 alleles in patients with sporadic ataxia 
which were larger than any reported alleles in normal 
individuals (32 and 34 CAG repeats, as well as several 
patients with 30 or 3 1 repeats), but were reluctant to call 
these allele sizes abnormal, as they are smaller than any 
previously reported affected alleles. We have included 
those as abnormal alleles in Figure lD, but have abided 
with the authors’ conservative interpretation of the nor- 
mal and abnormal ranges in Table 3 (Pulst, personal 
communication). Alleles of intermediate size or incom- 
plete penetrance have not been reported for SCA3 or 
SBMA. Because of the strong correlation between 
onset age and repeat number, proof of nonpenetrance 
technically requires that very elderly individuals carry- 
ing expanded CAG repeats are clinically and pathologi- 
cally normal. More practically, nonpenetrance has been 
defined in terms of individuals living beyond expected 
normal lifespans without clinical or pathological signs 
of disease. 

The terms “intermediate” or “indeterminate” have 
been applied to IT-15 alleles which are in the border 
zone between normal and abnormal CAG repeat 
lengths. Recent work has shown that these terms 
encompass two different entities: alleles of a size which 
do not cause HD, but from which de n o w  mutations 
have occurred; and alleles which can cause HD but 
which are not fully penetrant. As experience has 
allowed these two entities to be distinguished, we prefer 
the more specific descriptors “mutable” and “reduced 
penetrance”, respectively, to describe allele sizes in 
these ranges. Mutable alleles do not themselves cause 
disease symptoms (i.e. are normal), but can give rise to 
de novo mutations, probably due to meiotic instability 
combined with proximity to the disease threshold. 
Alleles in the range of 27-35 repeats have been reported 
in the parents of de novo mutation carriers, and should 

. ._._ . 
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thus be considered mutable. “Reduced penetrance” 
should be used to describe alleles which can cause dis- 
ease symptoms but do not always do so within a normal 
life expectancy. The range in which reduced penetrance 
for HD has been reported is 36-39 CAG repeats (136). 
Empiric mutability or penetrance risks for specific 
repeat lengths between 27-39 CAG repeats are not yet 
available. For the other diseases such as DRPLA, 
SCAl, and SCA2, alleles intermediate in size or behav- 
ior between the normal and abnormal ranges may exist; 
insufficient data are available to categorize these alleles, 
and the nonspecific terms “intermediate” or “indetermi- 
nate” may be used. 

Summary 
In the last six years, seven neurodegenerative dis- 

eases have been found to be caused by expansions of 
intragenic CAG repeat sequences. The diseases share a 
variable (usually adult) age of onset, which is highly 
dependent on the length of the CAG repeat, and effects 
on multiple systems within the central and peripheral 
nervous systems. The cerebral cortex is not a primary 
site of pathology for any of the diseases, and organs 
other than the nervous system are not primarily affected 
(except for SBMA). The diseases differ in their prima- 
ry site of neuropathology, and for that reason have wide- 
ly varying neurologic profiles. The distributions of nor- 
mal and abnormal CAG repeat sizes vary among the dis- 
eases, and suggest that different mechanisms of mutage- 
nesis or disease pathogenesis could exist for the differ- 
ent disorders. 

The dynamic nature of trinucleotide repeat mutations 
has clarified a number of clinical and genetic observa- 
tions in these diseases. New mutations arising from 
mutable normal alleles have been reported for some of 
the diseases. The tendency to further expansion of an 
expanded allele provides a molecular correlate to the 
clinical observation of anticipation (171). Sex- and dis- 
ease-dependent meiotic instability correlates with the 
observation of a paternal bias among juvenile onset 
cases for HD, SCAl and DRF’LA. Finally, reduced pen- 
etrance for alleles at the low end of the abnormal range 
has been observed for some (but not all) diseases in the 
group. Detection of CAG repeat expansions is relative- 
ly easy and inexpensive in the clinical laboratory, and 
molecular diagnosis has greatly improved diagnostic 
accuracy for this group of disorders. However, a full 
understanding of the biology and pathophysiology of 
this new class of mutations is still to come, and is await- 
ed eagerly by clinicians and patients alike. 

References 
1. Amato AA, Prior TW, Barohn RJ, Snyder P, Papp A, 

Mendell JR (1993) Kennedy’s disease: a clinicopatholog- 
ic correlation with mutations in the androgen receptor 
gene. Neurology 43: 791 -794 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Anttinen A, Nikoskelainen E, Marttila RJ, Grenman R, 
Falck B, Aarrisalo E, Kaiimo H (1986) Familial olivopon- 
tocerebellar atrophy with macular degeneration: a sepa- 
rate entity among the olivopontocerebellar atrophies. Acta 
Neurol Scancl73: 180- 1 90 
Aoki M, Abe K, Kameya T, Watanabe M, ltoyama Y (1994) 
Maternal antcipation of DRPLA. Hum Molec Genet 3: 

Aoki M, Abe K, Tobita M, Kameya T, Watanabe M, 
ltoyama Y (11396) Reduction of CAG expansions in cere- 
bellar cortex and spinal cord of DRPLA. Clin Genet 50: 
199-201 
Arbizu T, Santamaria J. Gomez JM, Quilez A, Serra JP 
(1 983) A family with adult spinal and bulbar muscular atro- 
phy, X-linked inheritance, and associated testicular fail- 
ure. J Neuror Sci 59: 371-382 
Barkhaus PE, Kennedy WR, Stem LZ, Harrington RB 
(1 982) Hereditary proximal spinal and bulbar motor neu- 
ron disease of late onset. Arch Neurol39: 11 2-11 6 
Belal S, Carcel G, Stevanin G, Hentati F, Khati C, Ben 
Hamida C, hburger  G, Agid Y, Ben Hamida M, Brice A 
(1 994) Clinical and genetic analysis of a Tunisian family 
with autosorrial dominant cerebellar ataxia type 1 linked to 
the SCA2 locus. Neurology 44: 1423-1426 
Belsham DD, Yee W-C, Greenberg CR, Wrogemann K 
(1992) Analysis of the CAG repeat region of the androgen 
receptor gene in a kindred with X-linked spinal and bulbar 
muscular atr3phy. J Neurol Sci 11 2: 133-1 38 
Benitez J, Hobledo M, Ramo C, Ayuso C, Astarloa R, 
Garcia Yeblfnes J, Brambati B (1995) Somatic stability in 
chorionic villi samples and other Huntington fetal tissues. 
Hum Genet 36: 229-232 
Biancalana \I, Serville F, Pommier J, Julien J, Hanauer A, 
Mandel JL (‘1992) Moderate instability of the trinucleotide 
repeat in spinobulbar muscular atrophy. Hum Molec 
Genet 1 : 25!5-258 
Brandt JS. IFoIstein SE, Folstein MF (1988) Differential 
cognitive iinpairment in Alzheimer’s disease and 
Huntington’s disease. Ann Neurol23: 555-561 
Brignolio R, Leone M, Tribolo A, Rosso MG, Meineri P, 
Schiffer D (1986) Prevalence of hereditary ataxias and 
paraplegias in the province of Torino. /ta/ J Neuro/ Sci 7: 

Brinkman HR, Mezei MM, Theilmann J, Almqvist E, 
Hayden MR (1997) The likelihood of being affected with 
Huntington disease by a particular age ,with a specific 
CAG size. Am J Hum Genet, in press 

A 
centennial bibliography of Huntington’s, chorea 1872- 
1972. Leuvm University Press, Louvain, Belgium, and 
Martinus Nijhoff, The Hague, Netherlands 
Burk K, Abele M, Fetter M, Dichgans J, Skalej M, Laccone 
F, Didierjean 0, Brice A. Klockgether T (1 996) 
Autosomal dominant cerebellar ataxia type 1 : clinical fea- 
tures and LlRl in families with SCA1, SCA2, and SCA3. 
Brain 11 9: 1497-1 505 
Burke JR, Wingfield MS, Lewis KE, Roses AD, Lee JE, 
Hulette C, F’ericak-Vance MA, Vance JM (1994) 
The Haw River Syndrome: dentatorubropallidoluysian 
atrophy (DRPLA) in an African-American family. Nature 
Genet 7: 5;!1-524 

11 97-11 98 

431 -435 

Bruyn GW, Saro F, Myrianthopolous NC (1974) 

M.A. Nance: Clinical Aspects of CAG Repeat Disorders 893 



17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

Byrne E, Thomas PK, Zilkha KJ (1982) Familial extrapyra- 
midal disease with peripheral neuropathy. J Neurol 
Neurosurg Psychiatr 45: 372-374 
Cancel G, Abbas N. Stevanin G, Durr A, Chneiweiss H, 
Neri C, Duyckaerts C, Penet C, Cann HM, Agid Y, Brice A 
(1995) Marked phenotypic heterogeneity associated with 
expansion of a CAG repeat sequence at the spinocere- 
bellar ataxia 3iMachado-Joseph disease locus. Am J 
Hum Genet 57: 809-81 6 
Cancel G, Stevanin G, Durr A, Chneiweiss H, Penet C, 
Pothin Y, Agid Y, Brice A (1 995) SCA2 is not a major locus 
for ADCA type 1 in French families. Am J Med Genet 60: 

Choi WT, MacLean HE, Chu S, Warne GL, Zajac JD 
(1 993) Kennedy's disease: genetic diagnosis of an inher- 
ited form of motor neuron disease. Aust NZ J Med 23: 

Chong SS, McCall AE, Cota J, Subramony SH, Orr HT, 
Hughes MR, Zoghbi HY (1995) Gametic and somatic tis- 
sue-specific heterogeneity of the expanded SCAl CAG 
repeat in spinocerebellar ataxia type 1. Nat Genet 10: 

Chung M-y, Ranum LPW, Duvick LA, Servadio A, Zoghbi 
HY, Orr HT (1993) Evidence for a mechanism predispos- 
ing to intergenerational CAG repeat instability in spin- 
ocerebellar ataxia type 1. Nat Genet 5: 254-258 
Connarty M, Dennis NR, Patch C, Macpherson JN, 
Harvey JF (1 996) Molecular re-investigation of patients 
with Huntington's disease in Wessex reveals a family with 
dentatrubral and pallidoluysian atrophy. Hum Genet 97: 

Currier RD, Glover G, Jackson JF, Tpton AC (1972) 
Spinocerebellar ataxia: study of a large kindred. 
Neurology 22: 1040-1 043 
Danek A, Witt TN, Mann K, Schweikert HU, Romalo G, La 
Spada AR, Fischbeck KH (1994) Decrease in androgen 
binding and effect of androgen treatment in a case of X- 
linked bulbospinal neuronopathy. Clin lnvestig 72: 892- 
897 
Doyu M, Sobue G, Mitsuma T, Uchida M, lwase T, 
Takahashi A (1993) Very late onset X-linked recessive 
bulbospinal neuronopathy: mild clinical features and a 
mild increase in the size of tandem CAG repeat in andro- 
gen receptor gene. J Neurol Neurosurg Psychiatr56: 832- 
833 
Doyu M, Sobue G, Mukai E, Kachi T, Yasuda T, Mitsuma 
T, Takahashi A (1992) Severity of X-linked recessive bul- 
bospinal neuronopathy correlates with size of the tandem 
CAG repeat in androgen receptor gene. Ann Neurol 32: 

Dubourg 0, Durr A, Cancel G, Stevanin G, Chneiweiss H, 
Penet C, Agid Y, Brice A (1995) Analysis of the SCAl 
CAG repeat in a large number of families with dominant 
ataxia: clinical and molecular correlations. Ann Neurol37: 

Durr A, Smajda D, Cancel G, Lezin A, Stevanin G, Mikol 
J, Bellance R, Buisson G-G, Chneiweiss H, Dellanave J, 
Agid Y, Brice A, Vernant J-C (1995) Autosomal dominant 
cerebellar ataxia type 1 in Martinique (French West 
Indies). Clinical and neuropathological analysis of 53 
patients from three unrelated SCA2 families. Brain 11 8: 

3 8 2 - 3 8 5 

187-1 92 

344-350 

76-78 

707-71 0 

176-1 80 

1573-1581 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

Durr A, Stevanin G. Cancel G, Duydkaer:s C. Abbas N. 
Didierjean 0, Chneiweiss H. Benomar A, Lyon-Caen 0, 
Julien J, Sercaru M, Penet C, Agid Y, Brice A (1996) 
Spinocerebellar ataxia 3 and Machado-Joseph disease: 
clinical, molecular, and neuropathological features. Ann 
Neurol39: 490-499 
Ertekin C, Sirin H (1993) X-linked bulbospinal muscular 
atrophy (Kennedy's syndrome): a report of three cases. 
Acta Neurol Scand 87: 56-61 
Farmer TW, Wingfield MS, Lynch SA, Vogel FS, Huleee 
C, Katchinoff B, Jacobson PL (1989) Ataxia, chorea, 
seizures, and dementia: pathologic features of a new!y 
defined familial disorder. Arch Neurol46: 774-779 
Ferlini A, Patrosso MC, Guidetti D, Merlini L, Uncini A, 
Ragno M, Plasmati R, Fini S. Repetto M, Vezzoni P, 
Forabosco A (1995) Androgen recep?or gene (CAGjn 
repeat analysis in the differential diagnosis between 
Kennedy syndrome and other motoneuron disorders. Am 
J Med Genet 55: 105-1 11 
Filla A, De Michele G, Banfi S, Santoro L, Perret!i A, 
Cavalcanti F, Pianese L, Castaldo I, Barbieri F, 
Campanella G, Cocozza S (1995) Has spinocerebellar 
ataxia type 2 a distinct phenotype? Genetic and clinical 
study of an Italian family. Neurology 45: 793-796 
Filla A, De Michele G, Marconi R, De Michele G, Marccni 
R, Bucci L, Carillo C, Castellano AE, lorio L, Kniahynick 
C, Rossi F, Campanella G (1992) Prevalence of heredi- 
tary ataxias and paraplegias in Molise, a region of Ita!y. J 
Neurol239: 351 -353 
Flanigan K, Gardner K. ALderson K, Galster B. Otterud B, 
Leppert MF, Kaplan C, Ptacek LJ (1996) Autosomal dom- 
inant spinocerebellar ataxia with sensory axonal neuropa- 
thy (SCA4): clinical description and genetic localization fo 
chromosome 16q22.1. Am J Hum Genet 59: 392-399 
Frontali M, Sabbadini F, Novelletto A, Jodice C, Naso F, 
Spadaro M, Giunti P, Jacopini AG, Veneziano L, 
Mantuano E, Malaspina P ,Ulizzi L. Brice A, Durr A ,  
Terrenato L (1996) Genetic fitness in Huntington's dis- 
ease and spinocerebellar ataxia 1 : a population genetics 
model for CAG repeat expansions. Ann Hum Genet 60: 

Genis D, Matilla T, Volpini V, Rosell J, Davalos A, Ferrer I ,  
Molins A, Estivill X (1995) Clinical, neuropathologic, and 
genetic studies of a large spinocerebellar ataxia type 1 
(SCA1) kindred: (CAG)n expansion and early premonito- 
ry signs and symptoms. Neurology 45: 24-30 
Geschwind DH, Perlman S, Figueroa CP, Treiman LJ. 
Pulst SM (1997) The prevalence and wide clinical spec- 
trum of the spinocerebellar ataxia type 2 (SCA2) trinu- 
cleotide repeat in patients with autosomal dominant cere- 
bellar ataxia. Am J Hum Genet, in press 
Gispert S. Twells R. Orozco G, Brice A, Weber J. 
Heredero L, Scheufler K. Riley B. Allotey R, Nothers C, 
Hillermann R, Lunkes A, Khati C, Stevanin G, Hernandez 
A, Magarino C, Klockgether T, Durr A, Chneiweiss H, 
Enzmann J, Farrall M, Beckmann J, Mullan M, Wernet P, 
Agid Y, Freund H-J, Williamson R, Auburger G, 
Chamberlain S (1993) Chromosomal assignment of the 
second locus for autosomal dominant cerebellar ataxia 
(SCA2) to chromosome 12q23-24.1. Nature Genet 4: 

Giudetti D, Motti L, Marcello N, Vescovini E, Marbir.i A ,  
Dotti C, Lucci 6, Solime F (1 986) Kennedy disease in an 
Italian kindred. Eur Neurol25: 188-1 96 

423-435 

295-299 

894 
. -  

M.A.Nance: Clinical Aspects of CAG Repeat Disorders 



42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

Giunti P, Sweney MG. Harding AE (1995) Detection of the 
Machado-Joseph diseaselspinocerebellar ataxia three 
trinucleotide repeat expansion in families with autosornal 
dominant motor disorders, including the Drew family of 
Walworth. Brain 11 8: 1077-1 085 
Goldberg YP, Kremer 6, Andrew SE, Theilmann J, 
Graham RK, Squitieri F, Telenius H, Adam S, Sajoo A, 
Starr E, Heiberg A, Wolff G, Hayden MR (1993) Molecular 
analysis of new mutations for Huntington’s disease: inter- 
mediate alleles and sex of origin effects. Nat Genet 5: 

Goldfarb LG, Chumakov MP, Petrov PA, Fedorova NI, 
Gadjusek DC (1 989) Olivopontocerebellar atrophy in a 
large lakut kinship in Eastern Siberia. Neurology 39: 

Goldfarb LG, Vasconcelos 0, Platonov FA, Lunkes A, 
Kipnis V, Kononova S, Chabrishvili T, Vladirnirtsev VA, 
Alexeev VP, Gajdusek DC (1996) Unstable triplet repeat 
and phenotypic variability of spinocerebellar ataxia type 1. 
Ann Neurol39: 500-506 
Grafton ST, Mazziotta JC, Pahl JJ, St George-Hyslop P, 
Haines JL, Gusella J, Hoffman JM, 6axter LR, Phelps ME 
(1 990) A comparison of neurological, metabolic, structur- 
al, and genetic evaluations in persons at risk for 
Huntington’s disease. Ann Neurol28: 614-621 
Gray RC, Oliver CP (1 941) Mane’s hereditary cerebellar 
ataxia (olivoponto-cerebellar atrophy). Minnesota Med 

Griffin JE (1 992) Androgen resistance-the clinical and 
molecular spectrum. N Engl J Med 326: 61 1-61 8 
Haines JL, Schut LJ, Weitkamp LR, Thayer M, Anderson 
VE (1 984) Spinocerebellar ataxia in a large kindred: age 
at onset, reproduction, and genetic linkage studies. 
Neurology 34: 1542-1 548 
Harding AE (1 982) The clinical features and classification 
of the late onset autosomal dominant cerebellar ataxias. 
Brain 105: 1-28 
Harding AE (1 993) Clinical features and classification of 
the inherited ataxias. Adv Neurol61: 1-14 
Harding AE. Thomas PK, Baraitser M. Bradbury PG, 
Morgan-Hughes JA. Ponsford JR (1 982) X-linked reces- 
sive bulbospinal neuronopathy: a report of ten cases. J 
Neurol Neurosurg Psychiatr 45: 1012-1 01 9 
Harper PS (1996) Huntington’s disease. 2nd Edition. W6 
Saunders, London 
Hausmanova-Petrusewicz I ,  Borkowska J, Janczewski Z 
(1983) X-linked adult form of spinal muscular atrophy. J 
Neurol229: 175-1 88 
Hayden MR (1 981) Huntington’s chorea. Springer, New 
York 
Higgins JJ. Nee LE, Vasconcelos 0, Ide SE, Lavedan C, 
Goldfarb LG, Polymeropolous MH (1996) Mutations in 
American families with spinocerebellar ataxia (SCA) type 
3: SCA 3 is allelic to Machado-Joseph disease. Neurology 

Hirayama K, Takayanagi T, Nakamura R, Yanagisawa N, 
Hattori T, Kita K, Yanagimoto S, Fujita M, Nagaoka M, 
Satomura Y, Sobue I, lizuka R, Tokoyura Y, Satoyashi E 
(1 994) Spinocerebellar degenerations in Japan. Acta 
Neurol Scand suppl 153 89: 1-22 
lgarishi S, Tanno Y, Onodera 0, Yamazaki M. Sato S, 
lshikawa A, Miyatami N, Nagashima M, lshikawa Y, 
Sahashi K, Ibi T. Miyatake T, Tsuji S (1992) Strong cor- 

174-1 79 

1527-1 530 

24: 327-335 

46: 208-21 3 

relation between the number of CAG repeats in androgen 
receptor genes and the clinical onset of features of spinal 
and bulbar muscular atrophy. Neurology 42: 2300-2302 

59. lizuka R, Hirayama K, Maehara K (1984) D e n t  a t  o - 
rubro-pallido-luysian atrophy: a clinico-pathologic study. J 
Neurol Neufimurg Psychiatr 47: 1288-1 298 

60. lkeuchi T, lgarishi S, Takiyama Y, Onodera 0, Oyake M, 
Takano H, Koide R, Tanaka H. Tsuji S (1996) Non- 
Mendelian transmission in dentatorubral-pallidoluysian 
atrophy and Machado-Joseph disease: the mutant allele 
is preferentzilly transmitted in male meiosis. Am J Hum 
Genet 58: 730-733 

61. lkeuchi T, Koide R, Tanaka H, Onodera 0. lgarishi S, 
Takahashi I-, Kondo R, lshikawa A, Tomoda A, Miike T, 
Sato K, lhara Y, Hayabara T, Isa F, Tanabe H, Tokiguchi 
S, Hayashi PA, Shimuzu N, lkuta F, Naito H, Tsuji S (1995) 
Dentatrubro-pallidoluysian atrophy: clinical features are 
closely relaied to unstable expansions of trinucleotide 
(CAG) repeat. Ann Neurol37: 769-775 

62. lkeuchi T, Onodera 0, Oyake M, Koide R, Tanaka H, Tsuji 
S (1 995) Dentatorubral-pallidoluysian atrophy (DRPIA): 
close correlation of CAG repeat expansions with the wide 
spectrum of clinical presentations and prominent anticipa- 
tion. Semin Cell Biol6: 37-44 

63. lmbert G, Saudou F, Yvert G, Devys D, Trottier Y, Garnier 
J-M, Weber C, Mandel J-L, Cancel G, Abbas N, Durr A, 
Didierjean 0, Stevanin G, Agid Y, Brice A (1996) Cloning 
of the gene for spinocerebellar ataxia 2 reveals a locus 
with high sensitivity to expanded CAGlglutamine repeats. 
Nature Genet 14: 285-291 

64. lrvine RA, YJ MC, Ross RK, Coetzee GA (1995) The CAG 
and GGC microsatellites of the androgen receptor gene 
are in IinkaSe disequilibrium in men with prostate cancer. 
Cancer Res 55: 1937-1 940 

65. lughetti P, Zatz M. Bueno MR, Marie SK (1996) Different 
origins of mutations at the Machado-Joseph locus 
(MJDl). J Med Genet33: 439 

66. Jodice C, Malaspina P, Persichetti F, Novelletto A, 
Spadaro M, Giunti P, Morocutti C, Terrenato L. Harding 
AE, Frontali M (1994) Effect of trinucleotide repeat 
length and parental sex on phenotypic variation in spin- 
ocerebellar ataxia 1. Am J Hum Genet 54: 959-965 

67. Junck L, Fink JK (1996) Machado-Joseph disease and 
SCA3: the genotype meets the phenotypes. Neurology 

68. Kachi T, Sobue G, Sobue I (1992) Central motor and sen- 
sory conduction in X-linked recessive bulbospinal neu- 
ronopathy. sJ Neurol Neurosurg Psychiatr 55: 394-397 

69. Kameya T, .\be K, Aoki M, Sahara M, Tobita M, Konno H, 
ltoyama Y (1 995) Analysis of spinocerebellar ataxia type 
1 (SCA1)-related CAG trinucleotide expansion in Japan. 
Neurology 45: 1587-1 594 

70. Kaneko K, lgarishi S, Miyateke T, Tsuji S (1993) “Essential 
tremof and CAG repeats in the androgen receptor gene. 
Neurology 43: 161 8-1 61 9 

46: 4-8 

71. 

72. 

Kawaguchi Y, Okarnoto T, Tamiwaki M, Aizawa M, lnoue 
M, Katayama S, Kawakami H, Nakamura S, Hishimura M, 
Akiguchi I, I<imura J, Narumiya S, KakizukaA(1994) CAG 
expansions in a novel gene for Machado-Joseph disease 
at chromosome 14q32.1. Nature Genet 8: 221 -227 
Kennedy b‘R, Alter M, Sung JH (1 968) Progressive prox- 
imal spinal and bulbar muscular atrophy of late onset. 
Neurology 18: 671 -680 

___ - 
M.A. Nance: Clinical Aspects of CAG Repeat Disorders 895 



73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

896 

Koide R,  lkeuchi T, Onodera 0, Tanaka H, lgarishi S, 
Endo K, Takahashi H, Kondo R. lshikawa A, Hayashi T, 
Saito M, Tomoda A, Miike T, Naito H, lkuta F, Tsuji S 
(1994) Unstable expansion of CAG repeat in hereditary 
dentatorubral-pallidoluysian atrophy (DRPLA). Nature 
Genet 6: 9-13 
Komure 0, Sano A, Nishino N, Yamauchi N, Ueno S, 
Kondoh K, Sano N, Takahashi M, Murayama N, Kondo I, 
Nagafuchi S, Yamada M, Kanazawa I (1 995) DNA analy- 
sis in hereditary dentatorubral-pallidoluysian atrophy: cor- 
relation betweeen CAG repeat length and phenotypic 
variation and the molecular basis of anticipation. 
Neurology 45: 143-1 49 
Kremer HPH, Roos RAC, Ding jan GM, Bots GTAM, 
Bruyn GW, Hofman MA (1991) The hypothalamic lateral 
tuberal nucleus and the characteristics of neuronal loss in 
Huntington’s disease. Neurosci Lett 132: 101 -1 04 
Kurland LT (1 957) Epidemiologic investigations of amy- 
otrophic lateral sclerosis. f r o c  Mayo Clinic 32: 449-462 
Kurohara K, Matsui M, Yukitake M, satoh J, Kuroda Y, 
Maruyama H, Kawakami H, Nakamurta S (1996) 
Homozygotic intermediate CAG repeats in the denta- 
torubral-pallidoluysian atrophy gene cause autosomal 
recessive hereditary spastic paraplegia. Neurology 46 
supp: A330 
Lang AE, Rogaeva EA, Tsuda T, Hutterer J, St George 
Hyslop P (1994) Homozygous inheritance of he 
Machado-Joseph disease gene. Ann Neurol36: 443-447 
La Spada AR, Roling DB, Harding AE, Warner CL, 
Spiegel R,  Hausmanova-Petrusewicz I, Yee W-C, 
Fischbeck KH (1 992) Meiotic stability and genotype-phe- 
notype correlation of the trinucleotide repeat in X-linked 
spinal and bulbar muscular atrophy. Nature Genet 2: 301 - 
304. 
La Spada AR, Wilson EM, Lubahn DB, Harding AE. 
Fischbeck KH (1991) Androgen receptor gene mutations 
in X-linked spinal and bulbar muscular atrophy. Nature 

Leeflang EP, Fan F. Losekoot M, van Ommen GJB, 
Amheim N (1995) Single sperm analysis of the transition 
from high normal to diseased triplet repeat length at the 
Huntington’s disease locus. Am J Hum Genet suppl 
57:A29 
Leone M, Bottachi E, D’Alessandro G, Kusterrnann S 
(1995) Hereditary ataxias and paraplegias in Valle 
d’Acosta, Italy: a study of prevalence and disability. Acta 
Neurol Scand 91 : 183-1 87 
Lesch KP, Stober G, Balling U, Franzeik E , Li SH, Ross 
CA, Newman M, Beckmann H, Riederer P (1994) Triplet 
repeats in clinical subtypes of schizophrenia: variation at 
the DRPLA (837 CAG repeat) locus is not associated with 
periodic catatonia. J Neural Transm 98: 153-1 57 
Limprasert P, Nouri N, Heyman RA, Nopparatana C, 
Kamonsilp M, Deininger PL, Keats BJ (1996) Analysis of 
CAG repeat of the Machado-Joseph gene in human, 
chimpanzee, and monkey populations: a variant 
nucleotide is associated with the number of CAG repeats. 
Hum Molec Genet 5:  207-21 3 
Lopes-Cendes I, Andermann E, Attig E, Cendes F, Bosch 
S, Wagner M, Gerstenbrand F, Andermann F, Rouleau G 
(1 994) Confirmation of the SCA-2 locus as an alternative 
locus for dominantly inherited spinocerebellar ataxias and 
refinement of the candidate region. Am J Hum Genet 54: 

352: 77-79 

774-781 

86. Lopes-Cendes I, Maciel P, Kish S, Gaspar C, Robitaille Y, 
Clark HB, Koeppen AH, Name MA, Schut LJ, Silveira I, 
Coutinho P, Sequeiros J, Rouleau GA (1996) Somatic 
mosaicism in the central nervous system in spinocerebel- 
lar ataxia type 1 and Machado-Joseph disease. Ann 
Neurol40: 199-206 

87. MacDonald ME, Barnes G, Srinidhi J, Duyao M, Ambrose 
CM, Myers RH, Gray J, Conneally PM, Young A, Penney 
J, Shoulson I, Hollingsworth Z, Koroshetz W, Bird ED, 
Vonsattel J-P, Bonilla E. Moscowitz C, Penschaszadeh G, 
Brzustowicz L, Alvir J, Bickham Conde J, Cha J-H, Dure 
L, Gomez F, Ramos-Arroyo M, Sanchez-Ramos J, 
Snodgrass S R ,  de Young M, Wexler NS, MacFarlane H, 
Anderson MA, Jenkins 8, Gusella J (1 993) Gametic but 
not somatic instability of CAG repeat length in 
Huntington’s disease. J Med Genet 30: 982-986 

88. Maciel P, Gaspar C, DeStefano AL, Silveira I, Coutinho P, 
Radvany J, Dawson DM, Sudarsky L, Guimaraes J,  
Loureiro JE, Nezarati MM, Convin LI, Lopes-Cendes I, 
Rooke K, Rosenberg R,  MacLeod P, Farrere LA, 
Sequeiros J. Rouleau GA (1995) Correlation between 
CAG repeat length and clinical features in Machado- 
Joseph disease. Am J Hum Genet 57: 54-61, 1995 

89. MacLean HE, Choi W-T, Rekaris G, Warne GL, Zajac JD 
(1995) Abnormal androgen receptor binding affinity in 
subjects with Kennedy’s disease (spinal and bulbar mus- 
cular atrophy). J Clin Endo Metab 80: 508-51 6 

90. Magee KR (1960) Familial progressive bulbar-spinal mus- 
cular atrophy. Neurology 10: 295-305 

91. Martinelli P, Fabbri R, Gabellini AS, Govoni E, Lugaresi E 
(1 985) X-linked bulbo-spinal neuronopathy of late onset. 
Acta Neurol Scand 71 : 498-503 

92. Maruyama H, Nakamura S, Matsuyama Z,  Sakai T, Doyu 
M, Sobue G, Seto M. Tsujihata M, Oh4 T, Nishio T, 
Sunohara N, Takahashi R, Hayashi M, Nishino I, Ohtake 
T, Oda T, Nishimura M, Saida T, Matsumoto H, Baba M, 
Kawaguchi Y, Kakizuka A, Kawakami H (1 995) Molecular 
features of the CAG repeats and clinical manifestation of 
Machado-Joseph disease. Hum Molec Genet 4: 807-81 2 

93. Matilla T, McCall A, Subramony SH, Zoghbi HY (1995) 
Molecular and clinical correlations in spinocerebellar 
ataxia type 3 and Machado-Joseph disease. Ann Neurol 

94. Matilla T, Volpini V, Genis D, Tosell J,  Corral J, Davalos A, 
Molins A, Estivill X (1993) Presymptomatic analysis of 
spinocerebellar ataxia type 1 (SCA1) via the expansion of 
the SCAl CAG repeat in a large pedigree displaing antic- 
ipation and parental male bias. Hum Molec Genet 2: 

95. Matsuura T, Demura T, Almoto Y, Mizuno T, Moriwaka F, 
Tahiro K (1992) Androgen receptor abnormality in X- 
linked spinal and bulbar muscular atrophy. Neurology 42: 

96. Moleen GA, Johnson WC, Dixon HH (1932) Familial pro- 
gressive muscular atrophy. Arch Neurol fsychiat 27: 645- 
653 

97. Mukai E, Yasuma T (1987) A pedigree with protanopia 
and bulbospinal muscular atrophy. Neurology 37: 101 9- 
1021 

98. Murata K-Y, Takaynagi T, Mano Y, Araki K. Murata K 
(1 995) Distribution of androgen receptors in bulbospinal 
muscular atrophy. Muscle Nerve 18: 549-551 

38: 68-72 

21 23-21 28 

1724-1 726 

~ -_ - - ._ - - - . - ._ - - . - 

M.A.Nance: Clinical Aspects of CAG Repeat Disorders 



99. Myers RH, MacDonald ME, Koroshetz WJ, Duyao MP, 
Ambrose CM, Taylor SAM, Barnes G, Srinidhi J, Lin CS, 
Whaley WL, Lazzarini AM, Schwarcz M, Wolff G, Bird ED, 
Vonsattel J-P, Gusella J (1993) De novo expansion of a 
(CAG)n repeat in sporadic Huntington's disease. Nat 
Genet 5: 158-1 73 

100.Myers RH, Sax DS, Koroshetz WJ, Mastromauro C, 
CUpples LA, Kiely DK, Pettengill FK, Bird ED (1991) 
Factors associated with slow progression in Huntington's 
disease. Arch Neurol48: 800-804 

101. Nagafuchi S. Yanigasawa H, Stao K, Shirayama T, Ohsaki 
E, Bundo M, Takeda T, Tadokoro K, Kondo I ,  Murayama 
N, Tanaka Y, Kikushima H, Umino K, Kurosawa H, 
Furukawa T, Nihei K, lnoue T, Sano A, Komure 0, 
Takahashi M, Yoshizawa T, Kanazawa I, Yamada M 
(1 994) Dentatorubral and pallidoluysian atrophy: expan- 
sion of an unstable CAG trinucleotide on chromosome 
12p. Nafure Genet6: 14-18 

102. Nagashima T, Seko K, Hirose K, Mannen T, Yoshimura S, 
Arima R, Nagashima K, Morimatsu Y (1988) F a m i I i a I 
bulbspinal muscular atrophy associated with testicular 
atrophy and sensroy neuropathy (Kennedy-Alter-Sung 
syndrome) J Neurol Sci 87: 141 -1 52 

103. Naito H, Oyanagi S (1982) Familial myoclonus epilepsy 
and choreoathetosis: hereditary dentatorubral-palli- 
doluysian atrophy. Neurology 32: 798-807 

104. Nakamura M, Mita S, Murakami T, Uchino M, Watanabe 
S, Tokunaga M, Kumamoto T, Ando M (1 993) Exonic trin- 
ucleotide repeats and expression of androgen receptor 
gene in spinal cord from X-linked spinal and bulbar mus- 
cular atrophy, Ann Neurol34: 261 

105. Nakano KK, Dawson DM, Spence A (1972) M a c h a d o 
disease. Neurology 22: 49-55 

106. Nance MA (1996) Huntington disease-another chapter 
rewritten. Am J Hum Genet 59: 1-6 

107. Nance MA, Sanders G (1996) Characteristics of individu- 
als with Huntington disease in long-term care. Mov Dis 11 : 

108. Nino HE, Noreen HJ, Dubey DP, Resch JA, Namboodiri 
K, Elston RC, Yunis EJ (1980) A family with hereditary 
ataxia: HLA typing. Neurology 30: 12-20 

109. Nonemolle A, Nielsen JE, Sorenson SA, Hasholt L (1995) 
Elongated CAG repeats of the 837 gene in a Danish fam- 
ily with dentato-rubro-pallido-luysian atrophy. Hum Genet 

110. O'Brien CF, Miller C, Goldblatt D, Welle S, Forges G, 
Lipinski B, Panzik J, Peck R, Plumb S, Oakes D, Kurkin 
R, Shoulson I (1990) Extraneural metabolism in early 
Huntington's disease. Ann Neurol18: 300-301 

111. Ohno M, YamadaT, KobayashiT, Goto l(1994) The DNA 
diagnosis for bulbospinal muscular atrophy. Clin Neurol 
Neurosurg 96: 20-23 

112. Olney RK, Aminoff MJ, So YT (1991) Clinical and electro- 
diagnostic features of X-linked recessive bulbospinal neu- 
ronopathy. Neurology 41 : 823-828 

113. Ophoff RA. Terwindt GM, Vergouse MN, van Eijk R, 
Oefner PF, Hoffman SMG, Lamerdin JE, Mohrenweiser 
HW, Bulman DE. Ferrari M, Haan J, Lindhout D, van 
Ommen G-J B, Hofker MH, Ferrari MD, Frants RR (1996) 
Familial hemiplegic migraine and episodic ataxia type 2 
are caused by mutations in the Ca 2+ channel gene 
CACNLl A4. Cell 87: 543-552 

542-548 

95: 313-318 

114. Orozco Dia:r G, Nodarse Fleites A, Cordoves Sagaz R, 
Auburger G (1 990) Autosomal dominant cerebellar atax- 
ia: clinical analysis of 263 patients from a homogeneous 
population i i i  Holguin, Cuba. Neurology 40: 1369-1375 

115. Orr HT, ChLng M-y, Banfi S, Kwiatkowski TJ, Servadio A, 
Beaudet AL, McCall AE, Duvick LA, Ranum LPW, Zoghbi 
H (1993) Expansion of an unstable trinucleotide CAG 
repeat in spinocerebellar ataxia type 1. Nature Genet 4: 

11 6. Papapetropolous T, Panayiotopolous CP (1 981) X-linked 
spinal and bulbar muscular atrophy of late onset 
(Kennedy-Stefanis disease?) Eur Neurol20: 485-488 

11 7. Paulson GVJ, Liss L, Sweeny PJ (1 980) Late onset spinal 
muscle atnphy-a sex linked variant of Kugelberg- 
Welander. Acta Neurol Scand 61: 49-55 

11 8. Peters HA, 3pitz JM, Goto I, Reese HH (1 968)The benign 
proximal spinal progressive muscular atrophies. Acta 
Neurol Sca.7d 44: 542-560 

119. Pfeiffer RF, McComb RD (1990) Dentatorubro-palli- 
doluysian atrophy of the myoclonus epilepsy type with 
posterior column degeneration. Movement Disorders 5: 

120. Pioro EPJ, Kant JA, Mitsumoto (1 994) Disease expres- 
sion in a Kennedy's disease kindred is unrelated to CAG 
tandem repeat size in the androgen receptor gene: char- 
acterization in a symptomatic female. Ann Neurol36: 318 

121. Plaitakis A, Katoh S, Huang YP (1992) Clinical and radio- 
logic features of cerebellar degeneration. in Plaitakis A, 
ed. Cerebellar degenerations: clinical neurobiology. 
Kluwer, No well MA 

122. Polo JM, Calleja J, Combarrios 0, Berciano J (1991) 
Hereditary ataxias and paraplegias in Cantabria, Spain. 
Brain 11 4: ;355-866 

123. Potter NT (1996) The relationship between (CAG)n repeat 
number and age of onset in a family with dentatorubral- 
pallidoluysian atrophy (DRPLA): diagnostic implications 
of confirmatory and predictive testing. J Med Genet 33: 

124.Potter NT. Meyer MA, Zimmerman AW, Eisenstadt ML, 
Anderson J (1995) Molecular and clinical findings in a 
family wit1 dentatorural-pallidoluysian atrophy. Ann 
Neurol37: 273-277 

125. Pulst S-M, Nechipooruk A, Nechiporuk T, Gispert S, Chen 
X-N, Lopes-Cendes I, Perlman S, Starkman S, Orozco- 
Diaz G, Lunkes A, DeJong P, Rouleau G, Auburger G, 
Korenberg J, Figueroa C, Sahba S (1 996) M o d e r a t e 
expansion of a normally biallelic trinucleotide repeat in 
spinoceretellar ataxia type 2. Nature Genet 14: 269-276 

126. Quarfordt SH, DeVivo D, Engel WK, Levy RI, Fredrickson 
DS (1 970) Familial adult-onset proximal spinal muscular 
atrophy. Arch Neurol22: 541 -549 

127.Ranum LF'W, Chung M-y, Banfi S, Bryer A. Schut LJ, 
Ramesar R, Duvick LA, McCall A, Subramony SH, 
Goldfarb L, Gomez C. Sandkuijl LA, Orr HT, Zoghbi HY 
(1 994) Molecular and clinical correlations in spinocerebel- 
lar ataxia type 1: evidence for familial effects on the age 
at onset. Am J Hum Genet 55: 244-252 

128.Ranum Law. Lundgren JK, Schut LJ, Ahrens MJ, 
Perlrnan $ 8 ,  Aita J, Bird TD, Gomez C, Orr HT (1995) 
Spinocerebellar ataxia type 1 and Machado-Joseph dis- 
ease: incidence of CAG expansions among adult-onset 
ataxia patents from 311 families with dominant, reces- 
sive, or sporadic ataxia. Am J Hum Genet 57: 603-608 

221 -226 

134-1 38 

168-1 70 

M.A. Nance: Clinical Aspects of CAG Repeat Disorders 897 



129. Ranum LPW, Schut LJ. Lundgren JK, Orr HT, Livingston 
DM (1994) Spinocerebellar ataxia type 5 in a family 
descended from the grandparents of President Lincoln 
maps to chromosome 11. Nature Genet 8: 280-284 

130. Riess 0, Epplen JT, Amoiridis G, Przuntek H, Schols L 
(1997) Transmission distortion of the mutant alleles in 
spinocerebellar ataxia. Hum Gene 99: 282-284 

131. Riess 0, Laccone FA, Gispert S, Schols L, Zuhlke C, 
Vieira-Saecker AMM, Herlt S, Wessel K, Epplen JT, 
Weber BHF, Kreuz F, Chalrokh-Zadek S, Meindl A, 
Lunkes A, Auiar J, Macek M, Krebsova A, Macek M, Burk 
K, Pulst S-M, Auburger G (1997) SCA2 trinucleotide 
expansion in German SCA patients. Neurogenetics, in 
press. 

132.Ringel SP, Lava NS, Treihaft MM, Lubs ML. Lubs HA 
(1 978) Late-onset X-linked recessive spinal and bulbar 
muscular atrophy. Muscle Nerve 1 : 297-307 

133. Riva A, Bradac GB (1995) Primary cerebellar and spin- 
ocerebellar ataxia-an MRI study on 63 cases. J 
Neuroradiol22: 71 -76 

134. Rosenberg RN, Fowler HL (1981) Autosomal dominant 
motor system disease of the Portugese: a review. 
Neurology31:1124-1132 

135. Rubinsztein DC, Leggo J, Coetzee GA, lrvine RA, 
Buckley M, Ferguson-Smith MA (1 995) Sequence varia- 
tion and size ranges of CAG repeats in the Machado- 
Joseph disease, spinocerebellar ataxia 1, and androgen 
receptor genes. Human Molecular Genetics 4: 1585- 
1590 

136. Rubinsztein DC, Leggo J, Coles R, Almqvist E, 
Biancalana V, Cassiman J-J, Chotai K, Connarty M, 
Craufurd D, Curtis A, Curtis D, Davidson MJ, Differ A-M. 
Dode C, Dodge A, Frontali M. Ranen N, Stine OC, Sherr 
M, Abbott MH, Franz ML, Graham CA, (1996) Harper PS, 
Hedreen JC, JacksonA, Kaplan J-C, Losekroot M. 
MacMillan JC, Morrison P, Trottier Y, Novelletto A, 
Simpson SA, Theilmann J, Whittaker JL, Folstein SE,  
Ross CA, Hayden MR (1996) Phenotypic characteri- 
zation of individuals with 30-40 CAG repeats in the 
Huntington disease (HD) gene reveals HD cases with 36 
repeats and apparently normal elderly individuals with 36- 
39 repeats. Am J Hum Genet 59: 16-22 

137.Rubinsztein DC, Leggo J, Goodburn S, Barton DE, 
Ferguson-Smith MA, Ross CA, Li SH, Lofthouse R ,  Crow 
TJ, DeLisi LE (1994) B37 repeats are normal in most 
schizophrenic patients. Br J Psych 164: 851 -852 

138. Sano A, Yamauchi N, Kakimoto Y, Komure 0, Kawai J, 
Hazarna F, Kuzume K, Sano N, Kondo I (1994) 
Anticipation in hereditary dentatorubral-pallidolgysian 
atrophy. Hum Genet 93: 699-702 

139. Sanpei K, Takano H, lgarishi S, Sato T, Oyake M, Sasaki 
H, Wakisaka A, et a1 (1996) Identification of the gene for 
spinocerebellar ataxia type 2 (SCA2) uesing a direct iden- 
tification of repeat expansion and cloning technique 
(DIRECT). Nature Genet 14: 277-284 

140. Sasaki H, Fukazawa T, Yanagihara T, Hamada T, Shima 
K, Matsumoto A, Hashimoto K, Ito N, Wakisaka A, Tashiro 
K (1996) Clinical features and natural history of spin- 
ocerebellar ataxia type 1. Acta Neurol Scand 93: 64-71 

141. Sato K, Kashihara K, Okada S .  lkeuchi T, Tsuji S, Shomori 
T, morimoto K, Hayabara T (1 995) Does homozygosity 
advance the onset of dentatorubral-pallidoluysian atro- 
phy? Neurology 45: 1934-1 936 

142,Schanen A, Mikol J, Guiziou C, Wa l  C, Coquet M, 
Lagueny A, Julien J, Hagenau M (1 984) Forme familiale 
liee au sexe d'amyotrophie spinale progressive de 
I'adulte. Rev Neuroll40: 720-727 

143,Schoenen J, Delwaide PJ, Legros JJ, Franchimont P 
(1 979) Motoneuropathie hereditaire: la forme proximale 
de I'adulte liee au sexe (ou maladie de Kennedy) J Neurol 
Sci 41 : 343-357 

144. Schols L, Vieira-Saecker AMM, Schols S, Przuntek H, 
Epplen JT, Riess 0 (1995) Trinucleotide expansion within 
the MJDl gene presents clinically as spinocerebellar 
ataxia and occurs most frequently in German SCA 
patients. Hum Molec Genet 4: 1001 -1 005 

145. Schut JW (1950) Hereditary ataxia: clinical study through 
six generations. Arch Neurol Psychiatr 63: 535-568 

146. Schut JW (1951) Hereditary ataxia: a survey of cer2in 
clinical, pathologic, and genetic features with linkage 
data on five additional hereditary factors. Am J Hum 
Genet 3: 169-1 79 

147.Schut JW, Haymaker W (1953) Hereditary ataxia: a 
pathologic study of five cases of common ancestry. J 
Neuropath Clin Neurol90: 183-21 3 

148. Schut LJ (1991) Schut family ataxia. in de Jong JMBV, ed. 
Handbook of Clinical Neurology Vol 16, Hereditary neu- 
ropathies an spincoerebellar atrophies. Elsevier 
Publishers, 481 -490 

149. Serratrice G, Guastalla P (1984) L'amyotrophie bulbo- 
spinale chronique de transmission recessive liee a I'X 
(type Kennedy-Stefanis). Sem Hop Paris 60: 1003-1005 

150. Serratrice G, Pellissier JF, Pouget J, Saint-Jean JC 
(1 987) Un syndrome neuro-endocrinien: I'amyotrophie 
spinale pseudo-myopathique avec gynecomastie liee au 
chromosome X. Presse Med 16: 299-302 

151. Siddique T, Roper H, Pericak-Vance MA, Laing N, Shaw 
J, Curnming WJK, Warner K, Speer M, Hung W-Y, Phillips 
K, Roses A (1989) X-linked spinal muscular atrophy or 
Becker's muscular dystrophy: molecular genetic studies 
in two families. Ann Neurol26: 166 

152. Silveira I, Lopes-Cendes I, Kish S, Maciel P, Gaspar C, 
Coutinho P, Botez MI, Teive H, Arruda W, Steiner CE, 
Pinto-Junior W, Maciel JA, Jain S, Sack G, Andermann E, 
Sudarsky L, Rosenberg R, MacLeod P, Chitayat D, Babul 
R, Sequeiros J. Rouleau GA (1996) Frequency of spin- 
ocerebellar ataxia type 1, dentatorubropallidoluysian atro- 
phy, and Machado-Joseph disease mutations in a large 
group of spinocerebellar ataxia patients. Neurology 46: 
21 4-21 8 

153. Skre H, Mellgren SI, Bergsholm P, Slagsvold JE (1978) 
Unusual type of neural muscular atrophy with a possible 
X-chromosomal inheritance pattern. Acta Neurol Scand 

154. Smith JK, Gonda VE, Malamud N (1 958) Unusual form of 
cerebellar ataxia: combined dentato-rubral and palli- 
doluysian degeneration. Neurology 8:205-209 

155. Sobue G, Doyu M, Kachi T, Yasuda T, Mukai E, Kumagai 
T, Mitsuma T (1 993) Subclinical ;henotypic expressions 
in heterozygous females of X-linked recessive bul- 
bospinal neuronopathy. J Neurol Sci l 17:74-78 

156. Sobue G, Hashizume Y, Mukai E, Hirayama M, Mitsuma 
T, Takahasni A (1989) X-linked recessive bulbospinal 
neuronopathy. Brain 11 2: 209-232 

157. Sobue G, Matsuoka Y, Mukai E, Takayanagi T, Sobue I, 
Hashizume Y (1981) Spinal and cranial motor nerve roots 

58: 249-260 

.- ._. - _. . ._ _ _  - . - - 

898 M.A.Nance: Clinical Aspects of CAG Repeat Disorders 



in ALS and X-linked recessive bulbospinal muscular atro- 
phy: morphornetric and teased-fiber study. Acta 
Neuropathol55: 227-235 

158.Spadaro M, Giunti P, Lulli P, Frontali M, Jodice C, 
Cappellacci S, Marellini M, Persischetti F, Trabace S, 
Anastasi R, Morocutti C (1992) HLA-linked sppinocere- 
bellar ataxia: a clinical and genetic study of large Italian 
kindreds. Acta Neurol Scand 85: 257-265 

159.Sridiharan R, Radhakrishnan K, Ashok PP, Mousa ME 
(1 985) Prevalence and pattern of spinocerebellar degen- 
eration in northeastern Libya. Brain 108: 831-847 

160. Stefanis C, Papapetropolous T, Scarpalezos S, Lygidakis 
G, Panayiotopolous CP (1 975) X-linked spinal and bulbar 
muscular atrophy of late onset. J Neurol Sci 24: 493-503 

161. Stevanin G, Cassa E, Cancel G, Abbas N, Durr A, Jardim 
F, Agid Y, Sousa PS, Brice A (1995) Characterization of 
the unstable expanded CAG repeat in the MJDl gene in 
four Brazilian families of Portugese descent with 
Machado-Joseph disease. J Med Genet 32: 827-830 

162. Takahashi H, Ohama E, Naito H, Takeda S, Nakashima S, 
Makifuchi T, lkuta F (1988) Hereditary dentatorubral-palli- 
doluysian atrophy: clinical and pathologic variants in a 
family. Neurology 38: 1065-1070 

163. Takano H, Onodoera 0, Takahashi H, lgarishi s, Yamada 
M, w a k e  M. lkeuchi T, Koide R, Tanaka H, lwabuchi K, 
Tsuji S (1 996) Somatic mosaicism of expanded CAG 
repeats in brains of patients with dentatorubal-palli- 
doluysian atrophy: cellular population-dependent dynam- 
ics of mitotic instability. Am J Hum Genet 58: 121 2-1 222 

164. Takiyama Y, lgarishi S, Rogaeva EA, Endo K, Rogaev El, 
Tanaka H, Sherrington R, Sanpei K, Liang Y, Saito M, 
Tsuda T, Takano H, lkeda M, Lin C, Chi H, Kennedy JL, 
Lang AE, Wherrett JR, Segawa M, Nomura Y, Yuasa T, 
Weissenbach J, Yoshida M, Nishizawa M, Kidd KK, 
Tsuji S, Hyslop P ( 1  995) Evidence for intergenerational 
instability in the CAG repeat in the MJDl gene and for 
conserved haplotypes at flanking markers among 
Japanese and Caucasian subjects with Machado-Joseph 
disease. Hum Molec Genet 4: 11 37-1 146 

165.Tanaka F, Sobue G, Doyu M, It0 Y, Yamamoto M, 
Shimada N, Yamamoto K, Riku S, Hshiuzme Y, Mitsuma 
T (1 996) Differential pattern in tissue-specific somatic 
mosaicism of expanded CAG trinucleotide repeat in den- 
tatorubral-pallidoluysian atrophy, Machado-Joseph dis- 
ease, and X-linked recessive spinal and bulbar muscular 
atrophy. J Neurol Sci 135: 43-50 

166. Titica J, van Bogaert L (1 946) Heredo-degenerative 
hemiballismus. A contribution to the question of primary 
atrophy of the corpus Luysii. Brain 69: 251-263 

Hereditary proximal neurogenic muscular atrophy in an 
adult. Arch Neuroll2: 597-603 

168. Tsukagoshi H, Shoji H, Furukawa T (1970) P r o x i m a I 
neurogenic muscular atrophy in adolescence and adult- 
hood with X-linked inheritance. Neurology 20: 11 88-1 193 

169. Ueno S, Kondoh K, Kotani Y, Komure 0, Kuno S ,Kawai 
J, Hazama F, Sano A (1 995) Somatic mosaicism of CAG 
repeat in dentatorubral-pallidoluysian atrophy (DRPLA). 
Hum Molec Genet 4: 663-666 

170. van Leeuwen MA, van Bogaert L (1949) Hereditary atax- 
ia with optic atrophy of the retmbulbar. neuritis type and 
latent pallido-luysian degeneration. Brain 72: 340-363 

167.Tsukagoshi H, Nakanishi T, Kondo K, Tsubaki T (1965) 

171. Vogel F, Motulsky A (1986) Human Genetics, 2nd Edition. 
Springer, New York, p. 11 

172. Wadia NH, Swami RK (1971) Anew form of heredo-famil- 
ial spinocerebellar degeneration with slow eye move- 
ments (nine fanilies). Brain 94: 359-371 

173. Warner CL. Griffin JE. Wilson JD, Jacobs LD, Murray KR, 
Fischbeck KH, Keckoff D, Griggs RC (1992) X - I i n k e d 
spinomuscular atrophy: a kindred with associated abnor- 
mal androgen receptor binding. Neurology42: 21 81 -21 84 

174. Warner CL, Servidei S, Lange DJ, Miller E, Lovelace RE, 
Rowland LP (1990) X-linked spinal muscular atrophy 
(Kennedy's syndrome). a kindred with hypobetalipopro- 
teinemia. Arch Neurol47: 11 17-1 120 

175. Warner lT, Lennos GG, Janota I, Harding AE (1994) 
Autosomal-doninant dentatorubropallidoluysian atrophy 
in the United Kingdom. Movement Disorders 9: 189-1 96 

176. Warner TT, VJilliams L, Harding AE (1994) DRPLA in 
Europe. Nature Genet 6: 225 

177. Warner n, W'lliarns LD, Walker RWH, Flinter F, Robb SA, 
Bundey SE, Honavar M, Harding AE (1995) A clinical 
and molecular genetic study of dentatrubropallidoluysian 
atrophy in four European families. Ann Neurol37: 452- 
459 

178. Watanabe M, Abe K. Aoki M, Yasuo K, ltoyama Y, Shoji M, 
lkeda Y, lizuka T, lkeda M, Shizuka M, Mizushima K, Hirai 
S (1996) Mitotic and meiotic stability of the CAG repeat in 
the X-linked spinal and bulbar muscular atrophy gene. 
Clin Genet 50: 133-1 37 

179. Wilde J, Mas:; T, Thrush D (1987) X-linked bulbo-spinal 
neuronopathy: a family study of three patients. J Neurol 
Neurosurg Psychiatr 50: 279-284 

180. Wittkamper A,  Wessel K, Bruckmann H (1993) CT in auto- 
soma1 dominant and idiopathic cerebellar ataxia. 
Neuroradiol35: 520-524 

181. Woods BT, Schaumburg HH (1972) Nigro-spinodentatal 
degeneration with nuclear ophthalmoplegia-a unique 
and partially treatable clinicopathological entity. J Neurol 
Sci 17: 149-1 66 

182,Wullner U, Klockgether T, Petersen 0. Naegele T, 
Dichgans J ( 1  993) Magnetic resonance imaging in hered- 
itary and idiopathic ataxia. Neurology 43: 318-325 

183.Yakura H, Wakisaka A, Fujimoto S, ltakura K (1974) 
Hereditary aiaxia and HLA genotypes. N Engl J Med 291 : 

184. Yamarnoto 'f; Kawai H, Nakahara K. Osame M, Nakatsuji 
Y, Kishimoto T, Sakoda S (1992) A novel primer exten- 
sion method to detect the number of CAG repeats in the 
androgen receptor gene in families with X-linked spinal 
and bulbar muscular atrophy. Biochem Biophys Res 
Gomm 182: 507-51 3 

185.Yazawa I, Nukina N, Hashida H, Goto J. Yamada M, 
Kanazawa I (1995) Abnormal gene product identified in 
hereditary dentatorubral-pallidolyysian atrophy (DRPLA) 
brain. Narurn Genet 10: 99-107 

186. Zhang L. Fischbeck KH. Arnheim N (1 995) CAG repeat 
length variation in sperm from a patient with Kennedy's 
disease. Hum M,dec Genet 4: 303-305 

187.Zhuchenko 0, Bailey J, Bonnen P, Ashizawa T, Stockton 
DW, Amos C,  Dobyns WB, Subramony SH, Zoghbi H, Lee 
CC (1 997) Autosomal dominant cerebellar ataxia (SCA 6) 
associated with small polyglutamine expansions in the 
alpha 1 A-voltage-dependent calcium channel. Nature 
Genet 15: €2-69 

154-1 55 

______ - ~ - - -  __ 
M.A. Nance: Clinical Aspects of CAG Repeat Disorders 899 



188.Zoghbi HY, Pollack MS, Lyons LA, Ferrell RE, Daiger SP, 
Beaudet AL (1 988) Spinocerebellar ataxia: variable age of 
onset and linkage to human leukocyte antigen in a large 
kindred. Ann Neurol23: 580-584 

_- __ - -- _ _ _ _ _ _  - __ __ ._ - _  __ 
900 M.A.Nance: Clinical Aspects of CAG Repeat Disorders 


