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Spinocerebellar ataxia 6 (SCA6) is an autosomal
dominant spinocerebellar degeneration caused by the
expansion of the polymorphic CAG repeat in the human
α1A voltage-dependent calcium channel subunit gene
(CACNL1A4 gene). We have analyzed 60 SCA6
individuals from 39 independent SCA6 Japanese
families and found that the CAG repeat length is
inversely correlated with the age of onset ( n = 58,
r = –0.51, P < 0.0001). SCA6 chromosomes contained
21–30 repeat units, whereas normal chromosomes
displayed 6–17 repeats. There was no overlap between
the normal and affected CAG repeat number. The
anticipation of the disease was observed clinically in all
eight parent–child pairs that we examined; the mean
age of onset was significantly lower ( P = 0.0042) in
children than in parents. However, a parent–child
analysis showed the increase in the expansion of CAG
repeats only in one pair and no diminution in any
affected cases. This result suggests that factors other
than CAG repeats may produce the clinical anticipation.
A homozygotic case could not demonstrate an
unequivocal gene dosage effect on the age of onset.

INTRODUCTION

Spinocerebellar ataxia 6 (SCA6) is an autosomal dominant
spinocerebellar degeneration, originally described in 1997 (1).
SCA6 was initially identified by the expansion of polymorphic
CAG repeats in the human α1A voltage-dependent calcium
channel subunit gene (CACNL1A4 gene). Six isoforms of
CACNL1A4 were identified and only three isoforms with the

GGCAG insertion had the extended open reading frame with the
polyglutamine tract (1).

It has been reported that there are two mutations disrupting the
reading frame of the CACNL1A4 gene in two episodic ataxia
(EA-2) families in which some patients show cerebellar atrophy
(2,3). Four missense mutations were reported in the same gene in
patients with familial hemiplegic migraine (FHM), which is
associated with degenerative cerebellar atrophy, ataxia,
nystagmus and other vestibulocerebellar ocular abnormalities,
similar to those seen in EA-2 (2,4). Therefore, FHM, EA-2 and
SCA6 are presumably allelic disorders.

Neurological diseases with the CAG repeat expansion include
spinobulbar muscular atrophy (SBMA) (5,6), Huntington’s
disease (HD) (7–10), spinocerebellar ataxia 1 (SCA1) (11,12),
spinocerebellar ataxia 2 (SCA2) (13–15), Machado–Joseph
disease (MJD) (16,17) and dentatorubral-pallidoluysian atrophy
(DRPLA) (18,19). These diseases often show unstable CAG
repeats between generations and variable clinical phenotypes
which correlate with the sizes of the expanded CAG repeats.

The expansion of CAG repeats between generations,
commonly observed in CAG repeat diseases, has not been
demonstrated for SCA6, because the numbers of CAG repeats of
normal and affected SCA6 individuals are smaller and more
stable between generations than that of other CAG repeat diseases
(1). However, the number of SCA6 parent–child pairs examined
seems too small to draw the conclusion on the change in the
expansion of CAG repeats between generations (1). Initially,
SCA6 had been identified by the expansion of CAG repeats in the
CACNL1A4 gene, not by clinical phenotype or symptoms, and
the molecular features of SCA6 have not been fully elucidated.

Here we examined the size of the polymorphic CAG repeats in
the CACNL1A4 gene in affected individuals from a large number
of families as well as from normal individuals. This study
demonstrated characteristics of the transmission and expansion of
CAG repeats, and the effect of CAG repeats on the age of onset.
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Figure 1. Distribution of the CAG repeat length in 202 normal alleles from 101
healthy Japanese. Range is from 6 to 17.

Figure 2. Distribution of the CAG repeat length in 61 expanded alleles (black
bars) and 59 normal alleles from 60 SCA6 patients (including one homozygotic
case). Normal alleles range from 7 to 17 and expanded alleles range from 21
to 30. SCA6 chromosomes were completely distinct from normal
chromosomes.

RESULTS

Distribution of CAG repeats in the CACNL1A4 gene in
the normal population

Two hundred and two normal chromosomes in normal Japanese
individuals (101) displayed a range from 6 to 17 repeat units
(Fig. 1). The mean was 12.0 repeats and the median was 11.5.
Heterozygosity was as high as 72%.

Repeat length on SCA6 chromosomes

We screened 135 Japanese DNA samples of hereditary spinocere-
bellar degeneration from which SCA1, SCA2, MJD and DRPLA
were excluded by PCR analysis, and 60 samples from 39
independent families had more than 21 CAG repeats on SCA6

Figure 3. Relationship between age of onset and CAG repeat length in
expanded alleles in affected individuals (n = 58, r = –0.51, P < 0.0001).
Regression line is Y = –2.88X + 113.8 (where Y is age of onset and X is repeat
length). The homozygotic case is indicated by Z and an arrow (repeat number:
23/23, just one allele plotted).

chromosomes. The affected SCA6 chromosomes contained
21–30 repeat units (Fig. 2). The median was 25.5 repeats and the
mean was 23.5 repeats. SCA6 chromosomes were completely
discrete from normal chromosomes.

Age of onset and CAG repeat length

Figure 3 shows the relationship between the age of onset and the
CAG repeat length in the expanded alleles in affected individuals.
A significant inverse correlation (n = 58, r = –0.51, P < 0.0001)
was noted between the length of CAG repeats and the age of onset
of the disease.

Clinical anticipation

We examined a possible clinical anticipation in the age of onset
in eight affected parent and affected child pairs. All parent–child
pairs examined showed the clinical anticipation. The mean age of
onset of the parent was 52.5 ± 3.1 years old, and that of the child,
37.8 ± 3.1 years old (mean ± standard error). The difference in the
age of onset between affected parent and child was 14.7 years, and
is statistically significant (P = 0.0042).

Stability of the CAG repeat length through generations

The length of CAG repeats in affected parent and child pairs was
assessed to evaluate the instability of the CAG repeat in SCA6
chromosomes through generations. Although there was a clini-
cally obvious anticipation in eight SCA6 parent–child pairs (three
paternal and five maternal transmissions) examined, only one
paternal transmission showed an increase in CAG repeats
(Fig. 4). A decrease in the length of CAG repeats was not
observed in any transmission.
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Figure 4. Analysis of the PCR-amplified products containing the CAG repeat
tract. Lane 1 is the affected father (age of onset, 35 years old); lane 2, his affected
son (age of onset, 24 years old). The range for the normal (NA) and expanded
alleles (EA) are indicated.

Gene dosage effect (homozygosity)

We examined one homozygotic case (repeat number: 23/23), but
could not demonstrate an unequivocal decrease in the age of onset,
contrary to our expectation. The case was within the bivariate
normal ellipse (P = 0.60), although the age of onset was the lowest
among SCA6 patients with a repeat length of 23 (Fig. 3).

DISCUSSION

In this study we confirmed the expansion of CAG repeats in
SCA6 and the report that the lowest number of the expanded CAG
repeat is 21 (1). The distribution of repeat length among 60 SCA6
chromosomes was completely distinct from that observed in
control chromosomes. The difference in the size of the repeat
length between SCA6 and normal chromosomes was more than
four repeats. These results indicate that the expanded CAG
repeats would provide an accurate diagnostic tool for SCA6.

In the Chugoku area (a part of Western Japan), SCA1, SCA2,
DRPLA and MJD are rather rare diseases and each of these
accounts for less than 5% of inherited spinocerebellar
degeneration, respectively. In contrast, SCA6 comprised more
than 30% in our present examination. In addition, the frequency
of normal individuals with CAG repeats larger than 15 in this area
(12/202 = 5.9%) was greater than that previously reported
(7/950 = 0.74%) (1), which might explain a high incidence of
SCA6 in this area. No intermediate allele was observed between
17 and 21 CAG repeats.

The parent–child analysis showed the clinical anticipation of the
age of onset in all eight parent–child pairs examined with an
average decrease of 14.7 years per generation, whereas only one

pair showed an increase in the expansion of CAG repeats in the
CACNL1A4 gene. The cerebellar ataxia of SCA6 was mild and
progressed slowly, so that the onset of SCA6 could not be settled
definitely in some cases; however, even with this consideration, the
scattering of ages of onset defined by a repeat number is too large
to allow the explanation that only the CAG repeat number defines
the age of onset of SCA6 (Fig 3). The line between the age of onset
and the repeat length accounts for only ∼26% of all the cases (r =
–0.51). So, factors other than the CAG repeat might explain the
clinical anticipation and influence the onset age of SCA6.

Clinical features of SCA6 patients are similar and consist
predominantly of mild, but slowly progressive cerebellar ataxia of
the limbs and gait, dysarthria, nystagmus, and mild vibratory and
proprioceptive sensory loss (1). Although SCA6 does not exhibit
such a phenotypic variability as MJD (17), genetically proven
patients with SCA6 sometimes had double vision, increase or
decrease in the deep tendon reflex, and divergence paralysis. In
fact, two autopsied SCA6 cases have demonstrated that the disease
involves not only the cerebellum but also the brain stem (20).
Before our analysis of expansion of CAG repeats in the
CACNL1A4 gene, SCA6 was clinically diagnosed as Holmes type
SCD, MJD and autosomal dominant cortical cerebellar atrophy.

As mentioned above, FHM, EA-2 and SCA6 are allelic
disorders in different fashions; CAG repeats are expanded in
SCA6, the protein is truncated in EA-2 and missense mutations
are seen in FHM. The difference in the mutational mode may
produce a persistent and progressive cerebellar and brain stem
dysfunction in SCA6 and mild, episodic cerebellar dysfunction in
EA-2 and FHM (1,2). But SCA6 and some cases of EA-2 and
FHM show cerebellar atrophy and there may be a common
mechanism for them. For example, the prominent expression of
P/Q Ca2+ channels is observed in Purkinje cells and cerebellar
granule cells (21) and their mutations might lead to abnormal
levels of intracellular Ca2+ and subsequent cell death which
would cause the cerebellar atrophy and the vestibulocerebellar
dysfunction.

The ataxia in a homozygotic case of SCA6 did not start from a
remarkably young age in contrast to MJD (22,23). The
homozygotic patient first noticed a visual disturbance and ataxia at
the age of 36, but the ataxia progressed much more rapidly than the
other SCA6 patients. The onset age of the homozygotic case was
within the bivariate normal ellipse (P = 0.60), but was lower than
other SCA6 patients with 23 CAG repeats (Fig. 3). In addition,
because CAG repeat accounts for only ∼26% of the age of onset,
the effect of homozygosity may be equivocal. Thus, a possible
gene dosage effect of SCA6 cannot be ruled out.

In summary, we confirmed the expansion of CAG repeats in the
CACNL1A4 gene in SCA6 patients and showed an inverse
correlation of the repeat length with age of onset, a clinical
anticipation, and a change in expanded repeats between
generations.

MATERIALS AND METHODS

Amplification of the CAG repeats

All patients and normal control DNA were obtained from
leukocytes. The CAG repeat region in the human CACNL1A4
gene was amplified by PCR with the primers F6 (5′-CACGTGT-
CCTATTCCCCTGTGATCC-3′) and R6 (5′-TGGGTACCTCC-
GAGGGCCGCTGGTG-3′). Amplification was performed for
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30 cycles (denaturation for 1 min at 95�C, annealing for 1 min at
67�C, and elongation for 1 min at 72�C), and the 5′ terminus of
primer R6 was labeled with the use of bacteriophage T4
polynucleotide kinase (Megalabel, Takara, Japan) and
[r-32P]ATP at 37�C. The PCR mixture (10 µl) contained 100 ng
genomic DNA, 50 mM Tris–HCl (pH 9.2), 14 mM (NH4)2SO4,
1.75 mM MgCl2, 350 µM each of dCTP, dATP and dTTP,
87.5 µM dGTP, 262.5 µM 7-deaza-dGTP, 100 ng F6 primer,
90 ng unlabeled R6 primer, 10 ng 32P-labeled R6 primer and
1.3 U of Taq and Pwo DNA polymerases (Boehringer Mannheim,
Mannheim, Germany). PCR products (4 µl) were mixed with 1 µl
of formamide loading buffer [98% (v/v) formamide, 10 mM
EDTA (pH 8.0), 0.025% xylene cyanol FF, and 0.025%
bromophenol blue], denatured at 99�C for 10 min, and then
placed on ice. Electrophoresis was performed on 8% HydroLink
Long Ranger (AT Biochem, PA, USA) polyacrylamide gels
containing 7 M urea and 42% formamide (24). CAG repeat length
was determined by comparison with a standard M13 sequencing
ladder. For parent–child analysis, family members were analyzed
side by side on the same gel and reproduced at least twice.

Clinical and statistical analysis

The diagnosis of spinocerebellar degeneration (SCD) were
performed by skilful neurologists with the help of MRI, CT and
electrophysiological studies. The clinical features of SCA6
patients consisted predominantly of mild, but slowly progressive
cerebellar ataxia of the trunk and limbs, gait disturbance,
dysarthria, and nystagmus.

The age of onset is defined as the age when the patients first
noticed any symptoms. Neurologists questioned patients or
family members closely about the onset of symptoms to gain as
accurate an age of onset as possible. The statistical analyses were
performed with JMP software (SAS Institute, Inc.).
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