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Preface

The rapid identification and characterization of genes of neurological relevance
holds great potential for offering insight into the diagnosis, management, and under-
standing of the pathophysiologic mechanisms of neurological diseases. This volume
in the Methods in Molecular Biology™ series was conceived to highlight many of the
contemporary methodological approaches utilized for the characterization of neuro-
logically relevant gene mutations and their protein products. Although an emphasis
has been placed upon descriptions of methodologies with a defined clinical utility, it
is hoped that Neurogenetics: Methods and Protocols will appeal not only to clinical
laboratory diagnosticians, but also to clinicians, and to biomedical researchers with an
interest in advances in disease diagnosis and the functional consequences of neuro-
logically relevant gene mutations.

To meet this challenge, more than 60 authors graciously accepted my invitation
to contribute to the 32 chapters of this book. Through their collective commitment
and diligence, what has emerged is a comprehensive and timely treatise that covers
many methodological aspects of mutation detection and screening, including discus-
sions on quantitative PCR, trinucleotide repeat detection, sequence-based mutation
detection, molecular detection of imprinted genes, fluorescence in situ hybridization
(FISH), in vitro protein expression systems, and studies of protein expression and
function. I would like to take this opportunity to formally thank my colleagues for
their effort and dedication to this work.

This book would not have been possible without the guidance and wisdom of the
Series Editor, Professor John M. Walker, whose intimate knowledge of the nuances of
the editorial process made my job somewhat less intimidating. I would also like to
thank Thomas Lanigan, President of Humana Press, who enthusiastically embraced
the book concept and my original prospectus from the very beginning, and Craig Adams,
also at Humana Press, for transforming the individual chapters into their final form.

Nicholas T. Potter
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1

Determination of Gene Dosage
Utilization of Endogenous and Exogenous Internal Standards

Thomas W. Prior

1. Introduction

There are currently several screening methods for the detection of point mutations,
such as single-stranded conformation polymorphism, heteroduplex analysis, denatur-
ing gradient gel electrophoresis, and chemical cleavage. These are powerful tools for
the identification of small sequence changes, but fail to detect heterozygous deletions
or duplications of exons, genes or chromosomes. There are many genetic disorders
where the primary defect is either owing to allelic deletions (Duchenne muscular dys-
trophy, spinal muscular atrophy, alpha thalassemia, growth hormone deficiency, famil-
ial hypercholesterolemia, and so on) or duplications (Charcot-Marie-Tooth, Klinefelter
syndrome, Down syndrome, and so on). Furthermore, for the determination of the car-
rier state, for disorders such as Duchenne muscular dystrophy and spinal muscular
atrophy, the accurate determination of heterozygous deletions is essential. This chapter
will describe two methods for the determination of gene dosage, using Duchenne mus-
cular dystrophy and spinal muscular atrophy as examples.

1.1. Duchenne Muscular Dystrophy Dosage Testing
Utilization of an Endogenous Internal Standard

Duchenne muscular dystrophy is an X-linked neuromuscular disease characterized
by progressive muscular weakness and degeneration of skeletal muscle. Approximately
60% of the DMD and BMD patients have deletions of the dystrophin gene (1-3). Origi-
nally, in order to identify female carriers in Duchenne muscular dystrophy, one per-
formed gene dosage using quantitative Southern blot analysis, whereby one determines
whether the female at risk exhibits no reduction (noncarrier status) or 50% reduction
(carrier status) in hybridization intensity in those bands that are deleted in the affected
male (4,5). The dosage determinations permit direct carrier analysis and eliminates the
inherent problems of the restriction fragment length polymorphism (RFLP) technique
(recombinations, noninformative meioses, unavailability of family members, and spo-
radic mutations). To further increase the accuracy of the dosage analysis, the autorad-
iographic bands can be scanned with a densitometer (6).

Although dosage analysis has significantly improved carrier studies, particularly in
the isolated cases of the disease, there are technical limitations. Dosage analysis of
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Southern blots requires optimal conditions; very good quality blots are necessary, with
even transfer and hybridization, and low background. In order to obtain this high qual-
ity we have found that approx 20% of the Southerns have to be repeated, resulting in
increased time and labor. Rather than directly comparing single bands, band ratios are
calculated as a means of decreasing the error caused by differences in the amount of
DNA in each lane. The normal control ratio is established by comparing a band lacking
against a band present in the patient (which serves as an internal control) in an unaf-
fected female. When this ratio in a female (at risk) is approx half the control ratio, this
indicates that she has a single copy of the band deleted in the patient and therefore is a
carrier. Depending on the extent of the deletion, the restriction fragments involved in
the deletion, and the specific cDNA probe that identifies the deletion, one may be
extremely limited as to what bands are used in the control ratio. We have found that
bands greater than 10 kb and less than 0.5 kb typically result in weaker intensities and
are not always adequate for scanning purposes. Mao et al. stated that for deletions in
the center of the gene (cDNA 8 hybridizations), they prefer to make a statement of the
carrier status only if at least one of the strong hybridizing fragments (7, 3.8, 3.7, or
3.1 kb) is deleted in the patient (7). Furthermore the difference between one or two
copies is relatively easy to detect but differences between two and three copies, or
sometimes three or four copies, in the case of a duplication or comigrating bands can
be very difficult. Lastly, due to the extent of a deletion in an affected individual, no
hybridizing bands may be detected with a cDNA probe and comparison of hybridiza-
tion bands within a lane is not possible in these cases.

The determination of carrier status has significantly improved by using the poly-
merase chain reaction (PCR). Since the extension product of each primer serves as a
template for the other primer, each cycle essentially doubles the amount of the DNA
product produced in the previous PCR cycle. This results in the exponential accumula-
tion of the specific fragment, up to several millionfold in a few hours. However, to
obtain quantitative results, the PCR products must be estimated during the exponential
phase of the amplification process, because it is during the exponential phase where the
amount of amplified products is proportional to the abundance of starting DNA (8).
This occurs when the primers, nucleotides, and Taq polymerase are in a large excess
over that of the template concentration. In our experience, after the completion of an
adequate number of cycles (25—-30) to visualize the PCR products on an ethidium-
bromide-stained gel, the PCR reaction is no longer in the exponential quantitative range.
Therefore the gene dosage-PCR is accomplished by amplifying the genomic DNA at
lower cycle numbers (before visualization by ethidium bromide), running the products
out on an agarose gel, Southern transferring the products, and hybridizing the amplicons
with a radiolabeled probe. We have found that linearity is well-maintained within
10-15 cycles and hybridization band intensity is still strong (9).

A case study using quantitative PCR is shown in Fig. 1. A DMD patient was found
to have a molecular deletion for exons 8—19. This was an isolated case of the disease
and the mother and two daughters were tested for carrier status. Therefore exons 19
and 50 in the mother, daughters, proband, and a normal female control were amplified
for 12 cycles, hybridized with the corresponding cDNA probes, and the autoradiogram
is shown in Fig. 1. Exon 50 serves as an endogenous internal control, because this is an
exon that is not deleted in the patient. The endogenous internal standard is coamplified
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Fig. 1. Duchenne muscular dystrophy carrier determination by gene dosage using an endog-
enous internal standard. The affected son is deleted for exon 19. Exon 50 is the endogenous
internal standard, since the affected son is not deleted for this exon. The mother (I-1) and
daughter (II-1) show a 50% reduction in the exon 19/50 ratio compared to the C (noncarrier
female control). Daughter II-2 is a noncarrier since her exon 19/50 is equivalent to C.

with the target of interest (deleted exon) and serves as a control for several factors:
differences in initial template concentrations between different samples, sample-
to-sample variations in the PCR, the extent of any DNA degradation, and differences
in the amounts of amplicon loaded onto the gel. Thus, rather than directly comparing
single bands, band ratios are calculated. The 19/50 exon ratios in the mother and daugh-
ter (II-1) were approx half the normal control ratio, and the ratio in daughter (II-2) was
the same as the control. The ratios were confirmed by densitometer. Therefore, the
mother, daughter (II-1) are carriers and daughter (II-2) is a noncarrier of the exon 19.
Dosage determinations permit direct carrier analysis and eliminates the inherent prob-
lems of the RFLP technique (recombinations, noninformative meioses, unavailability
of family members, and spontaneous mutations). This is important since unlike the
affected males, the heterozygous females are generally asymptomatic and creatine
kinase (CK) is only elevated in approx 50—60% of known carriers (10).

1.2. Spinal Muscular Atrophy Dosage Testing:
Utilization of an Exogenous Internal Standard

Spinal muscular atrophy (SMA) is an autosomal recessive disorder characterized by
degeneration of the motor neurons in the spinal cord, resulting in symmetrical limb and
trunk paralysis. With a prevalence of about 1 in 10,000 live births, and a carrier fre-
quency of approx 1 in 50, SMA is the second most common fatal autosomal recessive
disorder after cystic fibrosis. The survival motor neuron gene (SMN) has been shown
to be deleted in approx 95% of patients with SMA (11). Although direct diagnostics
have significantly improved by the identification of homozygous SMN gene deletions,
carrier detection for the determination of a single copy of the gene is a technical chal-
lenge. This is mainly due to the fact that the SMA region is characterized by the pres-
ence of many repeated elements. The SMN gene itself is present in two almost identical
copies, a telomeric (SMN1) and a centromeric copy (SMN2). The two genes differ in
exons by only two base pairs, one in exon 7 and one in exon 8, and it is SMNI1 that is
deleted in cases of SMA. Although the centromic and telomeric copies can be readily
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separated by a restriction enzyme digestion, using the centromeric copy as the internal
endogenous standard will not be accurate since it is not constant. In the normal popula-
tion we have observed the following: approx 10% are homozygously deleted, 40%
have one copy, and 50% have two copies of the SMN2 gene, respectively.

Dosage determination of the SMN copy number is performed by a competitive
PCR method using an exogenous in vitro synthesized DNA internal standard (12). In
the competitive PCR method, a known number of copies of a synthetic mutated inter-
nal standard is introduced with the patient sample into the PCR mixture. The major
advantage of this technique is that the internal standard is amplified with the same
primers that amplify the target sequence. Thus, the efficiency of the amplification of
the patient DNA and the internal standard DNA should be very similar and allow one
to accurately determine the gene copy number. The internal standard is synthesized
using the same forward specific primer. However, the reverse primer has now been
moved 50 bases upstream from the original reverse primer and is tagged at it 5' end
with the original reverse primer sequence (13). The resulting PCR product will thus
be identical to the original specific PCR product, but will lack 50 base pairs and thus
be distinguished from the endogenous sequence by size (Fig. 2A). The internal stan-
dard is quantitated by UV spectrophotometry, and diluted to an appropriate concen-
tration. The quantitative PCR dosage assay then consists of spiking a known amount
of the internal standard to the patient sample and amplifying the sample with the
original forward and reverse primers that are against common sequences (Fig. 2B).
One of the primers is 3?P-end-labeled. With this approach, two products will be gen-
erated: one derived from the patient and a second 50 bp smaller product from the
internal standard. The PCR products are then diluted in loading buffer, electrophore-
sed on a 6% denaturing gel, and autoradiography is performed.

Our dosage assay also uses an exon from the cystic fibrosis transmembrane regula-
tor (CFTR) as an internal standard (14). Thus, multiple ratios can be utilized for the
accurate determination of carrier status and, most importantly, changes in the SMN1
dosage as a result of fluctuations in the SMN2 copy number are avoided. Furthermore,
the use of two internal standards (SMN-IS and CFTR-IS) allows one to monitor the
efficiency of the PCR reaction and ensures that equal amounts of target DNA is added
to each tube. Similar quantitative PCR approaches have been used successfully to iden-
tify deletions in the insulin receptor gene (15), to detect duplications in Down syn-
drome patients (15), and to quantitate oncogene amplification (16).

Figure 3 shows several carriers and noncarriers identified using the competitive
PCR with the exogenous internal standards. As shown, although the SMN2 copies var-
ies from 0-2 copies, the dosage ratios are maintained. Furthermore, multiple ratios can
be used in determining carrier status and thereby improve the overall quality assurance
of the assay. Our present protocol utilizes the SMN1/CFTR ratio.

2. Materials
2.1. Genomic Isolation

1. Genomic DNA was extracted from leukocytes harvested from whole blood anticoagulated
with EDTA using a salting out procedure (17). DNA concentrations were determined using
a spectrophotometer, as well as by monitoring the intensity of ethidium bromide staining
on a test gel.
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Fig. 2. Schematic representation of gene dosage using an exogenous internal standard. The
internal standard is synthesized using primers a and bc (A). Forward primer a is a conventional
PCR primer. Primer bc is tagged at its 5' end with a 20 bp sequence which lies 50 bp down-
stream of sequence b. The genomic DNA and the internal standard are then coamplified using
primers a and ¢ (B). The coamplification results in two products , one derived from the genomic
DNA and a second product which is 50 bp smaller derived form the internal standard (C). As

shown the carrier has a ratio (lane 2), which is half the normal (lane 1).

2.2. Duchenne Muscular Dystrophy Dosage Testing

1. AmpliTaq DNA polymerase, 5 U/uL (Applied Biosystems, Foster City, CA, USA).
2. PCR buffer: 0.5 mmol of deoxynucleotide triphosphates, 3 mmol of MgCl,, 67 mmol
of Tris, pH 8.8, 16.6 mmol of ammonium sulfate, 6.7 mol of EDTA, 10 mmol of

2-mercaptoethanol per liter.
The DMD primer sequences have been previously described (18).
Southern blot transfer buffer: 0.5 M NaOH, 0.6 M NaCl.

Rl

5. Prehybridization buffer: 5X SSC (1X SSC = 0.15 M NacCl, 150 mM Na citrate), sodium
phosphate buffer (50 mM, pH 6.5), 5X Denhardt’s (1.0 g/L ficoll, 1.0 g/L polyvinylpyr-
rolidone, 1.0 g/L bovine serum albumin [BSA]), and containing 1 g of SDS and 250 mg of

yeast RNA per liter

2.3. SMA Dosage Testing
1. AmpliTaqg DNA polymerase, 5 U/uL (Applied Biosystems).
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Fig. 3. Spinal muscular atrophy carrier determination by gene dosage using an exogenous
internal standard. The SMIN1/CFTR ratios in SMA carriers (lanes 1, 3, and 4) are half the ratio
of the normal control (C). Lane 2 is a noncarrier. Lanes 1 and 4 have 1 SMN2 copies, whereas
C and lanes 2 and 3 have 2 SMN2 copies. As shown, the SMN1 /CFTR ratios are not changed
as a result of variable SMN2 copy number.

2. Generation of internal standards: The 50 L. PCR reaction contained 200 ng genomic
DNA, 3 mM MgCl,, 1X Taq DNA polymerase buffer, 200 uM each dNTP, 30 ng each
of F621F(5'-AGTCACCAAAGCAGTACAGC-3") and CFTR-IS(5'GGGCCTGTG
CAAGGAAGTGTTAAGCTATTCTCATCTGCATTCCA-3") primers, and 0.5 U DNA
polymerase. A 50 UL reaction, containing the same components to those in the CFTR
internal standard reaction, was used to generate the SMN internal standard except
that primers R111 (5'-AGACTATCAACTTAAATTTCTGATCA-3") and SMN-IS
(5-CCTTCCTTCTTTTGATTTTGTTTATAGCTATATAGACATAGATAGCTA-3")
were used.

3. Competitive PCR reaction mix:R111 and CF621F primers (15 ng each) are end-labeled
with 0.1 uL [gamma] ATP (10 pCi/uL;Amersham) and T4 DNA kinase (Gibco-BRL) at
37°C for 20 min. The 25 puL PCR reaction contained 200 ng genomic DNA, 3 mM
MgCl,, 1X Taq DNA polymerase buffer (USB), 200 uM each dNTP, end-labeled for-
ward primers 15 ng each of CF621R (5'-GGGCCTGTGCAAGGAAGTGTTA-3") and
X-7Dra (5'-CCTTCCTTCTTTTTGATTTTGTTT-3") reverse primers, 0.5 U Tag DNA
polymerase (USB) and 1 uL each of CFTR and SMN internal standards.

3. Methods
3.1. Duchenne Muscular Dystrophy Dosage Testing

1. Amplification was performed at 55°C as the annealing temperature, 72°C as the exten-
sion temperature, and 94°C as the denaturation temperature in a thermal cycler
(Ericomp, San Diego, CA, USA). For quantitative analysis the samples were subjected
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to 14-16 cycles. For visual deletion analysis, via ethidium-bromide-stained gel, ampli-
fication was carried out for 30 cycles. Optimal resolution was obtained by electrophores-
ing 20 UL of the 100-uL reaction mixtures through 25 g/L agarose gels.

2. The PCR products were transferred to a nylon membrane (Zetabind; CUNO, Inc., Meriden,
CT, USA) by Southern blotting with 0.5 mol/L NaOH, 0.6 mol/L NaCl. The filter was
prehybridized at 37°C in prehybridization buffer.

3. Hybridization was performed in the same solution at 37°C to which random primed cDNA
probe was added, complementary to the amplified DNA sequences.

4. The filter was washed first in a 5X SSC, followed by a second wash in 2X SSC, 0.5 %
SDS solution at 45°C for 15-30 min .

5. Autoradiography was performed for approx 18 h at —70°C. Multiple exposures of each
filter were made to ensure that quantitated films were in the linear range.

6. The degree of hybridization was assessed by using a CS-9000 scanning densitometer
(Shimadzu Corp., Kyoto, Japan). The area under the peak represents the intensity of each
hybridization band.

3.2. SMA Dosage Testing

1. The reaction conditions consisted of an initial denaturation at 95°C for 5 min, followed by
16 cycles of 95°C 1 min, 55°C 2 min, and 72°C 3 min.

2. The PCR product (8 uL) is digested with 20 U Dral (New England Biolabs) overnight at
37°C. The digestion serves to separate SMN1 from SMN?2 (19).

3. The digested samples are run on a 6% denaturing polyacrylamide gel and are quantitated
by autoradiography, The gel is exposed for 16—24 and 48—72 h at —70°C.

4. Densitometry of the bands was performed on a Shimadzu CS-9000.

3.3. Conclusions

In this chapter two methods were described that allow for the accurate determination
of gene dosage. Both methods are PCR-based, rapid, do not require major equipment
purchases, and thus can be performed in a diagnostic laboratory. Both examples, DMD
and SMA carrier determinations, are routinely performed in our diagnostic laboratory.
Both methods are based on amplifying not only the target of interest but also an internal
standard, which is then used in determining the dosage ratio. Dosage ratios are used as a
means of correcting any errors due to differences in initial template concentrations and
efficiencies of PCR. It is essential that the standard and the target have similar yields per
cycle. It has often been observed that when different-sized targets are simultaneously
amplified, the yield is often higher for smaller product. We have found that by keeping
the internal standard no more or less that 20% the size of the genomic target DNA of
interest, the efficiencies are usually quite similar. Furthermore, since PCR is so sensitive,
contamination with small amounts of carryover products can lead to inaccurate results.
All precautions should be used to eliminate any potential sources of contamination.

The first dosage application described was used for determining DMD carrier status.
The internal standard was an endogenous target (nondeleted exon) and the two were
co-amplified simultaneously and the dosage ratio was calculated. As long as one is
careful in choosing an internal standard that is not a member of a homologous gene
family or a repetitive DNA sequence, this is a straightforward technique and can often
be used for the determination of the heterozygous state. Due to the complexities of the
SMA gene, the more technically complex competitive PCR was used for the identifica-
tion of SMA carriers. This technique requires the synthesis of an exogenous internal
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standard, which is then added to the PCR reaction. Since the genomic DNA and the
internal standard utilize the same primers, efficiencies of amplification should be
equivalent, thus allowing for extremely sensitive dosage measurements. This technique
is not only applicable for complex gene loci, but is often utilized for reverse tran-
scriptase and polymerase chain reaction (RT-PCR), when one may be interested in
small differences of gene expression (19).

4. Notes

4.1.

1.

4.2.

Duchenne Muscular Dystrophy Dosage Testing

The determination of gene dosage via the polymerase chain reaction and using an endog-
enous internal standard has several advantages. The amplification of only two specific
exons reduces the background problems that are often present on Southern blots. We have
not repeated any of the hybridizations due to high background or unresolvable autoradio-
graphic bands, unlike our experience with the Southern analysis. Furthermore this assay
requires less DNA, can be performed more rapidly than Southern analysis, and is both
cost- and labor-effective.

In order to reliably quantitate the amount of DNA, the range of concentrations of template
and the number of amplification cycles must be determined such that they stay within the
exponential phase of the PCR. It is critical that samples are assayed within the exponential
phase of the PCR reaction, before the plateau phase when the amplification efficiency
begins to decrease and the relative concentration of amplicons begin to vary. Therefore, it
is necessary to define the range of concentrations that give an exponential amplification
over a defined range of cycle numbers. The simplest way to establish the exponential
range is to remove small aliquots from a trial PCR reaction every few cycles during ampli-
fication, measure the band intensity (using a densitometer) and determine the product
linearity over several cycles. We have found the conditions are relatively liberal, for the
PCR reaction can be accurately quantitated over a range of cycle numbers and starting
DNA template concentrations.

. Itis important to choose an internal endogenous standard that amplifies equivalently with

the target of interest. Ideally the normal dosage control ratio should be approx 1 and the
heterozygous state should have a ratio of about 0.5. Occasionally we have found exons
that do not amplify well together and as a result the control ratios are much greater or less
than one. Distinguishing a 50% reduction in these situations can be more difficult, and
therefore we recommend using targets that possess similar PCR efficiencies during the
linear range. The internal standard should be different enough in size to be easily resolved
from the PCR product of interest, but close enough in size so that there are not major
differences in transfer efficiency.

An alternative approach to transfer and hybridization is to use PCR primers, end-labeled
with polynucleotide kinase. The products are then quantified by direct autoradiography of
the gel (20). In our experience this procedure results in higher background due to nonspe-
cific labeling. In our protocol the specificity of the PCR products is guaranteed by specific
hybridization, which reduces the level of background bands.

SMA Dosage Testing

Optimization of the assay requires determining the exact amount of internal standard to be
added to the patient’s sample. An internal standard titration over several concentrations
allows one to establish the range. A standard concentration curve of the internal control
can be produced by amplifying serial dilutions of the spiked internal standard with a con-
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stant amount of target DNA. The goal is to have the normal control ratio approx one,
which will allow unequivocal detection of deletions in carriers who demonstrate ratios of
approx 0.5.

The described competitive PCR assay has demonstrated high precision between different
gel runs (14). Furthermore, by preparing a sufficient quantity of the internal standard and
storing it frozen, it can be used over multiple runs, which will further minimize interassay
variability. It is critical that the dosage ratios be maintained, when the SMN2 copy num-
ber changes. We have found, that by using 16 cycles, the SMN1 copy number is unaf-
fected by changes in the SMN2 copy number. Furthermore, the use of 16 cycles not only
allows one to quantitate in the linear range of the PCR, but reduces the formation of
heterduplexes (between SMN1 and SMN2), which may occur at higher cycle number and
contribute to assay imprecision.

. It is imperative that carrier and noncarrier controls with varying SMN2 copy number be

included on every assay run. It is also important to control for the amount of input genomic
DNA. We have observed a small degree of variability in the amplification efficiency of
SMN-IS when comparing DNA samples extracted by different methods. Therefore, we
recommend the use of normal, carrier, and affected controls prepared by the same extrac-
tion method as is used for the samples being tested.

Autoradiography is an effective and accurate method for the quantitation of PCR
amplicons, but standard precautions such as monitoring the exposure times and preflashing
the film should be taken in order to ensure the linearity of film response.
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Semiquantitative PCR for the Detection
of Exon Rearrangements in the Parkin Gene

Christoph B. Liicking and Alexis Brice

1. Introduction
1.1. Frequency and Type of Parkin Mutations

Mutations in the parkin gene have been shown to be responsible for a substantial
number of cases of autosomal recessive early onset parkinsonism (AR-JP, PARK2,
OMIM 602544) worldwide (I-4). The gene on chromosome 6q25.2-27 consists of
12 coding exons with an open reading frame of 1395 bp. The gene is estimated to cover
>1.5 Mb. The gene product, Parkin, functions an an E3-ubiquitin-protein ligase (5).
The only known substrate to date is CDCrel-1 (6) but the existence of other substrates
is likely (5).

The mutations in the parkin gene identified so far have been extremely varied in
both location and type. About 50% of affected Caucasian sibpairs without affected
parents (suggesting autosomal-recessive inheritance) in which onset occured before or
at the age of 45 yr in at least one of the affecteds, have mutations in the parkin gene (3).
In sporadic cases, 80% had mutations when the age at onset was < 20, 25% when onset
was at age 21-30, and only 2% when age of onset was 31-45. About 50% of the
mutations in the Caucasian population are exon rearrangements, consisting mainly of
deletions but multiplications also occur (3). In nonconsanguineous cases, these
rearrangements might be present in the heterozygous state and thus escape detection by
nonquantitative polymerase chain reaction (PCR) because there is still a normal copy
of the deleted exon. Direct sequencing will not permit detection of such deletions either,
since only the undeleted allele, normal in most cases, will be analyzed. Thus, a simple,
fast, and accurate assay is needed to quantify the number of exons present in a genomic
DNA sample.

1.2. Principle of the Semiquantitative Multiplex PCR Dosage Assay

Quantitative PCR is considered to be superior to Southern blotting for detecting gene
dosage (7). Since absolute quantification of the template DNA is not necessary, we have
chosen a semi-quantitative PCR assay that compares the relative amounts of template
DNA. This is sufficient to answer to the question whether the amount of template DNA
corresponding to one or more exons is abnormal. This assay can be performed with any
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fluorescence-based automated sequencer, now available in many laboratories, unlike
real-time PCR analyzers that remain relatively rare.

In order to detect homozygous or heterozygous exon deletions or multiplications in
the parkin gene, several exons amplified simultaneously in one multiplex PCR are
compared, the co-amplified exons serving as internal standards for quantification.
Fluorescently labeled PCR primers are used, so that the PCR product can be quantified
from the height of the peak detected by the automated sequencer. The amount of PCR
product is directly related to the amount of template DNA as long as PCR amplification
is exponential. Each multiplex PCR for a given combination of exons results in a typi-
cal pattern of peak heights for normal control cases and thus in typical ratios between
the peaks. If an exon is heterozygously deleted, for example, its peak is half as high as
expected and the ratios between the deleted and the undeleted exons change. The
resulting ratios are then compared to the ratios of the peaks obtained with DNA from
known normal subjects that are run in parallel. If the ratios for a given exon differ from
those of a control, the exon has been rearranged. In order to detect a heterozygous
deletion of the entire parkin gene, an 328 bp PCR product (C328) of a distant gene
(transthyretin gene on chromosome 18) is amplified as external standard in one of the
multiplex PCR combinations. The fact that only ratios between peak heights are com-
pared, renders the assay relatively independent of the quantity and quality of the tem-
plate DNA. In addition, small-scale deletions and insertions within the PCR products
can be detected by comparing the size of the patient’s PCR product to the product of a
control. Seventy percent of the parkin mutations identified by our group have been
reliably detected with this technique (3).

2. Materials

The products used are listed below. Comparable products from other suppliers should
also be effective.

2.1. Multiplex PCR

1. High quality genomic DNA extracted by standard procedures. Prepare a working dilution
at 20 ng/uL (diluted in water) just before the experiment. It can be kept at +4°C for short
periods of time, or at —20°C for long-term storage.

2. 96-well thin-walled PCR plates with appropriate lid-strips.

8-well PCR r-tube strips with appropriate lid-strips.

4. TaqPolymerase (5 U/uL, Life Technologies, store at —20°C) with the supplied buffers and
MgCl, (kept at 4°C).

5. 100 mM single NTP solutions (Life Technologies, store at —20°C). Combine them
(resulting in 25 mM for each dNTP), and prepare aliquots to be stored at —20°C. The
working aliquot is kept at +4°C to avoid freeze-thaw-cycles.

6. HEX-labeled (see Notes 1-3) forward primers (light sensitive) and unlabeled reverse prim-
ers (Life Technologies, sequences in Table 1). The primers are re-suspended in water
(we did not try dilution in TE) to 200 uM (stock solution) and further diluted to 20 uM
(working dilution). Aliquots (50—200 uL) of the working dilution should be kept at —20°C
in order to minimize freezing and thawing of the stock solution. Once an aliquot of the
working dilution is thawed, it should be kept at 4°C and used within 4 wk.

7. “Hybaid PCR Express” PCR machine.

[98]
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Table 1

Primers Used for the Multiplex PCR“

Primer Forward (5'- 3") Reverse (5'- 3") Product (bp)
Ex 1* CGCGCATGGGCCTGTTCCTG GCGGCGCAGAGAGGCTGTAC 94
Ex 2 ATGTTGCTATCACCATTTAAGGG AGATTGGCAGCGCAGGCGGCATG 308
Ex 3i* AATTGTGACCTGGATCAGC CTGGACTTCCAGCTGGTGGTGAG 243
Ex 3iDos* as Ex 3i For AGTCAAGCTCTGGGGCTCC 138
Ex 40 ACAAGCTTTTAAAGAGTTTCTTGT AGGCAATGTGTTAGTACACA 261
Ex 5 ACATGTCTTAAGGAGTACATTT TCTCTAATTTCCTGGCAAACAGTG 227
Ex 6 AGAGATTGTTTACTGTGGAAACA GAGTGATGCTATTTTTAGATCCT 268
Ex 70 TGCCTTTCCACACTGACAGGTCT TCTGTTCTTCATTAGCATTAGAGA 239
Ex 8 TGATAGTCATAACTGTGTGTAAG ACTGTCTCATTAGCGTCTATCTT 206
Ex 9 GGGTGAAATTTGCAGTCAGT AATATAATCCCAGCCCATGTGCA 278
Ex 10 ATTGCCAAATGCAACCTMTGTC TTGGAGGAATGAGTAGGGCATT 165
Ex 11 ACAGGGAACATAAACTCTGATCC CAACACACCAGGCACCTTCAGA 303
Ex 12 GTTTGGGAATGCGTGTTTT AGAATTAGAAAATGAAGGTAGACA 255
C328* ACGTTCCTGATAATGGGATC CCTCTCTCTACCAAGTGAGG 328

¢The primers of the exons marked with an * were designed for this assay, the others are as in Kitada et al. (1). Forward primers are 5'-fluorescently labeled
(with the same fluorchrome or see Note 3).
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2.2.

1.

4.

2.3.

Liicking and Brice

Polyacrylamide Gel Electrophoresis

Prepare stocks of 5% denaturing polyacrylamide gels using Page-Plus 40% (Amersham)
according to the manufacturer’s recommendations. Keep 35-mL aliquots at 4°C and use
within 4 wk.

An automated sequencer (e.g., ABIPRISM 377 upgraded for 96 wells by Applied
Biosystems, see Note 3).

Internal size standard (TAMRA-500 and TAMRA-500 XL by Applied Biosystems) and
its blue loading buffer.

Deionized formamide (Amersham).

Interpretation of Data

1. Fragment analysis software (e.g., Genescan 3.1 and Genotyper 1.1.1 software by Applied

Biosystems).

2. Calculation software (e.g., Excel 97 by Microsoft).

3. Methods

3.1.

Multiplex PCR

3.1.1. For a 25 uL Reaction

1.

3.2.

. Prepare the sequencing gel by adding ammonium persulfate and TEMED, following the

Set up premixes (13 UL per reaction) corresponding to the first 3 exon combinations (for
combination 4, see Note 4) by adding 2.5 uL. of 10X buffer (final concentration 1X),
1.5 uL of 50 mM MgCl, (final concentration 3 mM), the appropriate amount of each
primer (between 0.3 and 2.5 uL, final concentration between 0.4 and 2.0 uM, see Note 5),
0.2 uL of 25 mM dNTP-Mix (final concentration 0.2 mM per dNTP) and complete with
H,0 up to 13 pl per reaction. Prepare enough premix for duplicate (or more) reactions for
each case.

Spot 2 uL of the DNA (= 40 ng) on the wall of a 96-well PCR-plate. This is an easy way
to control which well contains DNA (see Note 6).

Add 13 pL of the appropriate premix to the well (see Note 7). Close the wells with lid
strips, vortex briefly, and spin down the contents in a centrifuge equipped for PCR plates.
Prepare for a semi-hotstart (see Note 8) by heating the PCR apparatus to 94°C. Open the
wells carefully, add 10 uL of Taq solution (2 U/10 uL water kept on ice) using a distribu-
tion pipet, close the wells with new strips, vortex briefly, tap the plate on the lab bench to
collect all liquid at the bottom of the wells, and place it on the preheated PCR block.
Use the following cycling conditions in “tube simulation mode” for combinations 1-3:
94°C for 5 min (initial denaturation), 23 cycles of 94°C for 30 s, 53°C for 45 s and 68°C
for 2.5 min, 68°C for 5 min (final extension). For combination 4, see Note 4.

Polyacrylamide Gel Electrophoresis

manufacturer’s recommendations, to an aliquot of the acrylamide.

. Prepare the loading buffer by pipetting together a premix containing: 0.3 uL of TAMRA-

500 XL, 0.6 puL of loading blue, and 3 UL of formamide (for sequencer with 36 lanes;
see Note 3) per sample.

. Pipet 3.5 uL aliquots of this loading premix into the wells or tubes used to prepare the

samples for loading.
Add 2-2.5 uL of the PCR products to the premix. Close the tubes, centrifuge briefly,
vortex, and centrifuge again (for sequencers with 36 lanes; see Note 3).
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Fig. 1. Four exon combinations used in multiplex PCRs. Representative electrophoregrams
obtained after multiplex PCR with HEX-labeled forward primers and separation on 5% dena-
turing gels on an automated Sequencer (ABI PRISM 377). Peak length (indicated in bp above
each electrophoregram) and peak height (indicated below each electrophoregram) are given as
calculated by Genotyper 1.1.1 software (Applied Biosystems). Exons are numbered below each
peak. Please note that two peak heights are given for double peaks the sizes of which have to be
added (see Note 9). *, unspecific peak.

Representative examples of electrophoregrams are given in Fig. 1. However, other peak
patterns are also possible, as long as all exons amplify exponentially (see Subheading 3.4.).
Exon 8 was amplified in comb 1 and comb 2, so that the same positive control
(heterozygously deleted for exons 8 and 9) could be used in all three combinations.

2. More recently, we added a fourth exon combination: Ex1 (94 bp) + Ex3iDos (138 bp) in
order to co-amplify exon 1. This is difficult, since the 5'- untranslated region of the parkin
gene (containing the forward primer binding site for exon 1) is very GC-rich. We obtained
the best results with the primers mentioned in Table 1 for exon 1 and exon 3iDos. How-
ever, a nonspecific peak is also obtained (see Fig. 1) that co-amplifies exponentially with
the two exons (for PCR conditions; see Note 8). Since all known exon 3 deletions were
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10.

detected with this combination, we assume that exon 1 deletions should also have been
detected. However, we have not yet detected an exon 1 deletion in the patients studied.
In order to save space on the sequencing gel (e.g., with a 36 lanes sequencer), the exons of the
first 3 combinations can be labeled with 3 different fluorchromes (e.g., comb 1 with TET,
comb 2 with FAM, and comb 3 with HEX). Aliquots of the PCRs are then pooled in the
loading buffer. Under these conditions, we obtained good results with 1 uL. of comb 1, 1.5 uL.
of comb 2 and 3 uL. of comb 3, added to 1.5 uL. of TAMRA-500, 3 uL of formamide and 0.7 uL.
of loading blue. Combination 4 is run separately, since no other fluorchrome is available.
For multiplex combination 4, the best results were obtained with the following PCR
protocol: in a final volume of 25 puL, 40 ng of DNA, 10% DMSO, 1.5 uM of each
primer, 0.2 mM of each dNTP and 2 U of Tag polymerase. The cycling protocol con-
sisted of 94°C for 4 min followed by 22 cycles of 94°C for 30 s, 53°C for 30 s and 68°C
for 45 s. Final elongation was performed at 68°C for 10 m.

. Concentrations of the primers varied from 0.40 uM to 2 uM. The exact primer concentra-

tions have to be determined experimentally because they vary among batches.

In order to obtain approximately equal peak heights for the exons in each multiplex
PCR combination and to be in the exponential phase for each exon, we followed in part
the recommendations of Henegariou et al. (8), in particular: lowering the annealing tem-
perature to 53°C and extension temperature to 68°C, increasing the MgCl, concentration
to 3 UM and the extension time to 2.5 min (see Note 4 for combination 4). In addition, the
primer concentrations have to be adjusted. We recommend starting with 0.8 uM for each
primer and adapting the concentration according to the resulting peak height (i.e., primer
concentrations have to be decreased for exons that amplify well and increased for exons
that amplify less well).

In addition to the cases, at least one normal control and a negative control (without tem-
plate DNA) should be run in parallel. We also included a positive control with known
heterozygous deletions of exons 8 and 9 in order to control for false results due to varia-
tion in the premix. However, if no positive control with known exon rearrangements is
available, the dosage assay can still be considered to be valid as long as PCR amplification
is exponential.

In order to facilitate mixing of the reagents, pipet the premix onto the drop of DNA (e.g.,
with a Gilson Distriman with Distritips) but avoid touching the DNA to prevent carry-
over contamination.

If the PCR premix is kept on ice or if a Taq Polymerase with automated hot-start is used,
the TagPolymerase could also probably be added directly to the premix, although we have
not done this.

Peak labeling programs can determine peak length (size of the PCR product), peak height,
and peak area. Peak area would seem to be the most precise reflection of the amount of
PCR product, but often the algorithms used only approximate the area. We have had more
consistent results using peak height. It is important to sum the peak heights when a PCR
product forms a double peak with 1 bp difference, caused by the addition of an A to the
PCR products by the polymerase (see examples in Figs. 1-3). Genotyper does not always
distinguish double peaks, so vigilence is necessary.

The interpretation of the data is based on the relative peak heights obtained within a given
multiplex reaction. The method is therefore only semi-quantitative and does not give ab-
solute values that would be affected by the amount and quality of template DNA as well as
slight variations in the premix. In order to establish the peak height patterns for cases and
controls, the ratios of the peak heights of each exon to every other exon in a given exon
combination are calculated (see Tables 2 and 3). The average ratio of the duplicate/tripli-
cate/quadruplicate reactions are then calculated and normalized with respect to the
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Fig 2. Compound heterozygous deletions of exon 2 and 3. Representative electro-

phoregrams of the cosegregation of two different exon deletions in a family compared to a
control. Peak labeling is as in Fig. 1. For each case, one of the triplicate PCRs is shown.
However, in Table 2, all three PCRs are used for the NR calculation. Circles, women; squares,
men; filled symbols, patients; het, heterozygous; del, deletion.

control(s). The normalized ratios (NRs) obtained in different experiments (e.g., if experi-
ments are performed several times with different batches of DNA) are therefore compa-
rable and mean normalized ratios (MNRS) can be calculated.

In practice, a template “Excel” sheet should be established containing all the calcula-
tion instructions described below, so that only the crude peak heights need to be entered.
Two examples are given in Tables 2 and 3, that correspond to the electrophoregrams in
Figs. 2 and 3. In the left part of the table, the peak heights for each case are entered, e.g., the
duplicate PCRs of controls 1 to 3 and the quadruplicate PCRs of the cases A and B
(Table 3). In the right part of the table, next to the peak heights, the program calculates the
peak height ratios as indicated at the top of the tables. Below, the program calculates the
mean values (in bold) and the standard deviation of the ratios, respectively. Rearrange-
ments are deduced from the division of the mean peak height ratios of all available con-
trols (i.e., one control in triplicate in Table 2 and three controls in duplicate in Table 3) by
the mean peak height ratios of the case. This results in the NRs for each exon peak height
ratio (shown in bold italics for normal values or bold underlined for pathological values in
the table). The NRs have a value of approx 1 (i.e., 0.8 to 1.2) for nonrearranged exons
(2 copies of an exon). Values of 0.6 or less are interpreted as one copy of an exon (i.e.,
heterozygous deletion), values of 1.3 to 1.7 as 3 copies (i.e., heterozygous duplication),
values of 1.8 to 2.3 as 4 copies (i.e., homozygous duplication or heterozygous triplication)
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Fig 3. Homozygous duplication of exon 3. Representative electrophoregrams of the
cosegregation of an exon duplication in a family compared to 3 controls. In addition, a positive
control with known heterozygous deletions of exons 8 and 9 was run in parallel. All values of
the duplicate or quadruplicate PCRs are shown in table 3. Peak labeling and symbols are as in
Figs.1 and 2. Het, heterozygous; hom, homozygous; del, deletion; dupl, duplication.

and values above 2.6 as indication for 6 copies (i.e., homozygous triplication) (see Fig. 4).
Please note that the NR values given above apply only if the exon under investigation is
the dividing value in the exon ratio, i.e., C328/3i. If the ratio is Ex3i/12 (e.g., case C in
Table 2), the NR becomes approx 2 (1/0.5). An exon rearrangement is confirmed only if
all of the ratios concerning the exon are abnormal (see tables). If the results are ambigu-
ous, the PCR should be repeated, if possible with a new DNA sample and a larger number
of replicates (e.g., up to quadruplicate). In addition, several control cases can be included
to obtain mean values for the control ratios.

11. Reproducibility. As seen from the tables, standard deviations are usually about 10% of the
mean, and rarely exceed 20%, for both the crude exon ratios calculated from the PCR
replicates and the mean NRs from several different experiments (data not shown).

12. Search for homozygous exon deletions. In addition to the detection of heterozygous exon
deletions, the multiplex PCR assay also detects homozygous exon deletions that are obvi-
ous, since one or several peaks are missing.



Table 2
Calculation of Exon Ratios, SD, and Normalized Ratios Corresponding to Fig. 2¢
Case 3i 12 9 2 C328 (C328/3i (C328/12 (C328/9 (C328/2 Ex3i/l2 Ex3i/9 Ex3i/2 ExI2/9 ExI12/2 Ex9/2
Control T2 1491 1550 1338 1143 2031 1.36 1.31 1.52 1.78 0.96 1.11 1.30 1.16  1.36 1.17
1582 1802 1706 1359 1976 1.25 1.10 1.16 1.45 0.88 0.93 1.16 1.06 1.33 1.26
1445 1580 1525 1379 1990 1.38 1.26 1.30 1.44 0.91 0.95 1.05 1.04 1.15 1.11
Mean 1.33 1.22 1.33 1.56 0.92 1.00 1.17 1.08 1.28 1.18
SD 0.07 0.11 0.18 0.19 0.04 0.10 0.13 0.07 0.11 0.07
Case C 693 1593 1606 1441 1990 2.87 1.25 1.24 1.38 0.44 0.43 0.48 0.99 1.11 1.11
760 1746 1646 1435 2143  2.82 1.23 1.30 1.49 0.44 0.46 0.53 1.06  1.22 1.15
883 1897 1866 1632 2204 2.50 1.16 1.18 1.35 0.47 0.47 0.54 1.02 1.16 1.14
Mean 2.73 1.21 1.24 1.41 0.45 0.46 0.52 1.02 1.16 1.13
SD 0.20 0.05 0.06 0.08 0.02 0.02 0.03 0.03 0.06 0.02
Mean T2/mean C 0.47 1.01 1.07 1.11 2.15 2.28 2.37 1.06 1.10 1.04
Case D 657 762 757 276 862 1.31 1.13 1.14 3.12 0.86 0.87 2.38 1.01 2.76 2.74
708 798 664 321 1040  1.47 1.30 1.57 3.24 0.89 1.07 221 1.20 249 2.07
811 962 894 414 1278 1.58 1.33 1.43 3.09 0.84 091 1.96 1.08 2.32 2.16
1.45 1.25 1.38 3.15 0.86 0.95 2.18 1.09 2.52 2.32
SD 0.13 0.11 0.22 0.08 0.02 0.11 0.21 0.10 0.22 0.37
Mean T2/mean D 0.88 0.97 0.96 0.49 1.11 1.10 0.56 0.99 0.51 0.51
Case E 430 973 881 428 1333 3.10 1.37 1.51 3.11 0.44 0.49 1.00 1.10 2.27 2.06
416 950 851 380 1042  2.50 1.10 1.22 2.74 0.44 0.49 1.09 .12 2.50 2.24
463 1024 943 427 1248 2.70 1.22 1.32 2.92 0.45 0.49 1.08 1.09 2.40 2.21
Mean 2.77 1.23 1.35 2.93 0.44 0.49 1.06 1.10 2.39 2.17
SD 0.30 0.14 0.15 0.19 0.01 0.00 0.05 0.02 0.11 0.10
Mean T2/mean E 0.46 0.99 0.98 0.53 2.16 2.12 1.16 0.98 0.53 0.54
Case F 588 1306 1185 544 1574  2.68 1.21 1.33 2.89 0.45 0.50 1.08 1.10  2.40 2.18
915 2078 1943 853 2413 2.64 1.16 1.24 2.83 0.44 0.47 1.07 1.07 2.44 2.28
944 1913 1825 844 2428 2.57 1.27 1.33 2.88 0.49 0.52 1.12 1.05 2.27 2.16
Mean 2.63 1.21 1.30 2.87 0.46 0.49 1.09 1.07 2.37 2.21
SD 0.05 0.05 0.05 0.03 0.03 0.02 0.02 0.03 0.09 0.06
Mean T2/mean F 049  1.01 1.02 054  2.08 210 112 101 054 0.53

“The steps of the calculation are explained in Note 10. Note that the exon ratios are independent of the absolute peak heights.
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Table 3
Calculation of Exon Ratios, SD, and Normalized Ratios Corresponding to Fig. 3¢
Case 3i 12 9 2 C328 (C328/3i (C328/12 (C328/9 (C328/2 Ex3i/l2 Ex3i/9 Ex3i/2 ExI12/9 Exi12/2 Ex9/2
Control 1(C1)809 1001 845 752 1015 1.25 1.01 1.20 1.35 0.81 0.96 1.08 1.18 1.33 1.12
953 1157 1000 959 1344 1.41 1.16 1.34 1.40 0.82 0.95 0.99 1.16 1.21 1.04
Mean 1.33 1.09 1.27 1.38 0.82 0.96 1.03 1.17 1.27 1.08
SD 0.11 0.10 0.10 0.04 0.01 0.00 0.06 0.02  0.09 0.06
Mean C1-3/mean CI1 0.90 0.95 0.92 0.96 1.05 1.02 1.06 0.97 1.01 1.05
Control 2(C2)745 897 764 669 828 1.11 0.92 1.08 1.24 0.83 0.98 1.11 1.17 1.34 1.14
854 990 856 783 1081 1.27 1.09 1.26 1.38 0.86 0.98 1.11 1.17 1.34 1.14
Mean 1.19 1.01 1.17 1.31 0.85 0.99 1.10 1.17 1.30 1.12
SD 0.11 0.12 0.13 0.10 0.02 0.02 0.02 0.01 0.05 0.03
Mean C1-3/mean C2 1.01 1.02 1.00 1.01 1.01 0.98 1.00 0.97 0.99 1.01
Control 3(C3)1329 1473 1438 1237 1427 1.07 0.97 0.99 1.15 0.90 0.92 1.07 1.02 1.19 1.16
1444 1578 1423 1146 1616  1.12 1.02 1.14 1.41 0.92 1.01 1.26 1.11 1.38 1.24
Mean 1.10 1.00 1.06 1.28 0.91 0.97 1.17 1.07 1.28 1.20
SD 0.03 0.04 0.10 0.18 0.01 0.06 0.13 0.06 0.13 0.06
Mean C1-3/mean C13 1.10 1.03 1.10 1.03 0.94 1.00 0.94 1.06 1.00 0.94
Mean of C1-3 1.21 1.03 1.17 1.32 0.86 0.97 1.10 1.13 1.29 1.13
SD of C1-3 0.13 0.09 0.13 0.10 0.04 0.03 0.09 0.06 0.08 0.07
(continued)
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Table 3 (continued)

Calculation of Exon Ratios, SD and Normalized Ratios Corresponding to Fig. 3¢

Case 3i 12 9 2 C328 (C328/3i C328/12 (C328/9 C328/2 Ex3i/12 Ex3i/9 Ex3i/2 Ex12/9 Ex12/2 Ex9/2
Positive
Control (PC) 937 1041 494 901 1294 1.38 1.24 2.62 1.44 0.90 1.90 1.04 2.11 1.16 0.55
1011 1096 491 818 1076 1.06 0.98 2.19 1.32 0.92 2.06 1.24 2.23 1.34 0.60
Mean 1.22 1.11 2.41 1.38 0.91 1.98 1.14 2.17 1.25 0.57
SD 0.22 0.18 0.30 0.09 0.02 0.11 0.14 0.09 0.13 0.04
Mean C1-3/mean PC 0.99 0.93 0.49 0.96 0.94 0.49 0.97 0.52 1.03 1.98
CaseA 2116 1634 1465 1372 1930 0.91 1.18 1.32 1.14 1.29 1.44 1.54 1.12 1.19 1.07
1375 1252 1087 963 1259 0.92 1.01 1.16 1.31 1.10 1.26 1.43 1.15 1.30 1.13
1599 1228 1129 962 1366 0.85 1.11 1.21 1.42 1.30 1.42 1.66 1.09 1.28 1.17
2569 1700 1586 1377 1965 0.73 1.10 1.18 1.35 1.51 1.62 1.87 1.07 1.23 1.15
Mean 0.85 1.10 1.22 1.37 1.30 1.44 1.62 1.11 1.25 1.13
SD 0.09 0.07 0.07 0.05 0.17 0.15 0.19 0.04 0.05 0.05
Mean C1-3/mean A 1.42 0.94 0.96 0.96 0.66 0.68 0.68 1.02 1.03 1.00
Case B 2975 1704 1545 1428 1881 0.63 1.10 1.22 1.32 1.75 1.93 2.08 1.10 1.19 1.08
2452 1273 1144 991 1370 0.56 1.08 1.20 1.38 1.93 2.14 2.47 1.11 1.28 1.15
2545 1491 1564 1429 1958 0.77 1.31 1.25 1.37 1.71 1.63 1.78 0.95 1.04 1.09
2776 1523 1435 1107 1495 0.54 0.98 1.04 1.35 1.82 1.93 2.51 1.06 1.38 1.30
Mean 0.62 1.12 1.18 1.36 1.80 1.91 2.21 1.06 1.22 1.16
SD 0.10 0.14 0.09 0.03 0.10 0.21 0.35 0.07 0.14 0.10
Mean C1-3/mean B 1.93 0.92 0.99 0.98 0.48 0.51 0.50 1.07 1.05 0.98

“The steps of the calculation are explained in Note 10. Note that the exon ratios are independent of the absolute peak heights.
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Fig 4. Schematic representation of the exon rearrangements. Below each type of rearrange-
ment, the NR is indicated. Since the presence of two exons results in an NR of 1, the presence
of one exon (heterozygous deletion) results in a NR of 0.5, more than 2 exons (as shown for the
different multiplications) in NRs >1, i.e., 4 exons resulting in a NR of 2 and 6 exons in a NR of
3. The positions of the multiplied exons are theoretical, because we do not know whether they
are arranged in tandem.
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Detection of FMR1 Trinucleotide Repeat Expansion
Mutations Using Southern Blot and PCR Methodologies

Jack Tarleton

1. Introduction

Fragile X syndrome, caused by the loss or diminution of the FMR1 (FRAXA - chro-
mosomal locus Xq27.3) encoded protein, FMRP, results in mild to moderate mental
retardation as its hallmark. Patients with the syndrome often vary dramatically in pre-
sentation with a range of intellectual and behavioral deficits, and provide a diagnostic
challenge for clinicians due to the subtle nature of the physical phenotype (1,2). Insta-
bility of a CGG repeat segment contained within FMR1 exon 1 is the molecular basis
for nearly all mutations (>99%) in the gene and leads to reduced or complete loss of
FMRP (3-8). The variable phenotype occurs related to variation in FMR1 expression
mediated by the extent of CGG repeat expansion and a secondary epigenetic feature:
the aberrant hypermethylation of CpG dinucleotides contained in the CGG repeat seg-
ment and surrounding regions of the gene (9). Thus, molecular genetic studies of FMR1
are utilized to confirm a clinical diagnosis of fragile X syndrome, and perhaps just as
importantly, to exclude an alteration in FMR1 as an explanation for nonspecific mental
retardation in a patient. For clinical molecular diagnosis, the variety of FMRI1 alleles
and the myriad of possible alterations in the gene present a diagnostic challenge for
which no one detection method has proven fully satisfactory. Here, a dual approach to
FMR1 repeat expansion mutation detection utilizing Southern blot and polymerase
chain reaction (PCR) methodologies is presented (10,11). The reader is referred to
published technical standards for fragile X analysis to supplement the interpretation of
molecular genetic results for patients (12).

Routine clinical molecular genetic testing for mutations in the FMR1 gene has as its
goal the determination of both the trinucleotide repeat number and the FMR1 methyla-
tion status. This latter feature of aberrant hypermethylation in FMR1 typically accom-
panies trinucleotide repeat expansion when more than approx 200 repeats are present.
Gross expansion to many hundreds of repeats with complete methylation (“full muta-
tion”) is the most common finding in patients with fragile X syndrome. However, there
are numerous exceptional patients with unusual FMR1 alterations, mirroring the vari-
able clinical presentations.

From: Methods in Molecular Biology, vol. 217: Neurogenetics: Methods and Protocols
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Table 1
Risk for Maternal Premutation Expansion (Data from 13,74)

Number of maternal Approximate % risk Approximate % risk
premutation CGG repeats for affected son for affected daughter
56-59 7 3.5
60-69 10 5
70-79 29 15
80-89 36 18
90-99 47 24

>100 50 25

In general, the number of CGG repeats ranges from 5—44 in normal (stable) alleles.
In arange of 45 to 54 repeats occasional minor instability may be observed leading to
a “gray zone” of borderline alleles. Alleles in the gray zone can be considered normal
as women with these alleles have not been observed to have children with fragile X
syndrome. Repeats from 55-58 have been observed to have more dramatic instability
of repeat copy number, yet no direct transmissions to a full mutation have been
reported. To date, all known mothers of affected children have had alleles of 59
repeats or higher (13). However, generally alleles with repeats ranging from ~55 to
~200 are considered “premutation” alleles, which have the capacity for instability and
expansion (see Notes 1 and 2 regarding technical approaches diagnostic testing).

Premutation alleles are associated with no symptoms of fragile X syndrome, or per-
haps only very mild effects, on intellect or behavior. A female with a premutation
allele has variable risk for repeat instability upon transmission to her children based on
the number of repeats. When transmitted through the mother, premutations may stay
essentially unchanged or may expand into full mutations. For example, a female hav-
ing a premutation allele containing 70 repeats statistically has a risk for producing a
child with fragile X syndrome greater than another female having a premutation allele
with 69 repeats (Table 1)—illustrating the need for precise repeat copy number analy-
sis for genetic counseling purposes (13,14). Interestingly, dramatic repeat instability
does not occur when a premutation is transmitted from father to daughter. However,
daughters of males with a premutation then are obligate carriers of a premutation them-
selves, which may expand upon transmission to her children.

Figure 1 demonstrates the complexity of Southern blot patterns associated with
FMRI1 repeat expansion and instability (see Notes 2 and 3). The vast majority of pa-
tients with >200 repeats will have aberrant methylation of deoxycytosine residues in
FMR1 generating a heterogenous “smear” upon Southern blot analysis (Fig. 1, lane 5).
(This indistinct autoradiographic signal illustrates the repeat instability from cell to
cell). Occasionally, a patient with a full mutation will be found to have some cells in
which FMR1 methylation has occurred and some cells in which there is no methylation
of FMRI1 (Fig. 1, lane 7). These individuals have been referred to as “methylation
mosaics” and their Southern blot pattern represents the presence of cellular mosaicism
involving FMR1 methylation events. Less frequently, a patient will be identified who
appears to have no cells in which the abnormal methylation events have occurred even
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Fig. 1. Southern blot analysis of CGG repeat/methylation in FMR1. Patient DNA was
digested with EcoRI and Eagl and probed with StB12.3 as described. Lane 1, normal male with
30 repeats; lane 2, normal female with both FMR1 alleles bearing 30 repeats; lane 3, male with
premutation containing ~70 repeats; lane 4, female with premutation containing ~70 repeats;
lane 5, male with full mutation (smear indicates differences in repeat expansion from cell to
cell with a midpoint average of ~800 repeats); lane 6, female with a full mutation (smear mid-
point average of ~1000 repeats); lane 7, methylation mosaicism in a male (i.e., partial methyla-
tion of a full mutation); lane 8, male with a mixture of premutation and full mutation cell lines
(“premutation/full mutation size mosaicism”); lane 9, female with premutation/full mutation
size mosaicism.

when >200 CGG repeats are found. This latter group is referred to as having
“unmethylated full mutations.” An additional common type of mosaicism for molecu-
lar events in FMR1 describes patients who have some cells with methylated full muta-
tions and some cells with premutations. These individuals have been termed “size
mosaics” or “premutation/full mutation mosaics” (Fig. 1, lanes 8 and 9). Collectively,
all the mosaicism types comprise perhaps 15% of the observed FMR1 mutations. Par-
tial gene expression may occur in mosaics and lessen the severity of the mental and
physical phenotype leading to a continuum of affectation when patients with FMR1
alterations are considered in tofo. Rarely, a patient DNA sample will not yield an auto-
radiographic signal due to deletion of the FMR1 region complementary to the Southern
blot probe or PCR primers (see Note 4).

The presence of AGG repeats embedded within the CGG repeat segment appears to
mitigate the risk of repeat instability - apparently by disrupting DNA secondary struc-
tures which increase the likelihood of DNA strand slippage during replication (15,16).
Typically, most individuals have AGG repeats at about repeat 10 and 20. These inter-
rupting repeats appear to “anchor” the segment against expansion. Long stretches of
uninterrupted CGG repeats (greater than about 34-38 repeats) beyond the last AGG
repeat (“pure repeats”) appear to increase the risk for instability of maternal alleles
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Fig. 2. PCR Analysis of FMR1. 3?P-labeled PCR products were separated on a 6% polyacry-
lamide DNA sequencing gel for 6 h at 85 W and exposed to X-ray film overnight (approx 18 h).
Signals are not distinct but composed of multiple bands due to stuttering of the DNA poly-
merase during amplification. The most intense band is presumed to represent the actual allele.
Lane M, marker; lane 1, female with alleles of 20 and 30 repeats; lanes 2—8, males with 40, 30,
53, 20, 28, 30, and 30 repeats, respectively.

upon transmission to offspring. FMRI1 alleles in the premutation range contain long
stretches of pure repeats and clearly are at risk for expansion to full mutations. While
the number and position of AGG repeats are known to be important in the overall
stability of the CGG repeat sequence, sequence analysis is typically available only in
research-oriented laboratories.

The consequences of FMR1 repeat expansion are fascinating from the molecular
biology perspective, but disconcerting from the patient care perspective as many
patients have remarkable variation in FMR1. There is a tremendous responsibility for
mastering the information needed for both technical considerations and risk assess-
ment for individuals impacted by the fragile X syndrome. The need to detect both large
repeat expansions, FMR1 methylation, and accurately size normal, gray zone, and
premutation alleles often leads to the use of multiple technical approaches. Southern
blot analysis is not sensitive enough to detect the minor differences between normal,
gray zone, and small premutation alleles. Standard PCR specific for FMRI1 (Fig. 2)
often is problematic for amplifying large premutation and full mutation alleles, and
does not detect methylation. Presented below are the techniques used in many labora-
tories for detection of all possible FMR1 mutations involving the trinucleotide repeat
expansion and hypermethylation.

2. Materials

2.1. Solutions for FMR1 Southern Blot Analysis

Known reagent suppliers are listed but not recomended or endorsed. Other suppliers
may provide the same reagents.
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. Restriction Enzymes: EcoRI (American Allied Biochemical) (HindIII can be substituted)

and Eagl (New England Biolabs) (BssHII, Nrul, or Sacl can be substituted).

1.5 mL microcentrifuge tubes (USA Scientific).

10X Bovine serum albumin (BSA): Add 10 mg BSA (Sigma) to 1 mL sterile, deionized
HZO.

10X Spermidine (40 mM): Add 152 mg spermidine (Sigma) to 15 mL sterile, deionized
H,0.

100 mM Magnesium chloride (MgCl,): Add 203 mg MgCl, (Sigma) to 1 mL sterile, deion-
ized H,0.

7.5 M Ammonium acetate (NH4Ac) (1 L): Add 578.1 g NH,Ac (Sigma) to deionized
water. Bring volume to 1 L. Autoclave.

100% ethanol.

2 M Tris-HCI (4 L): Add 968.8 g Trizma Base (Sigma) to sterile, deionized water. Bring
volume to 4 L and pH 7.5.

0.5 MEDTA (1L): Add 186.12 g EDTA (Sigma) to sterile, deionized H,O. Bring volume
tol L.

TE (low EDTA) buffer (1 L): Add 5 mL 2 M Tris-HCI, pH 7.5, to 0.2 mL 0.5 M EDTA.
Bring volume to 1 L and pH to 7.5-8.0.

20X Tris Acetate EDTA (TAE) Electrophoresis Buffer (4 L): Add 387.2 g Trizma Base to
sterile, deionized water. Add 91.5 mL glacial Acid and 160 mL 0.5 M EDTA. Bring vol-
ume to 4 L and pH 8.1.

SeaKem (BioWhittaker) agarose.

10 mg/mL ethidium bromide (Sigma).

Bromophenol blue tracking dye (Sigma).

5 M Sodium chloride (NaCl) (4 L): Add 1169 g NaCl (Sigma) to deionized water and
bring volume to 4 L. Autoclave.

4 N Sodium hydroxide (NaOH) (4 L): Carefully add 640.6 g of NaOH (Sigma) to deion-
ized water and bring the volume to 4 L. Filter-sterilize and put in plastic bottles.

DNA Denaturing solution for agarose gel (1 L): 0.6 M NaCl, 0.2 N NaOH (120 mL 5 M
NaCl, 50 mL 4 N NaOH to 1 L with deionized water).

Random primer probe labeling kit (Roche).

3 M Sodium acetate (4 L): Add 984.36 g sodium acetate (Sigma) to deionized water and
bring volume to 4 L and pH 5.2 with acetic acid. Autoclave.

0.5 M Sodium acetate neutralizing solution for agarose gel (1 L): Add 167 mL 3 M sodium
acetate to deionized water and bring to a volume of 1 L. Filter-sterilize.

1 M phosphate solution (4 L): Add 772.04 g Na,PO,-7 H,O (dibasic heptahydrate) and
174.71 g NaHPO,4-2 H,O (monobasic dihydrate) (Sigma) to deionized water. Bring vol-
ume to 4 L and autoclave.

25 mM phosphate Southern Blot Transfer Solution (1 L): Add 25 mL 1 M phosphate
solution to deionized water and bring volume to 1 L.

Neutral nylon transfer membrane (Fisher).

3 mm Whatman paper (Fisher).

Paper towels.

Blot gel transfer basin (e.g., baking sheet or other container with sides greater than about
3 centimeters).

Formamide (Sigma).

Sodium citrate (Sigma).

20X sodium citrate buffer (SSC) (1 L): add 175.2 g NaCl and 88.0 g sodium citrate to
deionized water; bring total volume to 1 L and adjust pH to 7.4 with HCL.
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2.2.

. Primer C: 5-AGG CGC TCA GCT CCG TTT CGG TTT CAC TTC-3'

. Primer F: 5'-AGC CCC GCA CTT CCA CCA CCA GCT CCT CCA-3'

. 0.2 mL PCR tubes (USA Scientific).

. 10X PCR buffer (GeneAmp buffer II - Perkin Elmer/Applied Biosystems): 100 mM Tris-
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Dextran sulfate (Sigma).

50% Dextran Sulfate: add 100 g dextran sulfate to 130 mL sterile, deionized water; mix at
37°C overnight. Store in brown bottles at 4°C.

Ficoll 400 (Sigma).

Polyvinyl pyrrolidone (Sigma).

BSA - fraction V (Sigma).

Denhardt’s Solution (100 mL): add 2 g Ficoll 400, 2 g polyvinyl pyrrolidone, and 2 g BSA
(Fraction V) to sterile, deionized water. Bring total volume to 100 mL. Mix overnight.
Cover container to prevent contamination. Store in a plastic bottle at 4°C.

salmon sperm DNA (Sigma): sonicate

Prehybridization Solution (1 L): 500 mL formamide, 250 mL 20X SSC, 100 mL
Denhardt’s Solution; 50 mL 1 M phosphate; 50 mL 50% dextran sulfate, 50 mL denatured
salmon sperm DNA (boil 7 min before adding); Store in brown bottles at 4°C.
Hybridization Solution (1 L): 500 mL formamide, 250 mL 20X SSC, 10 mL Denhardt’s
Solution, 20 mL 1 M phosphate, 200 mL 50% dextran sulfate, 10 mL denatured salmon
DNA (boil 7 min before adding). Store in brown bottles at 4°C.

10% sodium lauryl sulfate (Sigma).

Solutions for Polymerase Chain Reaction Amplification of FMR1

HCI, pH 8.3; 500 mM KCI.

. 25 mM magnesium chloride (Perkin Elmer/Applied Biosystems).
. 6 M Betaine (Sigma).
. Deoxynucleotide mix: using 10 mM deoxynucleotide stocks (Perkin Elmer/Applied

Biosystems) , add 60 uL deoxyadenosine, 60 pL. deoxythymidine, 15 pL deoxycytidine,
15 puL deoxyguanosine, and 50 pL sterile, deionized water (final concentrations: 3 mM
deoxyadenosine, 3 mM deoxythymidine, 0.75 mM deoxycytidine, and 0.75 mM
deoxyguanosine).

. o*?phosphorus-deoxycytidine 5'triphosphate (New England Nuclear).
. 5 mM 7-deaza-2'-deoxyguanosine-5-triphosphate (Pharmacia Biotech).

Dimethylsulfoxide (Fisher).

DNA polymerase (AmpliTaq) (Perkin Elmer/Applied Biosystems).

40% (w/v) acrylamide solution (38% acrylamide/2% bis-acrylamide) (Amresco).

10X Tris Borate EDTA (TBE) Electrophoresis Buffer (1 L): Add 108 g Trizma Base to
sterile, deionized water. Add 55 g of boric acid (Sigma) and 9.3 g of sodium EDTA
(Sigma). Bring volume to 1 L and pH 8.3 with sodium hydroxide (Sigma). Autoclave.
Xylene cyanol tracking dye.

3. Methods

3.1.

Overview of FMR1 Mutation Detection

Several genomic DNA probes (Fig. 3) have been isolated from FMR1 and may be
used for molecular diagnosis (3—6). In combination with PCR specific for FMRI1,
Southern blot analysis using StB12.3, p5.1, or pfxa3 as a probe after methylation-sen-
sitive restriction enzyme digestion covers all contingencies for normal, gray zone, and
premutation alleles plus repeat expansion and methylation (see Note 3). In this analy-
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Fig. 3. Restriction map of FMR1 promoter and exon 1 region containing the CGG repeat.
DNA probes (StB12.3, pfxa3, and pES.1) often used in FMR1 analysis are noted. Shaded box
represents the relative location of the CGG repeat segment within exon 1.

sis, typically EcoRI or HindIII is used in a double digestion with a methylation-sensi-
tive enzyme having a site present in the CpG island upstream of the repeat segment,
e.g., Eagl, BssHII, or Nrul (10).

Southern blot analysis allows visualization of premutations and the heterogeneous
“smears” generated upon autoradiography from full mutations. The Southern blot
analysis is complemented by a high resolution PCR assay described by Fu et al (11).
This procedure utilizes incorporation of a radioactive isotope, 32-phosphorus, along
with DMSO, betaine, and 7-deazaguanosine triphosphate. Analysis is performed on a
denaturing 6% polyacrylamide sequencing gel, allowing more precise sizing of gray
zone and premutation alleles.

3.2. FMR1 Southern Blot Protocol

The protocol described below uses a sodium phosphate solution for transfer onto a
neutral nylon membrane. The use of a neutral membrane minimizes background in our
hands on the resulting autoradiograph but other protocols for transfer using different
transfer conditions and charged membranes may be utilized. Minimizing autoradio-
graphic background is imperative because the smears generated from FMR1 expansion
may be diffuse and difficult to visualize against a high background. DNA probes noted
in Fig. 3 can be used for Southern blot hybridization with genomic DNA digested with
both methylation-sensitive and insensitive restriction enzymes. Genomic DNA diges-
tion with EcoRI and Eagl is used in many laboratories but other enzyme combinations
are possible (see Fig. 3). Upon probing the blotted digestion products, male and female
specific patterns for repeat expansion mutations plus methylation status are generated
(see Fig. 1).

The following is a protocol for FMR1 Southern blot analysis.

1. Ina 1.5 mL microcentrifuge tube, digest 5-10 pg of genomic DNA with both EcoRI and
Eagl using the 10X restriction enzyme buffer for Eagl (10 U of enzyme per g of DNA).
Incubate overnight or 12-20 h at 37°C. Following incubation, precipitate the samples
using one-half volume of 7.5 M ammonium acetate (2.5 M final concentration) and two
volumes of 100% ethanol. Place at —20°C for 30 min or —70°C for 20 min then spin for 15
min at 12,000g. Remove the supernatant and dry the samples on a countertop at room



36

Tarleton

temperature or in a vacuum dessicator. Resuspend DNA in a small volume of sterile,
deionized water or Tris-EDTA (TE) buffer plus electrophoresis tracking dye (bromophe-
nol blue). The resuspension volume should be small enough to be contained in the agarose
gel wells. (We use thin-toothed combs that accomodate 15 puL total volume [improves
autoradiographic band resolution] when casting agarose gels. The dried digestion prod-
ucts are resuspended in 10 microliters of TE buffer plus 5 puL of tracking dye).

Prepare a 0.8% agarose gel (at least 20 centimeters in length) with ethidium bromide
(5 uL of a 10 mg/mL solution for every 100 mL of gel solution) and 1X Tris-acetate-
EDTA (TAE) buffer for electrophoresis of the digestion products. Use 1X TAE buffer
plus ethidium bromide (again using 5 UL of a 10 mg/mL solution for every 100 mL of
solution) as electrophoresis running buffer. A 1 kilobase ladder (Sigma) molecular
weight marker and at least two control samples of known mutational status for FMR1
are included. Controls should include (at minimum) a normal and abnormal sample, for
example, a normal female, producing signals corresponding to 2.8 kb and 5.2 kb, and a
full mutation male. Control cell lines (transformed lymphocytes) can be obtained
through the Coriell Institute (Camden, N J, USA). Electrophorese the samples for ~16—
18 hours at 30—60 volts to allow for optimal separation of the expected autoradiographic
signals. Gel length, electrophoresis time, and electrophoresis voltage may need to be
optimized for each laboratory setting.

Following electrophoresis, photograph the gel using a fluorescent ruler then denature the
gel in DNA Denaturing Solution (0.6 M sodium chloride/0.2 N sodium hydroxide) using a
plastic container for 30 min with gentle shaking. Rinse the gel briefly in deionized water
then neutralize in 0.5 M sodium acetate solution in a separate plastic container for a mini-
mum of 45 min with gentle shaking. The time for the denaturation is more critical than
that for neutralization.

Set up a Southern transfer onto a nylon membrane using 0.025 M sodium phosphate,
pH 7.4. Allow the DNA to transfer for approx 18 h or overnight. Note: Although we use a
neutral membrane and sodium phosphate transfer buffer, we are familiar with protocols
utilizing positively charged membranes and sodium citrate or alkaline transfers for FMR1
Southern transfers.

. Following transfer, fix the genomic DNA by baking the membrane at 80°C for 2—3 h or

UV crosslinking according to the manufacturer’s specifications.

Label 30—50 nanograms of the DNA probe utilizing o:*’phosphorus-deoxycytidine and a
random primer protocol according to the manufacturer’s specifications. Removal of the
unincorporated radioactive-labeled deoxycytosine is critical to maintain low background
signals on the subsequent autoradiograph.

Prehybridization and hybridization are performed at 42°C using a 50% formamide hybrid-
ization buffer or at 65°C in solutions containing no formamide. Following prehybridization
for at least 4 h, the labeled probe is added at 2—3 x 10% cpm. Hybridization is carried out
for 18—24 h. Longer hybridization times tend to increase the background signal on the
autoradiograph.

Posthybridization washes vary from probe to probe. The StB12.3 probe is used for hybrid-
ization followed by two 10-min washes at room temperature in 2X SSC buffer/0.1%
sodium lauryl sulfate (SLS), one 15-min wash at room temperature in 0.5X SSC/0.1%
SLS, and two 10-15 min washes at 65°C in 0.5X SSC/0.1% SLS.

. Following the posthybridization washes, the membrane is blotted dry on Whatman 3MM

paper and wrapped in Saran wrap (or comparable plastic wrap). Autoradiography is per-
formed using Kodak X-OMAT or BioMax MS film with intensifier screen for 1-3 d expo-
sures at —70°C to —80°C.
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3.3. FMR1-Specific Polymerase Chain Reaction Protocol

This assay was the original PCR amplification for FMR1 described by Fu et al. (11),
in 1991 shortly after isolation of FMRI1. It remains one of the most accurate methods
for sizing normal and premutation alleles. A modification of the original protocol that
improves amplification of large premutation alleles is the inclusion of 2.5 M betaine
(final concentration) in the amplification reaction. This amino acid analog destabilizes
the FMR1 repeat region by altering the melting point of double stranded template DNA.
This modified protocol accurately sizes normal alleles, gray zone alleles, and most
premutations.

1. Set up a 25 uL PCR reaction containing 1X PCR buffer II (no magnesium chloride);
2 mM magnesium chloride (2.0 uL of 25 mM solution); 2.5 M betaine (10.4 UL of 6 M
solution); 2% DMSO (0.5 uL of 100% solution); 1.6 pL of deoxynucleotide mix;
0.15 mM 7-deazaguanosine triphosphate (0.75 uL of 5 mM solution); 16 picomoles
of each primer (primers ¢ and f); 5 microcuries (UCi) of o*’phosphorus-deoxycytidine
(3000 pCi/mL); 250 nanograms of genomic DNA as template; and 2 U of AmpliTaq
polymerase. Bring total volume to 25 puL with sterile, deionized water.

2. The thermocycling profile consists of a 10-min initial denaturation at 95°C followed by
28 cycles of 95°C for 1.5 min, 65°C for 1 min, and 72°C for 3 min. A final extension step
at 72°C for 5 min is used to complete the assay.

3. The amplification products are separated on a 6% denaturing polyacrylamide sequencing
gel for 4-6 h. Greater resolution of alleles varying by 1-2 repeats and shorter electro-
phoresis times may be obtained using Long Ranger gels (BioWhittaker). 3>Phosphorus-
labeled DNA fragments of known size are used for molecular weight standards.

4. After electrophoresis the gel is removed from the glass plates using Whatman 3MM paper,
wrapped in Saran wrap, and placed in a film cassette using Kodak X-OMAT AR or
BioMax MS film. No intensifier screens are used for an overnight exposure (16-24 h)
at —80°C. A sample with 30 repeats yields a PCR product of 311 base pairs.

4. Notes

1. Some clinical laboratories first screen for potential FMRI1 alterations by the described
PCR approach. (This procedure may easily be modified using automated DNA sequenc-
ing instruments and fluorescent detection schemes.) When PCR of the FMR1 repeat seg-
ment reveals a normal or premutation allele in male patients, or two alleles within the
normal or premutation range in female patients, further testing may not be indicated. How-
ever, rare patients who have cellular mosaicism for the FMRI1 repeat may demonstrate
PCR signals in the normal or premutation range, when in fact a more complex FMR1
mutation is present leading to potential false-negative misdiagnosis (17,18).

2. While much slower than PCR testing, Southern blot analysis of the FMR1 repeat segment
using a double restriction enzyme digestion (i.e., using methylation-sensitive and -insen-
sitive restriction endonucleases) can reveal a greater degree of information for genotype-
phenotype correlations. Southern blotting has the advantage of detecting methylation
status but has the limitations of relatively imprecise repeat sizing, higher costs, and slower
turnaround time. On the other hand, PCR can size the repeat copy number with good
precision, but amplification may fail with large alleles and is not informative regarding
methylation status. Thus, it is recommended that Southern blot and PCR be used as com-
plimentary techniques for diagnosis of fragile X syndrome, not as competing techniques.

3. The StB12.3, p5.1, and pfxa3 probes detect a 2.8 kb Eagl (or BssHII)-EcoRI fragment
containing the CGG repeat region in individuals with normal alleles (Figs. 1 and 3).
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In addition, the p5.1 probe will detect a constant 2.4 kb fragment in all patients.
Irregardless of the selected probe, blockage by methylation of the Eagl or BssHII sites
provides a means for determining the methylation status of the FMR1 promoter region.
However, the presence of DNA methylation related to normal X-chromosome inactiva-
tion is a complicating factor. In females with normal alleles, normal X-inactivation
(involving normal methylation of FMR1) results in a two fragments being detected: the
2.8 kb fragment arising from active (unmethylated) X chromosomes and a 5.2 kb EcoRI-
EcoRI fragment from inactive (methylated) X chromosomes. Premutations (containing
less than about 200 repeats) remain unmethylated on active X chromosomes and migrate
at approx 2.9-3.4 kb. In females only, premutations contained on the inactive X chromo-
some migrate at 5.3—5.8 kb. Full mutations containing greater than 200 repeats become
hypermethylated and migrate from 5.8 to approx 10 kb depending upon the extent of
repeat expansion.

As previously mentioned, expansion of the trinucleotide repeat in FMR1 exon 1 accounts
for >99% of the mutations. However, occasionally other alterations may be identified.
Patients with deletions of all or part of FMRI1, or point mutations in FMR1, have been
reported but probably account for much less than 1% of patients with fragile X mental
retardation (19-24). The deletion patients are detected when an autoradiographic signal is
completely absent or in a position lower than or above the expected normal signal and
“tight” when a smeary signal is expected. Restriction enzyme mapping using the known
restriction map flanking the CGG repeat and probes from the region can help clarify where
deletion endpoints are located. Deletion patients have confirmed that fragile X syndrome
is due to the lack of FMR1 expression because their phenotype is indistinguishable from
patients with repeat expansion.
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Extreme Expansion Detection
in Spinocerebellar Ataxia Type 2 and Type 7

Karen Snow and Rong Mao

1. Introduction

The autosomal dominant cerebellar ataxias are each defined by progressive ataxia
and variable association with other clinical findings (7). Numerous spinocerebellar
ataxia (SCA) loci have been identified and several of the SCA genes have expansion of
a CAG-repeat as the underlying mutation (2,3). Assays that determine the CAG-repeat
lengthin SCAI, SCA2, SCA3, SCA6, and SCA7 are used for both diagnostic and predic-
tive testing purposes. Molecular genetic testing is necessary to establish a diagnosis of
the SCAs that do not have unique clinical features. It is also a valuable tool in confirm-
ing a clinical diagnosis of SCAs that have characteristic clinical findings (such as reti-
nal dystrophy in SCA7) (2,3). Assays typically utilize polymerase chain reaction (PCR)
amplification of the repeat region, separation of PCR products by gel electrophoresis
or capillary electrophoresis, and visualization of products by incorporation of radioac-
tivity or dye into PCR products or staining with dye after product separation (4-6).

As for other trinucleotide repeat disorders, the genetic phenomenon of anticipation
(i.e., decreasing age of onset, increasing disease severity, and faster rate of progression
in subsequent generations) in the SCAs is explained by increasing size of the CAG
repeat from generation to generation (reviewed ref. 3). The majority of cases of SCAL,
SCA2, SCA3, SCA6, and SCAT7 have fewer than 70 CAG repeats and the standard tech-
niques described above allow sensitive detection and good size resolution of alleles.

Several cases of infantile- and juvenile-onset SCA have been reported where SCA2
and SCA7 alleles have between 130 and 500 CAG repeats (7—13). In SCA7, anticipa-
tion is more frequently associated with male transmission and sperm of carriers dem-
onstrate massive increases in CAG repeat size (14). A concern is that extreme expansion
alleles in SCA2 and SCA7 are not adequately detected by standard methods (13). Simi-
larly, very large CAG-repeat expansions in the /7-15 gene in juvenile onset Huntington
disease (HD) have been difficult to detect by routine methods. A recommendation is
that samples yielding apparently homozygous normal alleles be tested by additional
methods to ensure that a second allele of a different size is not present (15). For
example, Southern blot and probe hybridization to PCR products have been success-
fully used to detect HD alleles with more than 100 CAG repeats (16,17).

From: Methods in Molecular Biology, vol. 217: Neurogenetics: Methods and Protocols
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Table 1

Oligonucleotide Sequences

Name DNA sequence Reference
SCA2A 5'- GGG CCC CTC ACC ATG TCG - 3 (22)
SCA2B 5'- CGG GCT TGC GGA CAT TGG - 3 (22)
SCA7TB 5'- GTA GGA GCG GAA AGA ATGTC - 3' (13)
SCA7C 5'- CCC CGA CCG TCG CCATTG - 3 (13)
(CTG)6 5'- CTG CTG CTG CTG CTG CTG - 3' (13)

This chapter describes a PCR-blot-oligo hybridization assay for detection of
extreme expansion alleles in the SCA2 and SCA7 genes. Utilization of this assay is
appropriate for cases of infantile- or juvenile-onset ataxia where routine assays such
as PCR-polyacrylamide gel electrophoresis (PAGE) show apparent homozygosity for
a normal repeat size in the SCA2 and SCA7 genes and where there is a suspected or
confirmed diagnosis of SCA2 or SCA7 in a parent.

2. Materials

2.1. DNA Extraction from Whole Blood

1. Puregene™ DNA extraction kit (Gentra, Minneapolis, MN, USA).
2. Isopropyl alcohol, high-performance liquid chromatography (HPLC) grade (2-propanol)
(Fisher-Scientific, Hampton, NH, USA)

2.2. PCR

1. GeneAmp® DNA Amplification Reagent Kit or individual components: 5 U/uL Taq Poly-
merase, 10 mM dATP, 10 mM dCTP, 10 mM dGTP, 10 mM dTTP, 25 mM MgCl,,
10X reaction buffer without Mg (Applied Biosystems, Foster City, CA, USA).

2. Sterile H,O for Molecular Biology, Dnase and Rnase free (Sigma, St. Louis, MO, USA).
3. To make 5X reaction buffer, mix 10X reaction buffer, 10 mM dGTP, 10 mM dATP,
10 mM dTTP, 10 mM dCTP, sterile H,O in ratio 5:1:1:1:1:1 by volume (see Note 1).

4. Dimethyl sulfoxide (DMSO) (Sigma) (see Note 2).

50% Glycerol: mix glycerol (Sigma) and sterile H,O in 1:1 ratio by volume (see Note 2).

6. Oligonucleotide primers, 20 uM (Table 1) (see Note 3).

b

2.3. Agarose Gel Electrophoresis

1. Molecular biology grade agarose, e.g., Ultra Pure™ agarose (Invitrogen Corporation,
Carlsbad, CA, USA)

2. 1X Tris-acetate-EDTA (TAE) buffer: 40 mM Tris-acetate, 1 mM EDTA.

6X gel loading buffer: 0.25% bromophenol blue (Sigma), 15% ficoll type 400 (Sigma).

4. 10 mg/mL ethidium bromide (BioRad Laboratories, Hercules, CA, USA). Store in the
dark at 4°C. Caution: ethidium bromide is a mutagen and may be a carcinogen and/or
teratogen. Avoid inhalation or skin contact. Wear gloves when handling and use hazard-
ous waste container for disposal of ethidium bromide containing solutions.

(O8]

2.4. Blotting to Nylon Membrane

1. Gel Denaturation Buffer: 0.4 N NaOH, 0.6 M NaCl.
2. Gel Neutralization Buffer: 1.5 M NaCl, 0.6 M Tris-HCI, pH 7.5.
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3
4.

2.5.

1.

20X SSC buffer: 3 M NaCl, 0.3 M sodium citrate, pH 7.0 (see Note 4).
Positively charged nylon membrane, e.g., Biodyne® membrane (Invitrogen Corp.).

Radiolabeling of 1 kb Ladder and Probe
1 kb DNA ladder, 1 pg/uL (Invitrogen Corp.)

2. (CTG)4 oligonucleotide, 2 uM (Table 1).

3. End-labeling reagents: T4 polynucleotide kinase and 10X PNK buffer (Promega, Madi-
son, WI, USA)
4. Gamma 3P ATP (Adenosine 5'-[y*?P] triphosphate, triethylammonium salt, >5000 Ci/mmol;
Amersham Biosciences, Piscataway, NJ, USA).
5. ProbeQuant™ G-50 Micro Columns (Amersham Biosciences).
6. STE buffer: 100 mM NaCl, 10 mM Tris-HCI, 1 mM EDTA, pH 8.0. Autoclave prior to use.
2.6. Hybridization
1. 20X SSPE buffer: 0.2 M phosphate, 3.0 M NaCl, 0.02 M EDTA. Autoclave prior to use.
2. Hybridization Solution: 4X SSPE, 0.2% SDS, 0.1 mg/mL yeast tRNA (Sigma).
2.7. Post-hybridization Washes
1. 5X SSPE buffer (diluted from 20X SSPE buffer).
2.8. Signal Detection
1. Autoradiography cassette with intensifying screen (Kodak BioMax™ TranScreen HE or
similar) and X-Ray film (e.g., Kodak BioMax™ MS),
OR
2. Phosphorimager.
3. Methods
3.1. Importance of Family History and Results

from Standard SCA2 or SCA7 Assays

1.

3.2.

In most of the previous reports of infantile- or juvenile-onset SCA2 or SCA7, a parent of
the affected child was diagnosed as having SCA prior to evaluation of the child. Thus,
family history is important in suggesting a potential diagnosis of hereditary ataxia in an
infant or child who has findings similar to those previously reported (infantile hypotonia,
seizures, dysphagia, developmental delay, cerebellar atrophy, visual impairment). How-
ever, it should be noted that a carrier parent may be asymptomatic or undiagnosed when
the affected child is first evaluated (12,13) (see Note 5).

Side-by-side analysis of parental and child DNA samples using the standard assays may
reveal apparent noninheritance of an allele from the carrier or affected parent (13). This is
explained by failure to detect the very large expansion in DNA from the child.

. Extreme expansions may give rise to very faint smudges or faint bands in standard assays

as shown in Fig. 1. These may be in regions of the gel or scan not typically scrutinized in
scoring of results.

DNA Extraction

Use Puregene™ reagents and manufacturer’s instructions to extract genomic DNA from
1-3 mL whole blood (see Notes 6—8).

Determine the DNA concentration by measuring the A260 on a spectrophotometer.
Adjust all DNA samples to the same concentration (between 0.1 and 0.5 pug/uL) (see
Notes 9 and 10).
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Fig. 1. Analysis of CAG repeats in SCA2 by a PCR-PAGE assay. Lanes 1, 2, 4, 5, 6, and 8
show results for unaffected individuals who are each homozygous for 22 CAG repeats. This
repeat length is the most prevalent in the general population. Lane 3 shows results from a case
of infantile onset SCA2 in which the expanded allele has approx 230 CAG, as determined by
the PCR-blot-oligo hybridization assay. As indicated by the arrow, the expanded allele appears
as a smudge in the upper part of the gel. Lane 7 shows a normal repeat of 23 CAG. Lane 9
shows results from an affected patient who has 23 and 48 CAG repeats. The circle indicates
artifact that is probably heteroduplex. The ‘no template’ control shows no bands (Lane 10).
M13 sequence is used to determine the size of alleles.

3.3. PCR

1. Prepare the SCA2 reaction mix by adding together the following volumes for each sample:
12.0 pL sterile H,O, 5 pL 5X buffer, 1 pL. MgCl,, 1 uL primer SCA2A, 1 pL primer
SCA2B, 1.25 uL DMSO, 2.5 pLL 50% glycerol. Multiply volumes to prepare enough mix
for all DNA samples to be tested plus a ‘no template’ control. Vortex the mix. Add the
appropriate multiple of 0.25 uL Taq polymerase. Vortex gently or use pipet to mix. Ali-
quot 24 uL of mix into PCR tubes. Add 1 uLL. DNA to each tube (see Notes 11-15).

2. Prepare the SCA7 reaction mix by adding together the following volumes for each sample:
9.75 pL sterile H,O, 5 pL 5X buffer, 1 uL. MgCl,, 1 pL primer SCA7B, 1 uL primer
SCA7C, 1.25 uL DMSO, 5.0 uL 50% glycerol. Multiply volumes to prepare enough mix
for all DNA samples to be tested plus a ‘no template’ control. Vortex the mix. Add the
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3.5.
. Prepare a 2% agarose gel by adding 2.0 g agarose to 100 mL of 1X TAE buffer. Heat in a

appropriate multiple of 0.25 uL. Taq polymerase. Vortex gently or use pipet to mix. Ali-
quot 24 uL of mix into PCR tubes. Add 1 uLL DNA to each tube (see Notes 11-15).
Perform PCR using the following conditions on a Gene Amp® PCR System 9600 (Applied
Biosystems). 35 cycles of 94°C, 30 s; 60°C, 30 s; 72°C, 30 s; 10 min hold at 72°C; hold at
5°C until samples removed from the instrument (see Note 16).

Preparation of Labeled 1 kb Ladder

Mix reagents in the order listed: 13.5 pL sterile H,O, 5 uL 1 kb ladder, 2.5 pL. 10X PNK
buffer, 3.0 uL y*?P-ATP, 1.0 uL T4 polynucleotide kinase (see Note 17).

Vortex reaction mix and spin briefly.

Incubate reaction mix at 37°C for 30 min.

Add 25 pL STE.

Inactive kinase by incubation at 90°C for 2 min.

Prepare ProbeQuant™ spin column as follows: resuspend the resin in the column by
vortexing, loosen the cap one-fourth turn and snap off the bottom closure, place the col-
umn in a 2-mL conical tube, pre-spin the column for 1 min at 750g (see Note 18).

Place the column in a new 2-mL conical tube support tube.

Slowly apply the entire sample to the top center of the resin, being careful not to disturb
the resin bed.

Spin the column at 750g for 1 min to retrieve labeled ladder into the collection tube.
Unincorporated 3?P-dATP remains in the column.

Dilute purified product to 100 uL by adding 50 UL of STE buffer.

Take an aliquot (1 or 2 uL) of the purified probe and determine the CPMs. Counts should
be approx 4 x 10> CPM/uL (see Note 19).

Agarose Gel Electrophoresis

microwave oven to dissolve. Cool to a temperature comfortable to handle (approx 50°C).
Add 5 pL ethidium bromide (10 mg/mL) per 100 mL of gel. Pour into gel tray and allow
to set for approx 2 h (see Note 20).

Add 5 pL 6X gel loading buffer to each PCR product and load 25 puL of each sample on
the gel (see Note 21).

. Include size standards on the gel. One lane should include unlabeled 1 kb ladder. Another

lane should contain 5-10X103 CPM of radiolabeled 1 kb ladder.

Perform electrophoresis at 100V for approx 5—6 h (see Note 22).

Visualize PCR products on a UV transilluminator and photograph for record. Take care to
not damage the gel.

. Blotting to Nylon Membrane

Incubate gel in gel denaturing solution for 30 min at room temperature with gentle
agitation.

Transfer gel to gel neutralizing solution and incubate for 30 min at room temperature with
gentle agitation.

Cut the nylon membrane slightly larger than the size of the gel (see Note 23).

Lay nylon membrane into a tray of fresh 10X SSC solution and allow the membrane com-
pletely to wet by capillary action (see Note 24).

. Assemble the blot on top of a gel holder that is in a tray filled with 10X SSC. The order of

blot components is: filter paper wick, gel with wells facing downwards, nylon membrane,
filter paper, stack of paper towels, weight (see Notes 25 and 26).
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Allow the transfer to continue for 6-16 h.

After the blotting is complete, carefully remove the membrane and immerse in an excess
of 2X SSC for 1-2 min with gentle agitation. The membrane can be rubbed very gently
with gloved fingers to remove any remaining fragments of agarose.

. Place the membrane with transferred DNA face up on a piece of filter paper and bake for

2 hat70°C.

Probe Preparation

Mix reagents in the order listed: 5.5 uL sterile H,O, 2 uL (CTG)4 oligonucleotide (2
uLM), 1.0 uL 10X polynucleotide kinase buffer, 1.0 uL y-3>P ATP, 0.5 puL T4 polynucle-
otide kinase (see Note 17).

Vortex reaction mix and spin briefly.

Incubate reaction mix at 37°C for 30 min.

Add 90 puL. STE buffer.

Inactive kinase by incubation at 90°C for 2 min.

Purify probe using a ProbeQuant™ column as described in (Subheading 3.4., steps 6-9).
Count a 1 or 2 pL aliquot of purified labeled probe to determine CPMs incorporated. The
expected range is 0.2 to 1.0 X 10° cpm/uL (see Note 19).

Hybridization
Wet membrane in 5X SSPE buffer.

. Add 20 mL hybridization solution to hybridization tube, roll to wet sides of the tube (see

Note 27).

Drain excess fluid off membrane and place in the hybridization tube with the DNA side
facing inwards.

Incubate at least 2 h at 55°C (see Note 28).

Discard hybridization solution. Add 20 mL of warm, fresh hybridization solution. Add
labeled (CTG)g oligo to hybridization tube, seal, swirl to mix, and incubate overnight at
55°C. The hybridization solution should contain 1-5 X 10° cpm/mL.

Post-hybridization Washes

Pour out hybridization solution into radioactive waste container.

. Add 100 mL of 5X SSPE buffer, seal, and swirl. Pour into radioactive waste container.

Transfer the membrane to a plastic container, add 1 L of 5X SSPE buffer, cover, and
agitate for 15 min at room temperature.

Add 1 L 5X SSPE buffer to a different container, warm to 60°C.

Transfer membrane to the warm container and agitate for 10 min at 60°C.

Air-dry membrane and wrap in plastic wrap (e.g., Saran wrap or Glad wrap).

3.10. Signal Detection
1. X-Ray Film:

2.

Place wrapped membrane in an autoradiography cassette with an intensifying screen.
In dark room, place X-ray film on top of membrane and close cassette.

Develop film after 4—6 h exposure.

d. Obtain a longer or shorter exposure as determined by the original exposure.

o oe

Phosphorimager:

a. Load wrapped membrane into a phosphorimager cassette.
b. Scan the cassette after 4—6 h of exposure.
c. Obtain a longer exposure scan if needed.
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Fig. 2. Analysis of CAG repeats in SCA2 by a PCR-blot-oligo hybridization assay. Lane 1,

22 and 45 CAG; Lane 2, 23 and 350 CAG; Lane 3, 23 and 400 CAG; Lane 4, 23 and 48 CAG;
Lane 5, homozygous for 22 CAG; Lane 6, ‘no template’ control.

3.11. Interpretation of Results (see Fig. 2)

1. Normal SCA2 and SCA7 alleles demonstrate bands at approx 130 bp and 255 bp,
respectively.

2. Typical expansions seen in adult-onset SCA2 and SCA7 patients appear as bands at approx
210 bp and 375 bp, respectively.

3. Extreme expansions seen in infantile- or juvenile-onset SCA2 and SCA7 appear as dis-
perse ‘smears’ of hybridization between approx 0.7 and 4 kb.

4. Notes

1. Prepare working aliquots of PCR buffers and reagents and avoid unnecessary repeat
freeze-thawing of stocks. Keep stock reagents on ice when thawed. Nucleotides in par-
ticular are labile and subject to hydrolysis.

2. Use molecular biology grade reagents for all parts of the procedure.

3. Oligonucleotides may be stored in sterile TE buffer or in sterile H,O.

4. Molecular biology buffers and solutions such as SSC, TE, and SDS solution can be made
from component reagents or can be purchased pre-made from vendors of molecular biol-
ogy products.

5. See refs. (18) and (19) for reviews of the clinical features, molecular genetics and coun-
seling issues for SCA2 and SCA7, respectively.

6. Whole blood should be collected in EDTA or ACD anticoagulant. DNA isolated from
heparinized blood may fail in PCR due to the inhibitory effect of heparin. In such cases,
dilution of the DNA (e.g., 1/10 in TE) may remove some of the inhibition.

7. Apply the following tips to ensure a good yield of high-quality DNA. If any cell clumps

are visible at the cell lysis step, try to break-up the clumps by pulling the cell clump up
into and out of a disposable transfer pipet vigorously several times. Incubate at the cell
lysis step for a prolonged period if necessary until all cells are lysed. It is important that
the cell lysate be no warmer than 20°C when protein precipitation solution is added.
Effective precipitation of protein at this step requires very vigorous vortexing.
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Alternative DNA purification procedures include the standard proteinase K/phenol/chlo-
roform method and commercially available column extraction methods.

. Adjusting the DNA concentration of each sample to a standard value typically yields

greater uniformity of results between specimens but is not a necessary step.
Concentration of DNA may also be determined by fluorometer or by commercially avail-
able detection Kits.

. Follow precautions to minimize the risk for PCR contamination. Set up all PCR reactions

in a designated ‘clean’ area. Wear clean gloves when setting up a PCR and use dedicated
pipets and barrier tips for all pipetting. Wipe down the setup bench with water both before
and after setting up a PCR. Reagents used in PCR reactions must stay in the PCR set up
area. At least weekly, the PCR setup area should be cleaned with a 1/10 dilution of bleach.
However, bleach is an inhibitor of PCR so the cleaned area should be thoroughly wiped
clean with water following the bleach treatment. If available, turn on UV lights after use
of the area. Amplified products must not be brought into the PCR set-up area. Store PCR
products away from DNA samples and PCR reagents. Do not handle blood samples or
genomic DNA in the post-PCR area of the laboratory. Reagents suspected of being con-
taminated must be discarded (e.g., if the ‘no template’ control shows product).

Keep all reagents on ice during set up of PCR reactions. The Taq polymerase should be
kept at —20°C until ready to use and then returned to —20°C as soon as possible.

It is essential to mix the reaction mix thoroughly before addition of the Taq polymerase to
avoid denaturation of the enzyme by DMSO.

To avoid false patient results and allow detection of PCR contamination, PCR reactions
should be set up in the order: patient samples, negative control, positive control, ‘no tem-
plate’ control.

To minimize formation of nonspecific PCR products, keep reactions on ice until they are
placed in the thermocycler. Place reaction tubes in the thermocycler after the block tem-
perature reaches approx 80°C. It may be helpful to use the pause feature of the thermo-
cycler while reaction tubes are being placed in the heating block.

Cycling parameters on other thermocyclers may need to be adjusted slightly to obtain
comparable results. This is most likely because of some differences in ramping character-
istics between different thermocyclers.

T4 polynucleotide kinase is added last to maximize incorporation of radiolabeled nucle-
otide. If kinase is added before the 3P ATP, DNA synthesis would incorporate unlabeled
nucleotides that are present in the PNK buffer.

ProbeQuant™ preparation and purification steps should be performed as quickly as pos-
sible to prevent drying out of the resin within the column.

The incorporation values listed are for Cerenkov counting. Cerenkov counting is per-
formed in the absence of scintillation fluid and measures radioactivity from 3?P in the 3H
channel of a liquid scintillation counter.

Never microwave an agarose solution containing ethidium bromide. Ethidium bromide is
a mutagen and may be a carcinogen and/or teratogen. Avoid inhalation or skin contact.
Wear gloves when handling and use hazardous waste container for disposal of ethidium
bromide containing solutions.

Volumes of PCR products and standards to load are for I mm x 8 mm well sizes. Load
smaller amounts for smaller wells. Samples should be pipetted into the wells slowly to
minimize mixing of sample and running buffer.

DNA migrates toward the anode (+).

Wear gloves when handling the nylon membrane or filter paper that may come in contact
with the nylon.
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24.

25.

26.
27.

28.

To avoid trapping of air in the membrane, wet the membrane by placing a corner into the
buffer then gently lower the remainder of the membrane into the buffer. Trapped air,
which is visible as a whitening of the membrane, will interfere with transfer of DNA onto
the membrane.

The procedure provided is for blotting under neutral conditions and requires subsequent
baking of the membrane to covalently attach DNA to the membrane. In contrast, blotting
to nylon using alkaline transfer does not need subsequent baking or UV crosslinking.
However, alkaline transfer may result in higher levels of background hybridization (20)
Alternative DNA transfer methods are downward transfer or electrotransfer (21).

The volume of hybridization solution used may be less than 20 mL, depending on if a
hybridization tube or hybridization bag is used. The volume of 20 mL is for a 20 X 20 cm
membrane in a hybridization tube of 10 cm diameter. There should be enough solution to
allow complete coverage of the membrane as it is being rotated or rocked.

This prehybridization step allows blocking of non-specific binding sites on the membrane
and reduces background signal.
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Repeat Expansion Detection (RED)
and the RED Cloning Strategy

Qiu-Ping Yuan, Kerstin Lindblad-Toh, and Martin Schalling

1. Introduction
1.1. Background

Trinucleotide repeat sequences are present at approx 30,000—40,000 loci in the
human genome (). The majority of these repeats are below 35 copies and are stably
transmitted. However, unstable trinucleotide repeat expansions at some loci have been
found to be the causal mutation for nearly 20 genetic neurodegenerative disorders in
human (2—-4). Most of these disorders occur at repeat lengths above 35 copies, with a
tendency towards further expansion upon successive transmissions. An inverse corre-
lation between the repeat length and disease severity/earlier age of onset, known as
anticipation, has been observed in most of the families transmitting such types of dis-
eases, suggesting that the length change of the repeats may play a role in the manifes-
tation of anticipation. Only three motifs, CAG/CTG, CGG/CCG, and GAA/TTC, of
the 10 possible trinucleotide repeat permutations have so far been associated with
human disease. It remains possible that other disease phenotypes are caused by expan-
sions of any repeat motif at any repeat containing locus. We have established a repeat
detection and gene-isolation system, which allows identification of a repeat-containing
gene within a couple of months.

1.2. Repeat Expansion Detection

The repeat expansion detection (RED) method (5,6) has been used for the detection
of a trinucleotide repeat expansion without the need of prior knowledge of its chromo-
somal location (7-10). In RED, genomic DNA serves as a template for repeat specific
oligonucleotides after DNA denaturation. Oligonucleotides that have annealed at adja-
cent bases of a repeat sequence in genomic DNA are ligated by a thermostable ligase,
generating multimers through multiple rounds of cycling (Fig. 1). This is a linear am-
plification process requiring several hundred cycles of ligation/denaturation. The prod-
ucts are size-separated by gel electrophoresis, blotted onto a membrane, and hybridized
with a 3?P-labeled repeat probe complementary to the multimer. The maximum prod-
uct size observed corresponds to the longest repeat sequence existing in the genome
tested. The method consists of the following steps: 1) amplification of long repeat
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Fig. 1. The principle of RED. DNA is heat-denatured and (CTG),, repeat oligonucleotides
are allowed to anneal to the template. Ligation occurs when oligonucleotides anneal at adjacent
positions. These reaction steps are repeated several hundred times on a thermocycler yielding
multimers with different sizes, where the longest product corresponds to the longest repeat
sequence in the tested DNA.

sequences by ligation-denaturation cycling; 2) size separation of the RED products by
electrophoresis on a polyacrylamide gel; 3) transfering products onto Hybond-N+ mem-
brane by blotting; 4) hybridization of RED products with a repeat probe labeled with
isotope; and 5) autoradiography.

1.3. The RED-Based Cloning Strategy

We have developed a cloning method to facilitate the isolation of disease genes
containing trinucleotide repeat expansions. The method is based on size separation of
genomic fragments, followed by subcloning and library hybridization with an oligo-
nucleotide probe (Fig. 2). Fractions and clones containing expanded repeats are identi-
fied by the RED method throughout the cloning procedure. DNA from multiple family
members are not required and as little as 10 g genomic DNA from a single individual
is sufficient for this method. A major obstacle of cloning long repeat sequences has
been the tendency of repeats to expand or delete during the cloing procedure (11,12).
The strategy described here appears to avoid this problem, as cloning steps and propa-
gation in bacteria are reduced to a minimum through the use of direct hybridization to
identify repeat containing plaques. Using this strategy, we have cloned two DNA frag-
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Fig. 2. Diagram illustrating the major steps of the RED-cloning procedure. The RED method
was used at three different stages to identify the target repeat expansion.

ments containing expanded repeats from two unrelated patients with a clinical diagno-
sis of cerebellar ataxia (13). Sequencing of the two fragments showed sequences iden-
tical with two disease loci, the Huntington gene and the ataxin 3 gene, respectively.
The sequenced repeats were very similar in size to that obtained in the initial RED
reaction, providing evidence that repeats essentially remain stable throughout the pro-
cedure. The method should be adaptable to the cloning of any long repeat motif in
any species. Furthermore the experimental steps can be performed within two months,
making it a time-efficient method for disease gene identification. Major steps of this
method are illustrated in Fig. 2.

2. Materials

2.1. The RED Method
2.1.1. DNA Template

A standard phenol/chloroform extraction method or QIAmp Blood Kit (Qiagen Inc.,
Chatsworth, CA) can be used for DNA preparation. Dissolve DNA in 5 mM Tris buffer,
pH 9.0, with final concentration of 0.2 pg/uL.

2.1.2. Oligonucleotides

Oligonucleotides must be 5'phosphorylated. The denaturation/ligation cycling con-
ditions described in this chapter are optimized for use with a (CTG), oligonucleotide.
Please see Note 1 if other oligonucleotides are used.
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2.1.3. Reagents

1. Ampligase (100 U/uL) (Epicentre Technologies, Madison, WI, USA) with supplied buffer.

2. Terminal deoxynucleotide transferase (TdT) (Amersham, Little Chalfont, UK) with sup-
plied buffer for end-labeling of hybridization probes.

3. Isotope ai*?P-dATPs (6000Ci/mmol) (NEG 012Z, NEN DuPont Medical, Wilmington,
DE, USA).

4. Rapid Hybe buffer (Amersham).

6% denaturing polyacrylamide/6M Urea gel solution and supplied buffer (National Diag-

nostics, Atlanta, GA, USA).

10X TBE: 0.89 M Tris-boric acid, 20 mM Na,EDTA.

TE-4.

20X SSC.

3 M NaCl, 0.3 M Nascitrate.

20% sodium dodecyl sulfate (SDS).

Formamide gel loading dye: 100% formamide, 0.1% xylene cyanol, 0.1% bromophe-

nol blue.

b

s A

—_

2.1.4. Apparatus and Supplies

We have been using the GeneAmp PCR System 9600 (Perkin Elmer Cetus, Norwalk,
CT, USA), and the PTC-225 Peltier Thermal Cycler (MJ Research, Watertown, MA,
USA), but any thermocycler with a heated lid should work. In addition, Whatman 3-
mm filter paper, Hybond N+ membrane (Amersham) or any similar membrane, DuPont
reflection, NEF 495 X-ray film, and intensifying screen or a similar product is needed.

0.2-mL microtube strips and caps are used for the RED reactions (CLP products,
San Diego, CA, USA).

2.2. The RED-Cloning Strategy

2.2.1. RED Method (see Subheading 2.1.)

2.2.2. Cloning Procedure

1. Phage, and competent cells (XL-1 Blue cells & XLOLR cells).

2. Maltose medium and XLOLR in NZY-broth.

3. LB medium: 10 g of Tryptone, 5 g of Yeast extract, 10 g of NaCl, per liter; pH 7.5.

4. LB-maltose media: LB media, 0.2% maltose, 10 mM MgSO,.

5. NZY-broth: 5 g NaCl, 2 g MgSO,, 5 g Yeast extract, 10 g NZ Amine, per liter; pH 7.5.
6. NZY-top agar (NZY broth + 0.7% (w/v) agarose).

7. NZY-agar dishes (NZY broth + 15 g agar, per liter).

8. LB-tetracycline dishes (LB medium + 12.5 mg tetracycline per liter).

9. LB-kanamycine dishes (LB medium + 50 mg of Kanamycine).

10. SM buffer: 5.8 g NaCl, 2 g MgSO,, 7 H,0, 50 mL 1 M Tris-HCI, 5 mL 2% gelatin; pH 7.5.
11. 0.5 MIPTG; Xgal (250 mg/mL).

2.2.3. Other Reagents (Enzymes, Buffers, eftc.)

1. Enzymes: T4 Ligase (10 U/uL), Restriction enzyme (Mbol) and supplied buffer, Agarose-
Digesting Enzyme AgarACE, (Promega, Madison, WI, USA).

2. SeaPlaque CTG low-melting temperature agarose (FMC BioProducts, Rockland, ME, USA).

3. 6X gel loading dye: 4.0 mL 0.5 M EDTA, 2 mL of 10 M Tris-acetate, 50 mg bromphenol
blue, 2.0 g Ficoll.
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Size standard: 1 kb ladder and 100 bp ladder (GibcoBRL, Life Technologies, Téby,
Sweden).

Reagents for DNA precipitation: 99.5% and 95% ethanol; 3 M NaOAc pH 5.2; TE Buffer.
Denaturation solution: 67.6 g NaCl, 20 g NaOH, per liter.

Renaturation solution: 67.6 g of NaCl, 121.1 g Tris, per liter; pH7.0.

SNAP kit for phagemid DNA preparation (Invitrogen, Carlsbad, CA, USA).

2.2.4. DNA Sequencing Kit:

1.

BigDye™ Terminator Cycle Sequencing Ready Reaction (ABI PRISM, Warrington, UK).

3. Methods

3.1. The RED Method
The principle of RED is presented in Fig 1.

3.1.1. RED Reaction

1.

RED reaction mixture contains the following: Genomic DNA 1 (0.5-2) ug, (CTG),,
Oligonucleotide (50 ng/uL)1.0 pL, TE-4 1.0 uL, Ampligase (100 U/uL) 0.15 uL,
Co-Buffer 0.5-1.0 pL and add H,O to a final volume of 10 pL. Make sure tubes are
tightly capped.

Amplification in a thermal cycling machine with the following conditions: a primary
denaturation at 95°C for 5 min, followed by 500 cycles of annealing/ligation at 80°C for
20 seconds and denaturation at 95°C for 10 s. This step needs approx 10 h.

3.1.2. Electrophoresis and Blotting

1.

Electrophoresis: Use a 6% polyacrylamide/6 M urea gel with a wide tooth comb. Pre-
electrophorese at 90W for 20 min. Heat denature RED products in 0.5X formamide gel
loading dye for 5 min at 95°C and load all content onto gel. Electrophorese at 90W until
xylene cyanol (xc) has migrated 12 cm into gel. Separate plates and discard gel below
16 cm to avoid probe hybridization to excess oligonucleotides.

Blotting: Place a wet (with 1X TBE) sheet of Hybond N+ membrane on the gel, and
overlay with three dry 3mm Whatman papers cut to fit, the top glass plate, and a weight.
Let gels sit for 2 h to permit capillary blotting. Thereafter, immobilize the DNA on the
membrane by cross-linking in a UV-light box.

3.1.3. Hybridization

1.

Labeling probe: 3' end labeling using TdT is prefered because it effectively permits addi-
tion of multiple 3?P-dATPs to each molecule, yielding a high specific activity. Mix 8.7 uL
H,0, 5 uL 5x Co-buffer and 2.5 uL. (CAG),, oligonucleotide (50 ng/uL) on ice. Add 7 uL.
032P-dATP and 1.8 uL. TdT enzyme. Incubate for 1 h at 37°C. Add 500 uL. 0.1 M Tris pH
8.0 to stop the reaction. Probe should be labeled to a specific activity of 2-9 x 10° cpm/ug.
Hybridization: Prehybridize membrane in Rapid Hybe (Amersham) solution for 20 min; add
labeled probe and hybridize for 1 h at 60°C. Wash the membrane for 20 min at room tempera-
ture and 30 min at 60°C in 1X SSC + 0.1 % SDS with at least one change of wash solution.

3.1.4. Autoradiography

Expose membranes overnight (or up to 7 d) to X-ray film at —70°C using intensify-
ing screens.
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Fig. 3. Autoradiographs showing a series of RED products detected from DNA samples from
patient A at different cloning stages. A consistent 180bp RED product was seen in genomic DNA
(lane 2), two Mbol-DNA fractions (lane 4 and 5) but not in the flanking fractions (lane 3 and 6),
as well as two representative cloned DNA fragments (lane 7 and 8). RED was performed using a
(CTG),, generating multimers at 30 nt intervals represented as bands after size separation, blot-
ting, hybridization, and autoradiography. The bottom band corresponds to 90 bp.

3.1.5. Results

Products are revealed as a ladder of bands (see Fig. 3) with 30 nucleotide interval
between neighboring bands. The band with the highest molecular weight represents the
largest repeat expansion in that particular genome. A “base line” ligation product
formed by trimers of the oligonucleotide used should be seen in all lanes as the human
genome contains many short repeat sequences. Absence of such a product should be
regarded as a reaction failure in need of troubleshooting. A sample with a known repeat
expansion should be included as a positive control to deduce RED product expansion
sizes in the samples analyzed. See also Notes 1-5 for trouble shooting guide.

3.2. The RED-Cloning Strategy

An overview of the cloning procedure is presented in Fig. 2, detailing the major
steps involved.

3.2.1. Physical Enrichment of DNA Fragments
Containing Long Trinucleotide Repeats

1. Digestion of genomic DNA: Select genomic DNA from an individual with an expanded
trinucleotide repeat that you wish to clone. Set up digestion reaction containing 10 pug of
DNA, 20-40 U Restriction enzyme (Mbol), 6 UL supplied buffer for the restriction
enzyme and add water to a total volume of 60 UL. After incubation in a 37°C water bath
for 4—5 h, DNA should be fully digested.

2. Precipitation of digested DNA: Add 1/10 volume of 3 M NaOAc and 2X volume of 99.5%
Ethanol. Mix thoroughly by inverting the tube. Place the tube on ice for half an hour or at
—20°C for 15 min. Centrifuge at 8,000g at 4°C for 15 min. Discard supernatant. Dry DNA
pellet in a vacuum oven.
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8.

Electrophoresis: Resuspend DNA in 20 pL. TE buffer and mix with 4 uL 6X loading dye.
Load all content to a 0.8% low-melting temperature agarose gel. Load 1 kb and 100 bp
ladder as size standards in separate lanes. Electrophorese at 20V for 17—18 h. The100 bp
DNA fragments should then have migrated around 11 cm into the gel.

Dissection of agarose lane containing DNA separated by size: Cut the agarose lane and
dissect it into uniform 2 mm pieces and place each piece into clean eppendorf tubes.
Digestion of agarose using AgarACE: Melt agarose pieces at 70°C for 10 min and then
transfer tubes to a water bath or heating block at 42°C. Add 2-3 U AgarACE to each tube
and mix by vortexing. Incubate at 42°C for 15 min. Inactivate AgarACE at 70°C for 10 min.
Precipitation of DNA: Add 1/10 volume of 3 M NaOAc and 2X volume of 99.5% Ethanol.
Mix thoroughly by inverting the tube. Leave the tubes at room temperature for 1.5-2.0 h.
Centrifuge at 8,000g at room temperature for 15 min and dry pellet as in step 2. Resuspend
DNA pellet in 10 uLL H,O.

. RED analysis: Perform the RED analysis as described in Subheading 3.1. on each DNA

fraction to identify the fractions enriched for DNA fragments containing the expanded
repeat. Use 3 L. DNA to set up RED reaction (see Note 6).
Select the 1-2 fractions containing the expanded repeat of interest.

3.2.2. Cloning of the DNA Fragments Containing an Expanded Repeat

Every step in the cloning part is performed following the instructions supplied

together with the vector kit, with some modifications. Please read the original protocol
for details if necessary.

1.

Generation of genomic library using the RED positive DNA fraction: Set up ligation reac-
tion mixture containing the following: 1.0 uL of the ZAP Express Vector (1 pg/uL),
1.0 puL of the repeat containing DNA fraction, 0.5 uL of 10X Ligase buffer, 0.5 pL of
10 mM ATP, 0.2 uLL of T4 Ligase (10U/uL) and 1.8 uL of H,O. Incubate at 4°C for 48 h.
Packaging Ligation: Take one tube of GigaPack golden III from —70°C. Thaw the content
by holding the tube. Add 5 pL ligation into packaging content. Mix by moving tip gently.
Incubate at room temperature for 1.5-2 h. Add 500 pL. SM buffer and 20 pL chloroform.
Invert tube and spin briefly.

3.2.3. Titering

P NN WD =

Dilute packaged ligation 1:10.

Prepare XL-1 Blue cell at ODgy = 0.5 in 10 mM MgSO,.

Mix 200 pL XL-1 Blue cell with 1 puL of original ligation-package and 1:10 diluted ligation.
Incubate at 37°C for 15 min.

Melt Top-agar and cool down to 48°C.

Mix 3 mL Top-agar with the content of the tube and 15 pL 0.5 M IPTG, 40 uL Xgal.
Pour quickly onto big NZY plates. Incubate at 37°C over night.

Count white plaques (recombinants).

The titer of the white plaques should reach 1000/uL of the packaged ligation.. Titers lower
than this number can lead to a failure in cloning the long repeat containing fragment (see
Note 7).

3.2.4. Plating Library

1.
2.

600 uL XL-1 Blue cells prepared at ODg, = 0.5 in 10 mM MgSO,.

Mix with the calculated amount of packaged ligation, so that each plate contains 400,000—
500,000 recombinants.

Incubate at 37°C for 10—11 h. Wrap plates with plastic film and store them at 4°C for two
h. (Plates are now ready for plaque lifts.)



58 Yuan et al.

I. ‘ L . ‘
2 A
. ‘
(CAG)4o probe (CTG)47 probe

Fig. 4. Autoradiograph of library screening of repeat containing plaques using a (CAG);,
repeat probe or a (CTG),; probe. The number of positive spots was reduced when the (CTG),,
probe is used. Hybridization stringency used for (CAG),,: hybridization at 60°C and washed at
65°C with 1X SSC + 0.1% SDS, (CTG),: 65°C and washed at 72°C with 0.2X SSC +0.1% SDS.

3.2.5. Plaque Lifts

1. Make duplicate Hybond-+ filters for each plate. Place filter A on the plate for 2 min,
remove it and place filter B on the plate for 4 min before removing it.

2. Directly after removing each filter from the plate, slowly place the filter on the surface of

denaturation solution, with the plaque-containing side upward for 5 min.

Transfer filters to renaturation solution for 5 min.

Dip filters in 2X SSC solution for 2 min.

Immobilize DNA to the filter by UV light autocrosslinking.

Prewash filters at 65°C in wash solution (2X SSC + 0.1%SDS) for 2 h.

A

3.2.6. Hybridization

A (CTG),; repeat-oligonucleotide-probe is used for the selection of long-repeat con-
taining plaques from the library. Conditions for probe-labeling and library hybridiza-
tion are the same as the RED hybridization step (see Subheading 3.1.3.), except for the
temperature (65°C for hybridization and 72°C for wash with wash solution [0.2X SSC
+ 0.1% SDS]). Figure 4 shows the positive spots after autoradiography, using probes
with different length.

3.2.7. Picking Positive Plaques

Pick positive plaques according to their position on the film and place them sepa-
rately into 1 mL SM buffer. Add 20 uL chloroform. Vortex and store them at 4°C for at
least overnight.

3.2.8. Isolation of Single Positive Plaques

Repeat steps from Subheadings 3.2.4.-3.2.7. using positive phage-stock in different
dilutions (10 uL; 1 pL; 0.1 uL, and 0.01 pL) until single positive plaques are obtained.
Pick these single plaques and place them in 200 pL. SM buffer and 5 puL. chloroform.
Incubate at 4°C over night.
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3.2.9. Conversion of Phage DNA to Phagemid DNA

1.
2.

o

Prepare X1-1 Blue cells at ODgyq = 1.0 in 10 mM MgSO,.

Mix 100 uL XL-1 Blue cells with 50 L of concentrated phage and 0.5 uL assistant helper
phage (Stratagene ZAP cloning kit).

Incubate at 37°C for 15 min.

Add 1.5 mL NZY-broth and incubate with shaking at 225 rpm at 37°C for 2.5 h.

Heat tubes at 70°C for 20 min. Spin down cells at 1500 rpm for 15 min.

Take supernatant 100 uL and mix with 200 uL. XLOLR cells at ODgyp = 1.0 in 10 mM MgSO,.
Incubate at 37°C for 15 min.

Add NZY-broth 300 uL and incubate at 37°C for 45 min.

Plate out 200 UL onto kanamysin LB plates. Incubate overnight at 37°C.

3.2.10. Preparation of Phagemid DNA

Collect bacteria from each plate and prepare DNA using the SNAP-kit (Invitrogen).

Finally, dissolve the DNA in 60 uL. TE buffer.
3.2.11. Sequencing Using 377 ABI DNA Sequencer

1.

2.

3.

Sequencing primers: T3 and T7 promotor sequences located on the vector flanking the
insert DNA are used to sequence the insert from both ends.

Set up the sequencing reaction containing: 2 uLL phagemid DNA (0.3 pug/uL), 3.2 pmol of
T3 or T7 primer and 2 uL. BigDye™ Terminator Cycle Sequencing Ready Reaction. Con-
ditions for cycling: 35 cycles of 96°C for 10 s, 50°C for 5 s and 60°C for 4 min.
Sequence on a denaturing 6% gel on ABI 377.

4. Notes

1.

The RED method can be used to detect expansions with different trinucleotide repeats. How-
ever, the oligonucleotide length may need to be increased if the GC content of the repeat motif
to be analyzed is low, and an optimization of the cycling conditions is needed. Oligonucle-
otides of different sizes may be used when screening for several motifs simultaneously (5). It
is important that oligonucleotides are phosphorylated and purified for the RED reaction to
work. Any residue of shorter molecules from the synthesis will reduce the signal markedly.
Empty tubes due to evaporation following the long RED cycling procedure can be a prob-
lem. Select PCR tubes carefully. We have found that Continental LP tubes work well.
Light areas on autorad can be caused by poor contact during blotting. Too much buffer
may obscure part of the ladder present in a given lane.

Dark autorad without visible lanes can sometimes be produced. The probe has randomly
hybridized to the whole filter. This can be caused by a spill of RED reaction sample with
a large excess of oligonucleotide into the upper buffer tank during gel loading.

Dark sample lanes and lack of products may be the case of reaction failure. This could be
due to the quality of the DNA. Check the degree of degradation and the actual concentra-
tion of high molecular weight DNA on an agarose gel. High salt concentration may reduce
the efficiency of the Ampligase. Try to lower the Ampligase buffer concentration to 0.5X.
A low pH also lowers the reaction yield and may cause reaction failure. Include 1 pL
buffered TE-4, pH 8.0 in the RED reaction if the DNA is in an unbuffered solution. Weak
bands could also be due to poor handling of the reagents. We have noticed that the
ampligase buffer is sensitive to repeated thawing.

Pure DNA is essential for the RED reaction. Therefore the fractionation and extraction steps
of the cloning procedure has to work well. Too much agarose or agarose residues may inhibit
the RED reaction. This problem can be avoided by repeating the DNA extraction step using
a standard DNA extraction protocol using phenol/chloroform/isoamyl alchohol.
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7.

Yuan et al.

A titer of recombinants lower than 1,000/uL may lead to a failure of cloning the long
repeat containing fragments due to preferential selection against DNA fragments contain-
ing long repeat during the cloning procedure. Low ligation efficiency may again be caused
by poor DNA quality.
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Repeat Analysis Pooled Isolation and Detection (RAPID)
Cloning of Microsatellite Expansions

Laura P. W. Ranum

1. Introduction

Microsatellite repeat expansions have been shown to cause a number of
neurodegenerative diseases (). Most of the disease genes identified to date involve
the expansion of a trinucleotide repeat motif, but recently tetra- and pentanucleotide
repeat expansions have been shown to cause myotonic dystrophy type 2 (DM2) and
spinocerebellar ataxia type 10 (SCA10), respectively (2,3). Most microsatellite dis-
eases are characterized by the presence of anticipation, or a decrease in the age of
onset in consecutive generations due to the tendency of the unstable repeat tract to
lengthen when passed from one generation to the next (1,4,5). In addition, the
involvement of trinucleotide repeat expansions in a number of other diseases
including schizophrenia (6) and bipolar affective disorder (7,8) has been suggested
both by the presence of anticipation and by Repeat Expansion Detection (RED)
analysis (9,10). The involvement of trinucleotide expansions in these diseases,
however, can only be conclusively confirmed by the isolation of the expansions
present in these populations and detailed analysis to assess each expansion as a
possible pathogenic mutation. We previously described a novel procedure to
quickly isolate expanded trinucleotide repeats and the corresponding flanking
nucleotide sequence directly from small amounts of genomic DNA using a process
of Repeat Analysis, Pooled Isolation, and Detection of individual clones contain-
ing expanded trinucleotide repeats (RAPID cloning) (11). We used this technology
to clone the pathogenic SCA7 and SCA8 CAG/CTG repeat expansions from banked
DNA samples from single individuals affected with ataxia (1/-13). In addition,
Holmes et al. used RAPID cloning to identify the CAG/CTG expansion respon-
sible for SCA12 (14) and a novel CAG/CTG expansion that causes Huntington dis-
ease-like 2 (15).

The RAPID cloning procedure, outlined schematically in Fig. 1, uses an optimized
RED protocol to follow an expanded trinucleotide repeat through a series of enrich-
ment steps until a single, isolated clone is obtained (11) The initial step in RAPID
cloning from genomic DNA is two-dimensional RED analysis (2D-RED). In the 2D-RED
protocol, genomic DNA is digested with a restriction enzyme and run out on an agar-
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Fig. 1. Overview of RAPID cloning strategy. In general, the Repeat Expansion Detection
(RED) assay (9,10) is used to follow an expanded trinucleotide repeat present in genomic DNA
through a series of enrichment steps until a single, purified clone is obtained. Reprinted with
permission from Nature Genetics, ref. (11).

ose gel to separate the DNA into discrete size fractions. RED analysis is then per-
formed on each size fraction. In addition to identifying an enriched genomic size frac-
tion for use in the subsequent cloning and enrichment protocol, the 2D-RED assay
measures both the number and size of the expansions present in an individual’s ge-
nome. After 2D RED separation the purified DNA from the fraction enriched for the
repeat expansion is cloned and enriched for the expansion (11).

2. Materials

2.1. Genomic DNA Isolation
1. Pure Gene Genomic DNA Isolation Kit #D-5000 (Gentra Systems, Plymouth, MN, USA).

2.2. Optimized RED Assay (see Note 1)

1. (5'P-CTG),q oligonucleotide primer, 5' phosphorylated, gel purified (aliquot, dry and store
at —80°C, for RED reactions).

2. Hybond N+ (Amersham, Piscataway, NJ, USA).

3. (CAG),q primer for probe.

4. a~P32 (6000 Ci/mmole) (NEN, Boston, MA, USA).
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® N W

2.3.

1.

TdT and 10X 1-phor-all Buffer (Pharmacia Corporation, Peapack, NJ, USA).
Ampligase and Buffer (Epicentre, Madison, WI, USA).

Formamide.

Control genomic DNA from patient samples containing repeat expansions of various sizes
(e.g., SCAL, HD, etc., controls).

Two-Dimensional RED Analysis
Genomic DNA.

. EcoRI or another restriction enzyme.

SeaPlaque GTG low melting-point agarose (BioWhittaker Molecular Applications,
Rockland, ME, USA).

Medium Size Gel Box (gel size = 24 x 13 cm).

TAE buffer: 0.4 M Tris base, 0.2 M Acetic Acid, 0.01 M EDTA, pH 8.0.

Gel-slicing apparatus with microscope coverslips as disposable dissecting blades for even
2-mm slices.

AgarACE (Promega, Madison, WI, USA).

Glycogen 5 mg/mL (Ambion, Austin, TX, USA).

. Cloning of Genomic Fragments
. Lambda ZaplI Cloning and Packaging Kit (Stratagene, La Jolla, CA, USA): RecA~

Escherichia coli host strain XL1-Blue MRF’; ExAssist interference-resistant helper
phage; SOLR strain; Packaging extracts.

2. 10X Ligase Buffer: 500 mM Tris-HCI, pH 7.5, 70 mM MgCl,, 10 mM dithiothreitol
(DTT) plus.
3. 10 mM rATP, pH 7.5.
4. T4 DNA Ligase (Epicentre).
5. SM Buffer (1L): 5.8 g NaCl, 2.0 g MgSO, - 7H,0, 50 mL 1 M Tris-HCI, pH 7.5, 2 mL 5%
(w/v) gelatin, add H,O to 1 L and autoclave.
6. Chloroform.
7. LB Plates (For 1 L): 10 g NaCl, 10 g tryptone, 5 g yeast extract, 20 g agar adjust to pH 7.0.
8. LB Media (For 1 L): 10g NaCl, 10 g tryptone, 5 g yeast extract, adjust to pH 7.0.
9. LB-Tetracycline Plates: LB plates as above with tetracycline 12.5 png/mL.
10. LB-MgSO,-Maltose Media: LB media as above with 10 mM MgSO, and 0.2% maltose.
11. Top Agar: Prepare 1 L of LB broth and add 0.7% [w/v] agarose, autoclave.
12. 10 mM MgSO,.
2.5. Post Cloning Enrichment
1. Escherichia coli strain CJ236 (dut-, ung-; Bio Rad, Hercules, CA, USA).
2. M13KO07 helper phage (1 x 10'° pfu, Promega, Madison, W1, USA).
3. T4 DNA polymerase (New England Biolabs, Beverly, MA, USA).
4. Amplitaq (Perkin Elmer, Wellesley, MA, USA).
5. (CAG),q oligonucleotide primer (IDT, Hillsboro, OR, USA).
3. Methods
3.1. Optimized 1-D RED Analysis

3.1.1. Optimized RED Reactions

Reactions are performed according to Schalling et al. (9) with slight modification:
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Repeat Expansion Detection Reaction:

10X Ampligase Buffer.

5'P (CTG),, oligonucleotide primer (50 ng).
4% Formamide (final concentration).

5 U Ampligase (Epicentre).

2 ug genomic DNA.

H,0.

10 pL = total volume.

Reactions are performed in 0.5 mL Eppendorf tubes. To prevent evaporation, each reac-
tion is internally capped with the bottom portion (~2 mm) of another trimmed off 0.5 mL
Eppendorf tube. Seal caps by pushing down with a micropipet tip.

Sealed tubes are then heated to 94°C for 4 min and 50 s and then cycled 495 times at 94°C
for 10 s, 78°C for 40 s with a 2 s/degree ramp when cooling from 94°C to 78°C.

3.1.2. Gel Electrophoresis and Blotting

1.

Un-cap the samples by flaming a micropipet tip to melt the end and seal it to the top of the
internal cap. Let cool, then slightly heat tubes to break the seal and remove. Repeat if
necessary.

To increase the amount of RED product that can be loaded onto a gel, dry the samples in
a speed vac.

. Resuspend the RED products with gel loading dye (10% formamide, 2 mM EDTA, 0.005%

Bromphenol Blue, and 0.005% Xylene Cyanol).

4. Denature at 94°C for 5 min, cool on ice and load onto a denaturing sequencing gel (6%

Al

8.

acrylamide gel in TBE buffer, 6 M urea, TBE buffer).

Run gel at 70 watts or until Xylene Cyanol band has run into gel for ~12 cm.

Pry gel plates apart leaving the gel in place on one of the glass sequencing plates.

Blot gel with Hybond membrane (cut memberane so that it covers the top 15 cm of the gel) that
has been pre-wet in 1X TBE buffer. Trim away excess acrylamide. Place 3 sheets of 3 mm
blotting paper on top of membrane and then cover with the second glass plate and a pyrex glass
tray filled with water as a weight. Allow the DNA to transfer to the membrane for 2 h.
Remove membrane from gel and UV crosslink the DNA onto the membrane.

3.1.3. Hybridization of CAG Oligonucleotide to RED Products

1.

4.
5.

Label Probe (CAG),:

(CAG)10 oligonucleotide 125 ng
10X 1-phor-all Buffer 2.5uL
TdT Enzyme 1.5 uL

o32P dATP (6000 Ci/mM) 3.5 uL
H,O up to 10 pL total volume

Total Volume 10.0 uL

Incubate labeling reaction at 37°C for 2 h.

Prehybridize membrane with 25 mL of Rapid Hyb Buffer (Amersham Pharmacia Biotech,
Piscataway, NJ, USA) at 60°C for 15 min.

Add probe and hybridize at 60°C for 1 h.

Wash 2 X 15 min at 45°C in 2X SSC, 0.1% SDS, and expose to X-ray film.

3.2. Two-Dimensional RED Analysis (see Note 2)

1.
2.

Ten ng of genomic DNA is digested with a restriction enzyme.
Size separate digested DNA on a 0.7% SeaPlaque GTG (FMC, Rockland, ME, USA) low
melting-point agarose gel in 1X TAE buffer.
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Excise the lane containing the DNA with a razor blade and dissect it into uniform 2-mm
slices using a gel-slicing device in which microscope coverslips are used as disposable
dissecting blades.

Place individual gel slices in separate 0.5 mL PCR tubes.

Remove the agarose by digestion with AgarACE (0.2 U, Promega).

After digestion, spin and cool tubes and the transfer liquid to a new tube leaving behind
any remaining undigested agarose.

. Precipitate DNA by adding 1/10% volume of 3 M NaOAc, 2 volumes of 100% Ethanol
and as a carrier 10 pL of a 5 mg/mL glycogen stock solution, incubate O/N at room
temperature.

On the next day spin samples 30 min at RT in microcentrifuge.

Rinse pellets containing the DNA with 70% EtOH to remove salt.

. Dry pellets in speed vac and resuspend in 7.5 pL of 10 mM Tris-HCI, 1 mM EDTA, pH 7.5
buffer.

RED analysis is performed on 2.5 UL of DNA from each fraction to determine which size
fraction is most highly enriched for the RED-positive genomic fragments.

The RED reactions are as described earlier but the genomic DNA is replaced with the size-
separated DNA and 1 g of genomic E. coli DNA is added to each reaction to improve the
reliability of the RED reactions on the fractionated DNA.

3.3. Cloning of Genomic Fragments (see Note 3)

1

. EcoRI digested genomic DNA recovered from the RED-positive gel fraction is then
cloned using the predigested Lamdba Zapll cloning and packaging kit (Stratagene, La
Jolla, CA, USA).

Plates containing 5 x 10* primary clones/plate are amplified and mass excised separately
as described in the protocols provided by the manufacturer and summarized below
(Stratagene).

3.3.1. Ligation Reaction

Stratagene Lambda Zap II/EcoR1/ CIAP cloning kit ligation 12—14°C overnight.

1.0 pL Lambda Zap II prepared arms (1 puL) (=70°C aliquoted)

2.8 uL positive, purified 2DRed product

0.5 uL 10X ligase buffer (aliquoted out and stored at 4°C) (Epicentre)
0.5 L 10 mM rATP, pH 7.5

2 U of T4 DNA ligase (Epicentre)

H,O up to a final volume of 5 uL.

3.3.2. Packaging into Phage

—

A PRSI ol e

Statagene Gigapack III Gold

Remove the appropriate number of packaging extracts from —80°C freezer and place on
dry ice.

Quick thaw between fingers until it just begins to thaw.

Add 5 uL (total volume) of the ligation to thawing extract.

Stir the contents with the pipet tip to mix well. Do not introduce air bubbles. Quick spin.
Incubate tube at room temperature 90 min to 2 h (do not exceed 2 h).

Add 500 pL of SM Buffer:

Add 20 pL of chloroform and mix the contents of the tube gently to lyse cells of extracts.
Spin the tube briefly to sediment the debris. Store at 4°C for up to 1 mo.

Titer supernatant.
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3.3.3. Titering Procedure

1. Streak XL-1 Blue onto tetracycline plate
2. Inoculate 1 colony into 50 mL of LB with 10 mM MgSO, and 0.2% maltose
Grow O/N at 30°C with shaking
Microwave top agar to melt and place in water bath and equilibrate to 48°C.
Equilibrate a water bath to 37°C.
Place desired number of small, plain LB plates in 37°C incubator to temperature equilibrate.
Spin overnight culture at 1000 g for 10 min.
Carefully decant off media and resuspend cells to ODg,, = 0.5 in 10 mM MgSO,. (Do
not vortex.)
8. Dilute out phage at 1:10, 1:100 and 1:1000 in SM buffer.
9. Add 200 pL of above resuspended XL-1 Blue cells to 15 mL snap top Falcon tubes.
10. Label and add 1 puL of each phage dilution to corresponding tube.
11. Incubate tubes at 37°C for 15 min.
12. Add 3mL of 48°C top agar to a tube at 37°C and quickly pour on top of pre-warmed
LB plates.
13. Incubate upside down at 37°C overnight.
14. Count the number of plaques and determine the plaque forming units (pfu) per mL con-
centration of the library based on the dilution.

Nownkw

3.3.4. Ampilification of Library

Start a 50 mL overnight culture of XL1-Blue in LB with 0.2% maltose.
Warm large LB plates to 37°C.
Equilibrate water baths to 37°C and 48°C.
Melt top agar and equilibrate to 48°C.
Centrifuge overnight culture for 10 min at 1000g.
Carefully decant media off the cell pellet and gently resuspend pellet to OD ~0.5 in
10 mM MgSO,.
7. Aliquot 600 uL of resuspended cells into 20 Falcon 2059 polypropylene tubes and then
add ~50,000 pfu to each aliquot. Use all the mixture.
8. Incubate the tubes containing the phage and host cells for 15 min at 37°C
9. Mix 6.5 mL of top agar, melted and cooled to ~48°C, with each aliquot of infected bacte-
ria and spread evenly onto a 150 mm agar plate.
10. Incubate the plates at 37°C for 6—8 h. The plaques should be ~1-2 mm and should be
touching at the end of the incubation.
11. Overlay the plates with 8 mL of SM buffer. Store the plates at 4°C overnight. (on rocker in
cold room). This allows the phage to diffuse into the buffer.
12. Transfer SM liquid and phage from plate to individual 15-mL conical tubes. Place plate
on a slant and pipet off into corresponding labeled tubes. Rinse with another 2 mL of
SM buffer.
13. Add chloroform to a 5% (v/v) final concentration and incubate at RT for 15 min.
14. Centrifuge at RT, 10 min, 2000 g to remove cell debris.
15. Transfer to a new tube and titer using host cells and serial dilutions of the library (Assume
~10°-10"? pfu/mL).

S

3.3.5. Mass Excision of Phagemid from Lambda Zap Il Vector
3.3.5.1. DAy 1

1. Grow separate overnight cultures of XL1-Blue MRF’ and SOLR cells in LB supplemented
with 0.2% (w/v) maltose and 10 mM MgSOQO,, at 30°C.
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3.3.5.2. Day 2

2.

3.

Gently spin down the XL1-Blue MRF’ and SOLR cells (1000 g). Resuspend the XL1-
Blue MRF’ and SOLR cells in 10 mM MgSOy,, to an ODg, of 1.0 (8 x 108 cells/mL).

In separate 1.5 mL eppendorf tubes, combine a portion of each aliquot of the separately
amplified lambda bacteriophage library with XL1-Blue MRF’ cells at a 1:10 lambda
phage:cell ratio. Excise 10- to 100-fold more lambda phage than primary library to ensure
a statistical representation of the excised clones. To the same tube also add ExAssist helper
phage at a 1:1 helper phage-to-cells ratio to ensure that every cell is co-infected with
lambda phage and helper phage. Incubate 37°C for 15 min to allow absorption.
For example: 107 pfu lambda phage (10- to 100-fold the primary library)
108 XL1-Blue MRF’ cells
108 pfu of ExAssist helper phage
Add each to corresponding 125 mL flask containing 20 mL of LB media and incubate at
37°C for 2.5 h.
Transfer to 50 mL conical tubes and heat shock at 70°C for 20 minutes. Centrifuge at
1000g for 10 min and decant supernatant into a sterile conical tube.

3.3.6. Rescue

1.

Overnight prepare a 50 mL SOLR culture in LB.

2. Next day, start a fresh SOLR culture from O.N. culture- 5 mL into 45 mL of LB.

Add 1 mL of each of the excised phagemid sublibraries (supernatant from Subheading
3.3.5., step 5) to a 50 mL conical tube.

To each tube add 2 mL of 1 h SOLR cell culture and incubate at 37°C for 15 min.

To each tube then add 10uL of LB with 100 pg/mL ampicillian and incubate at 37°C with
shaking overnight

Pellet cells and miniprep the resulting plasmid DNA.

From the 20 separately excised and rescued libraries identify the library containing the
expanded repeat tract by performing RED analysis on the isolated plasmid DNA repre-
senting ~50,000 clones/pool (Fig. 2B).

. Postcloning Enrichment of DNA from RED Positive Sublibrary

. The enrichment of CAG containing clones is an adaptation of the general approach described

by Duyk et al. (16), which is based on the selection method described by Kunkel et al. (17).
Plasmid DNA from a RED positive pool of clones is electroporated into E. coli strain
CJ236 (dut-, ung-, BioRad, Hercules, CA) and M13K07 helper phage (1 x 10'° pfu) is
added to generate uracil-substituted ssDNA (17).

The purified ssDNA is incubated with T4 DNA polymerase (NEB) overnight without
dNTP to eliminate contaminating DNA that could act as primers.

The CTG repeat containing ssDNA was then converted to dsDNA by primer extension
using ampliTaq (Perkin Elmer) and a (CAG),, primer at 72°C in Promega PCR buffer
containing 1.5 mM MgCl,, 200 uM dNTPs, and 4% formamide.

One UL of uracil DNA glycosylase (UDG, Gibco-BRL) is added after extension to degrade
the remaining ssDNA.

After extraction and precipitation, the DNA is electroporated into the SURE strain of
E. coli (Stratagene).

Individual colonies that survived the selection process are picked in duplicate onto LB/Amp
plates.

Clones from one of the replica plates are then pooled and the plasmid DNA is mini-

prepped.
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Fig. 2. Cloning and post-cloning enrichment of an expanded CAG repeat from the MN1
kindred. (A) RED analysis of genomic DNA samples from a kindred with a novel form of
myotonic dystrophy, the MN1 kindred. RED products from an affected individual and from
eight unaffected spouses are shown. The sizes of the RED products are indicated as the number
of CAG/CTG repeats. (B) RED analysis of plasmid DNA isolated from unenriched clone pools
of approximately 5 x 10* clones. (C) RED analysis of CAG/CTG-enriched clone pools derived
from pools 3 and 8 from B. Each enriched clone pool contains DNA from 20 individual clones.
Reprinted with permission from Nature Genetics, ref. (11).

A

Fig. 3. RAPID cloning of the SCA7 expanded CAG repeat. (A), 2D-RED analysis of EcoRI-
digested genomic DNA isolated from an individual with an autosomal dominant ataxia with
rentinopathy (starred individual kindred A, Fig. SA). The genomic DNA size-fraction containing
the CAG expansion (indicated by *) was cloned into a lambda vector. The resulting library was
amplified in pools that were then converted into plasmid library pools (see Methods) (continued).



RAPID Cloning of Microsatellite Expansions 69

A *

80 - .

70 = e L

60 - o

50 - @

40 e -

AL 4

30 | IIr... -— -

IEESE
R80 R30 R70 R40

1234 567891011

v w80

s -—ﬁ“m = 70

- R 60
e 50
- 40

Fig. 4. RAPID cloning of the SCAS expanded CTG repeat. (A), 2D-RED analysis of EcoRI-
digested genomic DNA isolated from an individual with a dominantly inherited ataxia. The num-
ber of CAG/CTG repeats for the RED products generated are indicated at the side of the panel.
Four separate fractions that generated RED products are indicated below the panel. The size
fraction containing the RED80 CTG expansion (indicated by an asterisk) was unique to this ataxia
patient and was cloned. (B), RED analysis of CAG/CTG-enriched clone pools derived from a
RED-positive primary clone pool. Each pool contained DNA from 36 individual clones. Two
clones containing the expanded CAG/CTG repeat were isolated from pool 9 and shown to have
identical expanded CAG/CTG tracts with 80 uninterrupted repeats. Reprinted with permission
from Nature Genetics, ref. (11).

9. Individual clones from a RED positive pool (20—36 clones/pool) are picked, separately
grown up, mini-prepped, and assayed by RED to identify clones containing both the repeat
expansion and the unique flanking DNA sequence.

10. Sequence analysis is performed on individual RED positive clones and unique primers are
designed which flank the repeat expansion.

11. PCR is then used to directly test whether or not the candidate repeat expansion co-segregates
with a given disease. Examples of repeat tracts that were detected by RED analysis and
subsequently cloned by RAPID cloning are shown in Figs. 2, 3, and 4. The expansion
isolated from the MN1 family shown in Fig. 2 did not co-segregate with the myotonic dys-
trophy phenotype in the MN1 family (11). The expansions isolated from a family with ataxia

Fig. 3 (continued ) (B), RED analysis of CTG-enriched clone pools derived from a RED-positive
primary clone pool. Each enriched clone pool contains DNA from 36 individual clones. RED analy-
sis of plasmid DNA from individual clones in pool 4 identified two clones containing the expanded
CAG repeat. Sequence analysis of these clones revealed an expanded CAG tract with 53 uninter-
rupted repeats. Reprinted with permission from Nature Genetics, ref. (11).
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Fig. 5. PCR analysis of the SCA7 CAG alleles. Kindreds diagnosed with autosomal domi-
nant ataxia with retinopathy are shown. Filled symbols represent individuals that have been
diagnosed with ataxia and partially filled symbols represent individuals that have symptoms
consistent with the early stages of ataxia (the current age of the individual in kindred [A]
with early signs of ataxia is 64 and in kindred [E] is 30) (11). The estimated age of onset or
age at death (indicated by [D]) is given in parentheses and the number of CAG repeats in the
SCAT7 expansion is indicated below the symbols. The individual from whom the expanded
CAG was isolated is starred in kindred (A). An expanded allele was present only in affected
or at-risk individuals. Reprinted with permission from Nature Genetics ref. (11).

and retinal degeneration co-segregated with disease (Fig. 5) and was shown to be the CAG
expansion responsible for SCA7 (11). The expansion shown in Fig. 4 was isolated and shown
to be a novel CTG expansion responsible for SCAS (13).

4. Notes

1. It is important to carefully optimize the RED reaction with control samples containing
repeats of various sizes. For genomic DNA with known repeat expansion sizes (such as
SCA1 or HD controls) the RED ladder should stop at the predicted size based on the
repeat length as a strong band (e.g., RED60 products due to ERDA background repeats in
control samples in Fig. 2A). If the RED ladder continues beyond what is predicted by the
known repeat sizes for genomic DNA samples then the RED reactions are likely not strin-
gent enough and the primer may be binding non-specifically to CAG/CTG like repeat
tracts which contain sequence interruptions. When using DNA isolated from clones, some-
times the RED reaction will overshoot the repeat size (i.e., when the RED assay is being
used to identify clone pools containing an expanded repeat).

2. Prescreening for background, “nonpathogenic” CAG/CTG expansions that occur at sev-
eral different loci simplifies the interpretation of the RED and 2-D RED analysis. These
loci include ERDA1 (18), SEF2-1B (also known as MN1) (11,19). The most common
background expansion is at the ERDAI1 locus (18). An example of an ERDA1 background
expansion on EcoRI 2-D RED analysis that gives a RED 70 product is shown in Fig. 4.

3. When preparing to clone the RED positive size separated genomic fragments for further
purification streak out XL.1-Blue MRF on LB tetracyline plate 2 d prior to starting and 1 d
prior to beginning the cloning procedure start an overnight 10 mL culture of XL-1 Blue in
LB with 0.2% maltose.
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DIRECT Technologies for Molecular Cloning
of Genes Containing Expanded CAG Repeats

Kazuhiro Sanpei, Takeshi Ikeuchi, and Shoji Tsuiji

1. Introduction

Expansions of unstable CAG/CTG trinucleotide repeats have been identified as a
common pathogenic mechanism in a growing number of hereditary neurodegenerative
diseases, including myotonic dystrophy, spinal and bulbar muscular atrophy,
Huntington’s disease (HD), spinocerebellar ataxia type 1 (SCAI), dentatorubral-
pallidoluysian atrophy (DRPLA), Machado-Joseph disease (MJD), SCA2, SCA®6,
SCA7, SCA8, SCA12, and SCA17 (reviewed in refs. 1-7). From the viewpoint of
clinical genetics, these diseases are characterized by anticipation, i.e., accelerating age
at onset and increasing disease severity in successive generations. It has been discov-
ered that anticipation is a result of intergenerational increase in the size of expanded
CAG repeats. These observations suggest that many hereditary neurodegenerative dis-
eases characterized by anticipation and the broad spectrum of the clinical presentations
are likely to be caused by the unstable expansion of CAG repeats.

The CAG repeats in the genes of normal individuals are, in general, highly polymor-
phic, not exceeding 35 repeat units in size, whereas the pathologically expanded CAG
repeats range in size from 35 to greater than several 100 repeats (e.g., infantile/juvenile
onset SCA2 and SCA7). SCAG6 is the only exception, in which the expanded CAG
repeats range from 21-26 (8). These results imply that a method that allows selective
and sensitive detection of CAG repeats consisting of more than 35 repeats would facili-
tate the search for the causative genes for a number of neurodegenerative diseases.

To develop a novel and robust technology to identify expanded CAG repeats, we
took advantage of hybridization kinetics. We considered that the Tm (melting tempera-
ture) of a hybrid between DNA molecules containing CAG/CTG trinucleotide repeats
would be determined as a function of the number of CAG repeat units engaged in the
hybrid formation. If we can prepare a DNA probe that is long enough to make a hybrid
with expanded CAG repeats, the Tm of such a hybrid would be substantially increased
compared to that between the probe and CAG/CTG repeats of normal lengths. If this is
the case, below a certain temperature, only hybrid formation of the probe with a largely
expanded CAG repeat would occur (Fig. 1, see Note 1).

From: Methods in Molecular Biology, vol. 217: Neurogenetics: Methods and Protocols
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(CAG)g; probe Hybrid formation

R - No
normal individuals genomic DNA

(CAG),; probe

Yes

affected individuals genomic DNA

Fig 1. Schematic illustration of the principle of selective hybridization. The melting tem-
perature of hybrids (7m) between the (CAG)s5 probe and the genomic DNA segment contain-
ing a CAG repeat varies depending on the number of bases engaged in the hybrid formation.
Therefore, under stringent hybridization conditions, it is possible to have hybridization condi-
tions at which only the hybrid between the (CAG)ss probe and the genomic DNA segment
containing expanded CAG repeats (>35 repeats) is formed, while the hybrid between the
(CAGQG)s5 probe and the genomic DNA segment containing CAG repeats of normal length (< 35
repeats) is not formed.

With this background we have devised a novel and robust technique, the Direct
Identification of Repeat Expansion and Cloning Technique (DIRECT), which allows
for selective detection of the expanded CAG repeats by genomic Southern blot and
subsequent cloning of the genomic segments containing the expanded CAG repeats.
Because spinocerebellar ataxia type 2 (SCA2) is one of the autosomal dominant ataxias
characterized by genetic anticipation (9), we applied DIRECT to cloning the gene re-
sponsible for spinocerebellar ataxia type 2 (SCA2) (10).

The major advantages of DIRECT are as follows. 1) DIRECT allows identification
of largely expanded CAG repeats without prior knowledge about the causative gene,
meaning that the positional cloning approach including linkage analysis is not required.
2) By adjusting the stringency of hybridization, the “cutoff” values of expanded CAG
repeats can be varied. This is particularly important given that some of the hereditary
neurodegenerative diseases are caused by mildly expanded CAG repeats. For example,
SCAG6 has been shown to be caused by expanded CAG repeats ranging from 21 up to
30. Under less stringent hybridization conditions, however, a number of genomic seg-
ments are also detected by the (CAG)s5 probe (Ikeuchi, unpublished), indicating that
there are a number of genomic segments containing CAG repeats ranging from 21-30.
To overcome this problem, we are currently developing 2D-DIRECT to accomplish
much better resolution of genomic segments on agarose gel electrophoresis.

We have been further applying the DIRECT technology to identify additional ex-
panded CAG repeats in human genome. Recently, we have cloned an interesting ge-
nomic segment containing a novel long CAG/CTG trinucleotide repeat on chromosome
17 (12). The CAG/CTG repeat is highly polymorphic and exhibits a bimodal distribution.
Although the size of the CAG/CTG repeat is within the range of the expanded CAG
repeat of disease-causing genes, we did not detect any association with neurodegenerative
diseases (12). Nonetheless, the results further confirmed the advantage of DIRECT.
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To date, various technologies have been devised to identify largely expanded CAG
repeats. Among these, Repeat Expansion Detection (RED) is an alternative approach
to identify largely expanded CAG repeats (13). In RED, human genomic DNA is used
as a template for a two-step cycling process that generates ligation products of oligo-
nucleotides. Although RED is a simple and robust technique to detect the presence of
expanded trinucleotide repeats, molecular cloning of the genomic segment flanking the
trinucleotide repeats has been difficult. Recent improvement of the RED technologies,
however, made it possible to clone the genomic segment containing largely expanded
CAG repeats (14).

Thus, DIRECT and RED are both robust methods to identify largely expanded
CAG repeats in the genome, and it is hoped that a much larger number of disease
genes caused by expanded CAG repeats will be identified by applying these robust
technologies.

2. Materials

2.1. Preparation of Genomic Blots

1. High molecular-weight genomic DNA (see Notes 2, 3).
2. Nitrocellulose membrane (BA-S85 Ref. No. 439196, Schleicher & Scheull).

2.2. Preparation of (CAG) 55 Probe with a High Specific Radioactivity

1. 9.25 MBq of [0-*?P]dATP (222 TBgq/mmol).

2. Plasmid p-2093 containing a genomic fragment of the CAG repeat (55 repeats) and the
flanking sequences of DRPLA gene (10).

3. Primers (primer 1: 5'-CAC CAC CAG CAA CAG CAA CA-3', and primer 2: 5'- biotin-
GGC CCA GAG TTT CCG TGA TG-3') designed based on the flanking the CAG repeat
of the DRPLA gene.

4. N, N, N-trimethylglycine

5. 10X reaction buffer: 100 mM Tris-HCI, pH 8.3, 500 mM KClI, 15 mM MgCl,.

6. Taq DNA polymerase (5.0 U/mL).

7. Dynabeads M-280 Streptavidin (Dynal A. S, Oslo, Norway).

8. Dynal Magnetic Particle Concentrator (MPC).

9. PBS, pH 7.4, containing 0.1% BSA (bovine serum albumin).

0. 2X concentrated binding and washing buffer (B&W buffer): 10 mM Tris-HCI, pH 7.5,
1 mM EDTA, 2.0 M NaCl.

11. 1X B&W buffer.

12. 0.1 M NaOH.

2.3. Prehybridization

1. 2.75X SSPE (1X SSPE = 150 mM NaCl, 10 mM NaH,PO,, | mM EDTA).
2. Formamide.

3. Denhardt’s solution.

4. Sheared salmon sperm DNA.

5. Heat-sealable hybridization bag.

2.4. Hybridization

1. 2.75X SSPE (1X SSPE = 150 mM NaCl, 10 mM NaH,PO,, 1 mM EDTA).
2. Formamide.
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3. Denhardt’s solution.
4. Sheared salmon sperm DNA.

2.5. Washes

1. 1X SSC: 150 mM NaCl, 15 mM sodium citrate.
2. 10% sodium dodecyl sulfate (SDS).

2.6. Exposure to Films

1. Kodak Bio Max MS films.
2. MS intensifying screen (Kodak).

2.7. Cloning of the Genomic DNA Segment
Containing Pathologically Expanded CAG Repeats

1. Two-well comb (Bio-Rad 170-4345).

2. Dialysis bag (Spectra/Por 6 Moleculaporus Dialysis Membrane, MWCO: 15000, Spec-
trum Houston, TX, USA).

1X TAE buffer.

Centricon-100 (Amicon, Inc., Beverly, MA, USA).

AZAPII vector (Stratagene).

AW

3. Methods
3.1. Preparation of Genomic Blots

1. Digest high-molecular-weight genomic DNA (10-15 ug) with various restriction enzymes
(100 U) (see Note 3) in 200 pL of appropriate buffers. Aliquots of the digest should be run
through agarose gels to make sure that the digestion is complete, as well as to estimate the
concentration of genomic DNA in each solution.

2. Ethanol precipitate the digested genomic DNA and redissolve in 30 uL of TE. Load the
solution onto agarose gels and run through 0.8% agarose gels overnight. For better resolu-
tion, electrophoresis at 2 V/cm gel length is recommended. It is important that each lane
contains equal amounts of genomic DNA for the comparison of signal intensities between
lanes.

3. Transfer to a nitrocellulose membrane by a standard procedure of Southern blotting.

4. Bake the nitrocellulose membrane at 80°C in a vacuum over for 2 h.

3.2. Preparation of (CAG)s5s Probe with a High Specific Radioactivity (Fig. 2)

The genomic segment that contained 55 CAG repeats from a DRPLA patient was
first cloned into a plasmid vector. Using primers (primer 1: 5'-CAC CAC CAG CAA
CAG CAA CA-3', and primer 2: 5'- biotin-GGC CCA GAG TTT CCG TGA TG-3")
based on the sequences flanking the CAG repeat of the DRPLA gene, polymerase chain
reaction (PCR) was performed in the presence of [0->’P]dATP (see Fig. 2). The method
allowed incorporation of 59 molecules of [0->’P] dATP per molecule of the DNA probe,
exclusively into the sense strand.

1. Vacuum dry 12.5 uL of 9.25 MBq of [0-3?P] dATP (222 TBg/mmol) in a 0.5-mL
Eppendorf tube.
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genomic segment from a
DRPLA patient with 55 CAG

repeats =——————— (CAG)ss

primer 1

e

[0-32P]dATP primer 2

— CAGCAG----=---- CAGCAG —

CAG probe with a high specific radioactivity

Fig. 2. Preparation of a (CAG)ss probe with a high specific radioactivity. The (CAG);5 probe
was generated by internal labeling with [0-3?P] dATP.

2. Add the following “Solution for PCR” to the tube containing the dried [a-3?P] dATP, and
then add Tag DNA polymerase.
Solution for PCR

Template (p-2093 [0.73 ng/mL]) 0.4 uL.

Primer 1 (20 uM) 0.4 uL.
Primer 2 (20 uM) 0.4 uL
dCTP (4 mM) 0.4 uL
dGTP (4 mM) 0.4 uL
TTP (4 mM) 0.4 uL
4.0 M N, N, N-trimethylglycine 8.0 uL.
10X reaction buffer 1.6 uL
Distilled water 3.6 uL

Taq DNA polymerase (5.0 U/mL) 0.4 uL

3. PCR Cycle
After an initial 2-min denaturation at 94°C, PCR was performed for 30 cycles with each
cycle consisting of denaturation at 94°C for 1 min, annealing at 54°C for 1 min, and
extension at 72°C for 3 min, followed by a final extension at 72°C for 10 min.

4. Strand Separation Using Magnetic Beads

a.

b.

Resuspend the Dynabeads M-280 Streptavidin by gently shaking the vial to obtain a
homogeneous suspension.

Add 100 pL of Dynabeads M-280 Streptavidin to a 1.5-mL Eppendorf tube and place
the tube in the Dynal MPC for at least 30 s.

. Remove the supernatant by aspiration with a pipet while the tube remains in the Dynal

MPC.

Take the tube from the Dynal MPC. Gently resuspend the Dynabeads M-280
Streptavidin in 100 uL of PBS, pH 7.4, containing 0.1% bovine serum albumin (BSA)
along the internal surface of the tube.

Place the tube in the Dynal MPC for at least 30 s and repeat step 4.

Remove the tube from the Dynal MPC and add 100 uL of PBS, pH 7.4, containing
0.1% BSA.

Add 20 uL of the washed Dynabeads M-280 Streptavidin into a new 1.5-mL Eppendorf
tube and place the tube in the Dynal MPC. Remove the supernatant with a pipet while
keeping the tube in the Dynal MPC.
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h. Resuspend the Dynabeads in 20 UL of 1X binding and washing buffer (B&W buffer)
and mix gently. Remove the supernatant with a pipette while keeping the tube in the
Dynal MPC. Resuspend the Dynabeads in 40 uL of 2X B&W buffer.

i. Add 40 pL of the prewashed beads to 16 UL of solution containing the PCR products.

j- Incubate the PCR products with the Dynabeads for 15 min keeping the beads sus-
pended by gentle rotation of the tube. Place the tube containing the immobilized prod-
uct in a Dynal MPC and remove the supernatant with a pipet.

k. Wash the Dynabeads with 40 UL of 1X B&W buffer.

1. Place the tube in a Dynal MPC and remove the supernatant. Resuspend the Dynabeads
in 16 UL of a freshly prepared 0.1 M NaOH solution.

m. Incubate the solution for 10 min at room temperature.

n. Using the Dynal MPC, collect the Dynabeads on the side of the tube and transfer the
supernatant solution containing the labeled CAG strand to a new tube (tube A).

0. Wash the Dynabeads with 34 uL of 0.1 M NaOH.

p. Take the supernatant solution and transfer to the tube A to combine the solution con-
taining the (CAG)ss probe.

3.3. Prehybridization

Prehybridization solution contains 2.75X SSPE, 50% formamide, 5X Denhardt’s
solution, and 100 ng/mL sheared salmon sperm DNA. Incubate the nitrocellulose mem-
branes in an appropriate amount of prehybridization solution in a heat-sealable hybrid-
ization bag for 2 h at 62°C.

3.4. Hybridization (see Note 4)

Hybridization solution contains 2.75X SSPE, 50% formamide, 5X Denhardt’s solu-
tion, 100 ng/mL sheared salmon sperm DNA, and (CAG)ss probe (6 X 10® cpm/mL).
The (CAG)s5 probe should be prepared freshly for each experiment.

Replace the prehybridization solution with the hybridization solution containing the
(CAG)s5 probe and incubate for 18 h at 62°C with gentle shaking.

3.5. Washes

Wash the membranes twice in 1 X SSC containing 0.5% SDS with gentle shaking for
1 h each at room temperature, and finally in 1X SSC; 0.5% SDS for 30 min at 65°C.

3.6. Exposure to Films

The filters are autoradiographed to Kodak Bio Max MS films for 16 h at —70°C
using an MS intensifying screen. An exposure time of 16 h is generally sufficient to
obtain strong signals. Note that the stringency of the hybridization conditions (the tem-
perature is particularly important) should be monitored using a membrane containing
cloned DNAs (50 pg) carrying various lengths of CAG repeats (9, 23, 43, and 51 repeat
units) in each experiment. In general, the cutoff points can be adjusted by changing the
temperature for hybridization.

Strong signals should be obtained for the 50 pg of cloned DNA with 2hr exposure to
Kodak Bio Max MS films. If the signals are weak under these conditions, it is difficult
to obtain good signals for genomic DNAs.
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3.7. Cloning of the Genomic DNA Segment
Containing Pathologically Expanded CAG Repeats (Fig. 3)

Since it was previously reported that the CAG repeats in plasmid vectors can be

unstable during propagation through Escherichia coli, (11) we selected a A phage vec-
tor with consideration that the CAG repeats might be more stable in A phage vectors
than in plasmid vectors.

I.

Digest 270 pg of genomic DNA from an affected individual in a 3600 UL volume with
1800 U of an appropriate enzyme.

2. Ethanol precipitate and resuspend the DNA in 360 uL of TE.

3. Prepare an agarose gel (the porosity of agarose gel varies with the size of target DNA)
using a two-well comb and apply 180 pL into each well.

4. Electrophoresis should be performed at approx 2 V/cm gel length for a minimum of
10 h. The optimum time required for good resolution should be determined for each
experiment.

5. Determine the expected position for the genomic fragment of interest based on the mobil-
ity of size markers, and then cut out the gel segments. (Make an effort to avoid damage to
the DNA by minimizing the duration of UV exposure of the gel.)

6. Place gel pieces in a dialysis bag and add 20 mL of 1X TAE buffer.

7. Electroelute the DNA fragments at 40 V for 2 h.

8. Reverse the polarity and electrophorese for an additional minute.

9. Carefully take the solution out of the bag and transfer to a 50-mL conical tube. Wash the
bag with an additional 10 mL of TE and combine with solution in the 50-mL conical tube.

10. Spin the tube to remove gel pieces. Transfer the supernatant to a new tube.

11. Concentrate the solution to approx 1 mL using a Centricon-100 concentrator.

12. Extract with an equal volume of phenol-chloroform solution.

13. Extract with an equal volume of chloroform.

14. Add 2 pg of AZAPII vector arm digested with an appropriate enzyme and treat with alka-
line phosphatase.

15. Ligation and in vitro packaging are performed by standard procedures.

16. Screen the phage genomic library by plaque hybridization using the (CAG)s5 probe under
hybridization conditions identical to those used for the genomic Southern blot hybridization.

4. Notes

1. Principle of direct identification of repeat expansion and cloning technique (DIRECT).

As shown in Fig. 1, if we use a DNA probe containing a long trinucleotide repeat, (CAG)ss
for example, such a probe would hybridize to an expanded CAG repeat (>35 repeats) but
not to a CAG repeat containing region with normal repeat numbers (<35 repeats) under
stringent hybridization conditions. The Tm (melting temperature) of the hybrids between
the probe and the genomic DNA segment would be varied depending on the number of
bases engaged in the hybrid formation. Once a genomic fragment containing an expanded
trinucleotide repeat is detected using Southern blotting hybridization analysis employing
this probe under stringent hybridization conditions, the genomic segment containing the
expanded trinucleotide repeat can then easily be cloned from the agarose gel using stan-
dard techniques (Fig. 3). In developing DIRECT, therefore, the following two factors were
crucial. First, the hybridization conditions should be sufficiently stringent such that only
pathologically expanded CAG repeats are detected. Second, the probe should be suffi-
ciently sensitive to allow the detection of a single-copy genomic segment containing patho-
logically expanded CAG repeats by genomic Southern blotting hybridization analysis.
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Fig. 3. A schematic illustration of the direct identification of repeat expansion and cloning
technique (DIRECT). Genomic DNAs are digested with appropriate restriction enzymes, sub-
jected to agarose gel electrophoresis, and blotted to a nitrocellulose membrane. The membrane
is hybridized to the (CAG)s5 probe with a high specific radioactivity. Under a stringent hybrid-
ization condition, only largely expanded CAG repeats are detected. Such genomic segments
are easily cloned using a phage vector.

2.

Choice of Pedigree. DIRECT allows the detection of pathologically expanded trinucle-
otide repeats in the genomic DNA of affected individuals. Therefore, prior knowledge
about the chromosomal localization of the disease genes is not required. In other words,
DIRECT can be applied to small pedigrees where linkage analysis is not feasible. In prin-
ciple, expanded trinucleotide repeats can be identified even in one affected individual.
However, DIRECT can detect multiple bands even in unaffected individuals. This means
that even normal individuals may contain CAG repeats larger than 35 repeats. In fact, we
have recently identified such a CAG repeat ranging from 10—90 repeats in normal indi-
viduals (12). These bands detected in normal individuals are occasionally polymorphic.
Based on our experience, we recommend the analysis of multiple affected and unaffected
members to confirm that the band detected by DIRECT exhibits perfect cosegregation
with the disease.

Choice of Restriction Enzymes. There are no a prori suggestions for the choice of restriction
enzymes. For cloning purposes, it is desirable that the size of the restriction fragments con-
taining the expanded trinucleotide repeat does not exceed several Kb. It is also desired that
the restriction fragments have cohesive ends, which can easily be cloned into cloning vec-
tors. Therefore, we strongly recommend trying as many restriction enzymes as possible to
find the enzymes which generate restriction fragments of appropriate sizes. Restriction
enzymes which have hexametric recognition sites are good candidates since these enzymes
produce only a few bands that are detected by (CAG)s5 probe in normal individuals.
Quality Control of Hybridization. To apply DIRECT successfully, quality control of hybrid-
ization is also crucial. Particularly, the specific radioactivity must be high enough to detect a
single copy genomic DNA fragment, and the “cutoff” point should be strictly controlled by
adjusting the hybridization conditions. For this purpose, we recommend a quality-control
hybridization using a membrane containing plasmid DNA (50 pg) carrying various lengths
of CAG repeats (9, 23, 43, and 51 repeats). (We used a cloned 1.3 Kb androgen receptor
gene fragment containing the CAG repeat). If the specific radioactivity of the probe is suffi-
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ciently high, strong signals should be obtained with 2 h exposure to Kodak Bio Max MS
films. For adjusting the “cutoff” points, the hybridization temperature should be adjusted so
that strong signals are obtained for 43 and 51 repeats but not for 9 or 23 repeats. Alterna-
tively the concentration of the ionic strength (the concentration of SSPE) can be adjusted.
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Color Plate 1, Fig. 1. (see discussion in Chapter 10, p 106.) Representative gel image for
HD analysis using fluorescence PCR. Scan numbers are listed on the left. TAMRA size stan-
dard is listed as base pairs (bp) on the right. Phenotype and genotype of patients studied are
listed at the top. Lanes 1-3, CAG repeats characteristic of normal alleles (17/17; 17/18; 17/22),
Lane 4, a normal (15) and a mutable (32) allele. Lane 5, a normal (19) and a HD (37) allele with
reduced penetrance. Lane 6: a normal (17) and a HD (40) allele; Lane 7, a normal control (C)
with CAG repeats characteristic of normal (17/18) alleles. Lane 8, Cloned standard control
(C+) with 35 CAG repeats (from M. R. Hayden, University of British Columbia). Lane 9,
Negative control (N) reaction tube with all reagents except DNA.
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spond to the normal allele at each of the mutation sites in the HEXA gene. The sizes of the peaks
are as given, and are also listed in Table 3.
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Color Plate 4, Fig. 3. (see discussion in Chapter 13, p 139.) Example of Tay-Sachs ASA
assay results for a carrier of the +TATC,,3 mutation. The normal allele at the + TATC1278 site
is indicated by a blue peak of 96 bp, while the mutant +TATC,,5 allele is indicated by the
black peak of 101 bp. Note that the size difference between normal and mutant +TATC ,75
alleles is due the presence of the 4 bp insertion mutation.
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Color Plate 5, Fig. 1. (see full caption and discussion in Chapter 21, p 220.) Schematic repre-
sentations to depict the typical hybridization patterns of test and control probes in the detection of
microdeletions and cryptic translocations.

@ Control fibroblasts
@ EDMD fibroblasts

Color Plate 6, Fig. 2. (see discussion in Chapter 23, p 259.) Typical microarray image. One
microgram of total RNAs from control fibroblasts and EDMD fibroblasts were labeled with
biotin and FITC, respectively. Microarray hybridization and TSA detection was performed. The
captured image was obtained by an overlay of both Cy3 and Cy5 images of the microarray. An
in-house microarray on which 1536 different probes were spotted was used in this study. Our
microarray showed low background and good resolution.
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Color Plate 7, Fig. 2. (see full caption and discussion in Chapter 21, p. 224-225.) Sche-
matic representation of CMT1A duplication, HNPP deletion; and PMD duplication with accom-
panying FISH images from representative patient test samples.
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Color Plate 8, Fig. 1. (see discussion in Chapter 22, p 245.) Neurodegeneration induced by
expression of expanded Machado-Joseph Disease (MJD) protein in the Drosophila retina, and
its suppression by the molecular chaperone Hsp70. (A) Fly expressing the mutant disease form
of the MJD protein with an expanded polyglutamine repeat (MJDtr-Q78), results in severe
degeneration of the eye as indicated by the absence of red pigment in the eye. (B) Co-expres-
sion of the molecular chaperone Hsp70 with MJDtr-Q78 leads to dramatic suppression of de-
generation, restoring eye structure back toward normal (see also ref. 33).

Color Plate 9, Fig. 2. (see discussion in Chapter 22, p 245.) Neurodegenerative phenotype
caused by expression of pathogenic Machado-Joseph Disease (MJD) protein in the Drosophila
retina and the modulatory effects of the molecular chaperone Hsp70. (A) Fly expressing the
mutant disease form of the MJD protein with a moderately expanded polyglutamine repeat
(MIDtr-Q61), exhibiting degeneration of the eye. Loss of pigmentation is noted by white patch
in the eye (arrow). (B) Co-expression of the molecular chaperone Hsp70 with MJDtr-Q61
results in an eye that is phenotypically normal with the pigmentation restored. (C) Co-expres-
sion of a dominant negative mutant of the molecular chaperone Hsc70 with MJDtr-Q61 results
in enhanced degeneration with severe loss of eye pigmentation. (see also refs. 33 and 34).
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Antibody-Based Detection
of CAG Repeat Expansion Containing Genes

Yvon Trottier

1. Introduction

Polyglutamine (polygln) expansion in specific proteins is one of the most intriguing
pathogenic mechanisms causing adult-onset neurodegenerative disorders. In all the cases
studied so far, the normal gene products tolerate a rather wide variation in size of a polygln
tract (ranging typically between 10—-35 glns) without any detectable adverse effect. How-
ever, beyond the threshold of about 35—-42 glns those proteins acquire toxic properties,
which correlate with a conformational change—revealed by the 1C2 antibody interac-
tion—and a tendency of mutant proteins to aggregate in vitro and in vivo. To date nine
polygln expansion disorders have been characterized, the list of which includes
Huntington’s disease (HD) the most frequent of them, six spinocerebellar ataxias (SCA1-
3,SCA6,SCA7, and SCA17), spino-bulbar muscular atrophy (SBMA) and dentatorubral-
pallidoluysian atrophy (DRPLA) (reviewed in refs. 1,2). Most of theses diseases present
a strong inverse correlation between the length of the polygln tract and the age of onset of
clinical symptoms. At the DNA level, the expanded CAG repeats, which code for the
polygln stretch, are found to be unstable upon transmission from one generation to the
other, with a clear tendency to expansion. These two features account for the anticipation
phenomenon (increased severity and earlier onset of the disease in successive genera-
tions) that is observed at various degrees in polygln expansion diseases. Because antici-
pation is observed in many other neurological disorders (and suggested in some
non-neurological diseases), for which the causative gene has not yet been cloned, it is
suggested that polygln expansion could be involved in the disease process (3,4).

We reported in 1995 that an anti-polygln monoclonal antibody (Mab), 1C2, selec-
tively recognizes polygln expansion (5). On Western blot (WB) analysis, the antibody
was able to detect mutant proteins involved in HD, SCA1, and SCA3, but not the cor-
responding normal forms. Moreover we showed that the ability of 1C2 to detect the
mutant HD protein, huntingtin, clearly increases with the polygln size: signal intensity
increases by about 20—40 fold from mutant proteins with small pathological expansion
(39-40 glns) to those with long expansion (60—85 glns) associated with juvenile onset
(5). Thus, the efficiency of detection of pathological alleles appears to parallel the
severity of the disease.

From: Methods in Molecular Biology, vol. 217: Neurogenetics: Methods and Protocols
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Given its properties, we used the 1C2 antibody as a tool to identify new polygin
expansion proteins in lymphoblastoid cell lines (LCL) derived from SCA2 and SCA7
patients (5,6). Very recently, Nakamura et al. (2) have used the 1C2 antibody to show
that polygln expansion in the TATA-binding protein (TBP) is responsible for SCA17.
Other groups showed that 1C2 detects an unknown protein with a long polygln stretch
in some patients with childhood onset schizophrenia (7,8). In this report, we summa-
rize the binding properties of 1C2 antibody, and outline a strategy using this antibody
as a probe to detect new polygln expansion in neurodegenerative disorders, with proven
or suggested anticipation.

1.1. Interaction Properties Between 1C2 and Polygins

To analyze further how 1C2 selectively recognizes the expanded polygln stretches,
a kinetic analysis of the interaction between the F(ab) fragment of 1C2 antibody and
polygln tracts was performed in native conditions using a surface plasmon resonance
biosensor (BIAcore™, Pharmacia) (9). The F(ab) fragment showed a much stronger
affinity for an expansion of 73 glns than for a normal polygln stretch (15 glns). Nota-
bly, the complex formed between the F(ab), having a single antigen binding site, and
the polygln expansion is remarkably stable and dissociates 100 times more slowly than
the one formed with a normal polygln stretch. These data indicate that 1C2 antibody
recognizes a “new” conformation formed by the expanded polyglutamine.

1.2. Search for New Polygin Disorders
Using 1C2 Antibody: Important Considerations

Since pathological tissues from patients are not always available, LCLs represent an
unlimited source for proteins extract preparation and are very useful for initial screen-
ing. However, false-negative results may be obtained if the pathogenic protein is weakly
or not expressed in LCL. Even though these cells are a convenient source of material,
one should note, however, that the polyclonality of the LCL may generate some vari-
ability in the detection (6—38), and that Epstein-Barr Virus (EBV) transformation of
lymphocytes has been reported to be associated with loss of DNA methylation (10),
which in turn may alter gene expression.

In the search of a putative polygln expansion protein, it is strongly recommended to
analyze several LCL samples from patients affected by the same pathology, and to
study early-onset cases given the strong polygln length-dependent properties of the
antibody. Furthermore, analysis of patients and normal relatives from the same family
may help to confirm the specificity of polygln expansion detection as the signal inten-
sity and protein size is expected to increase in the successive generation (5,6).

When performing a WB analysis of LCL protein extracts, 1C2 typically reveals the
general transcription factor TBP at about 49 kDa as well as an unknown ~230 kDa
nuclear protein, yet with a much lower signal intensity than proteins with polygin
expansion (5). Therefore, it is helpful to have a positive control (e.g., protein extract
from SCA3 LCL) in order to compare the signal intensity of any protein detected by
1C2. Be aware that TBP has also a polymorphic polygln stretch with the most common
allelic form of 38 glns, and rare variants having 42 glns and this polymorphism could
lead to variability in the signal of detection and the migration of the protein (5).
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Under some conditions of immunodetection, for instance, high concentration of
antibody, very long exposure of the blot or low stringent washes, several additional
proteins of different sizes are faintly detected in normal controls, and some of them
even show a variability of detection, that could perhaps be explained by polymorphic
polygln (9). On WB, these “background” proteins were more commonly observed in
the nuclear extract preparation. Indeed, polygln stretches are present in many eukary-
otic proteins, particularly in several transcription factors (11). If these proteins mask a
specific signal or cause problems of interpretation, we recommend to perform a cellular
fractionation and to analyze the cytoplasmic and nuclear proteins separately. Alterna-
tively, a two dimension gel may allow a better evaluation of the signal specificity (7).

2. Materials
2.1. Whole Protein Extract from Cultured Cells

1. TGEKjs, buffer: 50 mM Tris-HCI, pH 7,8, 10% glycerol, | mM EDTA, 50 mM KCI.

2. The serine protease inhibitor phenyl methyl sulfonyl fluoride (PMSF) 100X stock solu-
tion is prepared at 100 mM in isopropanol. PMSF is stored at —20°C and heated at 37°C
before use.

3. The Protease Inhibitors Cocktail (PIC) 1000X consists of leupeptin 2.5 mg/mL, aprotinin
2.5 mg/mL, antipain 2.5 mg/mL, chymostatin 2.5 mg/mL, and pepstatin 2.5 mg/mL.

4. Before using the TGEK;, buffer, add PMSF at 1/100 (v/v) and PIC at 1/1000 (v/v) and
keep the buffer on ice.

5. Vibracell 72412 (Bioblock Scientific).

6. Bradford protein assay (BioRAD Laboratories, Cat. no. 500-0006).

2.2. Standard SDS-PAGE: Gel Casting

1. We recommend the use of commercial apparatus (such as the MINI-PROTEAN II
from Bio-RAD Laboratories, Cat. no. 165-2940) to facilitate casting and handling of
protein gels.

2. Sample loading buffer 4X: 8% (w/v) sodium dodecyl sulfate (SDS), 240 mM Tris-HCI,
pH 6.8, 40% glycerol, 20% B-mercaptoethanol.

3. 30% acrylamide solution: 29 g of acrylamide (electrophoresis grade) and 0.8 g of N,N'-
methylene-bisacrylamide are dissolved in 80 mL distilled water. Adjust the volume at 100
mL and store at 4°C.

4. Solution (SmL) for one 6 % acrylamide separating gel: mix 2.7 mL of H,O, 1.0 mL of
30% acrylamide solution, 1.3 mL of 1.5 M Tris-HCI, pH 8.8, and 50 UL of SDS 10%.

5. Solution (5 mL) for one 12% acrylamide separating gel: mix 1.7 mL of H,O, 2.0 mL of
30% acrylamide solution, 1.3 mL of 1.5 M Tris-HCI, pH 8.8, and 50 uL of SDS 10%.

6. For 5 mL of stacking solution, mix 3.4 mL of H,0, 0.83 mL of 30% acrylamide solution,
0.63 mL of 1.0 M Tris-HCI, pH 6.8, and 50 uL of SDS 10%.

7. 10% (w/v) ammonium persulfate (APS).

TEMED (N,N,N',N'-tetrametyl-ethylenediamine) (Sigma).

9. Running buffer 10X: 60.6 g Tris base, 288 g glycine, 20 g SDS in 2 L H,0.

®

2.3. Electrophoresis

1. To load the protein gels, use Hamilton syringe or 20-uL pipetteman fine cones.
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2.4. Western Blotting

1. Nitrocellulose membrane (Schleicher & Schuell, Cat. no. 10 411180).

2. The transfer buffer consists of 1X running buffer, 15% methanol, and 0.1% SDS.
2.5. Inmunodetection

1. Ponceau S red concentrate is available from Sigma (Cat. no. P7767).

2. 5% nonfat milk solution: 2.5 g nonfat dry milk in 50 mL PBS 1X.

3. 1C2 antibody is now available from Chemicon (Cat. no. MAB1574).

4. The secondary antibody is a horseradish peroxidase-conjugated affinity-purify goat anti-
mouse 1gG, Fc fragment specific (minimal cross-react with Hu, Sr) from Jackson-
ImmunoResearch Laboratories (Cat. no. 111-035-046).

5. Substrate for peroxidase reaction is the SuperSignal West Pico luminol/enhancer solution
from Pierce. (Cat. no. 34080Z7Z).

3. Methods
3.1. Whole Protein Extract from Cultured Cells

1. For LCLs grown in suspension, collect the cells by centrifugation at 400g for 10 min at
4°C, resuspend the pellet in ice-cold PBS 1X, and centrifuge again. Remove the PBS and
keep the pellet on ice or store at —80°C.

2. Resuspend the pelleted cells in 100 pL of chilled TGEKj5, buffer (containing protease
inhibitors) per 10° cells, transfer the cells in a 1.5 mL eppendorf tube and leave on ice
for 10 min.

3. Disrupt the cells by sonication using Vibracell with a probe of 13 mm: amplitude 27%,
pulse 60% during 10 s at 4°C (other techniques for cells disruption are reported in ref. 12).

4. Remove the debris by centrifugation at 12,000g for 15 min at 4°C.

5. Transfer the supernatant (protein homogenate) in a fresh eppendorf tube and keep on ice.

6. Determine the protein concentration using a Bradford assay as recommended by the
manufacturer.

7. Make aliquots of 50 micrograms of protein per tube, freeze samples in liquid nitrogen
and store at —80°C (see Note 1).

3.2. Standard SDS-PAGE: Gel Casting

1. Clean the plates with water and ethanol (avoid the use of detergents), and assemble the gel
plates as indicated on the manufacturer’s instructions.

2. For initial analysis, we use to analyze the whole protein extracts on both a 6% and a 12%
separating SDS-polyacrylamide gel electroporesis (PAGE) in order to obtain a good sepa-
ration of the large and small size proteins, respectively (see Note 2).

3. Before pouring the acrylamide solutions, add 50 uL of 10% APS and 4 uL of TEMED to
the 6% acrylamide solution, and add 50 UL of 10% APS plus 2 uL. of TEMED to the 12%
acrylamide solution. Mix well but avoid bubbles and pour between the plates (see Note 3).
Immediately overlay the acrylamide solution with few drops of isobutanol. Allow the gel
to polymerize for 30 min.

4. Discard the overlay solution, rinse with water and drain well with paper towel the rest of
the water solution.

5. Before pouring the stacking gel, add 50 UL of 10% APS and 5 pL of TEMED. Pour the

solution onto the separating gel and insert the clean comb (see Note 4). Allow the gel to
polymerize for 15 min.
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6. Remove carefully the combs, assemble the gels on the electrophoresis device as indicated
by the manufacturer. Add running buffer 1X to top and bottom reservoir. The gels are
ready for loading the protein samples.

3.3. Electrophoresis

1. Thaw the protein samples on ice. Add the sample loading buffer to get 1X final concen-
tration. Mix well and denature samples in boiling water bath for 5 min.

2. To load precisely the samples on the bottom of the slots, use a Hamilton syringe (wash
well between each sample) or a micropipetter with a dispensable long narrow tip.

3. Perform the electrophoresis at 200 V, until the dye front reaches the bottom of the gel.

3.4. Western Blotting
Transfer:

1. The proteins are transfer on 0.45 pm nitrocellulose membrane (see Note 5). With a pencil,
mark the side of the membrane in order to orient it later on.

2. The transfer is performed using transfert buffer (see Note 6) as indicated on the
manufacturer’s instructions.

3. Western blotting is performed either at 200 mA for 1 h at room temperature with the
presence of a ice block in the reservoir buffer or at 40 mA overnight at room temperature.

3.5. Inmunodetection

1. After transfer, wash the membranes with 30 mL PBS 1X for 5 min.

2. Optional: using ponceau S, the proteins can be stained on the membrane to appreciate the
uniformity of either the protein quantity, or quality or transfer. After staining, wash the
membrane with distilled water to remove the excess of dye and the protein patterns will
appear. To remove completely the ponceau red, wash several times with PBS 1X.

3. Block the nonspecific sites on the membranes by incubation in 50 mL of 5% non-fat dry
milk solution for 1 h at room temperature or overnight at 4°C.

4. Remove the milk solution and rinse the membrane with PBS 1X.

5. Dilute the 1C2 antibody (see Note 7) at 1/2000—1/5000 in non-fat milk solution. Incubate
by rocking for 1h at RT (see Note 8). 10 mL of antibody solution is enough to incubate
one or two membranes of 9 cm X 6.5 cm in an appropriate plastic box (see Note 9).

6. Remove the antibody solution (see Note 10), and wash the membranes 3 times with 30 mL
PBS 1X for 10 min at RT.

7. Incubate the membrane with the secondary antibody: 10 mL of diluted secondary anti-
body (see Note 11) in 0.5% nonfat dry milk is used for two membranes. Rock the mem-
branes for minimum 1 h at RT.

8. Wash the membranes 5 times with 50 mL PBS 1X for 10 min (see Note 12).

9. Perform the chemiluminescent peroxidase reaction as indicated on the manufacturer’s
instructions. Place the membrane on glass plate, protein side up, and add 2 mL substrate
solution, so that the reagents are held by surface tension on the surface membrane. Let
stand for 5 min at RT. Drain off the excess of reagents by holding the glass plate vertically
and touching the edge of the membrane against tissue paper. Cover the membrane with a
saran wrap. Gently smooth out air pockets, with putting pressure on the membrane.

10. In adark room, using red safelights, place an autoradiography film on the top of the mem-

brane and expose 30 s. Remove and develop the film. During this process, place another
film on the membrane and close the cassette. On the basis of the results obtained with the
first film, estimate how long to continue the exposure of the second one. Comparing films
with different exposure times help to evaluate the specificity of the signal (see Note 13).
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4. Notes

1. Ttis recommended to thaw the protein samples only once, and discard the rest. Repeating
thawing-freezing rounds may generate artifacts due to protein degradation.

2. We also use gradient gel 5-15% polyacrylamide that gives a good protein separation.
Casting of such a gel may represent some difficulties. Precasted gradient and standard
gels are also commercially available.

3. Caution: when pouring acrylamide solution, plan to have the separating gel at least 0.5 cm
below the slots.

4. 10 teeth-comb (1 mm) allows the loading of maximum 25 pL or up to 200 pg of protein
extract per slot, without aberrant migration of the proteins, while 15 teeth-comb (1 mm)
allows loading of maximum 15 pL or up to 50 ng of protein extract per slot.

5. For the gel prepared with the MINI-PROTEAN II apparatus, nitrocellulose membranes of
9 cm X 6.5 cm will be large enough for the protein transfer. They should be carefully
handled with gloves.

6. SDS is usually dispensable for the transfer, but we consistently observe a better
immunodetection with 1C2 antibody when the transfer was performed with SDS.

7. The antibody concentration to be used on WB may vary from one batch to another and
should be determined, but 1/2000 is a good dilution to start with.

8. Using incubation for 1 h at RT, we obtained better detection and less background than
when the detection is performed overnight at 4°C. This is thought to be due to the instabil-
ity of the 1C2 antibody once diluted.

9. The antibody solution should cover the membranes during rocking to keep them wet.
Alternatively, the membranes and antibody solution can be sealed in a plastic bag.

10. In general, antibody solution can be reused immediately for incubation with other mem-
branes or after being stored overnight at 4°C. Our experience indicates that repeatedly
freezing and thawing the diluted 1C2 antibody decreases the polygln expansion detection
and increases the background.

11. The secondary antibody should be diluted according to the supplier’s instructions; too
high a concentration of the secondary antibody would result in high background.

12. Given the very stable interaction of 1C2 with long polygln, intensive washes are strongly
recommended to reduce the background as much as possible. Washing can even be
extended to several hours without loss of signal.

13. If background is high the membrane may be rewashed and redetected, but this causes a
slight loss of sensitivity.
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Detection of Trinucleotide Repeat Containing Genes
by Matrix-Assisted Laser Desorption/lonization (MALDI)
Mass Spectrometry

Chung-Hsuan Chen, Nicholas T. Potter, and Nelly T. Taranenko

1. Introduction

A conventional method used for DNA size measurement is gel electrophoresis. In
this process, an electric field is applied to a gel medium and DNA molecules are sepa-
rated by size. However, this process is slow and takes hours to separate different sizes
of DNA fragments. Other physical and chemical properties of gel, such as viscosity,
temperature, and temperature gradients, tend to influence the migration of DNA frag-
ments. Alternatively, mass spectrometry has been used for several decades to measure
the molecular weight of gaseous samples by mass-to-charge ratio (M/Z). In order to
use a mass spectrometer for molecular weight determination, molecules of interest need
to be produced in a gas phase. Owing to the practically zero vapor pressure of
biomolecules at room temperature, a method to convert biomolecules from solid or
liquid form into gaseous form is required. Desorption of biomolecules from solid phase
using a laser beam has been pursued for decades. However, large biomolecules tend to
fragment when laser desorbed, due to their strong absorption of laser photons. Results
of laser desorption experiments indicated that the upper mass limit was ~5000 Daltons.
Matrix-assisted laser desorption/ionization (MALDI) was developed to circumvent the
problem of laser absorption-induced dissociation (Z). With MALDI, laser energy is
absorbed by matrix molecules instead of the biomolecule so that no fragmentation of
the biomolecule occurs. Because mass spectrometry is based on the detection of gas
phase ions, a means to produce ions is also needed. In the MALDI process, positive or
negative biomolecular ions are produced by attaching or detaching a proton to/from a
biomolecule. Once the ions have been produced, various sizes of ions may be separated
by electric or magnetic fields. The mass resolved ions are then accelerated to impinge
on a charged particle detector such as an electron multiplier or a microchannel plate
(MCP). When one ion impacts an electron multiplier, as many as 10° electrons can
be produced after several stages of multiplication, thus making it possible to detect
even a single charged particle.

Owing to its relatively simple principle of operation, which is somewhat analogous
to a gel electrophoresis device, a time-of-flight mass spectrometer (TOF-MS) is most
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often used for biomolecule detection. A TOF-MS is a device in which ions of different
masses are given the same energy and are allowed to traverse a field-free distance.
Because of their different velocities, the ions of differing masses arrive at the end of the
field-free distance at different times. In order to achieve high resolution in mass spectra,
the ions need to be produced in a very short time interval and in a very small volume.
Thus, ionization by a short-duration pulsed laser is an ideal choice for a TOF-MS. One
major advantage of a TOF-MS over other types of mass spectrometers is its ability to
measure all of the masses in a sample in a very short period of time. Another is its capa-
bility of measuring ions with very high molecular weights. In principle, there are no
limitations on the size of molecules that can be measured by a TOF-MS.

In 1987, Hillenkamp and his coworkers (1) discovered that large protein molecular
ions can be produced without much fragmentation by laser desorption, if these
biomolecules are mixed with smaller organic compounds, which serve as a matrix for
strong absorption of laser photons. This process is now called matrix-assisted laser
desorption (MALD). The typical preparation technique for MALD is to dissolve
biomolecular samples in solution, then prepare another solution of small organic mol-
ecules, such as 3-hydroxypicolinic acid. These two solutions are subsequently mixed
and a small amount is placed on a metal plate to dry. After the crystallization of the
sample, the sample plate is placed in the mass spectrometer for analysis. The molar
ratio of matrix to analyte is typically more than 1000 to 1. During the MALD process,
matrix molecules strongly absorb the laser energy and become vaporized, carrying the
large interspersed biomolecules along with them during the fast vaporization process.
Large gas-phase biomolecules can be produced without fragmentation, which is prob-
ably due to minimal direct absorption of laser energy; thus, “soft” desorption can be
achieved. The meaning of “soft” here indicates no breaking apart of molecules. How-
ever, it was found that protein parent ions are also produced during the MALD process
in addition to the expected neutral molecules. Thus, these desorbed ions can be directly
detected by a mass spectrometer. The process involving ionization and matrix-assisted
laser desorption at the same time is abbreviated MALDI (namely, matrix-assisted laser
desorption and ionization). The mechanism of ion production has been speculated by
many researchers to involve proton transfer. The proton attachment to a biomolecule
leads to the production of a positive ion, namely (M + H)*. The proton transfer from
biomolecule to matrix molecule produces negative ions, namely (M — H)™.

Since the discovery of MALDI, many research groups have succeeded in using it to
measure various proteins and large organic compounds. MALDI has also been applied
to DNA segments. Initially, success was limited to small DNA detection and gaining
some understanding of the mechanism of the MALDI process. Then, Wu et al. (2)
discovered 3-hydroxypicolinic acid is a good matrix for mixed-base oligonucleotide
and succeeded in detecting oligonucleotides of 67 bases. With the development of an
instrument to give high ion energy and the use of new matrices, we reported the first
measurement of detecting longer oligonucleotides (500 bp) with MALDI (3). That con-
firmed that MALDI can be used to measure long DNA for various applications.

MALDI is emerging as a new technology for the rapid, reliable, and inexpensive
detection of genetic polymorphisms and mutations (4). The separation time needed for
MALDI can be shorter than a few hundred microseconds, compared to hours for con-
ventional gel analysis and minutes for capillary gel electrophoresis. Since MALDI



Trinucleotide Repeat Containing Genes 93

detection of biomolecules is based on molecular mass, there is no need to exogenously
label biomolecules, which can significantly reduce both time and cost. In addition,
there is no concern for identification ambiguity resulting from band compression, reit-
erated nucleotide sequences or high GC content. Collectively, these advantages make
MALDI mass spectrometry an attractive methodology for automated, high-throughput
DNA genotyping.

We have utilized MALDI for DNA sequencing (5-7), genotyping for cystic fibro-
sis CFTR mutations (8, 9), single nucleotide polymorphism (SNP) detection (9), short
tandem repeat (STR) genotyping for forensic applications (10), gender determina-
tion (11), and multiplex hybridization detection (12). Recently, we have utilized
MALDI for the analysis of trinucleotide repeat (TNR) containing genes and demon-
strated its validity for the accurate genotyping of expanded CAG alleles associated
with both Huntington’s disease (HD) and Dentatorubral pallidoluysian atrophy
(DRPLA), two autosomal dominant neurodegenerative disorders (13). In this chap-
ter, we outline the methodology for the application of MALDI for the detection and
quantitation of TNR containing genes and illustrate its utility for the accurate
genotyping of this type of DNA mutation.

2. Materials
2.1. Genomic DNA Isolation

Genomic DNA was isolated from peripheral blood leukocytes utilizing Puregene® DNA
isolation kits as described by the manufacturer. (Gentra Systems, Minneapolis, MN, USA).

2.2. PCR

1. Primers for amplification across the HD CAG repeat expansion are:
HD-1: 5'-ATG AAG GCC TTC GAG TCC CTC AAG TCC TTC-3'
HD-3: 5-GGC GGT GGC GGC TGT TGC TGC TGC TGC TGC-3' (14).
Primers are aliquoted as 20 uM stocks in molecular biology grade water.
Primers for amplification across the DRPLA (CTG-B37) repeat expansion are:
DRPLA-F: 5'-CAC CAG TCT CAA CAC ATC-3'
DRPLA-R: 5'-CCT CCA GTG GGT GGG GAA ATG CTC-3' (15).
Primers are aliquoted as 20 UM stocks.
2. 10X PCR buffer:500 mM KCI, 15 mM MgCl,, and 100 mM Tris-HCI, pH 9.0 (Fisher
Scientific, Fair Lawn, NJ, USA).
Taq DNA polymerase (5 U/uL Fisher Scientific).
10 mM dNTP stocks (GeneAmp® dNTPs, Applied Biosystems, Foster City, CA, USA).
Molecular biology grade water (Sigma Chemical Co., St Louis, MO, USA).
DMSO, molecular biology grade (Sigma).

2.3. Post-PCR DNA Purification

Prior to MALDI analysis, PCR products are purified by column chromatography
using the QIAquick PCR purification kit (Qiagen Inc, Valencia, CA, USA) following the
manufacturer’s instructions.

SN kAW

2.4. MALDI

A schematic of a typical TOF-MS meter is shown in Fig. 1. A UV laser—generally
a nitrogen laser—is used for laser desorption and ionization of biomolecular samples,
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Fig. 1. Schematic of a typical MALDI time-of-flight mass spectrometer

which are typically prepared on a stainless steel substrate. The sample plate is often
biased with a high voltage of 20,000—30,000 volts to provide ion energy for the des-
orbed biomolecular ions. For most commercial MALDI TOF-MS, an extraction region is
often biased with a pulsed voltage to achieve ion focusing to improve mass resolution.
This is called delayed ion extraction (16,17). After ion extraction, the biomolecular ions
travel in the drift tube (electric field free) region of the TOF-MS. Biomolecular ions with
different masses are separated in the drift tube by their mass-to-charge ratio. In other
words, ions with different masses take different lengths of time to pass through the drift
tube. After passing through the drift tube, biomolecular ions are subsequently detected by
an ion detector, which can be an electron multiplier, a microchannel plate, or a channel-
tron. Most commercial MALDI instruments are equipped with a microchannel plate
detector (see Note 1 and 2).

For most DNA detection experiments, a mixture of 0.3 M 3-hydroxypicolinic acid
(3-HPA), 0.5 M picolinic acid and 0.3 M ammonium fluoride with molar ratio of 9:1:1
was used as the matrix. All chemicals were purchased from Aldrich Inc. and used with-
out further purification (see Note 3 and 4).

There are several commercial manufacturers of MALDI TOF-MS, most of whom
utilize a sample plate which is computer controlled to position the sample with respect
to the desorption laser beam. The sample plate can typically hold ~100 samples for
analysis. Each mass spectrum is obtained by averaging the signal resulting from sev-
eral laser shots (4~256), depending on the signal intensity. Most equipment is opti-
mized for protein detection instead of oligonucleotide due to the difficulty of detecting
large oligonulceotides and poor mass resolution of oligomers larger than 100 nucleotides.
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3. Methods
3.1. Genomic DNA Isolation

Genomic DNA was isolated from peripheral blood leukocytes utilizing Puregene®
DNA isolation kits and described by the manufacturer. (Gentra Systems).

Typical sample volumes were 3 mL and generally yielded a purified DNA product
with a concentration of 0.5-1.0 pg/uL.

3.2. PCR

1. The PCR reaction cocktail was made as a 10X stock and 24 uL aliquots were dispensed
into 10 X 0.5 mL thin-walled micro-amp PCR tubes (Applied Biosystems). The 10X reac-
tion mix consists of the following:

HD
25 uL. 10X PCR buffer
SuL  HD-I (from 20 uM stock)
5uL  HD-3 (from 20 uM stock)
5SuL  Each dNTP (dATP, dCTP, dGTP, and dTTP from 10 mM stock)
168 uL.  Molecular biology grade water
25 uL  Dimetryl Sulfoxide (DMSO)
2 uL  Taq polymerase (5 U/uL)
DRPLA
25 u. 10X PCR buffer
SuL DRPLA-F (from 20 uM stock)
SuL DRPLA-R (from 20 uM stock)
SuL  Each dNTP ( dATP, dCTP, dGTP, and dTTP from 10 mM stock)
180.5 UL Molecular biology grade water
12.5 uL. DMSO
2 uL Taq polymerase (5 U/uL)
2. 1uL (50-100ng) genomic DNA was added to each 24 uL aliquot and PCR was performed
in a Perkin-Elmer 9600 thermocycler using the following conditions:
HD 94°C, 4 min; 35 cycles of 94°C, 65°C, 72°C for 1 min each; 72°C extension
for 10 min; 4°C soak.
DRPLA 94°C, 4 min; 30 cycles of 94°C, 62°C, 72°C for 1 min each; 72°C extension
for 10 min; 4°C soak.

3.3. Post-PCR DNA Purification

Prior to MALDI analysis, PCR products were purified by column chromatography
using the QIAquick PCR purification kit (Qiagen Inc) following the manufacturers
instructions. After the final elution step, DNAs were precipitated with alcohol, centri-
fuged, and resuspended in 5 UL of molecular biology grade water for subsequent
MALDI analysis.

3.4. MALDI

1. The sample was prepared for mass spectrometry analysis by mixing an equal volume of
aqueous analyte solution with matrix solution. Typically, 1 UL of the mixed solution was
spotted on a stainless-steel sample plate and dried by a forced nitrogen gas jet at ambient
temperature. The sample was then crystallized. It was found that better MALDI signals
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Fig. 2. A typical needle-shaped crystalline sample with 3-HPA matrix.

are obtained when 3-hydroxypicolinic acid is used as matrix and the matrix forms
needle-like crystals (see Fig. 2) The sample plate can accommodate up to one hundred
samples a time. The typical spot size of a sample is 1-3 mm. The laser spot size ranges
from 50 to 100 um.

The dried sample was immediately loaded into theTOF-MS. A mechanical pump pumped
the pressure of the chamber of the mass spectrometer down to a few microns. Then, a
turbo pump pumped down the pressure to 10~ Torr or lower. The high voltages were then
provided for ion acceleration. The polarity of biased voltage of the target was determined
by the type of ions to be detected. When positive ions are to be detected, the voltage
should be positive. On the other hand, negative voltage should be provided for negative
ion detection. The sample plate was moved by the servo system, which was controlled by
the computer. A small lamp was used to illuminate the sample plate so that the spot of the
selected sample and the position of the laser beam hitting the sample could be constantly
monitored by a video camera.

. A linear TOF-MS (Voyager, PerSeptive Biosystems, Framingham, MA, USA) equipped

with a nitrogen laser was used to obtain mass spectra. The laser beam was directed onto the
sample surface. In general, better signals were obtained when the laser beam was aimed at
the edge of the sample where better crystals were formed. The typical laser fluence was
between 45—-65 mJ/cm?. The acceleration voltage was set between 25000—30000 volts (V).
The pressure of the chamber of the mass spectrometer was 1.5 X 1077 Torr. New calibration
is needed whenever the acceleration voltage was changed. We typically used insulin and
myoglobin mixed with the sample for internal calibration.

The DNA ions were collected and their signal amplified by a microchannel plate. The
amplitude of signals depends on the bias voltage on the microchannel plate. The signals
were digitized by a digital oscilloscope (Tektronix 520). Delayed ion extraction (16,17)
was also installed to improve mass resolution by time focusing for the same type of
ions, which were produced at different locations during the desorption/ionization pro-
cess. The amplitude of the pulse voltage was 1500V-2000V. The pulse duration was
typically set at ~10 psec.
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Fig. 3. MALDI analysis of the DRPLA CAG repeat. (A) Mass spectrum from a normal
individual carrying 15 and 20 CAG repeats and (B) Mass spectrum from a DRPLA patient
carrying 15 and 66 CAG repeats.

5. A mass spectrum for each laser pulse was recorded by the computer. The final mass spec-
trum was typically obtained by averaging 8—256 laser shots. The spectrum was saved
in the computer and could be printed whenever desired. Computer software was devel-
oped to determine the mass resolution for each peak and the peak position could also be
automatically located. Correlation for the electronic background was also included in the
software to normalize mass spectra to improve mass resolution.

6. We have used MALDI to measure CAG expansions in both the DRPLA and HD genes.
An example of MALDI mass spectrum for a normal individual and a DRPLA patient
sample are shown in Fig. 3. The sample from the normal individual shows 15 and 20 CAG
repeats while the patient sample shows 15 and 66 repeats. Both samples are heterozygous.
A mass spectrum from a HD patient is shown in Fig. 4. It indicates the sample is heterozy-
gous with CAG repeat of 17 and 40 (see Note S). It is worth mentioning that all peaks in
mass spectra correspond to the mass of single-stranded DNA. PCR products are dissoci-
ated into single-stranded DNA either during the process of mixing DNA with matrix com-
pounds or the laser desorption process. The mass resolution is not high enough to separate
the two peaks expected of each single-stranded DNA of slightly different mass.
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Fig. 4. MALDI analysis of the HD-CAG repeat. A mass spectrum of a HD patient carrying
17 and 40 CAG repeats.

4. Notes

1. Reflectron TOF-MS is often used to improve mass resolution since the velocity distribu-
tion that spoils mass resolution in linear time-of-flight mass spectrometers can be com-
pensated. However, for large DNA fragment measurements, the use of reflectron
time-of-flight does not significantly improve mass resolution. It does, however, reduce the
signal level drastically due to the limited lifetimes of DNA ions (18) Thus, a linear time-
of-flight mass spectrometer is still preferred.

2. In general, electrospray mass spectrometry can exhibit better mass resolution than TOF-MS.
However, an electrospray mass spectrometer is not suitable for measuring several bio-
molecules simultaneously, since each molecule tends to give several peaks due to the multi-
ply charged ions. On the other hand, when only one short tandem repeat allele is to be
analyzed, an electrospray mass spectrometer can give better mass resolution for determining
the sizes of DNAs. However, sample impurity (i.e., salt contamination) is very critical for
using electrospray mass spectrometry for DNA measurements. If electrospray mass spec-
trometry is to be used, more extensive DNA purification will be necessary.

3. Instead of a mixture of 3-hydroxypicolinic acid, picolinic acid, and ammonium fluoride, it
is also possible to use a mixture of 0.2 M 2,3,4-trihydroxyacetophenone, 0.2 M
2,4,5-trihydroxyacetophenone, and 0.3 M ammonium citrate dibasic of equal volume
(19) as the matrix. In general, the mass resolution is better with this alternate matrix but the
ion signal amplitude is less for large DNA fragments, compared to the 3-HPA solution.

4. Three characteristics of the matrix are important in successful MALDI-MS experiments:
1) The matrix must incorporate the analyte in a way that does not break bonds or other-
wise compromise the integrity of the intra-DNA binding; 2) the matrix must have strong
absorption at the chosen laser wavelength; and 3) the matrix must provide a ready source
of charge, which can be readily transferred to the DNA molecules. This is critically
important, as the interaction between analyte molecules and crystals might be the key that
determines the usefulness of a matrix material for MALDI.
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5. Our results of MALDI for both DRPLA and HD samples show that mass spectrometry can
be used for the accurate determination of the number of CAG repeats. Since the time
needed for mass spectrometric analysis can be much shorter than the gel electrophoretic
method, MALDI has the potential to become a valuable tool for the quick diagnosis of
these dominantly inherited neurodegenerative disorders as well as a useful methodology
for the detection of repeat-containing genes in general. We expect the same technology
can be applied to other repeat expansion diseases. Microsatellites, which often contain
tandem repeats, are useful markers for many genetic loci. Thus, we expect that MALDI-
TOF-MS will be useful for the analysis of microsatellite markers as well. However,
expansion of MALDI mass spectrometry for DNA analysis critically depends on mass
resolution and sensitivity.
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Fluorescence PCR and GeneScan® Analysis
for the Detection of CAG Repeat Expansions
Associated with Huntington’s Disease

Cindy L. Vnencak-Jones

1. Introduction

Huntington’s Disease (HD) is an autosomal dominant neurodegenerative disorder with
an incidence of 1/10,000. The disease is characterized by involuntary choreic movements,
psychiatric disorders, dementia, and death within 15-20 years. When the HD gene was
cloned in 1993, it was discovered that the causative mutation was an expansion of a CAG
trinucleotide repeat (1) and to date HD is one of 14 trinucleotide repeat diseases (2). The
expanded CAG sequence in exon 1 of the HD gene, /775, likewise encodes an expanded
polyglutamine tract resulting in an aberrant huntingtin protein, which leads to neuronal
specific death predominantly within the neostratum (3). Huntington is widely expressed
in both the brain and nonneural tissues (4) and interestingly, N-terminal fragments of
huntingtin, containing the elongated polyglutamine residues form aggregates, and can be
visualized as cytoplasmic and nuclear inclusions (5).

Cloning of the HD gene eliminated the need for linkage analysis (6) and enabled
rapid and accurate analysis using PCR to precisely determine the CAG repeat number
in exon 1 of the /715 gene. The HD phenotype results from an expanded allele that
contains 40 or greater repeats and the size of the repeat is inversely correlated with the
age of onset (7). Repeats of 36 to 39 are considered HD alleles with reduced penetrance
(8,9). Further, although normal alleles are characterized with CAG repeats less than or
equal to 35, alleles with repeats between 27 and 35 are “mutable” in that they can
exhibit meiotic instability (10).

Referrals for HD testing are diverse and include diagnostic testing for the adult or
symptomatic child, presymptomatic testing for the consenting adult, prenatal testing of
the fetus at risk, and preimplantation genetic testing for the couple at risk. For
presymptomatic, prenatal, and pre-implantation testing, because there are significantly
different implications for the patient with a CAG repeat number of 35 vs 36 or a repeat
number of 39 vs 40, repeat size determination must be accurate. The method contained
within this chapter describes the use of fluorescence polymerase chain reaction (PCR)
coupled with denaturing gel electrophoresis and GeneScan® analysis to precisely and
reproducibly determine CAG repeat lengths in the /775 gene for clinical testing for HD.
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2. Materials

2.1.

DNA Extraction: Peripheral blood

1. Puregene™ DNA Isolation Kit # D-40K (Gentra Systems, Inc.) The kit contains: Red
Blood Cell Lysis Solution, Cell Lysis Solution, Protein Precipitation Solution, and DNA
Hydration Solution. All reagents should be stored at room temperature and properly dis-
carded prior to the expiration date.

2. Isopropanol: stored at room temperature in a fire cabinet.

3. Ethanol (70%).

4. 1% agarose gel, electrophoresis chamber and 1X TBE buffer.

5. Size Standard: Lambda DNA digested with HindIII (Invitrogen, # 15612013).

2.2. Fluorescence PCR

1. AmpliTag DNA polymerase; 10X PCR Buffer II; 25 mM MgCl, (Applied Biosystems
N808-0172) stored at —20°C.

2. dNTP stock: 1.25 mM each of dATP, dCTP, dGTP and dTTP (NEB N0446S) stored at
-20°C.

3. DMSO (Sigma D5879) stored as aliquots at room temperature and protected from light.

4. 10X PCR buffer minus Mg (Invitrogen, Y02028).

5. Oligonucleotide primers: 5-ATG AAG GCC TTC GAG TCC CTC AAG TCC TTC-3'
(11). This customized fluorescent primer is available from Applied Biosystems
(see Website: www.appliedbiosystems.com) and is labeled with HEX for a color display
of yellow. Upon receipt, lyophilized primers are reconstituted in 500 UL of sterile 1X TE.
Fluorescent tagged primers are light-sensitive and should be handled in minimum light-
ing. 5'-GGC GGT GGC GGC TGT TGC TGC TGC TGC TGC-3' (11). This customized
nonfluorescent primer is purchased upon request from ResGen Invitrogen Corporation
(see Website: www.resgen.com) and is received in 1X TE. The optical density of the stock
tubes are measured and the concentrations recorded. Primers are stored at —20°C and are
diluted as needed prior to using.

2.3. 5% Denaturing Polyacrylamide Gel and Electrophoresis

1. ABI Prism 377 DNA Sequence System.

2. Alconox Lab Detergent (Fisher Scientific 04-322-4).

3. Long Ranger Singel Packs (BioWhittaker Molecular Applications 50691). Store shielded
from direct light at room temperature. Discard before expiration date.

4. Blue-Dextran-EDTA loading buffer (Applied Biosystems 402055).

5. TAMRA 500 size standard (Applied Biosystems 401733).

6. Resin, Amberlite Mixed Bed (Applied Biosystems 400665).

7. Formamide (Sigma F-7508).

2.4. GeneScan® Analysis and Interpretation

1. GeneScan® Software and User Manual.

3. Methods
3.1. DNA Extraction-Peripheral Blood

1. For a generous amount of high-quality DNA, begin with 3—5 mL of whole blood. For a
normal white count, the expected yield will be 300-500 pg of DNA.

2. Using universal precautions, transfer the whole blood from the lavender top EDTA col-

lection tube to a sterile, labeled 50 mL polypropylene tube. Follow the instructions as
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3.2.

1.

3.3.

. Rinse both glass plates with warm water. In a squirt bottle, dissolve Alconox in warm

W

outlined in the manufacturers manual adjusting the amount of reagents based on the
initial volume used. The optional RNase treatment step in this protocol can be omitted
(see Notes 1 and 2).

Based on the size of the DNA pellet, add 300—500 uL of Hydration Solution for a concen-
tration of about 1 pug/uL.

To estimate the concentration and assess the quality of the extracted DNA, subject 2 UL of
the homogenous DNA solution to gel electrophoresis on a 1% agarose gel. For compari-
son, simultaneously analyze 2 pL of Lambda DNA in an adjacent well.

Fluorescence PCR

Each assay should include: the patient in duplicate (varying the amount of template DNA
that is added); a normal control, with previously characterized CAG repeats of normal
size; a positive control, with previously characterized expanded CAG repeats or a cloned
standard with a known expanded CAG repeat length and; a negative control, with all
reagents added to the reaction tube except template DNA (see Note 3).

Thaw reagents on ice and vortex each well before using. In subdued lighting, set up the
following 15 uL reaction adding each in the following order. 1 uM each of the forward
and reverse primer; 1.5 uL 10X PCR buffer II; 2.4 uL 1.25 mM dNTP stock; 1.5 pL
25 mM MgCl,; sterile dH,O (amount needed to bring volume to 15 pL); 1.5 uL DMSO
and 1 U Tag DNA polymerase (dilute 5 U/uL stock 1:5 with 10X PCR buffer minus Mg)
add 1 pg of patient DNA (see Notes 4-7) and immediately place in 94°C preheated
DNA thermal cycler.

PCR is performed using the following conditions (see Note 8).

1 cycle Initial Denaturation 94°C, 6 min

25 cycles Denaturation 94°C, 30 s
Annealing 65°C, 30 s
Extension 72°C,45s

1 cycle Final Extension 72°C, 10 min

Store reaction tubes protected from light and at —20°C.

5% Denaturing Polyacrylamide Gel

water and apply diluted soap solution to the plates and wash gently with a gauze pad.
Rinse the plates well with warm water followed by dH,O. Securely position plates in
horizontal position to air dry.

Mount the clean plates in the gel cassette as described by the manufacturer.

Prepare the gel solution in the gel pack as described by the manufacturer.

Squeeze the gel solution into a 50-mL tube avoiding the use of great force which may
introduce air into the solution. Cap the tube and invert gently to mix.

Pour the gel by first attaching a sterile disposable 50 mL pipet to an electric pipetter.
Aspirate 30—40 mL of gel solution into the pipette. With the plate assembly at an angle,
begin slowly injecting the gel solution across the top of the glass. As the gel solution
travels down between the plates, tap the glass firmly to expel any air bubbles that may
form. When complete, secure the comb in place to form wells. Allow the gel to polymer-
ize 2 h before removing the comb (see Notes 9 and 10).

Carefully remove the comb. Remove excess gel material from the top of the plate assem-
bly and from each well. Mount the plate assembly onto the instrument, add 1X TBE buffer
to the chambers, perform the plate check, prerun, prepare the sample sheet and prerun the
gel as described by the manufacturer (see Notes 11 and 12).
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7. Prepare gel-loading solutions. Using a scoopula, dispense resin beads into a 0.5 mL
microfuge tube filling to 1/3 the volume of the tube. To the resin, add 400 pL formamide,
cap the tube, and invert several times to mix. Prepare a 1:4 TAMRA/Blue Dextran dye
solution. Vortex well to mix.

8. Prepare amplicons for analysis. Thaw the reaction tubes and vortex well to ensure homo-
geneity. Prepare 1:2 dilution of each of the amplicons using 1X TE. Label a set of 0.5 mL
microfuge tubes corresponding to each reaction. Into each labeled tube dispense 2 UL of the
TAMRA/Blue Dextran dye solution and 4 uL of the freshly prepared formamide, mix well
and quick spin. Add 1 pL of the diluted amplicon to the corresponding tube and mix well.

9. Heat gel-loading tubes to 94°C for 3 min to denature and place tubes on ice to prevent
reannealing.

10. Using a 0.17 mm flat capillary pipette tip, aspirate 2.5 UL of the denatured amplicon/TAMRA/
Blue Dextran/formamide solution and carefully dispense into the corresponding well of the
gel. Proceed with electrophoresis according to the manufacturer at 3000 V for 2.5 h.

3.4. GeneScan Analysis and Interpretation

1. Perform the analysis of the gel using the GeneScan software version provided by the manu-
facturer (see Notes 13 and 14).

2. Interpret the CAG repeat number for each sample based on the size of the amplicon as
generated in the tabular data. Verify that the CAG repeat number of all controls is as
expected before reporting patient results (see Note 15).

4. Notes

1. PCR analysis for the determination of the CAG repeat number in exon 1 of the IT75 gene
can be performed on high molecular-weight DNA extracted from any source including
fresh tissue or cultured fetal cells using the protocol outlined by the manufacturer.

2. For clinical testing, the laboratory should verify that informed consent was obtained and
in the case of predictive testing assure that proper psychiatric evaluation and genetic coun-
seling was performed prior to submission of the specimen (12). Further, if the laboratory
is performing this assay for clinical testing, the laboratory must document proficiency by
participating in a proficiency program for HD analysis.

3. The positive control should be a previously well characterized proficiency specimen or a
cloned standard. Standardization between labs is especially important for this assay, where
the difference between one repeat can have significantly different implications.

4. The quality of each new shipment of fluorescent and nonfluorescent primer is tested with
existing reagents prior to using for clinical specimens.

5. To minimize freezing and thawing and to preserve the integrity of the fluorescent primer,
fluorescent primers are stored as 5—10-pL aliquots for one-time use and diluted prior to
using. Further, aliquot tubes are placed in 50-mL tubes, wrapped in aluminum foil, and
placed in a freezer that is not self-defrosting. The amount of primer dispensed into each
aliquot should be sufficient for a typical number of reactions performed at one time by the
laboratory but not in large excess since unused primers are subsequently discarded.

6. The nonfluorescent labeled primer is likewise stored as concentrated stock aliquots with
50 uL in each tube. Aliquots are used in sequential order and repetitive freezing and thaw-
ing does occur. The same primer stock tube is used until about 5—10 pL of undiluted
primer remains. At that time, this aliquot is discarded and the subsequent stock aliquot is
put into use.

7. For larger runs, it is easiest to prepare a “cocktail” that includes premixing of the appro-
priate amounts of dH,0; 10X buffer II; dNTP; MgCl,, dimethyl sulfoxide (DMSO), and
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10.

11.

12.

13.

Tagq polymerase. To prepare, determine the number of reactions, add 2 (to assure adequate
amount), and multiply this number times the reagent volume per reaction for each cocktail
reagent. After adding each component, vortex well. This cocktail can be added in one
pipetting step to each reaction tube to which each of the primers have previously been
added. Mix well and add the template DNA using sterile, cotton-plugged pipet tips.
Because DMSO is a heavy liquid, vortex the cocktail frequently during the pipetting of
the cocktail into each reaction tube.

Similar to amplification of other trinucleotide repeat disease sequences (i.e., CGG for
Fragile X Syndrome) the efficiency of amplification of the larger CAG repeat alleles is
greatly reduced. Under the conditions described here, amplicons generated from expanded
CAG repeat alleles of 40-50 appear to represent only about 20—30% of the total product as
opposed to the theoretic yield of 50%. Further, if the efficiency of the PCR assay is some-
how greatly diminished, amplicons from the expanded allele may not be detected and the
allele “drops out.” This will result in a false-negative and an apparent homozygous normal
pattern will be observed. This phenomenon is compounded if this assay is performed on
DNA extracted from paraffin-embedded tissue which is inherently partially degraded and
often results in decreased amplification efficiency. Requests for HD testing on archived
material is not uncommon and must be carefully interpreted to prevent reporting of a false
negative result. The addition of 3.4 M Betaine (Sigma B-2629) to the reaction tube can be
used to increase the amplification efficiency and the percentage of amplicons representing
the expanded allele. In contrast, other variations to this procedure such as increasing the
cycle number, increasing the length of time of the 72°C extension within each cycle, or
increasing the final extension time from 10-30 min did not appear to significantly enhance
amplification of the expanded allele.

Plates are received as a set and are numerically labeled. A log is maintained on the instru-
ment recording the usage of each plate set. With frequent usage, there is a propensity to
generate numerous small bubbles within the freshly poured gel suggesting a build up of
residue. Should this occur, the use of this plate set is discontinued until the plates are
cleaned. This special washing includes washing the plates with diluted Alconox, rinsing
with warm water and then rinsing with 3 M HCI, warm water, 3 M NaOH, warm water and
followed by dH,O and air drying.

Best results are obtained if the gel is used immediately after polymerization but can be
stored over night. To prevent drying, place gauze dampened with 1X TBE electrophoresis
buffer across the top of the gel and cover with plastic wrap. Do not remove the comb if
storing the gel overnight.

Use a dry folded Kimwipe pressed at the top of the well and pulled back to remove excess
gel material from the top of the glass plates. Repeat using a Kimwipe dampened with
dH,0. Attach a gel loading capillary pipet tip (0.17 mm flat) to a 1000 pipet tip using
parafilm to secure the joint and fill the device with dH,0O. With the gel apparatus at an
angle and facing downward, position the dH,O- filled pipet tip into each well to expel the
dH,0O. Use a Kimwipe to remove resulting debris. Wells must be thoroughly cleaned
before loading.

After removing excess gel debris and urea and prior to mounting the gel cassette onto the
instrument, prepare a 30% Blue-Dextran-EDTA dye solution using dH,O. To enhance
visibility of the well during loading, using the same pipet tip device described above to
flush out the wells, now fill the tip with the diluted blue loading dye. With the gel appara-
tus flat, force the dye solution into each well. Use a Kimwipe to blot excess dye that did
not enter the well.

A representative gel image from the HD assay is shown in Fig. 1. Retain the gel file on disk
or print a copy of the image and the corresponding sample sheet as a record for the laboratory.
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Fig. 1. Representative gel image for HD analysis using fluorescence PCR. Scan numbers are
listed on the left. TAMRA size standard is listed as base pairs (bp) on the right. Phenotype and
genotype of patients studied are listed at the top. Lanes 1-3, CAG repeats characteristic of
normal alleles (17/17; 17/18; 17/22), Lane 4, a normal (15) and a mutable (32) allele. Lane 5, a
normal (19) and a HD (37) allele with reduced penetrance. Lane 6: a normal (17) and a HD (40)
allele; Lane 7, a normal control (C) with CAG repeats characteristic of normal (17/18) alleles.
Lane 8, Cloned standard control (C+) with 35 CAG repeats (from M. R. Hayden, University of
British Columbia). Lane 9, Negative control (N) reaction tube with all reagents except DNA.
(See color plate 1 appearing in the insert following p. 82)

14. A representative electropherogram from the HD assay is shown in Fig. 2. Since large
expanded repeats are less efficiently amplified, when a homozygous normal pattern is
observed (lane 1) it is necessary to modify the peak detection window under analysis
parameters to 20 to increase the sensitivity of the analysis, ensure accurate results and
prevent a false negative result.

15. Regardless of whether a gel (ABI 377) or capillary (ABI 310, 3100 or 3700) format was
used for fragment separation or which version of GeneScan analysis was used for the
analysis, the CAG repeat number is directly correlated with the size of the amplicon gen-
erated in this assay. Table 1 represents the most commonly observed CAG repeat num-
bers and the size of their corresponding amplicons.
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Fig. 2. Electropherogram generated from gel image shown in Fig. 1. Corresponding gel lane
numbers listed on the left. Amplicon sizes in bp listed on the right.

Table 1
Interpretation of CAG Repeat Number Based on Size of Amplicon

Fragment size 88 91 94 97 100 103 106 109 112
CAG repeat # 14 15 16 17 18 19 20 21 22
Fragment size 115 118 121 124 127 130 133 136 139
CAG repeat # 23 24 25 26 27 28 29 30 31
Fragment size 142 145 148 151 154 157 160 163 166
CAG repeat # 32 33 34 35 36 37 38 39 40
Fragment size 169 172 175 178 181 184 187 190 193
CAG repeat # 41 42 43 44 45 46 47 48 49
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Molecular Detection of Galactosemia Mutations
by PCR-ELISA

Kasinathan Muralidharan and Wei Zhang

1. Introduction
1.1. Galactosemia

Classic galactosemia is an autosomal recessive disorder caused by the deficiency of
galactose 1-phosphate uridyltransferase, GALT (EC 2.7.7.12) (1). It presents with vom-
iting and diarrhea in neonates within a few days of milk intake. Most patients develop
jaundice and hepatic failure. If untreated, it is potentially lethal. Newborn screening for
galactosemia is routine in all states in the USA and in many other countries. Elimina-
tion of dietary galactose is the main treatment. However, this does not prevent second-
ary complications such as growth retardation, mental retardation, dyspraxia, cataracts,
ataxia, and ovarian failure later in life (2).

The main dietary source of galactose in humans is from lactose in milk. Lactose is
hydrolyzed to glucose and galactose in the intestine. Galactose-1-phosphate is pro-
duced from galactose by the action of galactokinase. Galactose 1-phosphate
uridyltransferase (GALT) catalyzes the conversion of uridine diphosphoglucose and
galactose-1-phosphate to glucose-1-phosphate and uridine diphosphogalactose. Absence
of GALT activity leads to intracellular accumulation of galactose 1-phosphate.

1.2. Mutations in GALT Gene

Over 130 mutations have been identified in human GALT gene (3). These range
from missense, nonsense, and splice site mutations to small and large deletions.

The most common classic galactosemic (G) allele is the Q188R mutation. A glycine
to arginine change at codon 188 is caused by an A to G missense mutation. It is present
in all ethnic groups to varying extents. It is the most common mutation in white galac-
tosemic patients in the United States.

K285N is the second most common among white patients and is most prevalent
among patients derived from the area of Southern Germany, Croatia, and Austria.
K285N is owing to G to T change that converts a lysine to asparagine at codon 285.

Y209C mutation is due to A to G change that substitutes cystine for tyrosine at
codon 209. L195P is caused by a T to C change resulting in leucine to proline at codon
195. These two mutations account for about 2% of white galactosemic patients.

From: Methods in Molecular Biology, vol. 217: Neurogenetics: Methods and Protocols
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S135L mutation is the most common G allele in blacks in the US. A C to T change
substitutes a leucine instead of serine at codon 135. It has so far been exclusively found in
African Americans (4). Q188R is the next most common G allele in the black population.

The Duarte variant (N314D) is found in all populations ranging from 6-20% of
the defective alleles. This is caused by an A to G transition that leads to an aspar-
agine to aspartate at codon 314. Duarte variant shows about a 25% reduction in enzy-
matic activity.

The six common mutations (Q188R, N314D, S135L, K285N, L195P, and Y209C)
account for 87.5% of the mutant alleles in US galactosemic population (3). We rou-
tinely test for these mutations in our galactosemia patients. The other mutations occur
at a low frequency and are detectable by single-strand conformation polymorphism
analysis and sequencing (5).

1.3. PCR-ELISA

The method described here is based on allele-specific oligonucleotide (ASO)
hybridization. It can simultaneously detect the six common mutations in GALT gene.
This method is rapid and suitable for batch analysis of large number of samples.

Three regions of the GALT gene that harbor these six mutations are amplified by
multiplex polymerase chain reaction (PCR). The PCR product is labeled with
Digoxigenin (DIG) by the incorporation of DIG labeled nucleotides in the PCR reac-
tion. The DIG moiety is later used to detect the presence of hybrids with sequence
specific oligonucleotide capture probes.

Figure 1 illustrates the various steps involved in the enzyme-linked immunosobent
assay (ELISA) detection of GALT mutations. The PCR product is denatured and
hybridized to biotinated sequence-specific oligonucleotide probes. A separate hybrid-
ization reaction is used to detect the normal and mutant sequence at each of the loci. The
specificity of the hybridization is optimized by the design of oligonucleotides and the
temperature of hybridization. Further, nonbiotinylated blocking oligos are used to reduce
background hybridization. An oligonucleotide containing the normal sequence is used as
a blocking agent in the case of hybridization to detect the mutation and vise versa. Block-
ing oligos compete with specific oligos for hybridization and reduce nonspecific hybrid-
ization. Further, in a heterozygote sample, cross-hybridization of normal sequence to
mutant detection probe is reduced by the specific hybridization with the normal blocking
oligo. Because the specific oligo is biotinylated, only the specific hybrids are detectable
in subsequent steps. The hybrids formed with blocking oligos are not detectable. The
hybrids with biotinylated oligos are then immobilized on streptavidin-coated microtiter
plates. Unbound hybrids and PCR products are washed away. The plates are then treated
with anti-DIG antibodies conjugated with peroxidase. These antibodies react to the DIG
on the PCR product bound and immobilized by the specific oligonucleotide. Unbound
antibodies are washed away. The presence of hybrids is detected by activity of peroxi-
dase enzyme on a colorimetric substrate.

2. Materials

2.1. Reagents for DNA isolation (6)

1. TKMI: 10 mM Tris-HCI, pH 7.6. 10 mM KCI, 10 mMMgCl,, 2 mM EDTA, and 2.5%
Nonidet P-40.
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Fig. 1. PCR-ELISA detection of GALT gene mutations. Three regions of the GALT gene
are amplified by multiplex PCR. The PCR product is labeled with Digoxigenin (DIG) by the
incorporation of DIG-labeled nucleotides in the PCR reaction. The PCR product is denatured
and hybridized to biotinylated sequence-specific oligonucleotide probe. A separate hybridiza-
tion reaction is used to detect the normal and mutant sequence at each of the loci. The specific-
ity of the hybridization is optimized by the design of oligonucleotides and the temperature of
hybridization. Further, nonbiotinylated blocking oligonucleotides are used to reduce back-
ground hybridization. The hybrids with biotinylated oligonucleotides are then immobilized on
streptavidin-coated microtiter plates. Unbound hybrids and PCR products are washed away.
The plates are then treated with anti-DIG antibodies conjugated with peroxidase. Unbound
antibodies are washed away. The presence of allele specific hybridization is detected by activ-
ity of peroxidase enzyme on a colorimetric substrate.

2. TKM2: 10 mM Tris-HCI, pH 7.6. 10 mM KCl, 10 mMMgCl,, 2 mM EDTA, 0.4 M NacCl,
0.05% sodium dodecyl sulfate (SDS).

6 M NaCl in water.

4. Absolute Ethanol.

(O8]
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Table 1
PCR Primers
Size of
Primer Sequence (5'—3") Mutation PCR product
GALT 9: GGT CAG CAT CTG GAC CCC AGG K285N, 668
INJR: GGG GTC GAC GCC TGC ACA TAC TGC ATG TGA  Y209C, N314D
GALT6: AGG AGG GAG TTG ACT TGG AGT QI188R, L195P 428
IN7R: GGG GAC ACA GGG CTT GGC TCT CTC CCA
S135LF: GAG TGA TAC TCC TTT ACC TCA GGA CCC AGT S135L 252

S135LR: GGA CCG ACA TGA GTG GCA GCG TTA CAT TC

2.2. PCR Ampilification

1. Roche Biochemicals PCRELISA DIG labeling kit (Cat. no. 1636 120) may be used for the
DIG labeling of PCR products (see Note 1).

2. PCR primers: The primer sequences are provided in Table 1. Stock solutions at 10 pmol/ pL.
in water are used.

3. Taq DNA polymerase (5 U/ uL) (Roche Molecular Biochemicals).

2.3. Reagents for DIG ELISA

1. PCR ELISA detection kit (Cat. no. 1636111) was purchased from Roche Biochemicals.
This kit provides streptavidin-coated microtiter wells, the reagents necessary for hybrid-
ization, washing, anti-DIG antibodies, and substrate for detection. Kit components are
diluted and used according to the manufacturers instructions. Storage conditions of diluted
anti-DIG antibodies and substrate are critical. Control DIG-labeled PCR product and
biotin-labeled capture probe are provided with the kit. These can be useful in trouble-
shooting (see Note 2).

2. Biotin-labeled detection oligonucleotides. The sequences of the oligos are provided in
Table 2.

3. Blocking oligos: Blocking oligos are used in the hybridization reaction to enhance speci-
ficity. For example in the hybridization reaction for the detection of the 188R mutation, an
oligonucleotide corresponding to this mutation is biotin labeled and nonbiotin labeled
oligo corresponding to the wild-type 188Q is used to block the nonspecific binding of
188R to 188Q target sequence (see Note 2c¢).

3. Methods
3.1. DNA Isolation (6)

Collect whole blood in a Vacutainer tube (purple-stopper) containing EDTA as anticoagulant.
Transfer 5 mL of blood into a 15-mL centrifuge tube and add 5 mL of TKMI1. Mix well.
Centrifuge at 1200-1500g for 10 min at room temperature in a tabletop centrifuge.
Slowly pour off the supernatant and save the nuclear pellet

Wash the pellet in 5 mL of TKM1 buffer and centrifuge as in step 3.

Gently resuspend the pellet in 0.8 mL of TKM2. Mix thoroughly by pipetting back and
forth. Place on rocker overnight or at 55°C for 30 min.

7. Add 0.3 mL of 6 M NacCl to the tube and mix well.

SR e



Galactosemia Mutations 115
Table 2

Oligonucleotides for Hybridization”

Probe name Sequence 5'—3' Allele
QI188RN3 CCC CCA CTG CCA GGT AAG GGT Q188 (normal)
Q188RM3 CCC CCA CTG CCG GGT AAG GGT R188 (mutant)
N314DN2 GGG CCA ACT GGA ACC ATT GGC A N314 (normal)
N314DM2 GGG CCA ACT GGG ACC ATT GGC A D314 (mutant)
S135LN2 CTT CCA CCC CTG GTC GGA TGT A S135 (normal)
S135LM CTT CCA CCC CTG GTT GGA TGT A L135 (mutant)
L195PN AGC AGT TTC CTG CCA GAT ATT G L195 (normal)
L195PM AGC AGT TTC CCG CCA GAT ATT G P195 (mutant)
Y209CN CAG CAG GCC TAT AAG AGT CAG Y209 (normal)
Y209CM CAG CAG GCC TGT AAG AGT CAG C209 (mutant)
K285NN TCT TGA CCA AGT ATG ACAACCT K285 (normal)
K285NM TCT TGA CCA ATT ATG ACA ACCT N285 (mutant)

“QOligonucleotides when used as sequence specific detection probes are end-labeled with Biotin. Oligo-
nucleotides used for blocking nonspecific binding in hybridization reactions are not labeled with biotin.

10.
1.

3.2.

. For each assay, include water blank, positive and negative controls.

3.3.
. Alkali denaturation of PCR products: Add 3 uL of denaturation buffer from the PCR

Centrifuge at 1200-1500g for 10 min.

Transfer the supernatant using a transfer pipet to a new tube. Add 2.2 mL absolute etha-
nol. Mix. Spool DNA precipitate to a wand.

Rinse DNA precipitate in 70% ethanol. Air dry.

Suspend DNA in 10 mM Tris-HCI, 1 mM EDTA, and pH 8.0.

Multiplex PCR

Each PCR reaction has a final volume of 50 pL. Each reaction contains
8.0 uL dNTP with DIG UTP, 5 uL. 10XPCR buffer, 5 pL of MgCl, (10 mM stock), 1.5 uL
each of the three forward and three reverse primers, 5 UL of DNA (concentration of
30 ng/uL) and 0.25 uL. Taq polymerase. Water is added to bring the total volume to 50 uL.
The PCR thermal cycling parameters included an initial denaturation step of 94°C for 5
min, 35 cycles each of 45 s of denaturation at 94°C, 1 min annealing at 65°C, and 1 min
extension at 72°C. The final extension at 72°C was for 3 min.

Allele Specific Hybridization and ELISA

ELISA Detection kit to 3 uL. of PCR product. Incubate at room temperature for 10 min.
Add 19 pL of ddH,O to each tube.

Stock probe solutions are prepared according to the concentrations given in Table 3
(see Note 2c¢).

Prepare hybridization probe. Each sample requires 2 UL of probe stock mixed with 28 uLL
of hybridization buffer.

Each hybridization reaction consists of 150 puL of hybridization solution mixed with
30 UL of the above probe solution and 20 UL of denatured PCR product. The hybridization
is performed in the streptavidin-coated microtiter plates. The plates are covered with self-
adhesive cover foils. Twelve wells are needed for each sample to assay for the 6 mutations
and the corresponding normal sequence.



116 Muralidharan and Zhang

Table 3
Hybridization Probes

Biotin-labeled probe Blocking Oligonucleotide Blocking Oligo
Allele detected (0.75 pico mole) (unlabeled) (pico mole)
Q188 (normal) BQI88RN3 QI188RM3 0.19
R188 (mutant) BQI88RM3 QI188RN3 3.0
N314 (normal) BN314DN2 N314DM2 7.5
D314 (mutant) BN314DM2 N314DN2 16.5
S135 (normal) BS135LN2 S135LM 0.75
L135 (mutant) BS135LM S135LN2 0.75
L195 (normal) BL195PN L195PM 7.5
P135 (mutant) BL195PM L195PN 7.5
Y209 (normal) BY209CN Y209CM 7.5
C209 (mutant) BY209CM Y209CN 7.5
K285 (normal) BK285NN K285NM 3.0
N285 (mutant) BK285NM K285NN 3.0

5. The plates are placed in a shaking water bath in contact with water. The water bath is set at
65°C. The shaker is set at 50 rpm. After about 15 min, the temperature of the water bath is set
to 37°C. The temperature is allowed to drop to 37°C. This takes about 3 h if the lid of the water
bath is left open. The lid can be left closed and let the hybridization continue overnight. This
method of starting at a high temperature and allowing slow cooling allows for optimal hybrid-
ization of multiple probes with different annealing temperatures (see Note 2d).

6. Pour off the hybridization solution. Wash the plate by adding 250 UL of wash solution to
each well and shaking out the solution. This is repeated three times.

7. Add 200 pL of anti-DIG-antibody working stock solution to each well. Incubate in a water-

bath at 37°C with shaking (see Note 2e).

Wash three times as in step 6.

9. Add 200 pL substrate solution and incubate at 37°C. Color development will be evident in
10-30 min. The results can be scored by visually as positive or negative for color reac-
tion. However, colorimetric reading of the plates provides a more secure interpretation.
The plate is read on a microtiter plate reader at 405 nm (Fig. 2).

10. Interpretation: The readings from the water blank must be less than 0.1 OD units. The
signal from specific hybridization must be more than three times that in the blank. If the
background is high, refer to Note 3. The negative and positive controls should behave as
expected. Genotype of a sample is scored as normal at a locus if no hybridization is
detected with the mutant probe. If hybridization is detected only in the mutant probe and
not in the normal probe, the individual is homozygous for that mutation. If hybridization
is detected with both normal and mutant probes, the individual is heterozygous for that
mutation. Individuals heterozygous for two mutations are compound heterozygotes (see
Notes 2-4).

*®

4. Notes

1. Instead of using the DIG-PCR labeling kit, one can purchase DIG labeled UTP (Roche
Biochemicals, Digoxigenein-11-2'-deoxy-uridine triphosphate [alkali stable], Cat. no.
1093 088) and use it with a regular PCR kit. DIG-UTP is used at 0.1 mM in a dNTP
solution containing 2 mM each of dATP, dGTP, and dCTP and 1.9 mM dTTP.
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Fig. 2. PCR-ELISA detection of GALT gene mutations. Photograph of an ELISA plate illus-
trating the results obtained by OLA hybridization. Each horizontal row corresponds to a patient.
Each column corresponds to the biotinylated probe used for hybridization. Genotype of a sample
is scored as normal at a locus if no hybridization is detected with the mutant probe. If hybrid-
ization is detected only in the mutant probe and not in the normal probe, the individual is
homozygous for that mutation. If hybridization is detected with both normal and mutant probes,
the individual is heterozygous for that mutation. Individuals heterozygous for two mutations
are compound heterozygotes.

2. Low or no signals in all reactions: This could be owing to problems in either amplification
of target sequences or in hybridization and detection steps.

a.

To determine if the problem is with PCR, check PCR products by electrophoresis in
agarose gel. Poor DNA quality or low DNA quantity is the common cause of poor
PCR amplification. This can be corrected by improving the quality and quantity of
DNA. Insufficient mixing of the sample and reagents is a common problem.

If PCR amplification is normal, check reagents used for denaturation, hybridization, and
detection. Make sure appropriate reagents used for denaturation and hybridization.

The concentration of blocking oligonucleotide influences sensitivity and specificity of
the hybridization. It can be adjusted up or down to adjust the signal to noise ratio.
Temperature is a critical component of hybridization. Check temperature of the water
bath using an external thermometer and adjust temperature settings if necessary.
Diluted anti-DIG antibodies and substrate solutions have limited viability. Store these
reagents according to kit instructions. Make fresh dilution of antibodies and substrate
if the signals are low or absent in positive hybridization controls.

3. High reading in blanks can be caused by low stringency of the hybridization reaction.
Check concentrations of the hybridization and detection reagents, and temperature of the
water baths.



118 Muralidharan and Zhang

4. False-negatives and false-positives: Diagnostic methods based on PCR and ASO hybrid-

ization are susceptible to fail due to unexpected changes in the intended primer and oligo-
nucleotide binding sites.

Polymorphisms, mutations, or deletions in the PCR primer binding sites can result in poor
PCR amplification or fail to amplify an allele. This can result in falsely scoring the other
allele as being homozygous.

Polymorphisms and other mutations in the binding site for the detection oligo will result
in lack of hybridization. In such a case, that allele is not detected. This results in falsely
scoring the other allele of the locus as being homozygous.
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Denaturing High-Performance
Liquid Chromatography and Sequence Analyses
for MECP2 Mutations in Rett Syndrome

Inge M. Buyse and Benjamin B. Roa

1. Introduction

The detection of abnormal variations in a DNA sequence is a challenge for genetic
research and clinical diagnostic applications. Among the different mutation detection
methods currently available, DNA sequence analysis is largely considered the gold
standard because it provides complete information about the nature and location of a
particular sequence variant. The development of polymerase chain reaction (PCR)-
based direct sequencing protocols using automated fluorescence detection systems has
greatly facilitated DNA sequencing. In spite of numerous improvements in sequencing
technologies, however, full-scale DNA sequence analysis remains relatively costly and
labor-intensive in many laboratory settings. Unknown sequence variants in a region of
interest may also be detected using a variety of mutation-scanning methods (7). These
scanning methods have inherent strengths and limitations, and typically require confir-
matory sequence analysis to identify the DNA alteration as a mutation or a non-dis-
ease-associated variant. Technical strengths may include speed, ease of use, and lower
assay costs, but the critical limitation for most scanning methods involves a suboptimal
mutation-detection rate.

Denaturing high-performance liquid chromatography (DHPLC) is a very sensitive
PCR-based mutation scanning method for detecting nucleotide variants and small
insertions/deletions in an efficient and automated manner (2—4). DHPLC relies on the
principle of DNA duplex separation by ion-pair reverse-phase liquid chromatography
under partially denaturing conditions. DNA regions of interest are initially amplified
by PCR, and the resulting PCR products are then subjected to heat denaturation and
re-annealing. This induces heteroduplex formation between complementary wild-type
and variant strands of PCR products derived from heterozygous DNA templates. In
contrast, perfectly matched homoduplex PCR products result from homozygous wild-
type or homozygous variant DNA templates. Heteroduplex DNA molecules exhibit
differential elution profiles compared to homoduplex DNA upon analysis on a DHPLC
column under partially denaturing conditions (see Note 1). The design of DHPLC assay
conditions is facilitated by computer software analysis of the DNA sequence of interest
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(Stanford DHPLC, Website: http://insertion.stanford.edu; Wavemaker Utility Software
by Transgenomic, Inc.). The software analyzes the melting profile of a given DNA
sequence to aid in PCR design, and recommends assay parameters such as buffer gra-
dients and analytical temperatures for DHPLC analysis. The predicted DHPLC assay
conditions can be optimized empirically by analyzing positive controls for each frag-
ment at different temperatures, within an interval above and below the predicted melt-
ing temperature (see Note 3). The use of multiple analytical temperatures is especially
important if the sequence contains more than one melting domain (see Note 4). Certain
features should be considered in designing PCR primers for DHPLC analysis (see Notes
5-7). Major practical advantages of DHPLC technology include high sensitivity and
process automation. Identification of heterozygous sequence variants is the most
straightforward application of DHPLC, which is amenable to detection of homozygous,
hemizygous, and low-level nucleotide variants as well (see Notes 8-10). Multiple stud-
ies have documented DHPLC detection rates of 95-100% as applied to different disease
genes such as phosphomannomutase 2 (carbohydrate-deficient glycoprotein syndrome
type IA [CDGS type 1A]) (5), protein C (protein C deficiency) (6), Tuberous sclerosis
genes TSC1 (7) and TSC2 (8), h(MLH 1 (hereditary nonpolyposis colon cancer, HNPCC)
(9), and Factor VIII (hemophilia A) (10). Our laboratory’s experience with DHPLC
technology involves clinical diagnostic testing for mutations in the MECP2 gene caus-
ing Rett syndrome (11).

Rett syndrome (RTT) is an X-linked dominant neurodevelopmental disorder that is a
leading genetic cause of mental retardation in females, with a prevalence of ~1/10,000—
1/15,000 girls (12—14). Patients appear to develop normally until 6—18 mo of age, fol-
lowed by regression of motor and language development. Typical features include loss of
speech and purposeful hand use, development of stereotypic hand movements, micro-
cephaly, intermittent hyperventilation, ataxia, seizures, and autistic features. The con-
dition subsequently stabilizes with patients usually surviving into adulthood (13).
Atypical variants of RTT range from a severe phenotype with absence of early normal
development, congenital hypotonia, and infantile spasms, to the milder “forme fruste”
phenotype with less severe regression, milder mental retardation (15), and preserved
speech in some cases (16).

The Rett syndrome gene was mapped to chromosome Xq28 and identified as
MECP?2, which encodes methyl-CpG-binding protein 2 (17). MeCP2 is a ubiquitously
expressed 486 amino acid nuclear protein that functions as a transcriptional repressor
and contains the functionally important methyl-binding domain (MBD) and the tran-
scriptional repression domain (TRD) (18-20). The MECP2 gene contains 4 exons, of
which exons 2—4 contribute to the coding region (20). MECP2 mutations have been
identified in up to 80% of classic sporadic RTT patients (17,21,22). Most mutations
occur de novo on the paternally inherited X chromosome (23). Different types of
MECP2 mutations include frameshift, nonsense, missense, and splice-site mutations.
Truncating frameshift mutations consist of insertions, deletions, or complex insertion/
deletions mostly in MECP2 exon 4, which contains quasi-palindromic sequences that
predispose the region to DNA rearrangements.

Mutations in MECP2 can cause a variable spectrum of clinical phenotypes (22,24-
26). The X-inactivation (XCI) pattern is a modulating factor of the phenotype
(22,24,27). Although RTT was long considered to be a male-lethal disorder, MECP2
mutations have been identified in clinically affected males with variable phenotypes
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I. DHPLC Screening of entire MECP2 coding region
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Fig. 1. Illustration of the two-tiered diagnostic strategy for MECP2 testing in female Rett
patients. Female patients are initially screened for variants in the MECP2 coding region by
DHPLC analysis. DHPLC positive samples are further analyzed by targeted sequencing analy-
sis to identify the specific heterozygous mutation. Samples whose sequence variant proves to
be a polymorphism or an uncharacterized variant, and for samples that are DHPLC test nega-
tive, the entire MECP2 coding region is reamplified by PCR and sequenced in both directions.

(22,27-31). Moreover, MECP2 mutations were found in a significant proportion of
patients withuncharacterized mental retardation, including patients who were previ-
ously diagnosed or evaluated for Angelman syndrome (32) (33). Collectively, these
data support MECP2 mutation analysis in male and female patients with unexplained
neurodevelopmental disorders and mental retardation. Given the spectrum of clinical
phenotypes attributed to MECP2 mutations, the utility of a highly sensitive molecular
diagnostic strategy is evident.

Our laboratory has developed a two-tiered DNA testing strategy for Rett syndrome
that combines DHPLC analysis (using a Transgenomic WAVE Nucleic Acid Fragment
Analysis system) and automated fluorescent DNA sequencing (see flowchart in Fig. 1;
see Note 1). The strategy involves initial DHPLC screening for heterozygous sequence
variants in the MECP2 coding region of female patients. DNA samples that test posi-
tive by DHPLC are re-amplified for the target region, and the specific PCR products
are sequenced in both forward and reverse orientations to identify the change as a mu-
tation or polymorphism. Patient DNA samples whose sequence change is not a defini-
tive mutation (i.e., a polymorphism or unclassified variant), as well as samples that test
negative by DHPLC analysis, are subsequently re-amplified by PCR and sequenced for
the entire MECP2 coding region (Fig. 1). This two-tiered diagnostic approach mini-
mizes the risk for both false-positives and false-negatives, and has proven to be highly
sensitive, robust, and efficient (11). The combination of DHPLC and sequence analy-
sis under optimized conditions provides a powerful tool for heterozygote detection in
the molecular diagnostic laboratory setting, where the challenge is to maximize assay
sensitivity. In terms of efficiency, screening for MECP2 variants by DHPLC prior to
targeted sequence analysis reduced the need for full gene sequencing in as much as
40% of our initial RTT caseload. In the case of male patients, bi-directional sequencing
is performed on the entire MECP2 coding region to detect hemizygous mutations in the
MECP?2 gene (see Note 8). Overall, DHPLC is a powerful tool for diagnostic testing,
particularly when utilized in conjunction with DNA sequence analysis (see Notes 11
and 12). Our protocol and observations concerning the strengths and limitations of
DHPLC and sequencing technology are outlined in this chapter.
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2. Materials

2.1. DNA Extraction from Whole Blood

Puregene DNA isolation kit (Gentra Systems Inc.).
Isopropanol.
70% Ethanol.

W=

N
N

. PCR Amplification and Agarose Gel Electrophoresis

Tag DNA polymerase.

10X PCR buffer: 500 mM KCI, 200 mM Tris-HCI, pH 8.4, 15 mM MgCl, .

2.5 mM PCR grade dideoxynucleotide triphosphate (ANTP) mix.

Oligonucleotide primers (Tables 1 and 2), 6.25 uM.

Agarose.

10X TBE buffer: 890 mM Tris-borate, 20 mM EDTA.

6X gel loading buffer: 0.25% bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll.
Ethidium bromide, 10 mg/mL. This is a mutagen and may be carcinogenic. It should be
handled wearing gloves and should be disposed of properly.

2.3. DHPLC

1. Ton pairing reagent: 2 M triethylammoniumacetate (TEAA) in water, pH 7.4 (Transge-
nomic, Inc.).

2. HPLC-grade acetonitrile (Transgenomic, Inc.). Acetonitrile is toxic and needs to be
handled wearing gloves.

3. Buffer A: 0.1 M TEAA; Buffer B: 0.1 M TEAA/25% acetonitrile; Buffer C: 8% acetoni-
trile; Buffer D: 75% acetonitrile. Buffers A and B have a shelf life of 1 wk.

4. DHPLC System: WAVE Nucleic Acid Fragment Analysis system (Transgenomic, Inc.),
with column cleaning module for rapid column cleaning and re-equilibration, and
Wavemaker Utility Software (initially version 3.4, since upgraded to version 4.1;
Transgenomic, Inc.).

NN R LD =

2.4. Direct Sequencing Analysis

QIAquick PCR purification kit (Qiagen).

Ethanol.

BigDye Terminator Cycle Sequencing Ready Reaction kit (ABI).

Sequencing buffer: 80 mM Tris-HCI, pH 8.7, 2 mM MgCl,.

Oligonucleotide primers (Table 2), 3.2 uM.

AGTC Gel Filtration Cartridge (Edge BioSystems).

Sequencing analysis: 3700 DNA analyzer (ABI) and Sequencing analysis version 3.6.1
software (ABI).

8. SEQUENCHER version 4.0 software (Gene Codes Corporation).

Nk WD =

3. Methods
3.1. DNA Extraction from Whole Blood

1. Whole blood collected in sterile tubes containing sodium EDTA anticoagulant is used for
DNA isolation. The blood sample should be less than 5 d old and stored at 4°C.

2. DNA isolation from whole blood using the Puregene kit (Gentra Systems Inc.) is performed
according to the manufacturer’s instructions. See Note 2 for alternative extraction protocols.

3. The DNA sample is quantitated, and its concentration adjusted to 50 ng/uL. DNA samples
are stored at 4°C.
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Table 1
PCR Primer Sequences, Buffer Gradients, and Run Temperatures
for DHPLC Analysis

Buffer B DHPLC
Exon  Name Primer sequence gradient temperature
2 EX2 FWD TAA GCT GGG AAATAG CCT AG  55-64% 59°C
EX2 REV TTA TAT GGC ACA GTT TGG CA
3 EX3 FWD AGG ACA TCA AGATCT GAGTG  60-69%, 55-64% 61°C, 63°C
EX3 REV GGT CAT TTC AAG CAC ACC TG 53-62%, 52-61% 66°C, 67°C

4(A) EX4A-FWD1 CGCTCT GCC CTATCT CTG
EX4A-REV ~ ACA GAT CGG ATA GAA GACTC

61-70%, 57-66% 61°C, 64°C
55-64% 66°C

CCA CCC AGG TCA TGG TGA TC
TGA GTG GTG GTG ATG GTG GT

4(B) EX4B-FWD
EX4B-REV1

58-67%, 56-65% 64°C, 65°C

4(C/D) EX4C-FWD
EX4D-REV

GGA AAG GAC TGA AGA CCT GT
GCT CTC CCT CCC CTC GGT GT

58-67%, 57-66% 65°C, 66°C

GGA GAA GAT GCC CAG AGG AG
CGG TAA GAA AAA CAT CCC CA

4E) EX4E-FWD
EX4E-REV

57-66%, 57-66% 58°C, 60°C
55-64%, 54-63% 63°C, 65°C

Table 2

Primer Sequences fro PCR-Direct Sequencing Analysis

Exon Name Primer sequence
2 PCR EX2 FWD TAA GCT GGG AAA TAG CCT AG
EX2 REV TTA TAT GGC ACA GTT TGG CA
SEQ EX2 FWD TAA GCT GGG AAA TAG CCT AG
EX2 REVSEQ CTA AAA AAA AAA AAA GGA AGGTTAC
3 PCR/SEQ EX3 FWD AGG ACA TCA AGA TCT GAG TG
EX3 REV GGT CAT TTC AAG CAC ACC TG
4 PCR EX4A-FWD2 CGA GTG AGT GGC TTT GGT GA
EX4E-REV CGG TAA GAA AAA CAT CCC CA
SEQ EX4A-FWD2 CGA GTG AGT GGC TTT GGT GA
EX4A-REV ACA GAT CGG ATA GAA GACTC
EX4B-FWD CCA CCC AGG TCA TGG TGA TC
EX4B-REV2 TGA GTG GTG GTG ATG GTG GT
EX4C-FWD GGA AAG GAC TGA AGA CCT GT
EX4D-REV GCT CTC CCT CCC CTC GGT GT
EX4E-FWD GGA GAA GAT GCC CAG AGG AG

EX4E-REV

CGG TAA GAA AAA CAT CCC CA
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3.2. PCR Ampilification

1. PCR amplification of the MECP2 coding region (exons 2, 3, and 4) is performed for
DHPLC and direct sequencing analysis. Exons 2 and 3 are amplified using flanking
intronic primers, and the same PCR products are used for DHPLC and sequencing analy-
ses (Tables 1 and 2). The large exon 4 is amplified two different ways: 1) four overlap-
ping PCR products spanning the exon 4 coding region are amplified for DHPLC analysis
(primers are listed in Table 1); 2) one large exon 4 PCR product is amplified as a template
for dye-terminator sequencing analysis using nested sequencing primers (Table 2).

2. PCR reactions are carried out in 50 pL reaction volumes containing 100 ng genomic DNA,
1X PCR buffer, 0.2 mM dNTP, 0.25 uM of each primer, and 1.25 units of Taq polymerase.

3. PCR cycling conditions for all exons include an initial denaturation at 94°C for 2 min 30 s,
followed by 10 “step-down” cycles of 30 s at 94°C, 30 s at 65°C (decreasing 1.5°C per
cycle), and 1 min 45 s at 72°C, followed by 28 cycles of 30 s at 94°C, 30 s at 51°C and
1 min 30 s at 72°C, and a final extension step at 72°C for 15 min.

4. PCR products are stored at 4°C until further use.

3.3. Agarose Gel Electrophoresis

1. PCR products to be used as sequencing templates are analyzed by electrophoresis on a
0.8% agarose TBE gel containing 50 pg/100 mL ethidium bromide. A mixture of 5 uL
PCR product and 1 uL 6X gel loading buffer is loaded for agarose gel analysis.

2. The 0.8% gel is electrophoresed in 1X TBE running buffer at 125V for 45 min. The PCR
products are visualized by UV light illumination. PCR product quality and fragment sizes
are compared to controls to detect deletion or insertion mutations (particularly for MECP2
exon 4).

3.4. DHPLC

1. DHPLC analysis is performed on a WAVE Nucleic Acid fragment analysis system
(Transgenomic, Inc.), with column cleaning module for rapid column cleaning and
re-equilibration, according to the manufacturer’s recommendations and assay conditions
optimized for each fragment of interest. The WAVEMAKER Utility Software (Trans-
genomic, Inc.) was used to analyze the MECP2 melting profile, and to predict assay
parameters such as buffer gradient values and the fragment melting temperatures. Ana-
lytical buffer gradients and temperatures for individual PCR fragments were empirically
optimized using available positive controls. Multiple analytical temperatures were imple-
mented for the analysis of individual fragments (see Table 1).

2. Heteroduplex formation is induced by heat denaturation of PCR products (entire reaction
volume) at 94°C for 5 min followed by gradual cooling from 94°C to 25°C over 45 min.

3. Denatured PCR products are loaded on the DHPLC instrument, and specific volumes are
injected (8 UL for exon 3 and 4A fragments, 10 uL for all other fragments). PCR products
are eluted from the column at a flow rate of 0.9 mL buffer per minute. The buffer A/B
gradient runs for 4.5 min and consists of a linear (2% per minute) decrease and increase of
Buffer A and buffer B, respectively. Implemented run temperatures and buffer B gradient
values for each of the PCR fragments are listed in Table 1. Loading and re-equilibration
buffer values are 5% higher and 5% lower than the gradient start values for buffer A and
buffer B, respectively (Table 1).

4. Data analysis is based on visual inspection of the chromatogram and comparison with
normal controls included in each run. Heterozygous profiles are detected as distinct elu-
tion peaks when compared to homozygous wild-type peaks (see Fig. 2).
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3.5. Direct Sequencing Analysis

1.

Sequencing of PCR products is performed using BigDye Terminator reactions (ABI) in
both forward and reverse orientations. The sequencing primers used for exons 2, 3, and 4
(4A, 4B, 4C/D and 4E, FWD and REV) are listed in Table 2.

PCR product templates are purified using the QIAquick PCR purification kit (Qiagen)
according to the manufacturer’s instructions.

. Two microliters of each purified PCR product is used as sequencing template in a final

reaction volume of 20 puL containing 3.2 pmol primer and 0.5X BigDye Ready Reaction
buffer (1:1 of BigDye Terminator Ready Reaction:sequencing buffer).

PCR cycling conditions for the dye-terminator sequencing reactions include 25 cycles of
10 s at 96°C, 5 s at 50°C and 4 min at 60°C.

Sequencing products are purified using the AGTC Gel Filtration Cartridge (Edge
Biosystems) according to manufacturer’s instructions.

Samples are loaded without further manipulation and analyzed on the 96-capillary ABI
3700 DNA Analyzer (ABI) according to manufacturer’s instructions.

Sequencing chromatograms are assembled and analyzed using Sequencher 4.0 analysis soft-
ware (Gene Codes Corporation). Comparison of the aligned patient data (forward and reverse
strands) with the wild-type sequence facilitates the identification of sequence variants.

4. Notes

1.

DHPLC detection of sequence variants is based on column chromatography resolution of
DNA homoduplex and heteroduplex molecules under partially denaturing conditions. Our
laboratory developed a two-tiered diagnostic strategy for MECP2 that uses DHPLC
screening for heterozygous variants, coupled with bi-directional DNA sequence analysis
to confirm positive and negative results (Fig. 1). Representative data for two types of
mutations are shown in Fig. 2. Normal and mutant DHPLC chromatograms illustrate a
heterozygous point mutation in MECP2 exon 2 (nucleotide change of 316 C-T, predicting
an amino acid substitution of R106W), and a heterozygous insertion mutation in MECP2
exon 4 (418ins4). Sequence confirmation of these respective mutations is also shown in
Fig. 2. Mutant DHPLC patterns can vary depending on a number of factors. A distinct
heteroduplex peak is observed in some cases, while alterations in the profile of the nor-
mally occurring peak may be seen in other cases.

The DNA samples used for DHPLC analysis should be pure and free of protein and mem-
branous remnants that could irreversibly damage the DHPLC column and decrease peak
resolution. Alternatives to the described Puregene DNA extraction protocols include
Qiagen blood extraction kits, and standard DNA extraction protocols involving phenol/
chloroform extraction and ethanol DNA precipitation. Crude DNA preparations such as
alkaline lysates should be avoided. PCR products for use in DHPLC analysis should be
free of mineral oil, and should not be subjected to spin column purification.

The sensitivity of DHPLC is dependent on assay conditions designed around the melting
profile of a specific DNA sequence. The design of PCR amplicons that ideally contain a
single melting domain is facilitated by software analysis, which also predicts DHPLC
assay conditions such as buffer gradients and analytical temperatures. However, the pre-
dicted DHPLC assay conditions should be empirically validated using available positive
controls for each fragment.

The use of multiple analytical temperatures for each fragment significantly enhances
DHPLC sensitivity. PCR fragment sizes are typically restricted for DHPLC analysis
(<600 bp), since longer fragments are likely to contain multiple melting domains. In the
case of MECP2, the large exon 4 was subdivided into 4 overlapping PCR fragments for
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DHPLC analysis (Table 1). However, even short fragments can contain more than one
melting domain depending on the DNA sequence. Moreover, algorithms for melting
profile predictions are not 100% accurate, as exemplified by sequence variants in
MECP2 (11,34) and the MET proto-oncogene (35) that were missed at the software-
predicted temperatures.

5. The use of nonmodified PCR primers is preferable for DHPLC analysis. Our initial proto-
col for MECP2 analysis was streamlined using primers with universal M13 tails at the 5'
end to generate PCR products for both DHPLC and dye-primer sequencing analyses (11).
Although the DHPLC detection rate was not affected, we noticed a relative broadening of
elution peaks for some PCR fragments at particular temperatures. Our current protocol
uses nonmodified PCR products, which yield sharper DHPLC elution peaks under similar
analytical conditions.

6. PCR primer design should avoid commonly occurring polymorphisms within the
amplicon that would yield false-positives on DHPLC analysis. In the case of the MECP2
gene, four benign polymorphic sites were identified 74, 90, 109, and 115 bp upstream of
the intron 3/exon 4 splice junction. Different forward primers were designed for DHPLC
and sequence analyses. The primer EX4A-FWD1 (Table 1) located 55 bp upstream of
exon 4 is used to generate the PCR product for DHPLC (excluding the polymorphisms).
A second primer, EX4A-FWD?2 (Table 2) located 150 bp upstream of exon 4 can be
used to generate the PCR template for sequencing (including the polymorphic sites).

7. DHPLC analysis can be supplemented by other strategies to maximize mutation detec-
tion. In addition to point mutations, large intragenic deletions in MECP2 have been
reported that can abolish internal primer binding sites in exon 4. To reduce the risk of
false-negatives due to PCR non-amplification, we incorporated a long exon 4 PCR prod-
uct (~1.45 kb). This long PCR fragment is analyzed for size differences by agarose gel
electrophoresis, and then used as a template for BigDye-terminator sequencing reactions
using a series of nested exon 4 sequencing primers (Table 2). The use of distinct PCR
amplicons for DHPLC and sequencing analyses adds to the robustness of our diagnostic
assay. Indeed, several patients with MECP?2 intragenic deletions were identified using this
comprehensive approach.

8. DHPLC is ideal for screening heterozygous variants, such as MECP2 mutations in Rett
syndrome females. With the identification of MECP2 mutations in affected males, how-
ever, male patients are increasingly submitted for testing. Detection of homozygous or
hemizygous sequence variants by DHPLC would require mixing PCR products from test
samples with known controls. Our current policy is to analyze male DNA samples using
bi-directional sequencing, which readily detects hemizygous mutations in MECP2, and
does not involve mixing of clinical patient samples.

9. DHPLC can be useful for detecting low-level mosaicism. We identified an apparent mosaic
nonsense mutation in MECP2 whose allele representation appears to be detectable by
DHPLC but not by standard sequencing analysis (manuscript in preparation). Similar find-
ings were reported for 7SCI and TSC2 gene analysis in tuberous sclerosis patients (36).

Fig. 2. (opposite page) llustration of representative DHPLC and direct sequencing data for
a MECP?2 missense and insertion mutation. (A) and (B) show DHPLC chromatograms (eluted
at 66°C) corresponding to the wild-type exon 3 (A) and the 316 C-T mutation (R106W) (B).
Direct sequencing analysis of the exon 3 PCR fragment confirmed the heterozygous 316 C-T
mutation encoding the amino acid substitution of Arginine to Tryptophan, R106W (C). (D) and
(E) show DHPLC chromatograms (eluted at 61°C) corresponding to the wild-type exon 4A (D)
and the 418ins4 mutation (E). Direct sequencing analysis confirmed the heterozygous frame-
shift insertion mutation 418ins4 (F). (See color plate 2 appearing in the insert following p. 82)
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12.

. DHPLC analysis can detect heterozygous sequence variants that may not be apparent on
sequencing analysis. Sequencing artifacts have been known to occur, particularly in strings
of repetitive nucleotides. We identified several unrelated patients with abnormal DHPLC
patterns indicative of a heterozygous sequence variant, but whose sequencing chromato-
grams show only the variant base (and not the wild-type allele). Further investigations
confirmed these patients to be heterozygous for the variant allele, consistent with the ini-
tial DHPLC data (unpublished observations).

. Specific sequence variants may exhibit characteristic DHPLC elution profiles. Although
DHPLC pattern recognition might be useful for mutation identification, great caution should
be exercised in using pattern recognition alone without DNA sequence confirmation. Cer-
tain factors such as condition and age of the column, and subtle fluctuations in temperature,
could influence the specific DHPLC patterns. In addition, different base substitutions within
certain sequence contexts may exhibit similar elution profiles. Confirmatory sequencing is
therefore recommended for mutation identification, particularly in a diagnostic setting.

Additional features may facilitate DHPLC analysis for different applications. These

include hardware features such as UV detection systems, automated fraction collection,

high-throughput modes, and improved oven temperature controls. Developments in soft-
ware analysis may also facilitate automated data analysis of normal and variant DHPLC

elution profiles. While no single mutation detection method currently provides 100%

detection under all conditions, DHPLC is a powerful mutation scanning method that is

applicable to many research and diagnostic settings.
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Multiplexed Fluorescence Analysis
for Mutations Causing Tay-Sachs Disease

Tracy L. Stockley and Peter N. Ray

1. Introduction

Tay-Sachs disease is a severe, neurodegenerative disease fatal in childhood that is
caused by deficiency of the enzyme P-hexosaminidase A (Hex A) (1). Tay-Sachs is
most common in the Ashkenazi Jewish population, with an incidence of 1/3600
affected individuals and a carrier rate of approx 1 in 30 (1). Owing to the severity of the
disease and the high incidence, carrier screening for Tay-Sachs disease has been avail-
able to Ashkenazi Jewish individuals since the 1970s, which has greatly reduced the
number of affected children in this population. The standard method of carrier testing
is by biochemical analysis for reduced Hex A activity in serum (2).

Although biochemical testing for Tay-Sachs is an established population screening
method, there are several difficulties with the biochemical screening. One difficulty is
the presence of an ‘inconclusive’ range of Hex A activity, in which it cannot be pre-
cisely determined if a person is a carrier or noncarrier of Tay-Sachs (3). Another diffi-
culty is that women who are pregnant or using birth control pills can show an artificially
reduced Hex A level when serum is tested, necessitating the use of biochemical testing
of leukocytes for these women, which may also produce an inconclusive result (2,3).
Inaccurate Hex A levels may also result in some individuals from the presence of
pseudodeficiency alleles, which metabolize the natural Hex A substrate Gy, ganglio-
side appropriately but do not metabolize the artificial substrate 4-methylumbelliferone
(4MUGQG) used in the biochemical enzyme assay analysis (4,5). Thus, these individuals
may be labeled as Tay-Sachs carriers although they do not carry a pathogenic mutation.

Due to these limitations with biochemical testing for Tay-Sachs disease, there is
interest in providing molecular analysis of the HEXA gene for Tay-Sachs as a comple-
ment to biochemical testing. In the Jewish population, there are three common muta-
tions in the HEXA gene causing Tay-Sachs disease. An insertion mutation in exon 11,
+TATC,75, accounts for ~82% of mutations (6), a splice error in intron 12,
1421+1G>C, for an additional 11% of mutations (7,8) and a missense mutation
805G>A (G269S) in exon 7 for 3% of mutations (9, 10). Together, these three muta-
tions account for a total of ~95% of the mutations in HEXA causing Tay-Sachs dis-
ease in the Jewish population.

From: Methods in Molecular Biology, vol. 217: Neurogenetics: Methods and Protocols
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Fig. 1. Theory of the ASA assay to detect mutations causing Tay-Sachs disease. For each
mutation site, a normal and mutant primer were designed that differ at the 3' base, and corre-
spond at this base to either the normal or mutant allele sequence. The primers are labeled with
different fluorescent dyes (blue dye for the normal primer, black dye for the mutant primer, as
indicated by either a circle or square respectively in the figure above), so that the resultant PCR
products can be discriminated by dye colors. The assay was designed so that if only the normal
sequence is present, amplification from only the normal primer is seen, and if only the mutant
sequence is present, amplification from only the mutant primer is seen. If both normal and
mutant sequences are present, amplification from both primers occurs.

Two common nonpathogenic mutations, 739C>T (R247W) and 745C>T (R249W),
in exon 7 of HEXA also exist, although at higher frequency in the non-Jewish popula-
tion (4,5). However, due to the importance of detecting pseudodeficiency alleles and
the increasing rate of intermarriage between Jewish and non-Jewish individuals,
molecular testing should include testing for these two pseudodeficiency alleles.

Most current molecular diagnostic tests for Tay-Sachs HEXA mutations are labor-
intensive and costly and thus are not suitable for testing large numbers of individuals as
required in a population-screening situation. The current molecular tests commonly
rely on restriction-enzyme differences between normal and mutant alleles, with the
assay involving polymerase chain reaction (PCR) amplification of relevant regions of
the HEXA gene and digestion with appropriate restriction enzymes for each mutation to
be detected (11).

We have developed an alternate rapid method to simultaneously detect the three
pathogenic and two pseudodeficiency HEXA mutations in one tube. This assay is based
on allele specific amplification (ASA), which relies on the fact that primers that have a
mismatch at the 3' terminal nucleotide will not function in PCR (12,13). In this test,
fluorescent dye labeled primers specific to either normal or mutant DNA sequences are
used to determine an individual’s genotype for Tay-Sachs HEXA mutations or
pseudodeficiency alleles, as shown in Fig. 1. For each mutation site, a normal and
mutant primer are designed that differ at the 3' base, and correspond at this base to
either the normal or mutant allele sequence. The primers are labeled with different
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flourescent dyes, so that the resultant PCR products can be discriminated by dye col-
ors. The assay was designed so that if only the normal sequence is present, amplifica-
tion from only the normal primer is seen, and if only the mutant sequence is present,
amplification from only the mutant primer is seen. If both normal and mutant sequences
are present, amplification from both primers occurs. In some primers, additional base
pair mismatches besides the mismatch at the 3' end were required to achieve specific
amplification of normal and mutant alleles.

This chapter will present methods for the application of the ASA method to detect
the three common pathogenic mutations and the two pseudodeficiency alleles in the
HEXA gene. This method has been adapted to simultaneously detect multiple muta-
tions in other disorders for which molecular analysis is required, with appropriate
design of primers for specific allele amplification.

2. Materials
2.1. Genomic DNA Isolation

1. DNA should be isolated from blood or leukocyte pellets using standard procedures (see
Note 1). Materials required will depend on the extraction method used.

2.2. PCR

1. Primers required are listed in Table 1, labeled with the correct phosphoramidite dye 6-FAM
or HEX, or unlabeled as specified (see Notes 2 and 3). Note that for the +TATC,7g and
1421+1G>C mutations, there are three primers each: one primer for the mutant allele (M or
MA), one primer for the normal allele (N or NA), and a common reverse primer (B or no
letter). However, for the 805G>C (G269S), 739C>T (R247W), and 745C>T (R249W) muta-
tions, there are specific mutant and normal primers for each, but the reverse primer
(1559U59B) is common for all three mutations due to the close proximity of these mutations.

2. 10X 1.5 mM MgCl, PCR buffer: 500 mM KCl, 15 mM MgCl,, 100 mM Tris-HCI, pH 8.8
(Perkin Elmer, Foster City, CA, USA). Store at —20°C in a non-frost free freezer.

3. AmpliTag® DNA polymerase, 5 U/ uL, (Applied Biosystems, Foster City, CA, USA).
Store at —20°C in a non-frost free freezer.

4. dNTP stocks: 100 mM stocks of each of dATP, dCTP, dGTP, and dTTP (Amersham
Pharmacia, Piscataway, NJ, USA). Store at —20°C in a non-frost free freezer, and avoid
freeze-thaw cycles.

2.3. Polyacrylamide Gel Electrophoresis
on Fluorescence Detection Apparatus

1. Fluorescence detection sequencing apparatus, ABI 377 model (see Note 4).

2. 6% polyacrylamide gel solution: 7 M urea (ultrapure grade urea, Amresco, Solon, OH, USA),
6% acrylamide/bisacrylamide 19:1 (prepared from a 40% acrylamide/bisacrylamide solu-
tion; ultrapure grade acryl/bis 19:1; Amresco), IXTBE buffer. Acrylamide and bis-
acrylamide are neurotoxins. Avoid inhalation and skin contact, and use in a fume hood.

3. 10% ammonium persulfate (Amresco), prepared fresh from powder.

4. TEMED (N,N,N,N’-tetra-metylethylenediamine; Bio-Rad, Hercules, CA, USA). Store at
4°C. TEMED is extremely flammable, and should be used in a fume hood. Avoid inhala-
tion and contact with skin, eyes and clothing.

5. 10X Tris-boric acid-EDTA (TBE) buffer: 890 mM Tris base, 890 mM boric acid, 20 mM
EDTA, pH 8.0.



Table 1

List of Primer Sequences for Tay-Sachs ASA Assay”

Primer specific

Final

Mutation Primer to mutant or concentrationin
site name normal allele ~ Primer sequence 25 pL reaction
+TATC 578 2659 U29M  Mutant allele  5' HEX CTG CCC CCT CGT ACC TGA ACC GTG TATCT 3' 4 pmoles
(Exon 11) 2659 U3ON  Normal allele 5'6-FAM CTG CCC CCT CGT ACC TGA ACC GTG TAT CCT 3' 3 pmoles
2729 L26 5'GCT CTC TGC TTT CAC CTT CAA ATG CC 3 4 pmoles
1421+1G>C 2915L24M  Mutant allele  5' HEX CAC CTC CCC CCC GAA AAC CCT TAG 3 6 pmoles
(Intron 12) 2915 L24N  Normal allele 5' 6-FAM CAC CTC CCC CCC GAA AACCCTTAC?3 6 pmoles
2779 U25 5" AGT TAC CCC ACC ATC ACCAGACTGT?3' 6 pmoles
805G>A (G269S) 1726 L30M  Mutant allele  5' HEX GTC CCT CTC GTC CCA GAC ATC ATT CTT ACT 3' 10 pmoles
(Exon 7) 1726 L30NA Normal allele 5'6-FAM GTC CCT CTC GTC CCA GAC ATC ATT CTC ACC 3' 7 pmoles
739C>T (R247W) 1660 L25MA Mutant allele  5' HEX CAA GCA CAC GGA TAC CCC CGA GCC A 3 5 pmoles
(Exon 7) 1660 L27N  Normal allele 5" 6-FAM TGC AAG CAC ATG GAT ACC CCG GAG TCG 3 7 pmoles
745C>T (R249W) 1666 L31M  Mutant allele  5' HEX TGT CAA ACT CTG TAA GCA CAC GGATACCTCA 3 18 pmoles
(Exon 7) 1666 L31INA Normal allele 5' 6-FAM TGT CAA ACT CTG CAA GCA CAC AGATACTCCG3' 10 pmoles
Common primer
for 805G>A, 739C>T 1559 U29B 5" AAG TGT GAA CCT GAA GAG TGT CTT GTG CC 3 12 pmoles

and 745C>T

“Primers should be labeled with HEX phosphoramidite dye (HEX), 6-FAM, phosphoramidite dye (6-FAM), or unlabeled.
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6. Denaturing loading buffer: 1 mL deionized formamide (Fisher Scientific, Fair Lawn, NJ,

USA) (see Note 5), 170 uL of 50 mg/mL blue dextran (Sigma Chemical, St. Louis, MO,
USA), 20 uL. 0.5 M EDTA pH 8.0 (Bio-Rad). Store at 4°C.

7. Size standard: GS 2500 ROX size standard (Applied Biosystems, Perkin Elmer Cetus).

Store at 4°C.

3. Methods
3.1. Genomic DNA Isolation

1.

Genomic DNA should be isolated from blood or leukocyte pellets using standard proce-
dures (see Note 1). The final DNA concentration should be 50-200 ng/uL.

3.2. PCR

1.

The reagents for each 25 uL Tay Sachs ASA assay reaction are as follows:

17.94 uL.  ddH,O
2.5 uL 10X 1.5 MgCl, buffer
0.05 uL.  each dNTP (dATP, dCTP, dTTP, dGTP), 100 mM concentrations

(200 uM dNTPs final concentration)

0.08 uL.  primer 2659U29M, 50 pmoles/uL.  ( 4 pmoles total/ 25 uL reaction)
0.06 uL.  primer 2659U30N, 50 pmoles/uL (3 pmoles total/ 25 UL reaction)
0.08 uL.  primer 2729L.26, 50 pmoles/uL (4 pmoles total/ 25 uL reaction)
0.12 uL.  primer 2915L24M, 50 pmoles/uL. (6 pmoles total/ 25 UL reaction)
0.12 uL  primer 2915L24N, 50 pmoles/uL. (6 pmoles total/ 25 UL reaction)
0.12 uL.  primer 2779U25, 50 pmoles/uL ( 6 pmoles total/ 25 uL reaction)
0.20 uL.  primer 1726L30M, 50 pmoles/uL. (10 pmoles total/ 25 pL reaction)
0.14 uL.  primer 1726L30NA, 50 pmoles/uL ( 7 pmoles total/ 25 uL reaction)
0.10 uL  primer 1660L25MA, 50 pmoles/puL ( 5 pmoles total/ 25 uL reaction)
0.14 uL.  primer 1660L27N , 50 pmoles/uL.  ( 7 pmoles total/ 25 pL reaction)
0.36 UL primer 1666L31M, 50 pmoles/uL. (18 pmoles total/ 25 UL reaction)
0.20 uL.  primer 1666L31NA, 50 pmoles/uL (10 pmoles total/ 25 UL reaction)
0.24 uL.  primer 1559U29B, 50 pmoles/uL. (12 pmoles total/ 25 pL reaction)
0.4 uL Taq polymerase (5 U/uL)
2.0 uL 100 ng genomic DNA plus ddH,O to bring volume to 2.0 uLL

25.0 pL total

2. We typically prepare a large reaction kit that will test 100 samples to reduce the set up

time needed for each reaction (see Note 6). The kit is prepared as shown in Table 2, and
includes ddH,O, buffer, dNTPs, and all primers. The kits are prepared and stored in
aliquots of approx 40 single reactions at —20°C in a non-frost free freezer-protected from
light. When a test is required, an appropriate number of aliquots are thawed, and in each
PCR tube the following is prepared:

22.6 uL.  Tay Sachs ASA kit
0.4 uL  Taq polymerase
2.0yl 100 ng genomic DNA plus ddH,O to bring volume to 2.0 uLL

25.0 uL

For each PCR reaction, appropriate control samples should be prepared. Controls required
include a normal sample, positive controls for each mutation tested (see Note 7) as well as
a negative control containing all reagents but no DNA.
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Table 2
Preparation of PCR Kit for Tay Sachs ASA Reactions”
Reagents for 100 Tay Sachs ASA reactions Volume (uL)
DdH,O 1794
10X PCR buffer, containing 1.5 mM MgCl, 250
dNTPs: use 100 mM stocks of dNTPs
dATP 5
dCTP 5
dTTP 5
dGTP 5
Primers Stock concentration Volume (uL)
2659 U29M 50 pmole/uL. 8
2659 U30N 50 pmole/uL 6
2729 126 50 pmole/uL 8
2915 L24M 50 pmole/uL 12
2915 L24N 50 pmole/uL 12
2779 U25 50 pmole/uL 12
1726 L30M 50 pmole/uL 20
1726 L30NA 50 pmole/uL 14
1660 L25SMA 50 pmole/uL 10
1660 L27N 50 pmole/uL 14
1666 L31M 50 pmole/uL 36
1666 L31NA 50 pmole/uL 20
1559 U29B 50 pmole/uL 24
Total = 2260 uL
Number of reactions = 100

“Reagents should be added in the order given, and mixed between additions. Aliquots of the final kit
should be made and stored at —20°C in a non-frost free freezer protected from light.

4. PCR is performed using the following conditions in a Perkin-Elmer Model 9600
thermocycler: Initial denaturation, 94°C, 10 min; cycle (25 cycles), 94°C, 30 s denaturing;
60°C, 30 s annealing; 72°C, 30 s extension; final extension, 72°C, 10 min.

5. Before running on a gel, samples can be stored for 1-2 d at 4°C if necessary, in a covered
rack to protect the samples from light.

3.3. Polyacrylamide Gel Electrophoresis
on Fluorescence Detection Apparatus

1. Prepare 1X TBE buffer by diluting the 10X TBE stock with water.

2. Prepare the 6% polyacrylamide gel solution by mixing 9 g of urea, 3.75 mL of 40%
acrylamide/bis-acrylamide 19:1 solution, 2.5 mL 10X TBE and water to a total volume of
25 mL. Stir until the urea is dissolved, and filter and degas the solution for 10 min.
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3.

Prepare the plates for the gel solution. For the ABI 377 model, the gel thickness should be
0.2 mm, with a plate length of 12 cm. Combs used should be 0.2 mm thickness, with 34
flat-bottomed wells.

Mix 50 mL 6% polyacrylamide gel solution with 250 uL 10% APS and 35 uLL TEMED.
Swirl to mix the reagents, and dispense the gel solution into the prepared plate apparatus
for the ABI GeneScan appartus. Be careful to avoid introducing bubbles into the gel as it
is dispensed between the glass plates. Allow the gel to polymerize for at least 2 h.

Once the gel is polymerized, remove the comb and assemble the gel and plates onto the
ABI GeneScan. Add 1X TBE buffer to upper and lower chambers.

Set up the ABI GeneScan run with the following specifications:

Scan approx 900-2000.

Run 1 h, 1.2 kV, 60 mA, 200W.

Matrix: matrix appropriate for dye set containing 6-FAM, HEX, and ROX dyes.
Filter set: B.

Pre-run: 15 min, or until gel temperature reaches 51°C.

Prepare the PCR samples by diluting 1:1 with 1X TBE.
Combine the following in a 0.5 mL eppendorf tube for each sample:

1.0 puL diluted PCR product
0.5 uL TAMRA 2500 standard (ABI)
3.5 UL denaturing loading buffer

oo Tp

5.0 uL total

Prior to loading samples, denature the mix above at 95°C for 5 min and snap-freeze on ice.

. Load 2 pL of the mix onto the prepared and pre-run gel on the ABI GeneScan apparatus.

. Analysis of Results

. After the gel run is complete, the data for each lane should be printed with peak size and

peak heights.

The interpretation of results depends on the color and expected fragment lengths of the
peaks seen. Table 3 provides a summary of results expected for normal and carriers of
each of the 5 Tay-Sachs mutations. For example, an individual who is a carrier of the
+TATC,,73 mutation will show a yellow/black (HEX dye) peak of 100 bp corresponding
to the +TATC,,3 mutation and a blue (6-FAM dye) peak of 96 bp corresponding to the
normal allele at the mutation site, as well as 4 additional blue peaks of 128 bp, 138 bp,
160 bp, and 197 bp corresponding to normal alleles at the other 4 mutation sites.
Examples of results expected for normal samples and carriers of the +TATC,,3 mutation
are shown in Figs. 2 and 3.

Controls should be checked to ensure that the expected results are obtained. Negative
controls should show complete absence of product, and all positive controls should show
the correct peak sizes and colors as expected.

. Peak heights on carriers should have yellow/black (HEX) and blue (6-FAM) peaks for the

particular mutation site that are approx equal, with less than two-fold difference between
the HEX and 6-FAM peak heights (see Notes 3 and 8).

3.5. Quality Control

1.
2.

Peak heights should be at least 500 U and less than 4000 U for all peaks seen.

If positive or normal controls do not amplify, the analysis should be repeated. If ampli-
fication product is seen in the blank, discard the water, buffers, and primers and repeat
the analysis.
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Table 3
Summary of Results Expected for Normal or Carrier Samples
for the Three Pathogenic and Two Pseudodeficiency Mutations in the HEXA Gene*

Mutation Normal (++) Carrier (+/M)

+TATC 578 Blue peak, size = 96 bp Blue peak, size = 96 bp
(Exon 11) Yellow peak, size = 100 bp
739C>T (R247W) Blue peak, size = 128 bp Blue peak, size= 128 bp
(Exon 7) Yellow peak, size = 126 bp
745C>T (R249W) Blue peak, size = 138 bp Blue peak, size= 138 bp
(Exon 7) Yellow peak, size = 138 bp
1421+1G>C Blue peak, size = 160 bp Blue peak, size= 160 bp
(Intron 12) Yellow peak, size = 160 bp
805G>A (G269S) Blue peak, size = 197 bp Blue peak, size= 197 bp
(Exon 7) Yellow peak, size = 197 bp

9Results for normal and mutant alleles are distinguished by peak color differences for all mutations,
and by peak color and peak size differences in the case of the +TATC;,73 mutation and the 745C>T
(R249W) pseudodeficiency allele. The size differences are due to a 4 bp insertion in the case of the
+TATC,,73 mutation, and differences in lengths of the normal and mutant primers in the case of the
745C>T (R257W) allele.

+TATC 2

18001 Mutation R249-W

St Mutation G269S
1400_ 97 bp R24?'W site Mutation site
- Mut_atmn 138 bp 197 bp

gl site
) 128 bp 1421+1G>C
Mutation site

800_ 160 bp

400_

¥ JL_LJM,_ L N

Fig. 2. Results of the Tay Sachs ASA assay for a normal sample (no mutations). Note that
there are 5 blue peaks seen, which correspond to the normal allele at each of the mutation sites
in the HEXA gene. The sizes of the peaks are as given, and are also listed in Table 3. (See color
plate 3 appearing in the insert following p. 82)

4. Notes

1. We have used the Tay-Sachs ASA test successfully on genomic DNA prepared from
blood using phenol-chloroform techniques and Qiagen Spin-Amp columns (Qiagen,
Mississauga, Ontario, Canada). As well, we have also used this assay on genomic DNA
extracted from leukocyte pellets using a single-strand DNA extraction method with
Chelex 100 resin (Bio-Rad) (14).



Tay-Sachs Disease Mutations 139

2800 |

2400 |

1800 |

1200 |

800 |

400 _|

o

i e —

R247TW
Mutation site
128 bp
+TATC 278 R249W
Mutation Mutation site
site: 138 bp
Normal Mutant
allele, +TATC 27 1421+1G>C G269S
Blue, allele : : Mutation site
96 bp Black, Mutation site 197 bp
| 160 bp

|

A | A

[ 6 EAER ¥ [4]

Fig. 3. Example of Tay Sachs ASA assay results for a carrier of the +TATC,,,4 mutation. The
normal allele at the +TATC,5 site is indicated by a blue peak of 96 bp, while the mutant
+TATC,,;5 allele is indicated by the black peak of 101 bp. Note that the size difference
between normal and mutant +TATC, ;4 alleles is due the presence of the 4 bp insertion mutation.
(See color plate 4 appearing in the insert following p. 82)

All 6-FAM and HEX fluorescent-dye labeled primers should be stored in a —20°C freezer
and protected from light. Prior to use, new primers should be accurately quantitated and
a trial on samples with known mutations performed on all new kits prior to use in rou-
tine testing.

The primer concentrations as listed in Table 1 should produce a reliable discrimination of
normal and mutant alleles with low background false priming. However, we have noticed
that when new primer lots are received, an accurate quantitation of the primer concentra-
tion and trial of new primers on known control samples is required. If discrimination of
any of the normal or mutant alleles is not ideal when using new primers, adjustments can
be made to the primer concentrations and tested on samples with known mutations to
improve discrimination as necessary. Primer concentration adjustments should start with
small changes to the primer concentrations so as to not unbalance the other primers in the
multiplex reaction.

The Tay-Sachs ASA assay can also be run on an ABI 373 model with the following speci-
fications: 24-cm plates, scan approx 375-900, run 2 h, 2500 V, 60 mA, 40 W, filter set B,
and Amidite matrix.

To deionize formamide, mix 10 mL of formamide and 1 g of Amberlite MB150 ion-
exchange resin (Applied Biosystems). Stir for 1 hour at room temperature. Check that the
pH is greater than 7.0. If the pH is not greater than 7.0, decant the formamide into a beaker
containing another 5 g of ion-exchange resin and repeat 30-min stirring. When the pH is
greater than 7.0, filter twice through No. 1 Whatman paper. Dispense into aliquots and
store for up to 3 m at —15°C to —25°C protected from light.

When preparing the kit for 100 Tay-Sachs ASA reactions, all reagents should be added in
the order listed in Table 2 and mixed well by vortexing after each addition to the kit.
Small aliquots of the kits should be made, and stored in a —20°C freezer protected from
light. Avoid freeze-thaw cycles of the kit, which can decrease the stability of the primers
and nucleotides.
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7. As controls for Tay-Sachs mutations, we use DNA extracted from cell lines obtained

from Coriell Cell Repositories (Camden, NJ, USA, see Website: locus.umdnj.edu/ccr/).
Cell line GM03770 is a compound heterozygote with the 1421+1 G>C mutation and the
805 G>C (G269S) mutation. Cell line GM02968B is a compound heterozygote with
the +TATC,73 mutation and the 1421+1 G>C mutation. Controls for the pseudodefi-
ciency alleles 739C>T (R247W) and 745C>T (R249W) were previously obtained from
patient samples.

In some cases, we have seen some bleed-through of one dye color into another that pro-
duces small shadow peaks under the larger correct peaks. This is commonly seen with
bleed-through of the yellow/black (HEX) dye peak under a blue (6-FAM) peak. However,
the bleed-through is typically less than 20% of the height of the larger peak, and so is not
mistaken for a real mutation, which will show approx equal peak heights of HEX and
6-FAM. To minimize bleed-through, overall peak heights should be less than 4000, and
samples should be diluted and re-run on another gel if peaks are too high. All samples
with potential mutations should be carefully checked to ensure that normal and mutant
peak heights are of approx equal heights, and that controls analyzed on the same gel pro-
duce appropriate results. If bleed-though persists, primer concentrations may need to be
adjusted using samples with known mutations as discussed in Note 3.
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Single-Strand Conformational Polymorphism Analysis
(SSCP) and Sequencing for lon Channel Gene Mutations

Kylie A. Scoggan and Dennis E. Bulman

1. Introduction

Single-strand conformational polymorphism (SSCP) analysis is a technique used to
screen for the presence of sequence variations in short DNA fragments. This technique
relies on the ability of single-stranded DNA molecules to fold into unique secondary
structures, the conformations for which are based on their primary nucleotide sequence.
Changes in the nucleotide sequence, owing to a polymorphism or a mutation, are
expected to alter the secondary structure of the molecule resulting in a shift in mobility
through a nondenaturing polyacrylamide gel. It is this aberrant migration pattern that
indicates the presence of a DNA sequence alteration. SSCP analysis is capable of
detecting single nucleotide differences and, since its first use by Orita et al. (1,2) this
technique has been extremely successful and widely used to detect disease-causing
mutations (3-38). Although SSCP analysis has experienced wide spread use, its sensi-
tivity is variable and has been reported to range from 35-100 % (9). Overall, however,
the sensitivity of SSCP analysis reported in the literature usually ranges from 75-98 %
with the most critical parameter being the size of the DNA fragment being evaluated.
There are numerous reports stating that the sensitivity of SSCP analysis decreases as
the size of the polymerase chain reaction (PCR) products become larger than 200 base
pairs (10, 11). Other parameters such as electrophoresis temperature, buffer concentra-
tion, gel concentration, cross-linker concentration, and the addition of compounds to
the gel matrix, have also been altered to optimize SSCP sensitivity.

Although SSCP analysis will not identify a mutation 100% of the time, its main
advantages are its simplicity and its capacity for examining multiple samples simulta-
neously. SSCP analysis is only capable of detecting sequence variations and not local-
izing these changes to a particular nucleotide. Therefore, DNA sequencing must be
used to determine the specific alteration. Although the sensitivity of DNA sequencing
for identifying a sequence change is 100% and can be used to screen genes for muta-
tions, it is usually more cost efficient to screen initially by SSCP analysis. This is
especially true if one is screening a large number of samples, the gene of interest has
many exons, and the majority of mutations are novel. For example, ion channel genes
such as the o 5-subunit of the P/Q-type calcium channel gene, CACNAI1A, and the
skeletal muscle o,;-subunit of the sodium channel gene, SCN4A, consist of 47 and 24
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exons, respectively (12, 13). Mutations in the CACNATA gene are usually novel and
have been implicated in episodic ataxia type-2 (EA-2) (3,12,14—-16), familial hemiple-
gic migraine (FHM) (12,17-19), severe progressive cerebellar ataxia (20), and spinoc-
erebellar ataxia type-6 (SCA6) (21). Similarly, missense mutations in SCN4A have
been found to cause hyperkalemic periodic paralysis, paramyotonia congenita, myoto-
nia fluctuans, myotonia permanens, acetazolamide-responsive myotonia, or hypokale-
mic periodic paralysis (reviewed in ref. (4)). Because mutations in CACNA1A, as well
as in SCN4A have been demonstrated to cause a number of distinct clinical disorders,
large numbers of patients tend to be screened for mutations in these genes. It is impor-
tant to note that highly variable sequences such as those which contain polymorphic
repeats are not amenable to SSCP analysis. Thus it would be difficult to detect muta-
tions in exon 47 of the CACNAT1A gene, which contains a polymorphic CAG repeat,
whose expansion is responsible for SCA6. In order to screen for an EA-2 or FHM
causing mutation in this exon, one would have to PCR amplify exon 47 and then directly
sequence the resulting products.

Once a sequence variation is detected, the onus is on the investigator to prove that it
is a mutation and not a polymorphism or rare sequence variant. Sequence alterations
that result in a nonsense codon, change in transcriptional reading frame, or alteration in
a splice site are easily proved to be mutations. On the other hand, changes that result
in amino acid substitutions may not necessarily be a mutation. Mutations that result in
genetic disease are distinguished from polymorphisms by their functional consequences
either in vivo or in vitro. Supporting evidence for a mutation includes the cosegregation
of the mutation with affected family members, its absence in unaffected family mem-
bers, as well as its absence in the general population. Without a functional test, loss of
amino acid sequence conservation at a particular residue may be used to suggest that
the resulting amino acid change is a mutation. In general, if an amino acid at a given
position is conserved through evolution, the particular amino acid is thought to be of
functional importance at that position.

The basic SSCP analysis method consists of PCR amplifying and radiolabeling wild-
type and mutant target DNA, denaturing the PCR products and electrophoresing them
side-by-side through a nondenaturing polyacrylamide gel. The single-stranded DNA
molecules form three-dimensional conformations (conformers) based on their primary
sequence. If there is a difference between the wild-type and mutant sequence, then one
or both of the mutant strands may migrate with a mobility that is different from that of
the wild-type strands. The DNA strand with an aberrant mobility can either be directly
isolated from the gel, amplified, and sequenced, or alternatively, the exon that dis-
played the aberrant conformer can be amplified and sequenced directly to determine
the precise alteration.

There are more advanced protocols for performing SSCP analyses using current
technologies such as denaturing high performance liquid chromatography (DHPLC)
(22,23), and capillary and microchip electrophoresis (24) for automated high through-
put mutation screening. Although most SSCP techniques incorporate radioactivity into
the DNA fragments, there are also nonradioactive SSCP analysis methods using mini-
gels and silver staining of DNA (5,25) or ethidium bromide staining (26). Here we
describe the basic SSCP protocol that 