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ABSTRACT

Background: Several neurological disorders have re-
cently been explained through the discovery of ex-
panded DNA repeat sequences. Among these is
Machado-Joseph disease, one of the most common spi-
nocerebellar ataxias (MJD/SCA3), caused by a CAG re-
peat expansion on chromosome 14. A useful way of
detecting repeat sequence mutations is offered by the
repeat expansion detection method (RED), in which a
thermostable ligase is used to detect repeat expansions
directly from genomic DNA. We have used RED to detect
CAG expansions in families with either MJD/SCA3 or
with previously uncharacterized spinocerebellar ataxia
(SCA).
Materials and Methods: Five MJD/SCA3 families and
one SCA family where linkage to SCA1-5 had been
excluded were analyzed by RED and polymerase chain
reaction (PCR).
Results: An expansion represented by RED products of
180-270 bp segregated with MJD/SCA3 (p < 0.00001)
in five families (n = 60) and PCR products corresponding

to 66-80 repeat copies were observed in all affected
individuals. We also detected a 210-bp RED product
segregating with disease (p < 0.01) in a non-SCAl-5
family (n = 16), suggesting involvement of a CAG ex-
pansion in the pathophysiology. PCR analysis subse-
quently revealed an elongated MJD/SCA3 allele in all
affected family members.
Conclusions: RED products detected in Machado-
Joseph disease families correlated with elongated PCR
products at the MJD/SCA3 locus. We demonstrate the
added usefulness of RED in detecting repeat expansions
in disorders where linkage is complicated by phenotyp-
ing problems in gradually developing adult-onset disor-
ders, as in the non-SCAI-5 family examined. The RED
method is informative without any knowledge of flank-
ing sequences. This is particularly useful when studying
diseases where the mutated gene is unknown. We con-
clude that RED is a reliable method for analyzing ex-
panded repeat sequences in the genome.
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INTRODUCTION
Machado-Joseph disease (MJD) is an autosomal
dominant neurodegenerative disorder involving
predominantly cerebellar, pyramidal, extrapyra-
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FIG. 1. Autoradiograph of RED products from
part of a MJD/SCA3 disease family using a
(CTG)IO oligonucleotide
In RED, a thermostable ligase is used to ligate repeat
oligonucleotides following annealing at adjacent
bases to repeat sequences in genomic DNA. Products
are size separated on a denaturing polyacrylamide
gel, electroblotted, and hybridized to a complemen-
tary 32P-labeled probe. The longest reaction product
corresponds to the longest repeat size present in the
genome. Reactions were run as previously (6), with
cycling conditions being 94°C for 5 min followed by
396 cycles of either 80°C for 30 sec and 94°C for 10
sec. The lowest band in each lane represents 90 bp
and each additional band represents an additional 30
bp. Note RED products with largest band size at 210
bp in affected individuals in generation 1 and 2
whereas the affected offspring in the third genera-
tion (fourth lane from left) has a 240-bp product
correlating with a larger repeat size. Unaffecteds
only show products of 120 bp.

midal, motor neuron, and oculomotor systems
(1). It is one of the most common hereditary
spinocerebellar degenerative disorders (2) and
has been mapped to chromosome 14q (3), in the
same region as the spinocerebellar ataxia 3
(SCA3) locus (4). Kawaguchi and coworkers re-
cently found a candidate disease gene for
Machado-Joseph disease using a trinucleotide
probe (5). The gene they isolated mapped to
chromosome 14q32.1. It contained a 1776-bp
long open reading frame, was expressed in hu-
man brain, and contained an inframe CAG re-
peat that was expanded in Machado-Joseph pa-
tients but not in normal individuals and
unaffected family members. In normal individu-
als the repeat length in the Machado-Joseph
gene was 13-36 repeat copies and in 12 tested
patients 68-79 copies (5).

To facilitate detection of long repeat se-
quences we developed the repeat expansion de-
tection method (RED) (6). RED is an automat-
able method for detecting repeat expansions
directly from genomic DNA. In this method, a
repeat oligonucleotide that is complementary to
one of the strands of genomic DNA is allowed to
hybridize at a temperature close to the melting
point. Multimers of the oligonucleotide are sub-
sequently formed using a thermostable ligase in a
cycling procedure. Products are detected as a lad-
der of bands on a gel (Fig. 1). The band with the
highest molecular weight represents the largest
repeat expansion in that particular genome. The
RED method has previously been used to chro-
mosomally map a novel expanded repeat locus

(RED- 1i) (6), to identify repeat expansions in
myotonic dystrophy (6), and to detect four novel
expanded trinucleotide repeat motifs (7). Fur-
thermore, RED has been used to associate bipolar
affective disorder with elongated CAG repeat se-
quence alleles (8).

Here we analyzed six spinocerebellar ataxia
families using both RED and conventional poly-
merase chain reaction (PCR). One of these
families had previously been excluded from
the MJD/SCA3 locus on chromosome 14q by
linkage analysis. Screening families using the
RED method proved useful in identifying ex-
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panded repeats in MJD/SCA3 as well as in the
previously undiagnosed family.

MATERIALS AND METHODS
Families
Affected and unaffected individuals from six
families with spinocerebellar ataxia were ana-
lyzed. Three Portuguese-American (9), one Ger-
man (K. Burk et al., submitted), and one French
(4) family (in total 31 affected and 29 unaffected
individuals) had previously been characterized as
Machado-Joseph disease and linked to chromo-
some 14q. For a sixth family (eight affected, eight
unaffected individuals), linkage had been ex-
cluded to the MJD/SCA3 locus as well as to the
loci of SCA1, SCA2, SCA4, and SCA5 (unpub-
lished data).

Sources of Genomic DNA
Human genomic DNA was prepared from blood
samples using a standard phenol/chloroform ex-
traction procedure (10).

RED Analysis
All reactions were performed on a GeneAmp
PCR System 9600 (Perkin Elmer Cetus, Norwalk,
CT, U.S.A.), using the following conditions: Re-
actions (10 ,lI) containing 1 gg of genomic DNA,
50 ng of 5'-end phosphorylated (CTG)IO oligo-
nucleotide (Pharmacia Biotech, Uppsala, Swe-
den) and 10 U of Ampligase (Epicentre Technol-
ogies, Madison, WI, U.S.A.) with the supplied
Ampligase buffer were incubated at 94°C for 5
min. Thereafter, samples were taken through
396 cycles of 800C for 30 sec and 940C for 10 sec
(4).

Samples were heat denatured in 50% form-
amide for 5 min, before electrophoresis on a 6%
denaturing polyacrylamide/6 M urea gel. The gel
was subsequently transferred to 3MM filter pa-
per and DNA electrotransferred onto Hybond N+
membrane using 2 A for 40 min in 1 X TBE.
Following UV immobilization, membranes were
hybridized for 16 hr at 600C to a (CAG)IO oligo-
nucleotide, that had been 3'-end labeled (11)
using terminal deoxynucleotidyl transferase
(Amersham, Little Chalfont, United Kingdom)
and 32p dATP (NEG 012Z; NEN Du Medical,
Wilmington, DE, U.S.A.) to a specific activity of
2-9 x 109 cpm/,ug. Membranes were washed in

1 X SSC, 0.1% SDS for 2 hr at 60°C, and auto-
radiographed 1-3 days on NEN X-ray film using
an intensifying screen.

A ligation of three (CTG)IO oligonucleotides
resulting in a band at 90 bp, serving as a positive
control for the RED assay, was present in all
samples used for the calculations presented in
this paper. A 90-bp product most likely repre-
sents ligations at multiple short repeat loci in the
genome (6). Families segregating two CAG ex-
pansions of different size were analyzed both
with respect to highest molecular weight band
and to subsets of bands with increased intensity.
(see Fig. 4)

PCR Analysis
PCR conditions were as reported by Kawaguchi
and coworkers (5), using either the MJD70 (3'-
AACCCTCACTAGATCCATTC-5') + MJD52 (5'-
CCAGTGACTACTITTGATTCG-3') or MJD25 (3'-
AAGTGTAGGTACACTTTCCGGT- 5') + MJD 52
primer combinations. PCR products were sepa-
rated either on an agarose gel or heat denatured
in 50% formamide for 5 min, before separation
on a 6% denaturing polyacrylamide/6 M urea
gel. DNA from the polyacrylamide gel was trans-
ferred by capillary blotting onto Hybond N+
membranes for 2 hr. Following UV immobiliza-
tion, the membranes were hybridized to a
(CAG)Io oligonucleotide as described above, and
autoradiographed for 0.5-12 hr.

Statistical Analysis
Initially, RED products of 210 or 240 bp were
defined as the disease allele. We subsequently
analyzed RED products of 180-270 bp defined as
the disease allele. The probability of cosegrega-
tion between phenotype and disease allele was
calculated using chi-square analysis or Fisher's
exact test. Spearman's correlation coefficient was
used to correlate PCR and RED product sizes.

RESULTS
Analysis by PCR across the CAG repeat in the
MJD/SCA3 gene from affected individuals (n =
31) showed expansions of 66-80 repeat copies
in all except two cases (Table 1). In addition, PCR
products in the disease allele size range was seen
in six asymptomatic individuals (A in Fig. 2). In
two individuals (C and D in Fig. 2) initially
scored as being affected, no expanded alleles
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TABLE 1. Distribution of elongated CAG allele
sizes in 44 MJD/SCA3 family members

Repeat Copy Number Number of Individuals

64 1a
65
66 2
67 1
68 8

69 3
70 1
71 5

72 3
73 1
74 5

75 5
76 4

77
78
79 1

80 4

aNot clinically affected at age 45.

were detected. One of these individuals (C in
Fig. 2) had two distinct alleles in the normal size
range. When reevaluated, this individual was

found to be unaffected. The other individual
showed only one PCR product in the normal
range, but no expansion could be detected.

Analysis by RED showed ligation products of
180-270 bp that segregated with the disease
phenotype in all affected cases (n = 31) except
one (Figs. 1 and 2). This individual (C in Fig. 2)
was found to be unaffected when reevaluated, as

mentioned above. Using the definition that any

RED product of 210/240 bp correspond to a

MJD/SCA3 allele, the probability of linkage be-
tween disease allele and phenotype as initially
determined, was p < 0.0000 1 (n = 60). With the
RED interval extended to 180-270 bp, an equal
significance of p < 0.00001 was observed.

Most RED analysis resulted in relatively even
intensity of the RED products. In two families
(Fig. 2, Family V, and Fig. 3) a longer as well as

a shorter RED product was observed in certain
individuals (Fig. 4). In these cases, different alle-
les were identified by analyzing differences in
band intensity of the RED products within one

given lane on a gel (Fig. 4), as well as by obser-
vation of independent segregation of the differ-
ent band intensities (Fig. 2, Family V, and Fig. 3).
In such samples bands at 210 bp and below were
distinctly more intense than bands above 210 bp,
most likely representing superimposition of
products from two alleles of 210 and 420 bp
respectively. In both families the 210-bp allele
segregated with disease whereas the 420-bp al-
lele was completely unrelated to disease.

Nine asymptomatic individuals (A and B in
Fig. 2) showed RED products of 180-270 bp. Six
of these nine displayed an expanded repeat also
when analyzed with PCR and are thus individu-
als at risk of developing MJD/SCA3 (A in Fig. 2).
The remaining three (B in Fig. 2) had normal size
alleles at the MJD/SCA3 locus. The RED products
seen in these individuals would thus represent
expansions at other loci, possibly related to a
different phenotype. RED product sizes corre-
lated well with the actual repeat sizes (p < 0.001),
preferentially giving a representation somewhat
shorter than the actual repeat size as determined
by PCR. For example the 210-bp RED products
were caused by repeat sizes ranging between 66
and 76 repeat copies (198-228 bp). However,
one individual (E in Fig. 2) that had a PCR ex-
pansion of 80 repeat copies showed a 270-bp
RED product. One asymptomatic male of 45
years (F in Fig. 2) had a RED product of 180 bp
and a PCR product of 64 repeat copies, well
above the normal range of 13-36 copies (5,9).

Analysis of an SCA family where linkage had
previously been excluded for the loci of MJD/
SCA3 and SCAl, 2, 4, and 5, identified a 210-bp
RED product that segregated with the phenotype
(p < 0.01, n = 16) (Fig. 3). All affected individ-
uals showed 210-bp RED products. The size, se-
quence, and banding pattern of these novel RED
products were identical to those of most MJD/
SCA3 patients analyzed. The MJD/SCA3 locus
was therefore investigated further despite the
previous exclusion by linkage. We subsequently
identified a repeat expansion in the MJD/SCA3
gene by PCR confirming a diagnosis of Machado-
Joseph disease. In this family, three unaffected
individuals showed 210-bp RED products. Of
these, one showed an expansion also by PCR and
is at risk of acquiring the disease later. Two af-
fected individuals showed a RED product above
270 bp, together with the 210-bp RED product
(Fig. 4) analogous to Family V (Fig. 2). This
longer RED allele segregated independent of the
disease phenotype.
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DISCUSSION
Several neurological disorders have been ex-
plained at the molecular level by expanding CAG
repeat sequences (12), including Machado-Jo-
seph disease (5). In six MJD/SCA3 families ana-
lyzed here, the size range of expansions was
66-80 repeat copies (198-240 bp) as deter-
mined by PCR (Table 1), extending the initially
reported pathological size range (68-79) (5). Ac-
cordingly, a pathological size range of 62-84
copies has been reported (9). A case of particular
note is Individual F in Fig. 2. This individual is
clinically unaffected at age 45 and carries an
allele of 64 copies, which is well beyond any
normal size allele we have observed. In all like-
lihood, the expanded allele of Individual F was
transmitted from his affected father where it un-
derwent a five-copy reduction. It is quite possible
that Individual F will develop symptoms later in
life, thereby extending the lower end of the
pathological expansion size range in our MJD/
SCA3 study. If not, it would be the longest poly-
glutamine tract reported to date without con-
comitant neurological disease. As in other
trinucleotide associated disorders, MJD/SCA3
displays anticipation coupled to an increase in
repeat expansion size within families. We ob-
served several such changes (Fig. 2) represented
by increases in size of both RED and PCR prod-
ucts in later generations.

Despite the fact that the expanded repeat
sequence is relatively short in MJD/SCA3, we
observed a PCR amplification bias towards the
shorter allele in many samples. Initially, some
expansions were not clearly seen, but deduced
by the presence of only one short allele, where
the parental genotype was incompatible with ho-
mozygozity. This was resolved by blotting the
PCR products to a membrane and subsequent
hybridization with an internal repeat oligonucle-
otide that had been 3'-end-labeled to enhance
the specific activity. In this context, we observed
an affected individual (D in Fig. 2) who showed
only one normal size PCR product and had a
180-bp RED product. We have not been able to
determine if this individual is a homozygote or if
a longer PCR allele fails to amplify. Since this
individual is affected and has a RED product in
the pathological range, it may be that RED anal-
ysis in this case is more robust than PCR. Alter-
natively, this individual is in fact homozygous for
the normal size allele, with the expanded RED
product originating from a different locus and
consequently a misdiagnosis.

The RED method produced expansion sizes
of 180-270 bp that segregated with the disease
and were close to the respective repeat sizes as
determined by PCR, demonstrating that RED is a
reliable method for detection of repeat expan-
sions. Approximately 29% of the normal popu-
lation show short CAG expansions with no ap-
parent phenotype (8), and consequently some
individuals will show RED products unrelated to
disease, but within the disease expansion size
range (B in Figs. 2 and 3). Nevertheless, RED
products relating to a phenotype can often be
identified by examining the segregation of a RED
product of a given size within a family (exempli-
fied in Fig. 2, Family V, and Fig. 3).

In some cases we have assigned individuals
two RED product sizes in the present paper. This
was based on the observation of two differently
sized, independently segregating RED products
within a family. To identify individuals where
both alleles are present requires careful analysis.
Yet, if RED product size and band intensity are
measured, the two expanded alleles can be sep-
arated. It is thus frequently possible to detect a
shorter expansion in the presence of a long ex-
pansion, by analyzing the increase in intensity of
a subset of bands produced by superimposition of
two repeat alleles within one lane. For future
diagnostic purposes, this type of analysis may be
substituted by a modified RED protocol, which
we are currently developing. In this modifica-
tion, a different size oligonucleotide complemen-
tary to a sequence adjacent to a given repeat
locus is used in combination with the repeat
oligonucleotide, producing a second RED prod-
uct that appears in close proximity to each of the
repeat-based RED products. Any ladder not con-
taining these double bands would thus represent
another locus.

The fact that RED is not limited to one locus
per analysis is a great advantage. As shown in
this paper, it can be used to identify and link
expansions to disease in families where the gene
or its locus are unknown. This may be particu-
larly useful in the search for genes involved in
adult-onset neurodegenerative disorders. Due to
the adult onset, individuals in these families may
be carrying the mutant allele without expressing
the disease, as exemplified by individuals labeled
A in Figs. 2 and 3. Alternatively phenocopies
may be seen, as exemplified by Individual C (Fig.
2) who was first considered affected, but then
reevaluated as unaffected after genetic analysis.
In both instances linkage analysis may fail. RED
offers an additional advantage as it detects the
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FIG. 2. Pedigrees from five MJD/SCA3 disease families showing repeat sizes determined by RED
and PCR
RED product sizes (bp) are indicated in bold characters (upper numbers), whereas repeat copy number of expan-
sions detected by PCR are indicated below in italics. Two PCR alleles in the normal range are designated N,
whereas cases with only one detectable size are designated n, ? Individuals marked A are clinically asymptomatic
but show RED and PCR expansions. Individuals marked B show RED products in the MJD/SCA3 range, but are
asymptomatic and lack detectable PCR expansions. Individual C was first judged to be affected, but did not show
either PCR or RED expansions. She was therefore reevaluated and found to be unaffected. Individual D is affected
and has a RED expansion but shows only one short PCR product and no expansion. Individual E has the longest
repeat size of 80 copies and also the longest RED product of 270 bp. Individual F is clinically unaffected at the age
of 45, with a repeat size of 64 copies.

actual disease-causing mutation (the repeat ex-
pansion), thereby excluding recombination be-
tween the genetic marker and the mutation. Al-
though this does not eliminate the need for
cosegregation analysis and the influence of in-
correct phenotyping, it reduces the statistical
model to a simple chi-square analysis or Fisher's
test, thereby increasing power of detection. This
is illustrated by the detection and linkage of
MJD/SCA3 expansions in the present paper, de-
spite the presence of individuals at risk (A in Figs.
2 and 3) as well as one individual (C in Fig. 2)
where the phenotyping was incorrect. The most
interesting example is present in the sixth family,
which had previously been excluded from the
MJD/SCA3 locus by linkage analysis using sim-
ple sequence length polymorphisms. This exclu-

sion was mainly due to phenotyping errors in
two individuals. Using RED the correlation be-
tween the expansions and phenotype was
strongly significant leading to a correct diagnosis
of this family. A strong hint that this family was
affected with MJD/SCA3 was the similarity in
RED product size and band pattern to those seen
in individuals diagnosed with MJD/SCA3.

Because RED is a genome-wide screening
method, it represents a shortcut in identifying a
subtype of mutations compared to linkage and
positional cloning. It thus permits identification
of a pathological repeat expansion in a geneti-
cally uncharacterized disease, without any
knowledge of the chromosomal localization of
the mutation or candidate disease genes. The
RED method should be particularly useful in the

210 210 210 210 120 210
74 76 69 72 N 75

A

420/210 210 330 120 210 300/210 390 420 210 210
75 76 N N 76 80 N N N N

B B
FIG. 3. Pedigree from an uncharacterized spinocerebellar ataxia family where cosegregation of a RED
product and disease lead to the diagnosis of Machado-Joseph disease
RED product sizes (bp) are indicated in bold characters above and repeat copy number of expansions detected by
PCR are indicated below in italics. Two PCR alleles in the normal range are designated N. Individual A is clinically
unaffected but show both RED and PCR expansions. Individuals marked B show RED products in the MJD/SCA3
range, but are unaffected and lack PCR expansions. Individuals have been scrambled and marked as unisex to
prevent identification.
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FIG. 4. Autoradiograph showing the detection
of two different RED products in siblings of a
MJD/SCA3 family
In the unaffected individual in Lane 3 a ladder of
RED products of even intensity can be seen, indicat-
ing that this represents a single expansion. In the
affected individual in Lane 1, an increased intensity
of the 210-bp band compared with the longer prod-
ucts in the ladder is seen. This individual is therefore
scored as having both a 210-bp RED product (segre-
gating with MJD/SCA3) and a 420-bp product (with
no apparent phenotype). The two alleles most likely
represent independent loci in the genome. The low-
est band in each lane represents 90 bp and each ad-
ditional band represents an additional 30 bp. Stars
denote affected individuals. Pedigree information
was excluded to prevent identification.

study of dominant inherited disorders displaying
anticipation, particularly those with a neurolog-
ical phenotype.
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