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this ratio increases. In a degenerate
primer pair, the degeneracy of the up-
stream and downstream primer are of-
ten different from each other (1,3.4). In
this situation, a concentration ratio for a
degenerate primer pair of 1:1 does not
result in an effective concentration ratio
of 1:1, since the effective concentration
of the primer with the higher degenera-
cy is lower. In this case, increasing the
total concentration of the more degener-
ate primer with respect to the less de-
generate primer will reduce the unbal-
ance in their effective concentrations
and increase the specificity and sensitiv-
ity of the degenerate primer reaction.

Although relative levels of degenera-
cy between two members of a degener-
ate primer pair provide useful informa-
tion for optimizing the concentration
ratio of the primer pair, our results sug-
gest that there is not a linear relationship
between relative degeneracy and opti-
mal primer pair ratios. One reason may
be that degeneracy is not the only factor
that influences the ratio of the effective
concentration to total concentration of a
degenerate primer. The complexity of
the template DNA (i.e., how many dif-
ferent targets are present in the template
mixture) may also affect the optimiza-
tion of primer ratios used in degenerate
PCR. If the template mixture contains a
greater number of members of a gene
family, then it can be amplified by 2
greater number of primer species in the
degenerate primer mixture, resulting in
an increase in the effective concentra-
tion. The result is that the ratio of the ef-
fective concentration to total concentra-
tion of a degenerate primer may change
from sample to sample.

Mismatches between template and
primer that generally occur in degener-
ate PCR will also influence the effec-
tive primer concentration (5). We have
observed that when using degenerate
primers in a reaction, multiple gene
fragments are amplified that are identi-
cal in sequence except in the primer re-
gion, indicating that primers with a lim-
ited mismatch to the cDNA sequence
can prime the same cDNA sequence.
These results confirm that mismatches
are a common occurrence when using
degenerate primers for PCR amplifica-
tion. By providing several different
primer sequences that can effectively
amplify a particular template sequence,
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mismatches actually increase the effec-
tive concentration of the degenerate
primer. However, it is not possible to
calculate the magnitude of their influ-
ences; therefore, determination of the
optimal concentration ratio for a degen-
erate primer pair must be achieved em-
pirically, using relative primer degener-
acy as a guideline for optimization.
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Trinucleotide repeat expansions
(TREs) have been associated with sev-
eral genetic neurological and neuromus-
cular disorders including Huntington
disease, Fragile X syndrome, myotonic
dystrophy, and Friedreich ataxia (1,
11,12). Among trinucleotide repeats,
the expansion of CAG/CTG has been
studied most extensively because the
expansion of this repeat is found to be
associated very frequently in neurologi-
cal and neuromuscular disorders.

Repeat expansion detection (RED)
has been used widely to identify and lo-
cate TREs in the human genome. The
RED technique was introduced by
Schalling et al. (8) and modified by oth-
er investigators (5,13,14). This method
allows the detection of expanded re-
peats without prior knowledge of the lo-
cation of the repeats or the flanking se-
quences. In a RED reaction, adjacent
phosphorylated short oligonucleotides
that anneal to TREs containing genomic
DNA template are ligated with a ther-
mostable DNA ligase (Ampligase®;
Epicentre, Madison, WI, USA). These
ligated oligonucleotides are then elec-
trophoresed on a gel, transferred to ny-
lon membrane, and visualized by hy-
bridization with a radiolabeled probe.
The details of the published protocol are
as follows. Phosphorylation of oligonu-
cleotides is carried out using ATP in the
presence of T4 polynucleotide kinase.
The ligation reactions are performed in
400-500 cycles of 20 s ligation at
65°C-75°C, according to the length of
oligonucleotides used, and 10 s denatur-
ing at 95°C. This ligation reaction is lin-
ear compared to an exponential PCR. In
each cycle of the ligation reaction, only
one copy of the ligated oligonucleotides
is produced; thus, the RED product
yield is very low. Therefore, compared
to PCR-based methods, a large amount
of starting genomic DNA template is re-
quired in a RED analysis. Published
protocols suggest the use of 1-10 ug
genomic DNA (2,3,8,10,14). After
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performing the ligation reaction, the
product is electrophoresed on a denatur-
ing 6% polyacrylamide (19:1 acryla-
mide bis-acrylamide), transferred onto a
nylon membrane by capillary action,
and hybridized with radiolabeled' re-
peat-oligonucleotide that is comple-
mentary to the oligonucleotide used in
ligation reaction. The membrane is then
exposed to X-ray film. _

One of the main limitations of the
RED method has been the need for
large quantities of genomic DNA for
each analysis. The amount of available
patient specimen is a limiting factor for
several research areas, including cancer
genetics. For example, most tissue sam-
ples obtained from cancer patients are
small and yield very small quantities of
DNA, which in turn limits their use for
research. To increase the efficiency of
the RED method (by using smaller
quantities of DNA), we have modified
the protocol as described below. For
optimization, we have used the human
leukemia cell line, HL-60 (ATCC,
Manassas, VA, USA) as the source for
DNA template. In a previous screen us-
ing the RED method, we have shown
that HL-60 carries a relatively large
CAG repeat (approximately 80 CAGs)
compared to other cell lines.

The following changes were made to
the traditional protocol: (i) before the
ligation reaction, the oligonucleotides
are phosphorylated using ¥-32P ATP, (ii)
the gel transfer and hybridization steps
are eliminated, and (i) the amount of
genomic DNA required is reduced to a
great extent. The labeling reaction is car-
ried out in a 20-uL total volume contain-
ing 0.125 pM (CTG)g oligonucleotide,
purified by PAGE (Invitrogen Canada,
Burlington, Ontario, Canada), 15 pCi -
32p ATP, 3000 Ci/mmol (Perkin Elmer
Life Sciences, Boston, MA, USA),
0.175 uM ATP, 1x T4 polynucleotide ki-
nase buffer and 10 U T4 polynucleotide
kinase (Invitrogen Canada). The mixture
is incubated at 37°C for 30 min, and the
reaction is then stopped by heating to
65°C for 5 min. The labeled oligonu-
cleotides can be used immediately or
stored at -20°C for future use. The liga-
tion reaction is carried out in a 20-uL to-
tal volume containing 0.1-0.5 pg ge-
nomic DNA template, 5 pL labeling
mixture, 1x ligase buffer, and 15 U
Ampligase. The reaction is performed in
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a PTC-100™ thermal cycler (MJ Re-
search, Waltham, MA, USA) by apply-
ing an initial denaturation for 5 min at
95°C, 500 cycles of ligation at 65°C for
30 s, and denaturing at 95°C for 10 s.
Ligation products are mixed with a 1:1
ratio of loading buffer containing 98%
formamide, 10 mM EDTA, 0.05% bro-
mophenol blue, and 0.05% xylene
cyanol. A 10-uL aliquot from each liga-
tion reaction is run on a 6% denaturing
polyacrylamide gel (1 mm thick) at 500
V for 2 h. The gel is dried and exposed
to X-ray film for 12-24 h.

The amount of oligonucleotide used
in the labeling reaction has a significant
influence on the efficiency of the liga-
tion reaction. The use of a large amount
of oligonucleotide would reduce the to-
tal labeling efficiency, resulting in ex-
cess unlabeled oligonucleotide in the
labeling reaction. During the ligation
reaction, unlabeled oligonucleotides
compete with labeled oligonucleotides
in binding to the genomic DNA tem-
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Figure 1. Titration of oligonucleotide concen-
tration in the labeling reaction. The labeling
reactions were carried out using different
oligonucleotide concentrations ranging from
0.025 to 1.0 uM. A 10-uL aliguot of the reaction
was loaded in each lane,

plate. An excess of unlabeled oligonu-
cleotides will influence the production
of ligation products, specifically those
made using the low copy number ex-
panded repeats as a template. Titration
of different concentrations of (CTG)g
oligonucleotide has demonstrated that
the efficient ligation for large repeats
can be performed using oligonucleotide
concentrations between 0.025 and 0.5
UM in the labeling reaction (Figure 1).
As seen in Figure 1, there is an inverse
relationship between the oligonu-
cleotide concentration used in the la-
beling reaction and the quality of the
ligation products obtained. The ligation
products were successfully detected at
an oligonucleotide concentration of
0.025 uM, whereas they are almost un-
detectable at 1.0 uM.

This modification has also shortened
the protocol to a great extent. The intro-
duction of labeled oligonucleotides into
the ligation reaction has eliminated the
need for two cumbersome steps. These
steps involve the transfer of the ligation
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Figure 2. RED analysis using varying amounts
of genomic DNA as a template. RED results
were obtained using 500 ng genomic DNA from
different cell lines with different CAG repeat
lengths: Tera-2-(CTG)gy, T47TD-(CTG)3p, and
HL60-(CTG)g (left panel). Genomic DNA from
HL-60 cell line was used to determine the sensi-
tivity of the RED method in terms of DNA con-
centration. The ligation reaction was carried out
in a 20-pL volume (as described in the text) using
various amounts of starting genomic DNA rang-
ing from 50 ng to 1 pg (right panel).
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products on the gels to nylon mem-
branes and hybridization of the nylon
membranes using radiolabeled probes.
The elimination of these steps in the
modified method successfully reduced
the labor and the time involved in per-
forming the traditional RED analysis.
A significant advantage of the modi-
fied RED analysis is that it allows the
use of a small amount of genomic DNA
as a starting material compared to the
traditional method. In fact, the necessi-
ty for large amounts of genomic DNA
may have been one of the reasons for
the limited application of this technique
in diseases other than neurological dis-
orders. In this study, we have shown
that the modified RED method can be
used to detect genomic repeat expan-
sions using as little as 50-100 ng ge-
nomic DNA (Figure 2). This is compa-
rable to the amount of genomic DNA
used in standard PCR. As seen in Fig-
ure 2, the modified RED method was
able to detect sufficiently an intense lig-
ation signal using 200 ng genomic
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DNA. The signal was also visible at
lower concentrations (50 and 100 ng),
although it was not as intense.

The number of neurological diseases
associated with TREs has been increas-
ing extensively. The RED method con-
stitutes a powerful tool to identify other
diseases in addition to neurological and
neuromuscular disorders, caused by the
same mechanism. The application of
this method is not restricted to the study
of trinucleotide repeats only. Several
other diseases have also been reported
to be associated with the expansion of
other repeat motifs, including tetranu-
cleotides, pentanucleotides, hexanu-
cleotids, and even dodecanucleotides
(4,6,7,9). The modified RED method
described here allows a rapid and sensi-
tive screening for TREs that can be effi-
ciently applied to various diseases in
studies where limited amounts of pa-
tient genomic DNA are available.
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