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Abstract Autosomal dominant cerebellar ataxia (ADCA)
is a group of heterogeneous neurodegenerative disorders.
We previously mapped a gene locus for ADCA with pure
cerebellar syndrome (ADCA type III) to a 3-cM region in
chromosome 16q, and found a common haplotype among
affected individuals. This region was exactly within the
locus for another ADCA, spinocerebellar ataxia type 4
(SCA4). To identify the gene causing 16q-linked ADCA
type III, we constructed a contig with 38 bacterial artificial
chromosome clones between D16S3043 and D16S3095. The
size of this contig was estimated to be 4.8 Mb. We found
more than 500 nucleotide tandem repeats, including 9
CAGJ/CTG repeats in this candidate region, although none
of the 94 tandem repeats analyzed were expanded in
affected individuals. However, we found 11 new polymor-
phic markers, giving 22 markers spanning the candidate
region. By typing these markers on eight Japanese families
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with ADCA type III, including two new families, we found
that a common “founder” haplotype is seen in a more re-
stricted 3.8-Mb region, spanning markers GGAAO0S5 and
D16S3095. We present here a newly refined critical interval
of 16q-ADCA type III/SCA4. Data of 11 new DNA mark-
ers on 16g22.1 would also be useful for other research of
genes mapped to this region.
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Introduction

Autosomal dominant cerebellar ataxia (ADCA) is a group
of heterogeneous neurodegenerative disorders (Harding
1982). It is clinically characterized by progressive cerebellar
ataxia, although other extracerebellar signs, such as pyrami-
dal or extrapyramidal signs, ophthalmoparesis, amyotro-
phy, and peripheral neuropathy may be variably present.
ADCA is classified into three types on the basis of its clini-
cal features (Harding 1982). ADCA types I and II are clini-
cally characterized by prominent extracerebellar signs and
macular dystrophy, respectively. In contrast, ADCA type
III is characterized by purely cerebellar ataxia throughout
the course of illness (Harding 1982; Ishikawa et al. 1996).
At present, 18 loci have been reported to be responsible
for ADCA, although there are still other families that do
not map to any of these loci. Among these disorders, caus-
ative genes have been further identified as expansions of a
trinucleotide (CAG) repeat for SCA1 (Orr et al. 1993),
SCA2 (Imbert et al. 1996; Sanpei et al. 1996), Machado-
Joseph disease/SCA3 (Kawaguchi et al. 1994), SCA6
(Zhuchenko et al. 1997), SCA7 (David et al. 1997), SCA12
(Holmes et al. 1999), SCA17 (Koide et al. 1999; Nakamura
et al. 2001) and dentatorubral and pallidoluysian atrophy
(DRPLA) (Nagafuchi et al. 1994). Spinocerebellar ataxia
type 8 has been proposed to be caused by the expansion of
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a CTG repeat in the 3’ noncoding region of the SCAS8 gene
(Koob et al. 1999), and the SCA10 mutation has been dem-
onstrated to be the expansion of the pentanucleotide
ATTCT repeat in an intron of this gene (Matsuura et al.
2000). Only the gene loci have been identified for the re-
maining 8 SCAs: SCA4 on 16q22.1 (Gardner et al. 1994;
Flanigan et al. 1996), SCAS5 on 11 cen (Ranum et al. 1994),
SCA11l on 15q14-q21.3 (Worth et al. 1999), SCA13
on 19q13.3-q13.4 (Herman-Bert et al. 2000), SCA14 on
19q13.4-q ter (Yamashita et al. 2000), SCA16 on 8q22.1-
q24.1 (Miyoshi et al. 2001), SCA19 (Verbeek et al. 2002),
and SCA21 (Vuillaume et al. 2002).

We previously mapped a gene responsible for ADCA
type III to chromosome 16q (Nagaoka et al. 2000). The
region spans a 10.9-cM region flanked by D16S3089 and
D16S515, the locus identical to the SCA4 locus (Gardner et
al. 1994; Flanigan et al. 1996). We further identified that our
“16qg-linked ADCA type III”” has a common founder haplo-
type for markers between D16S3043 and D16S3095 in this
region (Takashima et al. 2001).

To identify the causative gene mutation for 16q-linked
ADCA type III, we first constructed a physical map span-
ning D16S3043 and D16S3095 because no complete physi-
cal maps had been available. We found 11 new polymorphic
markers in this region. Using these markers, we analyzed
the haplotype of eight families and narrowed the critical
region.

We searched tandem repeats in this candidate region for
any abnormal expansion in our patients, because expan-
sions of certain repeat sequences, such as CAG/CTG or
ATTCT repeats, are the only causative mutations for SCAs.

Here we show a complete bacterial artificial chromo-
some (BAC) contig of the locus for 16q-linked ADCA type
II1, information of newly developed markers in this region,
and results of haplotype analysis.

Patients and methods
Patients and families

Eight families were studied, six of which have been previ-
ously described (Ishikawa et al. 1996; Nagaoka et al. 2000;
Takashima et al. 2001). Two other families have been in-
cluded for the first time in this study because they also
showed later-onset pure cerebellar ataxia with autosomal
dominant inheritance (family trees are available on re-
quest). From our interviews with family members, we deter-
mined that these two families originated from the Tokyo
Metropolitan area (T1) and the Gunma Prefecture (T2),
indicating that none of our eight families are related.

Thirty-eight Japanese individuals whose family members
have no history of neurodegenerative diseases were chosen
as normal controls.

A peripheral blood sample was obtained with informed
consent from each family member and control individual,
and genomic DNA was extracted as previously described
(Ishikawa et al. 1996).

Construction of the BAC contig

BAC clones were initially searched from National Center
for Biotechnology Information (NCBI) genome sequenc-
ing contigs (http://www.ncbi.nlm.nih.gov/genome/seq) by
microsatellite DNA markers linked to the critical interval.
By this method, we obtained eight BAC clones, Rpl11-
123C5, Rpl11-112G1, Rpl11-361L15, Rpl11-167P11, Rpll-
292B23, Rpl11-521L9, Rp11-502K10, and Rp11-311C24,
from Research Genetics (Houtsville, AL, USA).

DNA from each BAC clone was extracted by a modified
QIAGEN Plasmid Mini Purification Protocol (QIAGEN,
Hilden, Germany). BAC clones were first confirmed to con-
tain microsatellite DNA markers or Sequence targged site
(STS) markers by polymerase chain reaction (PCR). These
clones were then “end-sequenced” by T7 (5'-ATACGAC
TCACTATA-3") and Sp6 (5'-ATTTAGGTGACACTA
TA-3') primers.

We then browsed for sequences of BAC clones in
BLASTN  (http://www.ncbi.nlm.nih.gov/BLAST/) after
eliminating repeat sequences using the RepeatMasker
program (http://ftp.genome.washington.edu/cgi-bin/
RepeatMasker), and, by repeating this method, we finally
obtained five partial BAC contigs that nearly covered the
entire candidate region. Four small remaining gaps were
filled with six BAC clones by browsing databases: Ensembl
Map view (http://www.ensembl.org/perl/mapview?chr=16),
HGREP (http://hgrep.ims.u-tokyo.ac.jp/cgi-bin/HTG_tool/
view.cgi), and TIGR (http://www.tigr.org/tdb/humgen/
bac_end_search/bac_end_intro.htm/).

Sequencing

Sequencing reactions were performed using the ABI
PRISM BigDye Terminator Cycle Sequencing Ready Reac-
tion kit (PE Applied Biosystems, Foster City, CA, USA).
We cycle-sequenced 2-3ug BAC DNA for 50 cycles with
6.4pmol of either T7 or Sp6 primer on an ABI GeneAmp
PCR system 9700 (PE Applied Biosystems).

For genomic DNA, 10ng PCR product was cycle-
sequenced for 25 cycles with 3.2 pmol of each primer. Nucle-
otide sequences were analyzed on an ABI PRISM 377
DNA Sequencer (PE Applied Biosystems).

Searching nucleotide-repeat variation

We derived the BAC clone sequence from NCBI (http://
www.ncbi.nlm.nih.gov/entrez). To identify tandem repeats,
namely, 2 (di-), 3 (tri-), 4 (tetra-), 5 (penta-), and 6 (hexa-)
tandem repeats, we used the RepeatMasker program.
Oligonucleotide primers were then designed to amplify
the genomic DNA segment flanking each repeat. PCR was
performed in a final volume of 20ul, containing 10ng of
genomic DNA, 3.4pmol of each primer, 2.5mM each of
deoxyribonucleoside triphosphates, and 0.75 unit of Taq
polymerase (Takara, Tokyo, Japan) or Gold Taq poly-
merase (Applied Biosystems Ampli-Taq Gold with Gene
Amp).
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Fig. 1. The physical map of the candidate region of 16q-linked autoso-
mal dominant cerebellar ataxia (ADCA) type III. The size of this
bacterial artificial chromosome (BAC) contig was estimated to be no
more than 4.8Mb, with 38 BAC clones spanning the centromeric
marker D16S3043 (shown on the leff) and the telomeric marker
D16S3095 (shown on the right). The identification of each BAC clone
and the most up-to-date sequence status of each clone [i.e., completely
sequenced or still in numbers of fragments (frag)] are shown on the
right. Shaded lines between BAC clones indicate that the connection of

The PCR products were separated on 2% agarose gel.
To precisely genotype each DNA sample, we labeled the 5’
end of the forward primer with fluorescent isothiocyanate,
and amplified it. PCR products were separated on the
Automated DNA Sequencer II (ALF, Pharmacia Biotech,
Umea, Sweden) and analyzed with ALF Win Manager as
previously described (Ishikawa et al., 1996; Ishikawa
et al. 1997). Eleven new markers with the highest polymor-
phism were then selected for genotyping and analysis for
association with disease.

Haplotype analysis and linkage disequilibrium

Haplotype analysis was performed with 22 markers, includ-
ing the 11 new markers, that showed enough polymorphism:
16q cen-D16S3043, D16S3031, CTATTO01, TAGAO02,
GGAAO05, D16S3086, TTCCO01, GATAO01, D16S421,
TTTAO001, CATGO003, D16S3085, D16S3107, AATO1,
D168S3025, TCTAO01, CTTTO01, D16S496, D16S3067,
D16S3141, GTO1, and D16S3095 16q ter-, in the order
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the two BAC clones was confirmed by end sequences, and bold lines
indicate that the connection was confirmed from database searches.
The sequence of BAC clone TIGR-1109D8 is unknown. BAC Rp11-
93HS5, CTC277H1, CTC479C5, Rpl1-331B16, Rpl1-140H17, and
Rp11-311C24 contain (CAG/CTG)n repeats. The locations of 11 newly
identified polymorphic markers are indicated with asterisks. The new
founder haplotype region is no more than 3.8 Mb between GGAAO05
and D16S3095

shown on our physical map (Fig. 1). We analyzed genotypes
of all available subjects, including those who married into
these families. Because the 22 markers spaced in a distance
of approximately 5Mb, we reconstructed haplotypes in
every family that showed minimum recombination events.
The association of disease phenotype and each allele was
statistically analyzed by Fisher’s exact probability test.

Results
Construction of a BAC-based physical map contig

A complete contig spanning markers D16S3043 and
D16S3095 was constructed with 38 BAC clones (Fig. 1). The
size of this contig was estimated to be no more than 4.8 Mb
from the database ENSEMBL. According to the most
recent NCBI database, 25 of the 38 BAC clones (65%)
have been completely sequenced. On the other hand, the
sequence of one BAC clone, TIGR 1109D8, is unknown.
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The remaining 12 BAC clones have some gaps in their
sequences as of March 2002, although approximately 70%
of their entire inserts have been published in a draft
sequence version. Therefore, the nucleotide sequences of
approximately 90% of the entire contig is now available.
According to the NCBI and ENSEMBL databases, at
least 100 annotated genes are present within the candidate
region, and 65 of them are expressed in the human brain.

Identification of repeat sequences

To search anonymous repeat sequences by RepeatMasker,
we first had to know how powerful this software was in
detecting tandem repeats. We inserted known tandem re-
peats with different repeat units in the known 6-kb nucle-
otide sequences, and applied the software program. By
this test, we found that the software sufficiently detects
dinucleotide repeats with more than nine repeat units,
trinucleotide repeats with more than six repeat units,
tetranucleotide repeats with more four repeat units, and
penta- or hexanucleotide repeats with more than three
repeat units (Table 1).

We next applied this software to each BAC contig and
found 146 dinucleotide, 83 trinucleotide, 213 tetranucleo-
tide, and 91 penta- or hexanucleotide repeats in the entire
sequenced region (Table 2). These repeats were confirmed

Table 1. RepeatMasker program detectable repeat units and
selected repeat units in this study

Detectable

repeat units  Selected repeat units

Dinucleotide >9 >19

Trinucleotide >6 >6 (ATT/TAA>14)
Tetranucleotide >4 >9

Pentanucleotide >3 >4 (except ATTTT/TAAAA)
Hexanucleotide >3 >4 (except ATTTTT/TAAAAA)

Table 2. Tandem repeats in the candidate region

to be unique by checking the flanking sequences. This
would indicate that there are more than 500 tandem repeats
within the entire contig.

Identification of 11 new polymorphic markers in 16q22.1

Among approximately 500 tandem repeats, we first selected
repeats with higher numbers of repeat units, because re-
peats with larger repeat units tend to be more polymorphic.
From this context, we chose 14 dinucleotide repeats that
have more than 19 repeat units (Table 1). Similarly, we
chose 37 trinucleotide repeats that have more than 6 repeat
units, except for ATT/TAA repeats; 32 tetranucleotide re-
peats with more than 9 repeat units; and 9 penta- or
hexanucleotide repeats with more than 4 repeat units. For
ATT/TAA repeats, we chose 2 repeats that have more than
14 repeat units. We examined whether these 94 markers
were polymorphic.

When 38 normal Japanese individuals were genotyped,
26% of the tested repeats were demonstrated to be poly-
morphic: 12 dinucleotide, 1 trinucleotide, 10 tetranucleo-
tide, and 1 pentanucleotide.

Among these 24 repeats, we selected the most polymor-
phic 11 repeats as “new” markers to analyze haplotypes in
patients with ADCA type III (Tables 3, 4, 5). The sequences
of primers of these 11 markers are described in Table 3, and
the size of PCR products and allele frequencies among 38
control individuals are described in Table 4.

Haplotype and association analyses

Haplotypes of eight 16q-linked ADCA type III families
are shown in Table 5. The P4 family from our previous
study (Ishikawa et al. 1997; Nagaoka et al. 2000; Takashima
et al. 2001) had the haplotype 3(316bp)-5(194bp)-
6(260bp), which was different from the haplotype of other

Experimented/

total number

Types of repeats

Dinucleotide (CA/TG)n (TA/AT)n
14/146 11/100 1/37
Trinucleotide (CAG/GTC)n (CGG/GCC)n
39/83 9/9 4/7
(ATG/TAC)n (ACC/TGG)n
0/1 3/3
Tetranucleotide (TTCC/GGAA)n (TTCA/AAGT)n
32/213 10/16 6/14
(GGGT/CCCA)n (CAAT/GTTA)n
0/1 1/6
(TTTC/AAAG)n (CATA/GTAT)n
2/11 0/2
(CAGG/GTCC)n (GATA/CTAT)n
171 3/3
Penta-, hexanucleotide (TAAAA/ATTTT)n (TTTTG/AAAAC)n
9/91 125 1/42
(GGGGT/CCCCA)n (GGATG/CCTAC)n
1/4 11
(CATATA)n (ATGGTG)n
171 12

(GA/TC)n

2/9

(CAA/GTT)n (TAA/ATT)n

16/24 6/38

(TCC/AGG)n

11

(TAAA/ATTT)n (TTTG/AAAC)n (TGGA/ACCT)n
2/89 0/42 2113
(TCCC/AGGG)n (TCTA/AGAT)n

1/4 173

(TTAA/AATT)n (ATAC/TATG)n

0/1 03

(TGAA/ACTT)n (CACG/GTGC)n

2/3 11

(TTTTC/AAAAG)n  (GTCTG/CAGAC)n (CTATT/GATAA)n
0/8 11 11
(CGGGG/GCCCC)n  (GGATG/CCTAC)n (GGGAGA)n
02 11 03
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Standard PCR

Marker name Located BAC clone Repeat Primer sequence (5'-3") product size (bp)

CTATTO1 RP11-292B23 (CTATT)12 F:GGTGAGGATCTATCTAGATT 316
R:GCCGCTGTGTGAATTAGAA

TAGAO02 RP11-292B23 (TAGA)17 F:AGTGGGTAGAGGAGATGTTA 194
R:GGGCAGAGAAAGAGTAACAA

GGAAO05 RP11-93H5 (GA)6(GGGA)6(GGAA)13 F:GTTGCAGTGAGCGGAAATT 244
R:CCTACCTCCAGTCCAGATT

TTCCO1 RP11-361L15 (TTCC)23 F:CCATCTTATCTCTTAGTCCGT 168
R:GTGAGCCAAGATCATGCCAT

GATAO01 RP11-5A19 (GATA)16 F:GGGTCACTGAGATGTCCAGTA 157
R:CGCTGTGAGCACTGCTCTCA

TTTA001 RP11-297D21 (TTTA)11 F:CCGAAATAGGCGTACCTAGGCTA 218
R:AGTGAGCTGAGTTTGCACCACTG

CATGO003 RP11-297D21 (CA)20 F:ACCACAGAGCTGAGGCCT 192
R:AGCAAGTCTGCCTTGGAGAGG

ATTO1 479C5 (ATT)15 F:CGAATCACAGACACACCCAC 230
R:CAGAGATTGCAGTGAGCCAA

TCTAO01 R-61512 (TCTA)11 F:GGGAGGCAGTTTAATTCACTT 218
R:GAGCGAGACTCCGTCTCAA

CTTTO1 354N7 (CTTT)20 F:GCCCCAGATACGCCAGAG 242
R:CCTCTCTACACTCCAGCCT

GTO1 7005 (GT)23 F:GGGCACTAAGGACACTTCTT 183

R:GGCTCTGTCATCCATGTTATG

BAC, Bacterial artificial chromosome; PCR, polymerase chain reaction

families with the new markers CTATTO01, TAGAO02, and
GGAADQOS, located in the centromeric region of the candi-
date interval. The new family T2 also had a different
2(244bp) allele from other families for the marker
GGAAO0S. However, all families had the same haplotype
from the marker D16S3086 to the most telomeric marker
GTO1 (Table 5): 16 cen-D16S3086: allele 2-TTCCO1: allele
4-GATAO1: allele 2-D16S421: allele 3-TTTAO001: allele 4-
CATGO003: allele 4-D16S3085: allele 2-D16S3107: allele 7-
AATO1: allele 2-D16S3025: allele 4-TCTAO1: allele
2-CTTTO1: allele 8-D16S496: allele 5-D16S3067: allele 5-
D16S3141: allele 3-GTO01: allele 6-16q ter. This indicates
that a new critical interval of this disease is a region between
GGAAUO5 and D16S3095, no more than 3.8 Mb in size (Fig.1
and Table 5). Among 16 markers spaced in the new critical
interval 10 showed significant association with the disease:
TTCCO1 (P = 0.0462), GATAOL (P = 0.002), D16S3107
(P < 0.0001), AATO1 (P = 0.0258), TCTAO1 (P = 0.0227),
CTTTO1 (P = 0.0009), D16S496 (P = 0.032), D16S3067
(P = 0.008), D16S3141 (P = 0.011), and GTO01 (P < 0.0001)
(Table 5). In particular, three of these markers, D16S3107,
CTTTO01, and GTO1, were in significant linkage disequilib-
rium (Tables 4, 5). In contrast, none of the 38 control indi-
viduals had the particular haplotype 2-4-2-3-4-4-2-7-2-4-2-
8-5-5-3-6, indicating that this haplotype is significantly asso-
ciated with the disease and may be useful for molecular
diagnosis of 16q-ADCCA.

Screening of dynamic mutations in 16q-linked ADCA
type III patients

In the entire sequenced region, we found nine CAG/CTG
repeats that have more than seven repeat units by
RepeatMasker (Fig. 1). Four of these were seen in the

coding region of three genes, the E2F4 gene (Ginsberg et al.
1994), CTGB43a mRNA, and the NFATS gene (Lopez-
Rodriguez et al. 1999; Hebinck et al. 2000). CAG repeats in
CTGB43a and NFATS encode polyglutamine tracts and a
CAG repeat in E2F4 is translated into a polyserine stretch.
The other two CAG/CTG repeats have already been anno-
tated as polymorphic CAG repeats in the Cooperative
Human Linkage Center (CHLC) database (www.chlc.org).
The remaining three CAG/CTG repeats, newly identified in
this study, were not located in any known genes.

Amplifying these nine CAG/CTG repeats revealed that
none of them were expanded in our patients with 16q-
linked ADCA type III. Direct sequencing of the three
genes, the E2F4 gene, CTGB43a mRNA, and the NFATS
gene, disclosed that there are also no mutations in the
coding regions of these genes.

Similarly, we tested 30 trinucleotide repeats, 32
tetranucleotide repeats, and 9 penta- or hexanucleotide
repeats for polymorphism in control individuals (Table 2).
However, we have so far not detected any abnormal expan-
sions in 16q-linked ADCA type III patients.

Discussion

In the present study, we constructed a 4.8-Mb physical map
consisting of 38 BAC clones covering the candidate region
between D16S3043 and D16S3095 (Takashima et al. 2001).
When we started constructing this contig, very few BAC or
yeast artificial chromosome clones had been mapped to this
region. In addition, the precise order of microsatellite DNA
markers, used in examining the haplotype in our previous
set of six families with ADCA type 111, was not known (Dib
et al. 1996; Takashima et al. 2001). By constructing the
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179bp (0.026)
181bp (0.171)
183bp (0.184)
185bp (0.237)
187bp (0.211)
189bp (0.158)

GTO01
(freugnecy)

226 bp (0.025)
228 bp (0.036)
230bp (0.013)
232bp (0.025)
234bp (0.05)

236bp (0.063)
238 bp (0.087)
242bp (0.288)
246bp (0.175)
250 bp (0.087)
254bp (0.113)
260bp (0.025)
264 bp (0.013)

CTTTO1
(frequency)

215bp (0.013)

219bp (0.46)
223bp (0.408)

227bp (0.08)
231 bp (0.039)
251 bp (0.025)

TCTAO1
(frequency)

224bp (0.012)
230bp (0.475)
233bp (0.363)
236 bp (0.113)
239bp (0.012)

(frequency)

AATO1

CATGO003
(frequency)
188 bp (0.064)
190 bp (0.013)
192bp (0.038)
194bp (0.769)
196 bp (0.064)
198 bp (0.052)

208 bp (0.025)
212bp (0.275)

TTTAO001
(frequency)
204 bp (0.05)
216bp (0.65)

154bp (0.191)
158 bp (0.441)
162bp (0.294)
166 bp (0.059)
170bp (0.015)

(frequency)

GATAO01

155bp (0.013)
159bp (0.026)

163bp (0.08)
167bp (0.605)

171bp (0.25)
175bp (0.026)

TTCCO1
(frequency)

240bp (0.014)
244bp (0.094)
248bp (0.149)
252bp (0.338)
256 bp (0.243)
260bp (0.135)
264bp (0.027)

(frequency)

GGAAO5

178 bp (0.094)
182bp (0.014)
186 bp (0.122)
190bp (0.432)
194bp (0.297)
198 bp (0.041)

(frequency)

TAGAO02

CTATTO1
(frequency)
306bp(0.014)
311bp (0.186)
316 bp (0.229)
321bp (0.386)
326bp (0.143)
331bp (0.014)
336bp (0.014)
341bp (0.014)

Table 4. Size of PCR products and allele frequencies among control individuals on each newly developed DNA marker

PCR, Polymerase chain reaction; ADCA 111, autosomal dominant cerebellar ataxia type 111

Alleles shared among 16q-linked ADCA type III are highlighted in bold

Allele

physical map of the candidate interval, we now know that
the entire length of the interval is no more than 4.8 Mb, and
we further refined the critical interval of 16q-linked ADCA
type III by the exact order of DNA markers shared among
our affected individuals.

By applying the RepeatMasker program, we discovered
11 new highly polymorphic DNA markers that could
be used to analyze haplotypes in our eight families. In the
present study, we added two new 16q-linked ADCA type
III families for haplotype analysis. This allowed us to
further narrow a critical interval that shows a common,
“founder” haplotype flanked by GGAAO05 and D16S3095.
The size of this new critical region was estimated to be
3.8Mb. The present finding not only refines the candidate
interval of this disease, but also corroborates our previous
finding of a founder effect in the Japanese families with 16q-
linked ADCA type III. In addition, analysis of this common
haplotype would be useful for the molecular diagnosis of
16q-linked ADCA type III, which was previously diagnosed
only with linkage analysis. Because large informative fami-
lies are fairly uncommon for such a late-onset disease,
finding a diagnostic haplotype would be important.

After refining the critical interval, we next searched a
causative mutation in our patients. Because 16q-linked
ADCA type Il showed a mild phenomenon of anticipation,
in that difference in the age-of-onset between parents and
offsprings was 4.9 years (Nagaoka et al. 2002), we first
searched for an expansion of trinucleotide CAG/CTG
repeats detected by the software RepeatMasker, although
none of the nine CAG/CTG repeats in the entire candidate
region were expanded. When we tested the threshold
of detecting CAG/CTG repeat sequence by the
RepeatMasker program, we found that the program faith-
fully detected CAG/CTG repeats with more than six repeat
units. Therefore, it seems probable that the CAG/CTG re-
peat, which has at least six repeat units in the normal popu-
lation, is not expanded in our patients with 16q-linked
ADCA type III. The smallest CAG/CTG repeats that are
known to cause human neurodegenerative disease are the
SCAG6 gene and the myotonin protein kinase (MtPK) gene
(Strachan and Read 1996; Zhuchenko et al. 1997; Ishikawa
et al. 1997). These repeats are as small as 4 to 6 repeats in
the normal population, and they expand to more than 20
repeats in SCA6 and more than 50 repeats in myotonic
dystrophy type 1 (Strachan and Read 1996; Zhuchenko
et al. 1997; Ishikawa et al. 1997). Considering that the
threshold of detecting CAG/CTG repeats in our system is
high, the present finding might indicate that the cause of the
16qg-linked ADCA type III is not the expansion of the
CAG/CTG repeat.

We also searched for any expansion of tri-, tetra-,
penta-, or hexanucleotide repeats, as the ATTCT repeat
expansion in SCA10 or the complex CCTG repeat expan-
sion in myotonic dystrophy type 2 (Liquori et al. 2001).
However, we did not observe any expansion of repeat
sequences among a group of repeats that showed polymor-
phism in the general population. These observations further
indicate that 16q-ADCA type III may be caused by a muta-
tion other than a repeat expansion, such as a missense
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Table 5. Linkage disequilibrium and haplotype analysis for 22 markers in the candidate region of 16g22.1-linked ADCA type 111 8 families

Haplotype of disease chromosome for 16q-linked

ADCA type III pedigrees Allele frequency Linkage
Allele in general disequilibrium

DNA marker  Locus BAC P2 P4 P6 P12 P14 P15 T1 T2  pattern  population (%) (P value)
D16S3043 RP11-120P24 2 2 3 4 6 3 4 1 6 — —
D16S3031 RP11-120P24 9 9 9 9 9 9 9 9 9 68.1 0.113
CTATTO1 RP11-292B23 2 3 2 2 2 2 2 2 8 18.6/22.9 —
TAGAO02 RP11-292B23 3 5 3 3 3 3 3 3 6 12.2/129.7 —
GGAAO05 RP11-93H5 1 6 1 1 1 1 1 2 7 1.4/9.4/13.5 —
D16S3086 RP11-361L15 2 2 2 2 2 2 2 2 3 65.7 0.093
TTCCO1 RP11-361L15 4 4 4 4 4 4 4 4 6 60.5 0.0462*
GATAO01 RP11-5A19 2 2 2 2 2 2 2 2 5 44.1 0.002*
D16S421 CTC277H1 3 3 3 3 3 3 3 3 4 75.7 0.205
TTTA001 RP11-297D21 |4 4 4 4 4 4 4 4 4 65 0.0566
CATGO003 RP11-297D21 |4 4 4 4 4 4 4 4 6 76.9 0.0519
D16S3085 RP1-167P11 2 2 2 2 2 2 2 2 4 81.8 0.32
D16S3107 RP1-167P11 7 7 7 7 7 7 7 7 7 13.9 <.0001*
AATO1 CTC479Cs5 2 2 2 2 2 2 2 2 6 47.5 0.0258*
D16S3025 R-61512 4 4 4 4 4 4 4 4 6 75 0.215
TCTAO01 R-61512 2 2 2 2 2 2 2 2 5 46 0.0227*
CTTTO1 RP11-354N7 8 8 8 8 8 8 8 8 13 28.2 0.0009*
D16S496 RP11-5211L9 5 5 5 5 5 5 5 5 5 54.2 0.032*
D16S3067 RP11-123C5 5 5 5 5 5 5 5 5 7 41.9 0.008*
D16S3141 RP11-123C5 3 3 3 3 3 3 3 3 7 44.4 0.011*
GTO01 RP11-7005 6 6 6 6 6 6 6 6 6 15.8 <.0001*
D16S3095 RP11-419C5 2 3 1 1 1 1 1 1 5 — —

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

mutation. If this is proven to be true, the mild anticipation
observed in our families might be caused by another mecha-
nism, as in SPG4 (Hazan et al. 1999). Obviously, it is still
possible that a certain repeat that has a small repeat unit not
detected by the RepeatMasker is specifically expanded in
our patients. We also do not preclude the possibility of
pathogenic expansion of a certain repeat hidden in the re-
maining small regions, whose nucleotide sequences have
not been published. Screening not only dynamic expansion,
but also other types of mutation is needed to discover the
cause of 16q-linked ADCA type IIL

Finally, the fruitfulness of this study may be important
not only for 16q-linked ADCA type III, but also for other
diseases linked to this chromosomal region. The finding of
11 new polymorphic markers as well as the present BAC
contig in chromosome 16g22.1 might be valuable for dis-
eases linked to 16g22.1, such as candidate tumor suppressor
genes in breast cancer (Callen et al. 2002).

In conclusion, the finding of a complete BAC contig in
16922.1, a number of new polymorphic markers, and a com-
mon haplotype in 16q-ADCA type III is very useful infor-
mation for identifying the mutation for 16q-linked ADCA
type III. Identification of the disease gene will greatly facili-
tate diagnosis of SCA patients and will also have an impact
on our understanding of complex molecular mechanisms
underlying ADCA:s.
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