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Spinocerebellar ataxia type 10 (SCA10) is an autosomal dominant disorder characterized by ataxia, seizures, and
anticipation. It is caused by an expanded ATTCT pentanucleotide repeat in intron 9 of a novel gene, designated
“SCA10.” The ATTCT expansion in SCA10 represents a novel class of microsatellite repeat and is one of the
largest found to cause human diseases. The expanded ATTCT repeat is unstably transmitted from generation to
generation, and an inverse correlation has been observed between size of repeat and age at onset. In this multifamily
study, we investigated the intergenerational instability, somatic and germline mosaicism, and age-dependent repeat-
size changes of the expanded ATTCT repeat. Our results showed that (1) the expanded ATTCT repeats are highly
unstable when paternally transmitted, whereas maternal transmission resulted in significantly smaller changes in
repeat size; (2) blood leukocytes, lymphoblastoid cells, buccal cells, and sperm have a variable degree of mosaicism
in ATTCT expansion; (3) the length of the expanded repeat was not observed to change in individuals over a 5-
year period; and (4) clinically determined anticipation is sometimes associated with intergenerational contraction

rather than expansion of the ATTCT repeat.

Introduction

Expanded nucleotide repeats have been identified as the
genetic mutation in an increasing number of hereditary
neurological diseases, such as fragile-X syndrome (FMR1
[MIM 309550]), Friedreich ataxia (FRDA [MIM
229300]), Huntington disease (HD [MIM 143100]),
many spinocerebellar ataxias, and myotonic dystrophies.
The expanded nucleotide repeats are unstable in soma
and germline, causing somatic mosaicism and intergen-
erational instability. This dynamic property of nucleo-
tide-repeat expansion is thought to contribute to vari-
able manifestation of the diseases. Understanding repeat
instability in various neurological disorders will shed
light on the underlying basic mechanism for maintaining
genomic stability.

Spinocerebellar ataxia type 10 (SCA10 [MIM
603516]) is an autosomal dominant neurodegenerative
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disorder characterized by ataxia, seizures, and anticipa-
tion (Grewal et al. 1998, 2002; Matsuura et al. 1999;
Rasmussen et al. 2001). It belongs to a group of diseases
known as “autosomal dominant cerebellar ataxias”
(ADCAs) (Harding 1981). To date, 18 ADCA loci—
SCA1 (MIM 164400), SCA2 (MIM 183090), SCA3
(MIM 109150), SCA4 (MIM 600223), SCAS (MIM
600224), SCA6 (MIM 183086), SCA7 (MIM 164050),
SCA8 (MIM 603680), SCA10, SCA11 (MIM 604432),
SCA12 (MIM 604326), SCA13 (MIM 605259), SCA14
(MIM 605361), SCA1S (MIM 606658), SCA16 (MIM
606364), SCA17 (MIM 607136), SCA19 (MIM
607346), and SCA21 (MIM 607454)—and dentato-
rubral-pallidoluysian atrophy (DRPLA [MIM 125370])
have been mapped to specific chromosomal regions
(Rosa and Ashizawa 2002) (see also Genome Database).
Although the specific mutations have yet to be identified
in SCA4, SCAS, SCA11, SCA13, SCA15, SCAle,
SCA19, and SCA21, individuals with one of seven
ADCAs—including SCA1, SCA2, SCA3 (also known
as “Machado-Joseph disease” [M]JD]), SCA6, SCA7,
SCA17, and DRPLA—are known to have expanded
CAG trinucleotide repeats, which encodes polygluta-
mine tracts within various contexts of different proteins.
In most of these diseases, the age at onset is inversely
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Figure 1

Five families with SCA10. Unblackened symbols indicate unaffected individuals, and blackened symbols indicate individuals

affected with SCA10. Circles indicate females, and squares indicate males. A diagonal line over a symbol indicates a deceased individual.
Diamonds with vertical lines indicate asymptomatic mutation carriers. Unblackened diamonds indicate noncarrier unaffected sibling(s), and the
number within the diamond shows the number of unaffected siblings. The number of ATTCT-repeat units in the expanded allele is shown under
each symbol. Patients 1-9 (discussed in the text) are shown at the right upper corner of their respective symbols as “Pt. 1-9.” Patients 10-12
are from three additional families, which are not shown here. The expanded allele was paternally transmitted in patients 10 and 11 and was
maternally transmitted in patient 12. The age at onset (in years) is shown in parentheses below the number of ATTCT-repeat units.

correlated with the number of CAG repeats, and the
repeat size tends to increase in successive generations,
providing the molecular basis for anticipation. In ad-
dition to these ADCAs, HD (Huntington’s Disease Col-
laborative Research Group 1993) and Kennedy disease
(SBMA [MIM 313200]) (La Spada et al. 1991) are also
caused by polyglutamine-coding CAG repeat expan-
sions, and HD clearly shows anticipation due to pro-
gressive repeat expansion in successive generations.
Different nucleotide-repeat expansions have also been
found in other diseases. SCA8 has been associated with
an expanded CTG repeat in the 3’ UTR of the SCAS8
gene (Koob et al. 1999). In SCA12, a CAG repeat is
expanded in the 5 UTR of a protein phosphatase sub-
unit gene, PPP2RB (Holmes et al. 1999). In FRDA, an
autosomal recessive neurological disease, homozygous
expansion of a GAA repeat located in the first intron
of the FRDA gene is the principal disease-causing mu-
tation (Campuzano et al. 1996). It is interesting that,
although the expanded repeats are unstable, neither clini-
cal anticipation nor progressive intergenerational expan-
sion of repeats has been documented in SCA8, SCA12,

and FRDA. Other diseases—such as myotonic dystro-
phy type 1 (DM1 [MIM 602668]), caused by CTG ex-
pansion in the 3’ UTR of the DMPK gene (Fu et al.
1992), and FMR1, caused by CGG expansion in the 5
UTR of the FMR1 gene (Verkerk et al. 1991)—show
anticipation and intergenerational expansion of the re-
peats. An expanded CCTG tetranucleotide repeat in in-
tron 1 of ZNF9 gene causes myotonic dystrophy type 2
(DM2 [MIM 602668]) (Liquori et al. 2001). This repeat
shows a high level of instability, but the intergenera-
tional changes in repeat size result in either gain or loss
of the repeats, which cannot fully explain the reported
anticipation (Day et al. 2003).

We localized the SCA10 mutation to 22q13.3 (Mat-
suura et al. 1999; Zu et al. 1999) and demonstrated that
the mutation is a large expansion of ATTCT pentanu-
cleotide repeats with a gain of up to 4,500 repeats (Mat-
suura et al. 2000). The expanded ATTCT repeat is un-
stable and is located in intron 9 of a novel gene, desig-
nated “SCA10” (also known as “E46L”), which has no
sequence homology to any known genes. We have re-
ported a weak inverse correlation between the size of
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Figure 2 Paternal transmission of the expanded allele (blackened

circle) (n = 15) results in a greater degree of intergenerational changes
than does maternal transmission (unblackened circle) (n = 8) (paternal
change: 247 + 1,555 repeats; maternal: 0 + 28 repeats P <.01). Pa-
ternal transmissions gave rise to both elongations and contractions of
the expanded alleles. Ovals and error bars indicate means and SDs,
respectively.

expansion and the age at onset and showed a consid-
erable instability during intergenerational transmission.
But little is known about this novel class of disease-
causing microsatellite repeats. In the present study, we
investigated the intergenerational instability of the ex-
panded ATTCT repeats, focusing on its relationships to
the sex of the transmitting parent, somatic and germline
instability, and repeat-size changes during aging.

Material and Methods

Patients and DNA Samples

Under a consent procedure approved by the local in-
ternal review board, blood samples were drawn from
affected and at-risk individuals of pedigrees with SCA10,
and genomic DNA was extracted from peripheral blood
leukocytes (PBL). Some patients provided two consecu-
tive DNA samples, after 5-year intervals. We also obtained
a buccal sample from six patients and semen samples
from two affected males. Genomic DNA was prepared
from buccal samples by use of MasterPure Complete
DNA & RNA Purification Kit (Epicentre Technologies).
To prepare sperm DNA, we followed the protocol de-
scribed by Jeffreys et al. (1994).
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Southern-Blot Analysis

Southern-blot analysis was performed using EcoRI re-
striction digestion of the genomic DNA and the probe
generated by PCR amplification of the repeat-free intron
9 region flanked by primers DanL and DanR, as de-
scribed elsewhere (Matsuura et al. 2000).

Serial Passages of Lymphoblastoid Cell Lines (LBCLs)

PBL were isolated from blood samples obtained from
four patients with SCA10, by use of the Ficoll-Hypaque
gradient, and were transformed into LBCLs by use of
Epstein-Barr virus (EBV). The LBCLs were cultured, in
a 75-cm? flask, in RPMI-1640 containing 10% heat-
inactivated fetal-bovine serum and antimycotics (GIBCO-
BRL) in 5% CO, at 37°C (Khajavi et al. 2001). After
reaching ~3 x 107 cells in culture, an aliquot of the cells
(~107 cells) was used for isolation of genomic DNA.
Another aliquot underwent a passage, and the remaining
cells were frozen in the culture medium containing 10%
DMSO. Viability of cells was assessed by trypan blue
exclusion. This passage procedure was repeated over 12
generations. The ATTCT-repeat size was monitored by
Southern-blot analysis. The sizes of expanded ATTCT
repeats in the original PBL of four patients were as fol-
lows: 800 repeats (patient 6), 1,300 repeats (patient 8),
2,780 repeats (patient 5), and 3,760 repeats (patient 9).

Cloning of LBClLs

By use of a hemocytometer, each cell line was single-
cell cloned by limitation of dilutions at the concentration
of 0.5 cell per well of a 96-well plate. The single-cell
origin of each cell line was assured, as described else-
where (Khajavi et al. 2001). Each clone was transferred
to a 25-cm? flask, once the cell number reached ~10°
cells. Clones were then transferred to 75-cm? flasks and
were allowed to grow until the total cell number reached
3 x 107 cells. An aliquot was harvested for DNA analy-
sis, and another aliquot of 107 cells was passed. The re-
maining cells were frozen in the culture medium con-
taining 10% DMSO. We analyzed three clones from pa-
tient 9 and four clones from patient 6. Passage step was
repeated as long as the cells were viable (3-20 passages).
The ATTCT repeat size was monitored by Southern-blot
analysis.

Results

Intergenerational Changes of the Size of ATTCT
Repeats

We analyzed the genomic DNA from five SCA10-af-
fected families of Mexican descent (fig. 1) by PCR and
subsequent Southern-blot analysis (see the “Material and
Methods” section). We recently reported the genotype-
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phenotype correlation in the affected members of fami-
lies 1 and 2 (Grewal et al. 2002). Here, we extended
our analysis of the stability of expanded ATTCT repeats
and provided additional data on these two families as
well as three more families from Mexico (Rasmussen et
al. 2001). The normal size of the EcoRI fragment con-
taining ATTCT repeats is 2.5 kb, whereas the average
size of the 39 affected and at-risk individuals is 13.1 kb
(2,120 repeats), with a range of 6.5-25.0 kb (800-4,500
repeats). The expansion size (mean +SD) in 22 individ-
uals with the disease allele transmitted from the affected
father was 15.2 = 4.8 kb (2,540 = 960 repeats), whereas
the expansion size of the remaining 17 individuals who
received the disease allele from the affected mother was
10.5 + 4.8 kb (1,600 = 960 repeats). Among them, we
were able to examine 23 parent-offspring pairs in fami-
lies 1 and 2 (15 father-offspring pairs and 8 mother-
offspring pairs) for repeat-size changes during the inter-
generational transmissions. Because two affected males
from family 2 had a large number of affected offspring,
paternal transmission was overrepresented in that series.
However, we found that paternal transmissions of the
expanded alleles were highly unstable, with large expan-
sions or contractions, whereas maternal transmissions
showed few or smaller changes. The mean+SD of the
absolute repeat-size difference between parent and child
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was 1,143 = 1,042 in the 15 paternal transmissions and
20 £ 19 in the 8 maternal transmissions (P < .01). The
mean + SD of the repeat-size change (i.e., the repeat size
of the child minus the repeat size of the parent) was
247 + 1,555 in the paternal transmissions and 0 + 28
in the maternal transmissions, suggesting that there is a
mild expansion bias with the paternal transmission,
whereas neither expansion nor contraction bias is pre-
sent with the maternal transmission (P < .01) (fig. 2). It
should be noted that all paternal transmissions (7 = 4)
of the expanded alleles in family 1 resulted in large ex-
pansions, whereas most paternal transmissions (7 =
11) in family 2 showed smaller expansions or contrac-
tions. It is interesting that all transmitting males in family
2 had alleles of >2,500 repeats, whereas those in family
1 had alleles of <1,500 repeats.

Somatic and Germline Instability of the ATTCT
Expansion

To study instability of ATTCT expansion in somatic
tissues and germline, we extracted genomic DNA from
sperm and PBL from two male patients; we also obtained
DNA from buccal cells of six patients. It is unfortunate
that DNA was degraded in buccal samples from two of
the six patients. All normal alleles of these samples and
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Figure 3 Repeat instability in somatic tissues and sperm. A normal male control subject showed the same 2.5-kb EcoRI fragment. In
patient 1, the sperm showed a smearlike pattern of multiple bands of expansion, whereas the other tissues shared the same size (2,340 repeats).
The expanded band of the buccal sample is substantially fainter; this is probably due to degraded DNA. In patient 2, the sperm showed a
smearlike band larger than the expanded allele of PBL. In patient 10, the buccal sample showed expanded alleles of heterogeneous sizes, presented
as a fuzzy band slightly larger than the expanded allele of PBL. The buccal sample of this patient also showed smaller additional bands. Buccal
samples from patients 11 and 12 showed patterns of expanded alleles similar to that of patient 10, although distinct mosaic alleles are lacking.
NA = normal allele; S = sperm; BS = buccal sample; Ctrl = normal control subject; Pt. = patient; M = N HindIIl marker. Numbers on
both sides of each panel indicate the number of ATTCT repeat units.
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normal control subjects showed the same 2.5-kb EcoRI
fragment. PCR analysis confirmed the absence of inter-
tissue variability of normal alleles in the samples (data
not shown). In patient 1, the expanded allele in the buc-
cal sample showed the same expansion size as that of
PBL. Although the band of the buccal sample is fainter
than other samples, probably due to degraded DNA, no
major mosaicism was detected. In patient 10, however,
the buccal sample showed clear repeat-size mosaicism
with a fuzzy main band of slightly larger size accom-
panied by two or more smaller bands, in contrast to the
single expanded allele in PBL. Since the undigested ge-
nomic DNA of this buccal sample showed no evidence
of degradation, the observed mosaicism is unlikely to be
degradation artifacts. Expanded alleles in buccal samples
of patients 11 and 12 showed larger size than those in
PBL. Thus, expanded SCA10 ATTCT repeats show evi-
dence of somatic instability with intratissue mosaicism
and intertissue repeat-size variability (fig. 3).

The expanded allele in sperm from patient 1 consisted
of a heterogeneous smear with additional distinct bands,
suggesting mosaicism in the male germline. The most evi-
dent mosaic band in sperm was ~540 repeats, much
smaller than that of PBL (~2,340 repeats). Patient 2
showed a larger expanded allele of broader size range
in sperm (~3,140 repeats) than PBL (~2,620 repeats)
(fig. 3). Although the sample size is small, these results
suggest that the expanded alleles in male germline are
highly unstable.

Stability Over Time of ATTCT Expansion in PBL
from Patients with SCA10

To determine whether the expanded ATTCT repeats
in PBL change their size as patients age, we obtained
consecutive samples of DNA from six patients (patients
1, 3,4, 5, 6,and 7) collected over a 5-year interval. The
size of the largest alleles did not show detectable changes
(fig. 4). However, four of these patients (patients 1, 3, 6,
and 7) showed additional bands, which are smaller than
the main band, suggesting potential mosaicism. We be-
lieve that they are not artifacts, because the size of the
additional band is variable from sample to sample. It is
interesting that the pattern of this mosaicism did not
change in each patient after the 5-year interval. These
data suggest that the expanded alleles in PBL are typi-
cally relatively stable, although rare instability events do
occur, as evidenced by the somatic mosaicism.

Changes of ATTCT Expansion after Serial Passaging
of SCA10 LBCLs in Culture

To study instability in cell culture, we compared the
sizes of the ATTCT expansion between PBL and the
LBCLs in nine affected individuals. Following EBV trans-
formation, three of the nine LBCLs showed small con-
tractions, when compared with the original alleles in PBL
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Figure 4 ATTCT expansion is stable in PBL during a 5-year
interval. The odd-numbered lanes represent initial PBL DNA, and the
even-numbered lanes represent PBL DNA § years later. M = \ HindIII
marker; NA = normal allele; nl = normal control individual.

(100 to 780 fewer repeats). The remaining six LBCLs
did not show any change in repeat size. The observed
changes could be explained by the fact that EBV pref-
erentially transforms B-lymphocytes, which represent
only a minor subpopulation of PBL. Therefore, this ob-
servation might have revealed the mosaicism of repeat
expansion in PBL. Alternatively, this shift in repeat size
could be due to mutational events in culture, resulting
in changes to the ATTCT expansion in LBCL.

We also looked at the stability of expanded ATTCT
repeats in these LBCLs during serial passaging (fig. 5) and
found that the LBCLs showed variable degrees of insta-
bility. In two of the three LBCLs with contracted repeats
after transformation, the expanded alleles showed fur-
ther contractions after different passages. In the first LBCL
(derived from patient 9 [fig. 5A]), a contraction from
3,760 to 3,000 repeats was detected at passage 5, and
it gradually replaced the progenitor allele by passage 11.
In the other LBCL, the expanded allele of 2,780 repeats
changed its size in early passages and was replaced by
an allele with 2,500 repeats, which seemed stable, with
no further changes (data not shown). The third LBCL
(derived from patient 6 [fig. 5B]) showed heterogeneous
expansion of ~800 repeats, as indicated by a smear im-
mediately after the EBV transformation. The size het-
erogeneity gradually dissipated, and a sharp, narrow
band eventually took over in the subsequent passages.
These changes probably revealed a shift of cell popu-
lation due to clonal expansion, although repeat-size mu-
tations during culture cannot be excluded. It is note-
worthy, however, that the normal alleles of all LBCLs
had no changes. Moreover, in most of the patients, the
size of expansion remained stable after EBV transfor-
mation and serial passages, as demonstrated by cells
from patient 8 in figure 5B.



Matsuura et al.: Instability of the ATTCT Repeat in SCA10

3,760 £ ; b
' |l T8 T - M ook T
] ‘ Iy - gl et
o THEST DD R
& TR Y ak T
PBL P1 P2 P3 P5 P6 P7 P8 P9 P10 P11
Patient 8
B
. - 1300
A - % .
800—| v - K 0T
“ B .
PBL P1 P2 P5 PSS P13 PBL P1 P4 P8 P12
Patient 6 Patient 8
Figure 5 Repeat instability in LBCL. Only expanded alleles are

shown, to highlight the instability. A, In patient 9, the 3,760 repeat-
expansion in PBL contracted to 3,500 through the EBV transformation
(P1). The expanded allele gradually increased in size to 3,760 again
(P1-PS5). Moreover, a 3,000-repeat allele appeared in P5 and gradually
replaced the 3,760 repeats. B, Patient 6 showed repeat-size hetero-
geneity through the transformation. Following the passages, the broad
band converted to a tight one of 740 repeats. In patient 8, the allele
with 1,300 repeats was stable throughout the passages and the trans-
formation. P1-P12 = passages 1-12.

Instability of the Expanded ATTCT Repeat in Serially
Passed Clonal LBCLs

To explore mutation versus clonal expansion mech-
anisms for repeat instability in the heterogeneous bulk
LBCLs, we established clonal LBCLs. Since clonal lines
were derived from a single cell, changes in repeat size
should represent mutation events occurring after cloning.
Figure 6 shows the repeat-size changes in three clonal
LBCLs (clones 5, 9, and 15) derived from patient 9. Clone
15 had a clear contraction of the expanded allele, from
3,760 to 2,820 repeats, during the first five passages,
suggesting that a repeat-size mutation has occurred. In
contrast, the expanded allele showed no detectable
changes in clones 5 and 9. Similarly, the expanded ATTCT
repeat was stable in four clonal LBCLs derived from
patient 6 (data not shown).

Discussion

Intergenerational Changes of the Size of ATTCT
Repeats

Our data showed that the size of the expanded ATTCT
repeat is unstably transmitted from generation to gen-
eration in our families with SCA10. The pattern of the
intergenerational instability was dependent on the sex of
the transmitting parent. The repeat was highly unstable
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during paternal transmission, whereas maternal trans-
mission showed few changes and of a smaller magnitude.
Unstable transmissions of expanded repeats have been
observed in almost all diseases with expanded trinucleo-
tide repeats. The parental sex is an important determinant
of the intergenerational instability in many of these dis-
orders. Most autosomal dominant diseases caused by an
expanded CAG repeat coding for a polyglutamine tract—
such as SCA1 (Chung et al. 1993), SCA2 (Schols et al.
1997), SCA3 (Maruyama et al. 1995), SCA7 (David et
al. 1998), HD (Goldberg et al. 1993; Telenius et al. 1993),
and DRPLA (Nagafuchi et al. 1994)—show greater in-
stability in paternal transmission than in maternal trans-
mission. The intergenerational instability is biased to-
ward further expansion, giving rise to paternally driven
anticipation in these disorders. In DM1, the expanded
CTG repeat in the premutation range (37-50 CTGs) is
comparable to the fully expanded alleles of polygluta-
mine diseases; further expansion of the CTG repeat is
mostly associated with paternal transmission (Martorell
et al. 2001). It is interesting that, when the CTG repeat
size exceeds ~1,000 CTGs in the transmitting father, the
expanded alleles tend to contract in the offspring with
increasing frequency, whereas maternally transmitted full-
expansion alleles seldom contract, regardless of the re-
peat size (Ashizawa et al. 1994). In FMR1, the pre-
mutation CGG-repeat alleles expand to full-mutation
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Figure 6 Repeat instability in clonal LBCLs (clones 5, 9, and
15) from patient 9, with a 3,760-repeat allele in PBL. Contraction was
noted between passages 1 and 5 of clone 15. P1 = passage 1; P5 =
passage 5; P10 = passage 10.
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alleles in the offspring when transmitted maternally, and
the probability of expansion into the full-mutation range
increases when the repeat size of the maternal premu-
tation allele is larger (Fu et al. 1991; Nolin et al. 2003).
Conversely, paternal transmission of fully expanded CGG
repeat often gives rise to a contracted allele in the off-
spring (Malter et al. 1997). The GAA repeat of FRDA
(De Michele et al. 1998) and the CTG repeat of SCAS
(Moseley et al. 2000) also contract during paternal trans-
mission. In DM1, FMR1, FRDA, and SCAS8, the ex-
panded repeat is located in noncoding regions of the
affected gene, and the size of full-expansion alleles is
substantially larger than in those of polyglutamine-
expansion diseases. Conversely, repeat expansion is sta-
ble with either paternal or maternal transmission in
SCA6 and oculopharyngeal muscular dystrophy (MIM
164300), in which expansion of CAG and GCG repeats
coding for polyglutamine and polyalanine, respectively,
is much shorter (Zhuchenko et al. 1997; Brais et al.
1998). Thus, the sex of the transmitting parent, the motif
of the repeat unit, the length of the repeat, the location
of the repeat in the gene, and the surrounding sequences
(i.e., cis elements) may influence the characteristics of
instability.

The ATTCT repeat is a unique motif located in an
intron, and the size of expansion in SCA10 is one of the
largest among diseases caused by repeat expansion.
Therefore, the unique characteristics of ATTCT-repeat
instability shown in our study are attributable to these
variables. The CCTG-repeat expansion found in DM2,
like in SCA10, is located in an intron, and the expansion
size is also comparable to the ATTCT-repeat expansion
in SCA10 (Liquori et al. 2001). In DM2, repeat size did
not correlate with age at disease onset, and affected off-
spring had markedly shorter expansions than did their
affected parents, with a mean size difference of —17 kb
(—4,250 CCTGs) (Day et al. 2003). However, expanded
CCTG repeats in PBL are highly unstable in DM2-af-
fected patients with conspicuous age-dependent repeat-
size instability, unlike the expanded ATTCT repeats in
SCA10.

Somatic and Germline Instability of Expanded ATTCT
Repeats

In most of the repeat-expansion diseases, the expan-
sion is unstable in both somatic and germline tissues. In
the present study, we presented several lines of evidence
that suggest instability of expanded ATTCT repeats in
somatic tissues. First, the size of repeat expansion in some
LBCLs is different from that of the original PBLs. This
may be due to selection of B-lymphocytes from the PBL
pool by EBV transformation, indicating that the PBL
population is heterogeneous in repeat size because of so-
matic instability. Second, some single-cell cloned LBCLs
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showed changes in expansion size after passages in cul-
ture. Third, repeat mosaicism appears to exist in blood
and buccal DNA of patients with SCA10. Most PBLs
and LBCLs derived from patients with SCA10, however,
had stable expansion, which is remarkable considering
the enormous expansion size. This is quite different from
other large repeats causing human diseases—such as CTG
repeats in DM1 (Khajavi et al. 2001), CGG repeats in
FMR1 (Verkerk et al. 1991), GAA repeats in FRDA
(Bidichandani et al. 1999), and CCTG repeats in DM2
(Day et al. 2003)—where extensive instability is typical.

The frequency and magnitude of instability in somatic
tissues, especially in blood, were much lower in compari-
son with sperm DNA in SCA10. It thus appears that the
expanded ATTCT repeat is very unstable during sper-
matogenesis, which contributes to intergenerational in-
stability through paternal transmission. But it is inter-
esting that the expanded ATTCT repeat was remarkably
more stable during maternal transmission, suggesting
relatively stable repeat expansion during oogenesis. Thus,
we believe that repeat stability is distinct between male
and female germlines. The difference in repeat stability
between male and female germlines probably underlies
the parental sex effects observed in our study.

We also examined intertissue variability of the ATTCT
repeat expansion in four patients by comparing the ex-
pansion size in PBLs and buccal cells. In three of these
four patients, expanded alleles in the buccal-cell samples
showed slightly larger sizes and greater degrees of repeat-
size heterogeneity compared with those of PBLs. Further-
more, one sample showed additional smaller alleles. These
findings suggest that expanded ATTCT repeats in buccal
cells may have a greater degree of instability than those
in PBL. It is obvious that the number of samples and
tissue types studied here is too limited for general con-
clusions regarding ATTCT-repeat instability in other tis-
sues, such as the brain. Nevertheless, our data are com-
patible with the idea of variable instability of the SCA10
ATTCT repeat in different somatic tissues.

The Size of Expanded ATTCT Repeat and the Age
at Onset

It is puzzling that, in family 2, the expansion appears
to have contracted in the offspring of patients 5 and 7,
in spite of clinically observed anticipation. To exclude
ascertainment bias, we have interviewed the patients and
family members again and have cross-referenced the age
at onset with additional information sources for each
subject. Although determination of precise age at onset
was often difficult, even with careful interviews, the his-
tory strongly suggested that the ages at onset of patients
5 and 7 were later than those of their offspring (fig. 1).
This apparent discrepancy between the observed antici-
pation and shorter repeat lengths in the offspring could
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be explained by a difference in the sampling age, since
affected parents are usually sampled at an older age than
their affected offspring. Under this hypothesis, PBL DNA
samples in the parents result from many more rounds
of DNA replication. If the repeats tend to expand during
mitosis, it is likely that repeat size in the parents might
catch up with the offspring who inherited an expansion.
Alternatively, repeat instability might be variable in dif-
ferent tissues; the size of repeat expansion in the affected
tissues (such as the cerebellum) might be larger in the
offspring, distinct from what is observed in PBL. Our data
of somatic mosaicism and repeat instability in a cloned
cell line suggest that somatic instability could occur during
the individual’s life, although we were unable to demon-
strate age-dependent repeat-length changes in blood
DNA. We believe that family-specific modifying factors
play an important role in this genotype-phenotype dis-
crepancy (Grewal et al. 2002). To test these possibilities,
further studies involving additional families will be re-
quired to examine the PBL alleles from long-term longi-
tudinal sampling, to compare alleles in a variety of tissues,
including cerebellum, and to identify the family-specific
factors. Meanwhile, it should be noted that additional
genetic and environmental factors can outweigh the mild
correlation (r*> = 0.34, P = .018) between repeat length
and age at onset. Thus, the use of repeat length in genetic
counseling needs careful consideration.
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