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Abstract : Over the last decade, more than 25 genes responsible for spinocerebellar
ataxias (SCAs) have been isolated. This review classifies hereditary SCAs into two
groups: autosomal dominant and recessive ataxias, and summarizes the genetic features
of these diseases with some clinical characteristics. The unraveling of the molecular
cause of a growing number of ataxia has revealed that these diseases are the
consequences of a large variety of different mechanisms, even involving novel,
unsuspected molecular pathways. The characterization of these pathways and their roles
of the causative proteins will guide research over the next several years.
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INTRODUCTION

Over the last decade, more than 25 genes responsible for spinocerebellar ataxias (SCAs)
have been isolated. Such advances in molecular genetics have allowed better recognition of
these diseases. Hereditary SCAs are classified into two groups: autosomal dominant and
recessive ataxias. As a general rule early onset (< 20 years) tends to be autosomal recessive,
later onset (> 25 years) is usually autosomal dominant. Autosomal dominant form is more
frequent than recessive one, and other inheritance is very rare. This review summarizes the
genetic features of these diseases with some clinical characteristics.

Autosomal dominant ataxia

The dominant ataxias are a clinically and genetically complex group of neurodegenerative
disorders. Most of these diseases are characterized by various combinations of
extracerebellar neurological features such as dementia, epilepsy, ophthalmoplegia, optic
atrophy, peripheral neuropathy, and pyramidal and extrapyramidal signs. However, some are
distinguished by the absence of these extracerebellar features (SCA6) or the presence of
pigmentary maculopathy (SCA7). At the time of publication there are over 20 SCA loci
identified. Of these, the genes are established for dentatorubral-pallidoluysian atrophy
(DRPLA) and SCAs 1, 2, 3, 6, 7, 8, 10, 12, 14, and 17, which are summarized in the Table®.

Polyglutamine diseases. Interestingly DRPLA and SCAs 1, 2, 3, 6, 7, and 17 share a
common pathogenic mechanism, expansion of an exonic CAG repeat. The resultant proteins
all possess an expanded polyglutamine tract and exert dominant gain of toxic function?. A
common feature of polyglutamine diseases is genetic anticipation; the CAG repeat is unstable
in gametes and increase in the number of repeats is transmitted to the next generation.
Because there is an inverse correlation between the expansion size and the age of onset,
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Table. Genes for dominant ataxias

name of the genes _chromosomal location repeat unit normal size _expanded size mutation site  function

DRPLA 12p13.13 CAG 7-23 49-80 coding IGF signaling?
SCA1 6p23 CAG 23-36 37-86 coding

SCA2 12924.1 CAG 15-29 35-52 coding

SCA3/MJD1 14q24-32 CAG 13-36 68-79 coding

SCA6 19p13 CAG 4-16 21-27 coding calcium channel
SCA7 3p12-13 CAG 717 38-130 coding

SCA8 13g21 CTG 16-37 110-250 3'UTR? antisense?
SCA10 22q13 ATTCT 10-22 920-4140 intron

SCA12 5q31-33 CAG 7-28 66-78 5'UTR PPP2R2B

SCA14 19q13.4 point mutation N/A N/A coding protein kinase C-y
SCA17 6g27 CAG 29-42 47-55 coding TATA binding protein

IGF, insulin-like growth factor; PPP2R2B, protein phosphatase PP2A; N/A, not applicable

offspring generally develop the disease earlier and more severe. The precise mechanism
underlying the instability of repeat is not clear, but in SCA3 we identified a nucleotide
polymorphism (C/G) just after the CAG repeat as a possible cause for the instability®. The
expanded alleles exclusively had the (CAG).C configuration, while both (CAG),C and
(CAG).G were seen in normal alleles. Furthermore, the CAG repeat tract in normal alleles
was significantly longer in (CAG).,C than in (CAG),G. Thus, the (CAG).C configuration
may increase instability of the CAG repeat.

A unifying pathological feature of polyglutamine disorders is the presence of
microscopically discernible inclusions, “aggregation”, of the mutant proteins in the nucleus or
cytoplasm of affected neurons?. The question whether polyglutamine aggregates are
deleterious, harmless, or protective remains the most passionately disputed issue in the study
of these diseases. Therefore, the therapeutic strategies now aim both to decrease toxicity by
soluble form of polyglutamine proteins and to inhibit aggregation formation of insoluble
form. We have established a 96-well formatted high throughput assay to explore new

therapeutic candidates by measuring both cell viability and formation of aggregation
(Figure).
A B

Figure. Fluorescence microscopic detection of inducible polyglutamine aggregation in neuronal PC12 cells.
(A) No induction of polyglutamine protein. (B) The induction stimulus increased the expression of the fluorescent
protein-fused expanded polyglutamine. Three cells were shown. The aggregations were formed mainly in the nuclei
(arrows).
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Other forms of dominant ataxias. SCA8 has been reported to link to CTG expansion on
chromosome 13g21. However, the gene has not yet been characterized, and many researchers
now question the disease—causing property of CTG expansions and advise great caution in
genetic testing?® 2. SCA10 is characterized by cerebellar ataxia and seizures. An expansion of
a pentanucleotide (ATTCT) repeat in intron 9 of SCA10 has been identified. There is an
inverse correlation between the expansion size and the age of onset?. SCA12 is a rare form
of ataxia with atypical clinical presentations that include tremor as an initial symptom®. An
expansion of a CAG repeat in the 5-untranslated region of a brain-specific regulatory
subunit of the protein phosphatase PP2A is the cause of the disorder. Most recently the
causative gene for SCA14 is identified and only point mutations are found in this gene
encoding protein kinase C-7314. Ten members in an American family were available for
study and showed a mean age of onset in the third decade, presenting with gait ataxia,
dysmetria, dysarthria, abnormal eye movements, and hyperreflexia. There was no cognitive
impairment, sensory loss, or myoclonus®. However, intermittent axial myoclonus was
observed in Japanese patients with early onset.

Frequencies. In the Kinki district of Japan, among the dominant families, SCA1
accounted for 3%, SCA2 for 4%, SCA3 for 24%, SCA6 for 31% and DRPLA for 12%2. Neither
SCA7 nor SCA12 mutations were detected in this district as well as in Japan. Newly
identified SCAs 14 and 17 are under investigation, but there have been a few reports in
Japan'¢1®. Among the apparently sporadic patients, 15% were found to have expanded triplet
repeats. Of these, the SCA6 mutation was most frequently detected.

Autosomal recessive ataxia

Friedreich’s ataxia and clinically similar diseases. Friedreich’s ataxia (FA) is the most
common recessive ataxia in Europe, classically presenting with gait ataxia, but with a
number of additional features including dysarthria, and pyramidal tract involvement. A
peripheral neuropathy is seen with absent reflexes, large fiber sensory abnormalities, and
occasionally distal wasting. Extraneurological abnormalities include skeletal abnormalities,
such as scoliosis and pes cavus, cardiomyopathy, and diabetes mellitus. The causative gene
encoding frataxin has been cloned and the predominant mutation is a trinucleotide repeat
(GAA) expansion in intron 1 of this gene®. Expansion of both alleles is found in over 96%
of patients. The remaining patients have one of point mutations on one allele and a GAA
expansion on the other. The length of the repeat is a determinant of age at onset and
therefore to some degree influences the severity in that early onset tends to progress more
rapidly?. Although the name of this disease is widely recognized, no genetically proven
patients have been reported in Japan.

In its classical form, ataxia with isolated vitamin E deficiency (AVED) is quite similar to
FA, however, it differs from FA by the absence of cardiomyopathy and diabetes and the
presence of low serum vitamin E concentration. This disease is caused by mutations in the
a-tocopherol transfer protein gene?. AVED patients have an impaired ability to incorporate
a-tocopherol, the most active form of vitamin E, into very low density lipoproteins in the
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liver, a function attributed to the ae-tocopherol transfer protein. We previously reported a
splice site mutation on an exon in an AVED patient?®®. The a—tocopherol transfer protein
gene naturally produces at least two transcripts by alternative splicing. These encode
full-length and truncated proteins. The allele with the exonic mutation produces only the
transcript encoding truncated form, which gives rise to the clinical phenotype of AVED.
Treatment with high dose vitamin E helps prevent deterioration.

Early-onset ataxia with ocular motor apraxia and hypoalbuminemia (EAOH) is the most
common recessive ataxia in Japan. Although the clinical picture in neurological abnormalities
is similar to that in FA, this disease exhibits the pathological involvement in the cerebellum
that is spared in FA. Mental deterioration, peculiar eye movement, and hypoalbuminemia are
other distinct characteristics in patients with EAOH. The causative gene encodes aprataxin,
possibly responsible for repairing DNAZ2 3, Other workers and we found mutations in
Japanese EAOH families®3V. We discovered six new alternatively spliced transcripts that
encode three variant proteins®. The alternative splicing increases the molecular diversity of
aprataxin, possibly relating to the tissue-specific phenotypes. The pathogenic mechanism
and treatment are under investigation.

There are a number of rare conditions associated with a reduced capacity to perform
repair of DNA damaged by ultraviolet light, radiation, or some chemical carcinogens. The
most common is ataxia telangiectasia (AT). This disease shares several clinical features with
EAOH, including early onset ataxia, cerebellar atrophy, and ocular motor apraxia, but is
mostly characterized by immunodeficiency and predisposition to cancer. The gene for AT
has now been cloned and is called ATM, of which product facilitates to repair double-strand
breaks of DNA3. More recently, the gene coding for tyrosyl-DNA phosphodiesterase 1
(TDP1) is identified as a causative gene for spinocerebellar ataxia with axonal neuropathy
(SCAN1) in a Saudi Arabian family®. TDP1 repairs covalently bound topoisomerase I-DNA
complexes and is essential for preventing the formation of double-strand breaks that result
when stalled topoisomerase I complexes interfere with DNA replication in yeast. The authors
propose that loss—of-function mutations in TDP1 may cause SCANI either by interfering
with DNA transcription or by inducing apoptosis in postmitotic neurons.

Other forms of recessive ataxias. The other recessive ataxias are individually rare and
often have a metabolic abnormality underlying the pathogenesis.

Cholestanolosis, also called cerebrotendinous xanthomatosis (CTX), is a rare autosomal
recessive disorder caused by defective bile salt metabolism, resulting from a deficiency of
mitochondrial sterol 27 hydroxylase®. It gives rise to ataxia, dementia, spasticity, peripheral
neuropathy, cataracts, and tendon xanthomata in the second decade of life. We previously
found a missense mutation in triplets, who exhibited an identical phenotypic expression,
different from that of a sporadic CTX case with the same mutation®. This indicates that
environmental or other genetic factors contribute to the clinical phenotype. Treatment with
chenodeoxycholic acid appears to improve neurological function.

Refsum’s disease was first described in 1946, and was subsequently shown to be due to
plasma phytanic acid accumulation. Clinical presentation includes retinitis pigmentosa,
peripheral polyneuropathy, cerebellar and sensory ataxia, and elevated cerebrospinal fluid
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proteins in the absence of pleocytosis. It usually presents between age 10 and 20 years.
Accumulation of phytanic acid is due to the deficiency of the first step of its degradation,
which is an alpha oxidation that takes place in the peroxisomes. The causative gene
encoding phytanoyl-CoA hydroxilase was initially cloned by us as a lupus nephritis related
gene®. Later, identification of mutations therein allowed the demonstration of this enzyme’s
role in Refsum’s disease®.3. No patient with this disease has been detected in Japan.

Numerous rare recessive ataxias are not described in this review because of the limited
space. Further studies on the newly identified proteins defective in recessive ataxias and
identification of the predictably numerous new genes will clarify general pathological
neurodegenerative mechanisms that could be amenable to therapy.

Conclusion

We outlined genetic and clinical aspects of common and some rare inherited SCAs. The
unraveling of the molecular cause of a growing number of ataxia has revealed that these
diseases are the consequences of a large variety of different mechanisms, even involving
novel, unsuspected molecular pathways. The characterization of these pathways and their
roles of the causative proteins will guide research over the next several years.
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