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The Inherited Ataxias

Introduction

The inherited ataxias are a complex group of neurode-
generative disorders. The clinical phenotype is charac-
terised by a progressive cerebellar ataxia variably associ-
ated with neuropathy, ocular abnormalities, pyramidal
and extrapyramidal signs, cognitive dysfunction and
seizures. In some recessive inherited ataxias there is
more widespread multisystem involvement. Over the last
two decades a tremendous collaborative effort has
resulted in the identification of many causative genes for
these rare disorders. These genes have led to the implica-
tion of a large variety of processes such as polyglutamine
neurotoxicity, mitochondrial DNA impairment, RNA
processing dysfunction, DNA repair and cellular metab-
olism failure. Hereditary ataxias can be divided into
autosomal dominant, recessive, X-linked and mitochon-
drial on the basis of the respective inheritance.

Autosomal dominant cerebellar ataxias

The autosomal dominant cerebellar ataxias (ADCA) or
spinocerebellar ataxias (SCA) are a group of conditions
for which twenty eight loci have been identified to date
(Table 1). Disease onset is usually between 30 and 50
years of age, although early onset in childhood and
onset after 60 years have been reported. The prognosis is
variable depending on the underlying cause of the spin-
ocerebellar ataxia subtype. The most common among
these conditions SCAI, 2, 3 and 6, together with 7,17
and DRPLA are caused by the expansion of a CAG
repeat sequence within the coding region of specific
genes. The CAG sequence encodes an abnormal polyg-
lutamine (polyQ) tract in the encoded proteins named
ataxins 1, 2, and 3 (SCAL,2,3), alpha 1A-voltage-
dependent calcium channel (SCA6), ataxin 7 (SCA7),
TATA box binding protein (SCA17), and atrophin 1
(DRPLA) respectively. These SCAs have several com-
mon clinical-pathological features. The second group of
SCAs, including SCAs 8, 10, and 12, are caused by a
repeat expansion located outside of the coding region of
the disease genes leading to dysregulation of gene
expression. While the molecular mechanisms underly-
ing SCAs 8 and 10 are unclear, SCA12 appears to be
caused by dysregulation of the activity of the crucial
enzyme protein phosphatase 2 (PP2) in cerebellar
Purkinje cells. Cerebellar ataxia and neurodegeneration
in SCAs 5, 13, 14, and 27, are caused by alterations in
amino acid composition in beta-III spectrin (SPTBN2),
potassium channel KCNC3, protein kinase C (PRKCG)
and fibroblast growth factor 14 (FGF14) respectively.
The genes and, therefore, the mutations that cause the
remaining SCAs have yet to be identified and charac-
terised.

In the pre-genomic era, ADCAs have been particular-
ly controversial in terms of nomenclature and classifica-
tion. Harding first proposed a classification based on the
clinical symptoms. She grouped them in three main cat-
egories (Table 2)."' So far Harding’s classification has not

been overridden by the genetic classification and is still
valuable as a guideline in clinical practice and to priori-
tise genetic tests for diagnosis. ADCA type I is charac-
terised by ataxia of the gait variably associated with oph-
thalmoplegia, pyramidal and extra pyramidal signs, cog-
nitive impairment, optic atrophy, or peripheral neuropa-
thy. The clinical features in this group of ataxias are
caused by a combination of degeneration of the cerebel-
lum, basal ganglia, cerebral cortex, optic nerve, ponto-
medullary systems, spinal tracts, or peripheral nerves.
ADCA type II is distinct from ADCA type I by the pres-
ence of pigmentary retinopathy. A third group, ADCA
type III includes relatively pure cerebellar ataxias where
the degenerative process is limited to the cerebellum.
ADCAs I and III are clearly genetically heterogeneous,
whereas at least two different genes are associated with
ADCA 1II. The vast majority of ADCA II families seem to
be caused by SCA7 (Table 2).?

Spinocerebellar ~ ataxias are rare disorders.
Epidemiological studies have found prevalence rates
between 0.9-3.0:100.00.> In some geographically isolat-
ed regions, the frequency is much higher due to a
‘founder effect” for example in Cuba, the Azorean
island Flores and in the south of Italy for SCA 2, 3 and
1 respectively (* Giunti unpublished data). The most
common types worldwide among the SCAs are SCAL, 2,
3 and 6. These four conditions account for at least 57%
of all SCA families.®” The following section focuses on
the clinical and genetic features of the SCAs due to CAG
expansion.

SCAs due to expanded CAG repeats

SCA1, SCA2, SCA3, SCA6, SCA7 and DRPLA have com-
mon clinical and genetic features. Longer expansions
are associated with an earlier onset and more severe
progression of disease. CAG repeats are unstable and
tend to expand further mainly through paternal trans-
mission. This leads to a more severe phenotype and an
earlier age at onset in successive generations (a phe-
nomenon called anticipation). Anticipation is rarely
observed in SCA6 where the CAG tends to be smaller
and more stable.

Another common feature among these disorders is
the progressive neurodegeneration of specific neuronal
subsets with the formation of polyQ-containing protein
aggregates leading to characteristic nuclear or cytoplas-
mic inclusions.®

In SCA1 the cerebellar ataxia is associated with pyram-
idal sign, ophthalmoplegia, and, in later stages, with sen-
sorimotor peripheral neuropathy and extrapyramidal
features. In SCA2, slow saccades and the absence of ten-
don reflexes characterise the clinical picture. There are
reported families with parkinsonism and other
extrapyramidal disorders such a dystonia. SCA3 has the
most variable presentation. The most common phenotype
is characterised by cerebellar ataxia and pyramidal signs
although it may present with parkinsonism associated
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Table 1: Genes/loci and molecular defects accounting for the SCAs.

*SCAs 19 and 22 are likely allelic forms of the same gene. ** The gene encoding puratrophin 1 lies on the same chromosomal region of SCA4 gene. D, deletions; MM,
missense mutations; SNS, single nucleotide substitutions; U, unknown. (modified from reference 2).

SCA subtype Chromosomal location Gene/Locus | Protein Mutation Main clinical features

SCAT 6p22.3 ATXNT Ataxin 1 CAG repeat Ataxia,pyramidal signs, neuropathy, ophtalmoplegia

SCA2 12g24.13 ATXN2 Ataxin 2 CAG repeat Ataxia,slow saccades,neuropathy

SCA3 14g32.12 ATXN3 Ataxin 3 CAG repeat Ataxia,pyramidal signs,ophthalmoplegia, neuropathy,dystonia
SCA4 16g24-qter SCA4 U U Ataxia,sensory neuropathy

SCA5 11q13.2 SPTBN?2 Beta-lll spectrin | D, MM Almost pure cerebellar ataxia

SCA6 19pi13.13 CACNAIA CACNAIA CAG repeat Almost pure cerebellar ataxia

SCA7 3pi4.1 ATXN7 Ataxin 7 CAG repeat Cerebellar ataxia, pyramidal signs, pigmentary maculopathy
SCA8 13g21 KLHLTAS Kelch-like 1 CTG repeat Ataxia,sensory neuropathy

SCA9 Reserved U U U

SCAI0 22q13.31 ATXNT10 Ataxin 10 ATTCT repeat Ataxia and epilepsy

SCAIT 15q14-g21.3 SCAI11 U U Almost pure cerebellar ataxia

SCAI2 5q32 PPP2R2B PPP2R2B CAG repeat Ataxia, tremor

SCAI3 19q13.33 KCNC3 KCNC3 MM Ataxia, mental retardation

SCA14 19q13.42 PRKCG PRKCG MM Ataxia, myoclonus dystonia

SCAI5 3p24.2-pter ITRPT ITRPT D Almost pure crebellar ataxia

SCAT6 8q23-g24.1 U u U Almost pure cerebellar ataxia

SCAI17 6q27 TBP TBP CAG repeat Ataxia, chorea, psychiatric manifestations, dementia, epilepsy
SCAI8 7q31-g32 U U U Ataxia, sensory neuropathy

SCA19* 1p21-g21 U U U Ataxia, myoclonus, cognitive impairment

SCA20 11 U U U Ataxia, disphonia

SCA21 7p21.3-pi5.1 U U U Ataxia, parkinsonism

SCA22* 1p21-g23 U U U Ataxia

SCA23 20p13-pi2.2 U U U Ataxia, sensory neuropathy

SCA24 1p36 u U U Almost pure cerebellar ataxia

SCA25 2p21-pl5 U U U Ataxia, sensory neuropathy

SCA26 19p13.3 u u U Almost pure cerebellar ataxia

SCA27 13g33.1 FGF14 FGF14 MM Ataxia tremor mental retardation

SCA28 18p11.22-q11.2 U U U Ataxia, ophtalmoplegia

DRPLA 12p13.31 ATN1 Atrophin 1 CAG repeat Ataxia, myoclonus, seizures, psychiatric manifestation, dementia
Undefined** 16G22.1 PLEKHG4 Puratrophin 1| 5" SNS Ataxia, sensory neuropathy

with sensory motor peripheral neuropathy even
a spastic paraparesis with minimal cerebellar
ataxia. SCAG6 typically has a pure phenotype but
dystonia or parkinsonism have been described.
SCA7 is characterised by maculopathy, cerebel-
lar degeneration and pyramidal signs. The mac-
ulopathy can precede the appearance of the
cerebellar ataxia by up to 20 years. SCA17 is dis-
tinguished by pronounced cognitive impair-
ment/psychosis and behavioural changes plus
parkinsonism, chorea and seizures in addition
to cerebellar ataxia. DRPLA is very rare and the
phenotype is variable, with dementia, psychosis,
seizures, chorea and myoclonus and can mimic
Huntington’s disease.

The autosomal recessive ataxias

The autosomal recessive ataxias are a group of
neurodegenerative disorders with early onset
(<20 years).' However, since genetic tests have
been introduced in clinical practice, it has
become apparent that the age at onset can be
variable (e.g. presentation of Friedreich’s

ataxia or AOA2 in adulthood).

Pathogenetically they can be divided into two

main categories:

1. Lack of energy control and oxidative stress
are the main underlying mechanisms that
lead to neurodegeneration. This group
includes Friedreich’s ataxia (FRDA), atax-
ia with isolated vitamin E deficiency
(AVED), abetalipoproteinaemia and
Cayman ataxia.

2. Defects in DNA repair and processing.
This group includes ataxia telangiectasia
(AT) and AT-like disease, Nijmegen break-
age syndrome, AOAI, AOA2 and spin-
ocerebellar ataxia with peripheral neu-
ropathy (SCAN) (Table 3).

Friedreich’s ataxia

FRDA is the most common inherited spin-
ocerebellar ataxia with estimated prevalence
of one in 30,000-50,000 in the Caucasian pop-
ulation and carrier frequency of 1 in 85.°%

FRDA is rare in American Indian, African and
Asian populations.”

In more than 95% of the patients it is
caused by a homozygous GAA repeat expan-
sion in the first intron of the FRDA gene."” The
remaining 2-5% are compound heterozygotes
for one GAA expansion and a micro deletion
or point mutation on the other allele.
Therefore genetic testing is widely available
and to date there have been no reported cases
of two point mutations. Age at onset is
between 5-25 years of age. There are two main
phenotypes. Early onset FRDA is characterised
by ataxia, deep sensory loss, hyporeflexia, nys-
tagmus, extensor plantars, optic atrophy and
deafness which is variably associated with sco-
liosis, cardiomyopathy and diabetes. MRI in
these cases shows cervical spinal cord atrophy
with normal cerebellum. The second pheno-
type, which has onset of ataxia after 25 years of
age, is associated with pyramidal features and
retained tendon reflexes. The MRI shows mild
midline cerebellar atrophy.
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Table 2: Modified Harding’s classification of ADCAs. **A British ADCAII family negative for the SCA7 mutation has been reported.”

ADCA Type ADCA I ADCA Il ADCA Il

Clinical Presentation | Cerebellar syndrome with ophthalmoplegia / pyramidal / extrapyramidal signs Cerebellar syndrome with Pure cerebellar syndrome
/ cognitive impairment / peripheral neuropathy pigmentary retinopathy

Neuropathology Degeneration of the cerebellum, with basal ganglia / cerebral cortex Cerebellar and pigmentary | Cerebellar degeneration
/ optic nerve / ponto-medullary systems / spinal tracts / peripheral nerves retinal degeneration

Genetic loci SCAs 1,2, 3,4, 8 10, 12,13, 17, 18, 19/22, 20, 21, 23, 24, 25, 27, 28, DRPLA SCA7** SCAs 5,6, 11, 14, 15, 16, 26

Table 3: Genes/loci and molecular defects accounting for autosomal recessive ataxias.

AR = autosomal recessive; D = deletions; | = insertions; MM = missense mutations; NM = nonsense mutations; FM = frameshift mutations.

AR ataxias Genomic Gene/Locus | Protein Mutation Main clinical features
Location

Friedreich’s ataxia 9q13 FRDA Frataxin GAA repeat (intronic) | Ataxia sensory loss, Hyporeflexia,
cardiomyopathy, diabetes

Ataxia with vitamin E deficiency 8qi3.1-13.3 | TIPA Alpha tocopherole transfer FM/MM Friedreich like phenotype but with
head tremor and retinopathy

Abetalipoproteinaemia 4q24 MTP Microsomal triglyceride transfer | MM Friedreich like phenotype but
with retinopathy, acanthocytosis
Steatorrhea

Cayman ataxia 19pi13.3 ATCAY Caytaxin MM Ataxia mental retardation

Ataxia telangiectasia 11g22-23 ATM Ataxia telangiectasia mutated D, MM Telangiectasias, immune deficiency
predisposition to cancer increase
alpha fetoprotein

Ataxia telangiectasia-like disorder 11g21 MRETT Meiotic recombination 11 MM/NS Milder course than AT

Ataxia with oculomotor apraxia (AOA1) | 9pi3 APTX Aprataxin LD,MM Ataxia choreoathetosis, oculomotor
apraxia, hypolabuminaemia

Ataxia with oculomotor apraxia (AOA2) | 9p34 SCARIT Senataxin MM/NSM Ataxia choreoathetosis, neuropathy
increased alphafetoprotein/CK

Spinocerebellar ataxia 14931 TDP1 Tyrosyl-DNA phosphodyesterasel | MM Ataxia ,neuropathy, hypolabuminaemia,

with axonal neuropathy hypercholeterolaemia

The age at onset and severity of disease are
inversely correlated with expansion size, and
there is a direct correlation with the systemic
symptoms.”" The expansion interferes with
the FRDA gene transcript. The size of the small-
er allele has a closer relationship to the pheno-
type because it is the major determinant of the
amount of the encoded protein, frataxin.

Frataxin is a mitochondrial protein that
appears to be involved in iron handling (stor-
age and transport), biosynthesis of iron-sul-
phur (Fe-S) centres, oxidative phosphoryla-
tion and antioxidant function.”

Treatment trials have focused on antioxi-
dants. An open label trial using CoQ10 and
Vitamin E in FRDA patients for four years
reported an improvement in cardiac func-
tion."” Idebenone, a derivate of CoQ10, seems
to have an effect on cardiac hypertrophy but
not on cardiac function.” However, it is
unclear if antioxidants affect neurological
symptoms.

Ataxia with isolated vitamin E deficiency
AVED is caused by a mutation in the
alpha—tocopherol transfer protein responsible
for transport of the vitamin E into very-low
density lipoproteins. Vitamin E in the plasma
is reduced to less than 10%.”

This condition is more prevalent in North
Africa and in the Mediterranean population.”
The phenotype is similar to FRDA with early
onset. Frequently a head tremor with less
prominent sensory peripheral neuropathy
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and pigmentary retinopathy help distinguish
AVED from FRDA.

Different mutations are responsible for the
severity of the phenotype. Truncating muta-
tions lead to a very early onset and severe pro-
gression of the disease. Conversely, missense
mutations result in a less severe phenotype.”

Vitamin E is an antioxidant; its deficiency
causes neurodegeneration through lipid peroxi-
dation of the membranes and oxidative stress.”
Vitamin E supplementation can modify disease
progression and, if the therapy starts early, the
occurrence of cerebellar ataxia.

Abetalipoproteinaemia

The disease is due to mutations in the gene
that codes for a subunit of the microsomal
triglyceride transfer protein (MTP).* These
mutations seem to prevent formation of
VLDL, thereby reducing vitamin E level.
Vitamins A and K are also reduced due to fat
malabsorption. In addition to the neurologi-
cal signs seen in AVED, acanthocytosis and
retinopathy are also present.

Cayman ataxia

Cayman ataxia is a rare form of cerebellar
ataxia identified in an inbred population of
the Gran Cayman Island.” Affected individu-
als are homozygous for mutations in the
ATCAY gene encoding caytaxin. The protein is
similar to the alpha-tocopherol binding pro-
tein. Patients with this condition present early
onset hypotonia, cerebellar ataxia and psy-

chomotor retardation. Neuroimaging shows
atrophy of the cerebellum.

Ataxia telangiectasia

AT is a common recessive ataxia with preva-
lence of 1 per 100,000 live births in the USA.*
Typically the age at onset is before five years
and progression is rapid with significant dete-
rioration within a few years. The clinical fea-
tures are oculocutaneus telangectasias, cere-
bellar ataxia, immune defects and an increase
risk of malignancy, especially leukaemia. A
high serum alpha fetoprotein is present. In AT,
cells are hypersensitive to ionising radiation
which can be a useful diagnostic test.

AT is caused by mutations in the ATM
gene.” The protein encoded by this gene is
involved in transduction, in mitogenic signals
and meiotic recombination cell-cycle control
regulating responses through other tumour
suppression proteins P53 , CHK1 and CHK2.*

The ataxia telangiectasia-like disorder
(ATLD) is clinically very similar to AT. Age of
onset is later and the progression less severe. It
is distinct from AT by the absence of telangiec-
tasia and high alpha fetoprotein. Another sim-
ilar condition to AT is the Nijmegen syn-
drome(NBS)* characterised by microcephaly
and psychomotor delay development. ATLD
and NBS are due to mutations in the MRE11
and NBS1 genes respectively. Both of these
proteins are involved in DNA repair. There is
only symptomatic treatment for all these con-
ditions.
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Ataxia with oculomotor apraxia (AOA)

This syndrome has two distinct conditions,
AOA type 1 and 2. Both AOA1 and AOA2 have
onset later than AT, usually above 7 in AOA1
and 10 in AOA2, although adult onset has been
reported.” AOAl and AOA2 are caused by
mutations in aprataxin (APTX) and in sen-
ataxin (SETX) respectively. Cerebellar ataxia
and sensory motor peripheral neuropathy are
common findings. Oculomotor apraxia is
common in AOA1 and occurs in nearly half of
patients with AOA2. Extrapyramidal signs,
such as chorea and dystonia are present, in
addition to mild cognitive impairment. In con-
trast to AT, neither AOA1 or 2 have immune
disorders nor the tendency to develop cancer.
AOAL has hypoalbuminemia and hypercholes-
terolemia in AOA1 and increased alphafeto-
protein and in some cases an increase of CK in
AOA2. An allelic variant of AOA2 is a rare form
of autosomal dominant juvenile lateral sclero-
sis (ALSA4).

Genetic counselling
In autosomal dominant ataxia, 50% of the off-
spring, independent of sex, will inherit the

mutant allele. However, genetic counselling is
complex. In SCA families there is a large inter
and intra-familial phenotypic variability, large-
ly, but not entirely due to the CAG repeat insta-
bility.

It is particularly challenging when the CAG
repeat is highly unstable, for example in SCA7.
In this condition, it is not uncommon for an
affected individual to have no family history or
in some cases the presence of a late onset visual
failure without cerebellar ataxia in one of the
grandparents.

Genetic counselling is also problematic for
subjects with intermediate alleles that have the
potential to expand in future generations. Pre-
symptomatic and pre-natal testing are also
more difficult when the disorder is inherited
from an affected father. SCA8 represents a par-
ticular problem for genetic counselling as nei-
ther the size nor penetrance of pathogenic alle-
les is known with any certainty. Several ADCA
families have been reported in which a SCA8
expansion does not segregate with the affected
phenotype. Subjects with the expansion remain
unaffected in old age.”” Until further clarifica-
tion on the pathogenesis of this mutation

becomes available, in the authors opinion,
SCAS8 genetic testing for diagnostic and pre-
symptomatic purposes is inappropriate.

Genetic counselling for the recessive ataxias
is more straightforward. In a family with one
affected child, the risk to subsequent pregnan-
cies is 1 in 4. Two thirds of unaffected siblings
will be carriers. Where a genetic test is available,
prenatal diagnosis and carrier screening can be
carried out.

Conclusion

The inherited ataxias are a relatively common
heterogeneous group of neurodegenerative dis-
orders. In the last two decades a collaborative
effort has been successful in identifying the
genetic defects that underlie several of these
conditions, which have made genetic testing
possible. However, a disease modifying treat-
ment is available only for AVED.

Establishing a precise diagnosis is important
for clarifying the condition and its prognosis.
For the great complexity of these conditions,
the multidisciplinary approach is of great value
in the management for both patients and their
carers.

Establishing a precise diagnosis is important for clarifying the
condition and its prognosis. For the great complexity of these
conditions, the multidisciplinary approach is of great value in the
management for both patients and their carers
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