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Summary SCALl is caused by expansion of an unstable CAG triplet
repeat in a novel gene located on the short arm of chromosome 6. In
126 Japanese individuals from 12 pedigrees with SCA1, studies were done
to determine if they carried this mutant gene. All the affected and pre-
symptomatic individuals, determined by haplotype segregation analyses,
carried an abnormally expanded allele with the range of 39-63 repeat
units. This repeat size inversely correlated with the age at onset. However,
contrary to reported results, size of the repeat did not correlate with gender
of the transmitting parent. Therefore, the CAG triplet repeat instability
on paternal transmission is not likely to be fundamental to SCAL.

Key Words  spinocerebellar ataxia 1 (SCAIl), CAG repeat, olivoponto-
cerebellar atrophy, hereditary ataxia

INTRODUCTION

Spinocerebellar ataxia 1 (SCAl: McKusick number 16440) is a geneticaily
defined disorder, separated from dominant olivopontocerebellar atrophy (OPCA).
As generally seen in other types of dominant ataxias, symptoms first become evident
in mid-adult life and the course is progressive with time, leading to ultimate dis-
ability. Neuronal loss and gliosis are selectively present in the cerebellar cortex,
dentate nucleus, pontine nuclei, inferior olivary nucleus, motor neurons in brain
stem and spinal cord, and other structures in the central nervous system (CNS),
The gene locus of SCAl was first assigned to chromosome 6p, on the basis of a
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linkage with HLA (Yakura ef al., 1974; Jackson et al., 1976). After demonstration
of a tight linkage with D6S89 (Ranum et al., 1991; Zoghbi et al., 1991 ; Kwiatkowski
et al., 1993), SCA1 was precisely mapped to chromosome 6p22-p23. A polymorphic
CAG triplet repeat which correlates SCA1 was identified within the putative coding
region (Orr ef al., 1993). On the normal chromosome, this triplet usually varies by
25-36 repeats, whereas it is expanded to more than 43 repeats on the affected chromo-
some. There is a strong negative correlation between size of the CAG repeat and
age at onset of SCAL. The entire cDNA sequence of the novel gene containing
this CAG triplet repeat (SCAL gene) has been determined recently (Banfi et al.,
1994). The polymorphic CAG repeat is identified at the 5’ region of the coding
region. The SCAI gene is expressed in various tissues and is not limited to the
CNS. How this gene relates to selective neuronal degeneration has remained
unknown, because the SCA1 gene has no homology to known genes.

Based on linkage studies, we assigned SCA1l and SCA2 as major disorders
in dominant OPCA in the Japanese (Sasaki et al, 1992; Ihara et al., 1994). To
confirm this genetic background, we analyzed expansion of the CAG repeat in
chromosome 6p-linked OPCA pedigrees.

MATERIALS

Pedigrees. Twelve pedigrees were studied (Table 1, Fig. 1), 10 were in Hok-
kaido and two were from Yamagata prefecture and Tokyo, respectively. In each

Table 1. SCAI1 pedigrees.

Sampled individuals
Family No Collected from
Affected At-risk Married-in Total

P4 4 2 (1)e 2 Hokkaido

P9 4 300 0 7 Hokkaido, Tokyo
P10 16 25 () 5 46 Hokkaido

P11 2 2 (0) 1 Hokkaido

P13 2 1 (0) 1 4 Hokkaido, Tokyo
P16 4 4 (0) 4 12 Hokkaido

P26 2 2 (D 1 5 Hokkaido

P38 2 1 (0) 0 3 Hokkaido

P39 1 30 2 6 Hokkaido

P51 5 7 (2) 2 14 Yamagata, Tokyo
P52 2 4 (1) 2 8 Yamagata, Tokyo
P61 2 3 (D 3 8 Hokkaido

Total 46 57(13) 23 126

a Figures in parentheses indicate number of pre-symptomatic individuals.

Jpn J Human Genet



SCA1 IN THE JAPANESE 133

4 1 PST P11'<\,gP13"]_g PZS}Z:): PBS‘J_: P51ii/ Pﬁzj_:r
T BT TR R I

a
EI 90ROl mOOL 00 EI oceLe El *. EI? 9 C 9 (3 (3

PR Y * XKk * Kk * kX

P10 'Tﬂ P16
I ; ‘ !]/ PG1
o 1T T T.T T
I Tt TTTT1THT
rx Tﬂﬁ:f@ CoeOICe0e come TTTE ﬁ:ﬁ
= e0m 000 Ox " 00 wooom

ong

* % ok

Fig. 1. Pedigree structure of SCA1 families. *Sampled individuals. [, man; O, woman;
o and @, affected; /, deceased.

pedigree, affected individuals were distributed over successive generations, in both
sexes. These 12 pedigrees included 46 affected, 57 at risk, and 23 married-into
individuals. Linkage and haplotype segregation analyses indicated that 13 of 57
at risk individuals were potentially presymptomatic and carried the mutant gene
inherited from the affected parent (Wakisaka et al., under submission). All pa-
tients in each pedigree were neurologically evaluated by the authors. In addition
to the results of linkage study, homogeneity of clinical and neuropathological fea-
tures further indicated that they were affected with a same genetic disorder (unpub-
lished data). Among these 12 pedigrees, general pedigree information, clinical
features, and neuropathological findings were already reported for P10 (Sasaki
et al., 1993; Hamada ez al.,, 1993), P11 (Sasaki ez al., 1991) and P16 (Sasaki ef al.,
1990). Pedigree P16 was found to be the same family as in the report of Marie’s
ataxia by Yakura et al. (1974), and as T-pedigree by Tkeda (1987). Age at onset
was obtained for 45 living and 10 deceased patients, latter from medical records.
The mean age at onset was 35.24-9.3 (SD) years, the range being from 15 to 63
years.

Control. From 12 pedigrees, 23 married-into individuals were served as the
unrelated normal controls. Additionally, we analyzed 133 patients with ataxia
other than a SCA1. Since CAG repeats were not expanded on these patients, the
data were incorporated into data on controls.
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METHODS

DNA source. With informed consent, 20 ml of peripheral blood were col-
lected from each subject. Genomic DNA was extracted from white blood cells
or lymphoblastoid cell lines.

Analysis of CAG repeat. According to Orr ef al. (1993), polymerase chain re-
action (PCR) amplification of CAG containing segments was done with Rep-1
and Rep-2 primer pairs. These oligonucieotide primers were synthesized using
a DNA synthesizer (Model 380 B, Applied Biosystems). PCR was done using a
total volume of 7.5 ul containing 50 ng of genomic DNA, 0.4 pmol of each primer,
250 pm dNTPs, 10 mm KCl, 20 mm Tris-HCI pH 8.2, 1.5 mm MgCly, 29 form-
amide, 0.1% Triton X-100, 6 mm (NH,),SO,, and 0.5 U Pfu polymerase (Stratagene).
Pep-1 primer was end-labeled with [y-3*PJATP (ICN Biomedicals), using T4 poly-
nucleotide kinase. The PCR mixtures were then denatured at 94°C for 5 min, fol-
lowed by 30 cycles of denaturation at 94°C for 60 s, annealing at 57°C for 60 s,
extension at 72°C for 2 min, and elongation at 72°C for 7 min. PCR products
were mixed with 45 ul of loading buffer (959, formamide, 20 mm EDTA, 50 mg/ml
of bromophenol blue, and 50 mg/ml of xylene cyanol), denatured, then cooled in
iced water. Five microliters of the mixture was electrophoresed through a 6%
polyacrylamide sequencing gel containing 7 M urea, at 1,600 V in 1 x TBE buffer
for 3 h. The products were visualized by autoradiography at room temperature.
To determine size of the CAG repeat, samples were co-migrated with sequenced
alleles used as a index. After screening, samples showing expanded allele size
were selected and electrophoresed again with the order of allele size following the
index. Since the PCR product of the expanded allele was heterogeneous for CAG
repeat size, the most intensely stained band on the autoradiograms was read to
estimate size of the CAG repeat.

DNA sequencing. To determine the DNA sequence of normal and expanded
alleles, DNA from selected individuals was amplified with Rep-1 and GCT-435
primers (Chung ef al., 1993) in a total volume of 100 pl, under the PCR conditions
described above. The PCR products were run on a 29, low-melting-temperature
agarose gel and appropriate bands were collected. After purifying DNAs on a
microspin column Suprec-01 (Takara), products were sub-cloned using PCR-Script®-
SK(+) cloning kit (Stratagene). Both CAG and GTC strands of cloned segments
were sequenced, using the dsDNA cycle sequencing system (Gibco Brl).

RESULTS
Size of CAG repeat of SCAI pedigrees

In 12 pedigrees, all 46 patients and 13 presymptomatic individuals carried one
large sized (expanded) and one small sized (non-expanded) alleles. A representative
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Fig. 2. Autoradiogram of PCR amplified products containing CAG repeats at SCA1
locus. Lanes 1, 3, 5, and 7 from affected individuals, and lanes 2, 4, and 6 from
normal individuals. M, marker; N, normal alleles; Exp, expanded alleles.

example is shown in Fig. 2. The former ranged from 39-63 repeats and the latter
19-31 repeats. These expanded alleles were exclusively observed in these individ-
uals and were never found in 44 other at risk and 23 married-into individuals. The
mean size was 49.2 +4.1 (SD) repeats in expanded alleles (n =59 SCA1 chromosomes),
and 27.8+2.2 in non-expanded alleles (n=193 normal chromosomes). There was
no overlap between these two groups. The repeat-size distribution of 59 expanded
alleles is presented in Fig. 3a.

Size of CAG repeat of non-SCAI patients

In 133 genotyped individuals from pedigrees with ataxia of miscellaneous
origin, allele size ranged from 23-33 repeat units in 261 chromosomes, but alleles
elongated up to 39 and 40 repeat units were detected in 3 chromosomes from a
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Fig. 3. Histogram of repeat number in the mutant chromosomes. 46 affected and 13
presymptomatic SCA1 chromosomes (a) and 459 normal chromosomes (b) were
shown separately.

pedigree with Machado-Joseph disease and in 2 chromosomes in case of Holmes’
ataxia, respectively. However, the disease did not co-segregate with either the
elongated alleles or with chromosome 6p microsatellites in these two pedigrees.
When these data (266 chromosomes) were combined with those of normal controls
from SCA1l pedigrees (193 chromosomes), allele size of overall normal chromo-
somes ranged from 19 to 40 repeat units with the mean value of 28.142.3 (n=459
chromosomes). The distribution of repeat size is presented in Fig. 3b.

Age at onset and size of repeat

Information of age at onset was available from 45 genotyped patients. A
scattergram of age at onset vs. repeat number of expanded alleles is given in Fig.
4. Late-onset SCA1l (age >150) individuals showed at least 40-46 repeats, while
juvenile onset (age <20) showed 62-63 units, There was a strong inverse correla-
tion between allele size and age of onset, with a linear correlation coefficient (r)
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of —0.78 (p<0.01).
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Instability of size of repeat and parental gender effect on transmission

Size of the mutant alleles was unstable on transmission to successive genera-
To evaluate this instability more precisely, we first
calculated the difference of CAG repeat size of the mutant alleles among 15 parent-
offspring pairs: 6 father-child and 9 mother-child pairs.
these pairs distributed from —4 to +3 repeat units with the average of —0.47+

tions in our SCAIl pedigrees.
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Fig. 4. Scattergram of age at onset vs. repeat number of expanded alleles.
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Fig. 5. Allele distribution for the CAG repeat length on SCA1 chromosomes transmitted

from affected parent.
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2.07 (n=15). When parental gender on transmission was compared, the size
varied from —3 to +3 units, with the average of 0.33+2.16 (n=6) in paternal
transmission, and from —4 to +2 units with the average of —1.00+1.94 (n==9) in
maternal transmission. There was no significant difference between the two mode
of transmission.

We next examined the distribution of allele size according to gender of the
affected parent. The gender of the affected patent was known for 59 subjects
carrying the mutant allele. The distribution of allele size is shown in Fig. 5. The

'F{.

i

L TN
]

LR R R R NN R

el

|
T E |

FETRRIIERIaRI i

FEedtd

FAR S T a it nagidnin

UL B SRR

'
PR R R RRRRRARARRRRRRRY

n[; ;
o +.
al
1
gllﬂji
-

A T A

Fig. 6. DNA sequencing gels including CAG repeat of a normal allele (a) and an ex-
panded allele (b), using primer KS. A normal allele has 2 ATG (CAT when
reversed) insertions within CTG (CAG when reversed) repeat, the expanded allele
has no ATG insertions.
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mean repeat number of mutant alleles was 49.1+3.7 units (40-57, n=24 chromo-
somes) for paternal origin, and 49.3+4.5 units (39-63, n=35 chromosomes) for
maternal transmission. No significant difference was observed between these
two groups.

Internal structure of alleles

After sub-cloning of the PCR product, clones of 9 normal and 4 expanded
alleles were subjected to base sequencing (Fig. 6). Consequently, all the normal
alleles contained CAT or CATCAGCAT within the CAG repeat tract. An elon-
gated normal allele of 39 repeat units was also interrupted with a CATCAGCAT
sequence. On the other hand, a continuous and uninterrupted CAG repeat se-
quence was detected in all 4 expanded alleles from SCA1 pedigrees.

DISCUSSION

The discovery of CAG repeat polymorphism and apparent association of ab-
normally expanded alleles with the disease have revealed that SCAI is a triplet
repeat disorder (Orr et al., 1993). Although the motif of trinucleotide repeat unit
varies among diseases, a similar expansion of triplet repeat has been identified in
X-linked spinal bulbar muscular atrophy (La Spada et al., 1991), fragile X syndrome
(Verkerk et al., 1991), myotonic dystrophy (Hurley et al., 1992; Mahadevan et
al., 1992), Huntington’s disease (The Huntington’s disease collaborative research
group, 1993), and more recently in dentatorubral-pallidoluysian atrophy (Koide et
al., 1994; Nagafuchi et al,, 1994). The present study clearly demonstrated that
chromosome 6p-linked ataxia (SCA1) in the Japanese race has the same molecular
abnormality.

Through analyses of SCAI pedigrees from different ethnic origins, the range
of allele size is 25-36 (Orr et al., 1993) or 26-37 repeats (Jodice et al., 1994} in not-
mal chromosomes, and is expanded to be 43-81 (Orr et al., 1993) or 46-66 repeats
(Jodice et al., 1994) in SCAl-related chromosomes. Additionally, size of the ex-
panded allele was found to correlate inversely with the age at onset, and be unstable,
especially in case of paternal transmission. Size of alleles in our Japanese subjects
with SCAl was also expanded to 39-63 repeats, and negatively correlated with
age at onset. These results showed common features of SCA1 beyond ethnic dif-
ference. However, there are several differences which need to be mentioned.

Firstly, the distribution of normal alleles in the Japanese differs from that in
Caucasian. In our subjects the normal allele mostly ranged from 19-33 repeats
(98.99; of all) and distribution was seen with the peak value of 28 (36%), with
the second peaks of 26 (20.4%,) and 30 (20.1%) repeat units. Allele of 27 repeat
units was rare (0.4%) and that of 29 repeat units was relatively infrequent (12.9%,).
Although our data were not based on random healthy controls, this tri-modal dis-
tribution is clearly different from the normal distribution with the peaks of 29-30
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repeat units obtained from Caucasians (Jodice ef al., 1994). As noted from the
analysis of CTG repeats at myotonic dystrophy (MD) gene (Davies et al., 1992),
this difference may reflect the natural divergence of human genetic resources among
different ethnic groups.

Secondary, we observed moderately expanded alleles up to 39 and 40 repeat
units (1.19 of all) in chromosomes unrelated to SCAl. The values were over-
lapped with those of the SCA1 patients with late-onset. This overlap had not
been heretofore described in the literature. However, as do in most of normal
alleles, CAG repeats were interrupted with the CAT sequence in these alleles.
Interestingly the overlapped alleles were found in the patients with MJD or Holmes’
ataxia and its consanguinity, but not in real healthy normal controls who married
into the pedigrees. Since both MID and Holmes® ataxia are supposed to be triplet
repeats disorders, this results suggest that a common mechanism may underlie in
all three diseases which allows expansion of the triplet repeats. Our results also
indicate that such overlap is rare, nevertheless it must be taken into account on
PCR screening and carrier detection of SCAL.

Thirdly, the instability on paternal transmission is somewhat different. Since
the size of abnormally expanded alleles is unstable, expansion or contraction of
the repeats is frequent in intra- and inter-generations. This instability corresponds
with age at onset, and clinical severity (Orr ef al., 1993). In SCAT expansion occurs
more frequently through paternal transmission (Chung ef al.. 1993). Jodice ef
al. (1994) reported that of 64 expanded alleles, alleles with > 54 repeat units were
exclusively transmitted from the affected father, while alleles with < 54 repeats were
transmitted from both parents, in equal proportions. However, in our study, we
obtained no supportive evidence for such paternal bias on transmission nor thresh-
old size on the parental origin of SCA1 alleles. In our subjects, the largest ex-
panded alleles (62 and 63 units) were transmitted from the affected mother. Al-
though the limited number of informative parent-offspring pairs may potentially
bias our findings, our results do indicate that the instability on paternal transmission
is not likely to be a fundamental event in SCAl. This kind of discrepancy was
not been found in a study of Huntington’s disease (HD) or in a study on mytotonic
dystrophy (MD). In both disorders, the effect of parental sex on the repeat insta-
bility has been clearly demonstrated even in subjects from different ethnic back-
grounds. It appears that our patients and presymptomatic individuals carry a
founder chromosome of Japanese SCA1 (Wakisaka et al., under submission). Since
our pedigrees are composed of genetically homogeneous subjects, our results do
suggest that parental sex is only one factor contributing to the meiotic instability
of SCAL1 gene.

In triplet repeat disorders, identification of the founder chromosome saves
the way for searches for ancestral mutation or the genetic origin of disorders. In
MD, analysis of linkage disequilibrium suggested that Japanese and Caucasian
patients share a common ancestral pre-mutation (Yamagata et al., 1992; Imbert
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et al., 1993). However in fragile X syndrome (Richards et al., 1992) and HD
(MacDonald ef al., 1992), founder mutations are assumed to differ among cohorts
of subjects. In case of SCAI, Orr et al. (1993) reported that haplotype of micro-
satellites flanking SCA1 gene differed among pedigrees. This would suggest that
the mutation causing SCA1 could occur independently on different chromosomes.
At present, an ancestral mutation predisposing to SCA1 has not been determined.
A contiguous, uninterrupted CAG repeat was found in normal alleles with 19-21
repeat units (Chung et al., 1993). Despite this same gene configuration with SCA1,
such alleles do not seem to be a pre-mutation because they distribute selectively
at the lower limit of normal alleles. On the other hand, analysis of a new muta-
tion in the HD gene strongly indicates that pre-mutation does occur from a pool
of normal alleles with limited instability, but having repeats larger than those of
typical normal alleles (Goldberg ef al., 1993). In SCA1, CAT interruption within
the CAG repeat tract is considered to stabilize an SCAT1 allele on replication (Chung
et al., 1993). Therefore, expansion of CAG repeats with the subsequent loss of
CAT interruption is the most likely explanation for generation of the mutant gene.
Moderately expanded alleles with CAT interruption, as found in our study, may
be a pre-mutation and may constitute a reservoir for new SCA1 mutation.
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