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Abstract We previously mapped the gene responsible for
autosomal dominant cerebellar ataxia (ADCA) type 111 to
a 10.9-cM interval between D16S3089 and D16S515 on
chromosome 16q. This region, however, was identical to the
candidate locus of spinocerebellar ataxia type 4 (SCA4). In
this study, we extended our research to refine the gene locus
of the disease by applying linkage disequilibrium with 20
microsatellite DNA markers. With 9 markers flanked by
D16S3031 and D16S3107, we found that the affected indi-
viduals in six families had a common haplotype on their
disease chromosomes. Furthermore, linkage disequilibrium
was demonstrated with 5 informative markers: D16S3019
(P = 0.013), D16S3067 (P = 0.008), D16S3141 (P = 0.011),
D16S496 (P = 0.032), and D16S3107 (P = 0.000). These
results indicate that the disease could have originated
from a common ancestor harboring a mutation within a less
than 3-cM region between D16S3043 and D16S3095.
The founder alleles were also observed in other patients
with ADCA type III unrelated to the six families.

Key words Autosomal dominant cerebellar ataxia type 111
(ADCA type III) - Pure cerebellar ataxia - Spinocerebellar
ataxia type 4 (SCA4) - Linkage disequilibrium - Founder
effect - 16g-linked ADCA type I11

Introduction

Autosomal dominant cerebellar ataxia (ADCA) is a clini-
cally, pathologically, and genetically heterogeneous group
of neurodegenerative disorders (Harding 1982). It is clini-
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cally characterized by progressive ataxia of limbs and trunk,
and dysarthria. It has been classified into three types by its
clinical features (Harding 1982), with ADCA type III being
clinically characterized by pure cerebellar ataxia through-
out different generations (Harding 1982; Ishikawa et al.
1996). Recent developments in molecular genetics have
elucidated 13 genetic mutations or gene loci of ADCAs. In
relation to the clinical and pathological features of these
ADCAs, SCAS (Ranum et al. 1994), SCA6 (Zhuchenko et
al. 1997), SCA10 (Matsuura et al. 1999; Zu et al. 1999), and
SCA11 (Worth et al. 1999) are compatible with ADCA type
III. SCAS is linked to chromosome 11 (Ranum et al. 1994).
The mutation causing SCAG6 is the mildly expanded tri-
nucleotide repeat in the a 1A-voltage-dependent calcium
channel gene (CACNAIA) (Zhuchenko et al. 1997). The
disease-causing mutation in SCA10 was revealed to be an
intronic ATTCT pentanucleotide repeat (Matsuura et al.
2000). In one family, SCA11 was reported to be linked to
chromosome 15q14-21.3 (Worth et al. 1999). A locus for
one Japanese family with cerebellar ataxia and intermittent
myoclonus was mapped to an interval on chromosome
19q13.4-qter (SCA14) (Yamashita et al. 2000). Although
further studies of more cases should be done, SCA14 could
be classified as ADCA type III.

We previously mapped the gene of another ADCA type
III to chromosome 16q by linkage analysis (Nagaoka et al.
2000). By haplotype analysis, we found obligate recombina-
tions with the centromeric marker D16S3089 and the
telomeric marker D16S515. Together with the result of
multipoint analysis, we assigned the gene locus to a 10.9-cM
interval between D16S3089 and D16S515. This region was
identical to the candidate locus of SCA4 (Flanigan et al.
1996), indicating that SCA4 and this 16qg-linked ADCA
type III could be allelic disorders. However, we noted
significant differences in their clinical features. SCA4 is
characterized by cerebellar ataxia with sensory axonal
neuropathy (Flanigan et al. 1996), whereas none of our
patients with ADCA type III showed obvious sensory dis-
turbance (Nagaoka et al. 2000).

Toward identification of the gene mutation in the 16q-
linked ADCA type III, we typed 15 microsatellite DNA
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markers between D16S3089 and D16S515, and searched
for the presence of the haplotype commonly seen in six
families with the 16q-linked. ADCA type III that we exam-
ined previously (Ishikawa et al. 1997). Analyzing allele fre-
quencies in a normal Japanese population sample also
allowed us to examine linkage disequilibrium. Here, we
show that we were able to narrow the candidate gene locus
to a less than 3-cM region on chromosome 16q.

Subjects and methods

The 16q-linked ADCA type III pedigrees in this study

Six Japanese families (P2, P4, P6, P12, P14, and P15) were
investigated. They were the subjects of our previous study
(Ishikawa et al. 1997). The cardinal clinical manifestation
of the 28 affected individuals was pure cerebellar ataxia.
Extracerebellar signs and symptoms were not observed
(Nagaoka et al. 2000). Their precise clinical characteristics
have been described previously (Ishikawa et al. 1997,
Nagaoka et al. 2000).

Normal controls

Thirty-four Japanese people without any neurodegener-
ative diseases themselves, or in their pedigrees, were exam-
ined. Their average age at examination was 58.4 = 12.7
years.

Markers, genotyping, and linkage disequilibrium

We (Nagaoka et al. 2000) had previously examined 5
markers in the region between D16S3089 and D16S515
(D168S3089, D16S3050, D16S3043, D16S3107, and
D16S515). In this study, we examined all 15 remaining
microsatellite linkage markers (Genethon, Evry, France) in
the region between D16S3089 and D16S515 (Dib et al.
1996), suggesting that all 20 markers within the 10.9-cM
region have been examined. The relative distances of the 20
markers were: 16 centromere (cen)-D16S3089-5.0-cM-
D16S3050-0.0-cM-D16S3043-0.6-cM-D16S3031-0.6-cM-
D16S3019-0.0-cM-D16S3067-0.1-cM-D16S3141-0.0-
cM-D165496-0.0-cM-D16S3086-0.0-cM-D16S421-0.0-cM-
D16S3085-0.0-cM-D16S3107-1.1-cM-D16S3095-1.1-cM-
D16S3059-0.0-cM-D16S3106-0.0-cM-D16S3025-0.0-
cM-D16S3139-1.4-cM-D16S3066-0.1-cM-D16S8512-2.1-cM-
D16S515-16q telomere (ter).

Genomic DNA was amplified by polymerase chain reac-
tion (PCR), and genotypes were determined with an auto-
mated DNA sequencer (Pharmacia Biotech, Sweden), as
previously described (Ishikawa et al. 1996; Ishikawa et al.
1997). Haplo-types were constructed with the 20 markers by
visual inspection. Linkage disequilibrium was statistically
analyzed by Fisher’s exact probability test.

Other individuals affected with ADCA type III

To see whether the haplotype commonly seen in the six
families linked to chromosome 16q was also present in
other patients with hereditary ataxia, we analyzed nine
patients with an autosomal dominant mode of inheritance
who were unrelated to the six families. They were excluded
for known mutations of other SCAs (SCA1, SCA2,
MIJD/SCA3, SCA6, SCA7, SCAS, and SCA12).

The clinical features of these nine patients were pure
cerebellar ataxia and could be classified as ADCA type III.
Cases 3 and 4 were siblings. Genotypes were determined for
nine markers, D1653031, D16S3019, D16S3067, D16S3141,
D165S496, D16S3086, D16S421, D16S3085, and D16S3107.
We arbitrarily deduced haplotypes from their genotypes.

Results

Haplotype analysis in the six 16qg-linked ADCA
type III families

In this study, we detected no recombination events with 15
new markers spaced between D16S3089 and D16S515.
When haplotypes were constructed, we found that the af-
fected individuals and carriers in all six families had a com-
mon haplotype for the nine markers, D16S3031, D16S3019,
D16S3067, D16S3141, D16S496, D16S3086, D16S421,
D16S3085, and D16S3107. That is, 9(276-bp)-4(248-bp)-
5(147-bp)-3(244-bp)-5(222-bp)-2(187-bp)-3(218-bp)-2(202-
bp)-7(302-bp). However, haplotypes with the other 11 of
the total of 20 markers examined, except for the two
markers D16S3025 and D16S3139, were not shared
(Table 1). These two markers, D16S3025 and D16S3139,
were considered to be not informative, because we found
high allele frequencies for the two markers in the general
population, of 75.0% and 81.6%, respectively (Table 1).
These results may indicate that the haplotype 9-4-5-3-5-2-3-
2-7 could have originated from a common founder and that
the responsible gene could exist in the less than 3-cM region
between D16S3043 and D16S3095.

Linkage disequilibrium with five of the nine markers in
the region was significant: D16S3019 (P = 0.013), D16S3067
(P = 0.008), D16S3141 (P = 0.011), D16S496 (P = 0.032),
and D16S3107 (P = 0.000) (Table 1). On the other hand, it
was not significant with the other four markers, D16S3031,
D16S3086, D16S421, and D16S3085, in which the allele fre-
quencies in the general population were high (Table 1).

Deduced haplotype with the other ADCA
type III patients

The genotypes of the nine other ADCA type III patients
are shown in Table 2. When the haplotypes were deduced
from their genotypes to match the haplotype 9-4-5-3-5-2-3-
2-7 as much as possible, we found that cases 1-3 and 6 could
share this haplotype (Table 2). Therefore four of the nine
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Table 1. Linkage disequilibrium for 20 markers on the candidate region on chromosome 16q

Allele
Haplotype of disease choromosome for 16q-linked ADCA frequency in
type III pedigrees general Linkage
population disequilibrium

DNA marker Locus P2 P4 P6 P12 P14 P15 (%) (P value)
D16S3089 7 2 9 10 1 9 — —
D16S3050 2 5 4 2 8 4 — —
D1653043 U T A 3 4o 6. ... 3. — —
D16S3031 9 9 9 9 9 9 68.1 0.113
D16S3019 4 4 4 4 4 4 45.8 0.013*
D16S3067 5 5 5 5 5 5 419 0.008*
D16S3141 16q13 3 3 3 3 3 3 44.4 0.011*
D165496 5 5 5 5 5 5 54.2 0.032*
D16S3086 2 2 2 2 2 2 65.7 0.093
D16S421 3 3 3 3 3 3 75.7 0.205
D16S3085 2 2 2 2 2 2 81.8 0.320
D1653107 S A U 7o 7o T 7.0 139 0.000*
D16S3095 . . . . . .. 2 3 1 1 1 1 — —
D16S3059 5 3 7 7 7 7 — —
D16S3106 2 3 2 2 2 2 — —
D16S3025 4 4 4 4 4 4 75.0 0.215
D16S3139 16q21 2 2 2 2 2 2 81.6 0.329
D16S3066 4 1 4 4 1 4 — —
D16S512 5 4 5 4 1 5 — —
D16S515 5 5 8 5 7 8 — —

* P values show significant linkage disequilibrium by Fisher’s exact probability test (P < 0.05)

As shown by the horizontal bars in the P6 and P14 columns, we previously found two recombinations between the affected individuals in P6 and
D16S3089 and between P14 and D16S515 (Nagaoka et al. 2000). Affected individuals and carriers in all six families have a common haplotype
for the nine markers, D16S3031, D16S3019, D16S3067, D16S3141, D16S496, D16S3086, D16S421, D16S3085, and D16S3107. That is, 9-4-5-3-5-
2-3-2-7 shown as boxed with dotted lines

ADCA, Autosomal dominant cerebellar ataxia

Table 2. Other ADCA type III patients and their genotypes for the nine markers, D16S3031, D16S3019, D16S3067, D16S3141, D16S496,
D16S3086, D16S421, D16S3085, and D16S3107

Case no.
1 2 3 4 5 6 7 8 9

Clinical ADCAIIl ADCATIII ADCAII ADCA III ADCATII ADCAIIl ADCAIIl ADCAIIl ADCA III
diagnosis Case 3’s brother

D16S3031 9 |9 9 |9 9 |9 7 10 9 9 9 ]3 9 9 9 9 9 9
D16S3019* 4 |5 4 |4 4 |2 S43 1 3 4 |4 303 4 4 4 5
D1683067+ 5|3 505 s s s:s -’58 515 57 5 8 4 7
D16S3141* 309 3 (3 303 3:3 3 %6 3|4 303 55 3 6
D168496* 5 s 5 s 5 |4 5 5 “5 6 501 55 5 5 4 4
D1653086 2 |2 2 |2 2|3 S23 ©2 3 2 |2 2 3 33 2 2
D168421 3 |4 303 303 3 7 3 5 3|5 3 3 3 4 35
D16S3085 2 |2 2 |2 2la 1202 T2 4 2 |2 2 2 2 2 2 3
D16S3107* 7 17 7 |4 7108 73 S 707 716 6 6 5 6 7 8

Cases 1-3 and 6 could have the haplotype 9-4-5-3-5-2-3-2-7 (shown as boxed with solid lines). Cases 4 and 5 could also have some parts of the
haploytpe (shown as boxed with dotted lines). However, we could not determine whether these genotypes were located on the same chromosome.
We recognized significant linkage disequilibrium with five DNA markers (shown with asterisks; see Table 1)
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affected individuals (44.4%) with ADCA type III may
have the same mutation as that in the 16qg-linked ADCA
type 111.

Discussion

We found a common haplotype, 9-4-5-3-5-2-3-2-7, for the
affected individuals and carriers with nine markers flanked
by D16S3031 and D16S3107, and significant linkage dis-
equilibrium was demonstrated with five of the nine markers
within the region. We then estimated the prevalence of
the haplotype 9-4-5-3-5-2-3-2-7 from the genotypes of
unaffected controls. When we arbitrarily constructed this
particular haplotype for them, only 2 of 64 chromosomes
(3.13%) had this haplotype. These findings suggest that this
haplotype is specific for the 16g-linked ADCA type III, and
that the Japanese families with the disease could have a
single founder. Also, other types of ADCAs, such as SCA2
(Hernandez et al. 1995), SCA6 (Dichgans et al. 1999), and
SCA7 (Johansson et al. 1998), have been reported to have
founder effects in particular populations. We here show
convincing data that the causative gene of the 16q-linked
ADCA type III appears to be located on the less than 3-cM
interval between D16S3043 and D16S3095 on chromosome
16q13. This region is located exactly inside the 6-cM interval
between D16S514 and D16S512, where the SCA4 gene was
mapped (Flanigan et al. 1996). (Authors’ note: Flanigan et
al. described their candidate region between D16S514 and
D16S512 as being on chromosome 16q22.1 (Flanigan et al.
1996). However, from recent electronic databases, D16S514
was located on the region flanked by D16S3089 and
D16S3050 on chromosome 16q13. D16S512 lay on chromo-
some 16921, as we show in Table 1. The newly assigned
region between D16S3043 and D16S3095 was exactly in-
cluded in the SCA4 region). Moreover, the causative gene
may be located in the immediate vicinity of D16S3107 with
the highest probability of linkage disequilibrium.

Linkage disequilibrium can be a powerful method for the
identification of a causative gene, especially in genetically
isolated countries or areas such as Finland and Japan. The
method has played important roles in the identification of
mutated genes in other hereditary diseases, such as di-
astrophic dysplasia (DTD) in Finland (Héstbacka et al.
1994) and Fukuyama-type congenital muscular dystrophy
(FCMD) in Japan (Toda et al. 1996). Accordingly, we em-
ployed this method in our study.

Only the haplotype 9-4-5-3-5-2-3-2-7 could be a clue to
the diagnosis of this type of ADCA type III at present. We
examined the genotypes of nine other patients with heredi-
tary cerebellar ataxia and deduced their haplotypes. Four of
the nine affected individuals with ADCA type III (cases 1-
3 and 6) could have the haplotype. Because case 4, a brother
of case 3, could have the haplotype 4-5-3-5-2-3-2-7 for the
eight telomeric markers, he could, possibly, have the caus-
ative gene within the telomeric region between D16S3031
and D16S3095. Moreover, case 5 could share part of the
haplotype (Table 2). In these nine patients, we could not

find any affected persons with cerebellar ataxia and sensory
neuropathy, such as occurs in patients with SCA4.

There is a report of some sporadic cases of SCAG6, the
major type of ADCA type III (Futamura et al. 1998).
Therefore, we examined three sporadic patients with cer-
ebellar ataxia. We investigated the deduced haplotype of
the nine markers by the same method as that described
above. One of the three patients with cerebellar ataxia
could share this haplotype (data not shown). This observa-
tion indicates that a certain population of sporadic patients
with cerebellar ataxia could harbor the same mutation as
that in the patients or carriers in the six families with the
16qg-linked ADCA type III.

Pathologically, predominant loss of Purkinje cells was
detected in SCA6 (Ishikawa et al. 1999), which is a typical
type of ADCA type III. Consequently, the mutated gene in
the 16q-linked ADCA type III, which mainly shows pure
cerebellar ataxia, may also have a close relationship to
Purkinje cell loss. Identification of the causative gene of
the 16g-linked ADCA type III would pave the way toward
elucidation of the pathogenesis of ADCAs.
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