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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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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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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 SMN1 that is
deleted in cases of SMA. Although the centromic and telomeric copies can be readily

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.
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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 32P-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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2.2. Duchenne Muscular Dystrophy Dosage Testing

1. AmpliTaq DNA polymerase, 5 U/µL (Applied Biosystems, Foster City, CA, USA).
2. PCR buffer: 0.5 mmol of deoxynucleotide triphosphates, 3 mmol of MgCl2, 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.

3. The DMD primer sequences have been previously described (18).
4. Southern blot transfer buffer: 0.5 M NaOH, 0.6 M NaCl.
5. Prehybridization buffer: 5X SSC (1X SSC = 0.15 M NaCl, 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. AmpliTaq DNA polymerase, 5 U/µL (Applied Biosystems).

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 c (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).
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2. Generation of internal standards: The 50 µL PCR reaction contained 200 ng genomic
DNA, 3 mM MgCl2, 1X Taq DNA polymerase buffer, 200 µM 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 µL 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 µL [gamma] ATP (10 µCi/µL;Amersham) and T4 DNA kinase (Gibco-BRL) at
37°C for 20 min. The 25 µL PCR reaction contained 200 ng genomic DNA, 3 mM

MgCl2, 1X Taq DNA polymerase buffer (USB), 200 µM 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 Taq DNA
polymerase (USB) and 1 µL 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

Fig. 3. Spinal muscular atrophy carrier determination by gene dosage using an exogenous
internal standard. The SMN1/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.



Determination of Gene Dosage 9

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 µL of the 100-µL 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 µL) is digested with 20 U DraI (New England Biolabs) overnight at
37°C. The digestion serves to separate SMN1 from SMN2 (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. Duchenne Muscular Dystrophy Dosage Testing

1. 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.

2. 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.

3. It is 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.

4. 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.

4.2. SMA Dosage Testing

5. 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.

6. 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.

7. 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.

8. 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. Lücking 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 (1–4). 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



14 Lücking and Brice

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/µL (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.
3. 8-well PCR r-tube strips with appropriate lid-strips.
4. TaqPolymerase (5 U/µL, Life Technologies, store at –20°C) with the supplied buffers and

MgCl2 (kept at 4°C).
5. 100  mM single dNTP 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 µM (stock solution) and further diluted to 20 µM

(working dilution). Aliquots (50–200 µL) 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.
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Table 1
Primers Used for the Multiplex PCR a

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 4o ACAAGCTTTTAAAGAGTTTCTTGT AGGCAATGTGTTAGTACACA 261
Ex 5 ACATGTCTTAAGGAGTACATTT TCTCTAATTTCCTGGCAAACAGTG 227
Ex 6 AGAGATTGTTTACTGTGGAAACA GAGTGATGCTATTTTTAGATCCT 268
Ex 7o 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

a 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).

1
5
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2.2. Polyacrylamide Gel Electrophoresis

1. 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.

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

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

4. Deionized formamide (Amersham).

2.3. 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 µL Reaction

1. Set up premixes (13 µL per reaction) corresponding to the first 3 exon combinations (for
combination 4, see Note 4) by adding 2.5 µL of 10X buffer (final concentration 1X),
1.5 µL of 50 mM MgCl2 (final concentration 3 mM), the appropriate amount of each
primer (between 0.3 and 2.5 µL, final concentration between 0.4 and 2.0 µM, see Note 5),
0.2 µL of 25 mM dNTP-Mix (final concentration 0.2 mM per dNTP) and complete with
H2O up to 13 µl per reaction. Prepare enough premix for duplicate (or more) reactions for
each case.

2. Spot 2 µL 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).

3. Add 13 µL 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.

4. Prepare for a semi-hotstart (see Note 8) by heating the PCR apparatus to 94°C. Open the
wells carefully, add 10 µL of Taq solution (2 U/10 µL 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.

5. 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.

3.2. Polyacrylamide Gel Electrophoresis

1. Prepare the sequencing gel by adding ammonium persulfate and TEMED, following the
manufacturer’s recommendations, to an aliquot of the acrylamide.

2. Prepare the loading buffer by pipetting together a premix containing: 0.3 µL of TAMRA-
500 XL, 0.6 µL of loading blue, and 3 µL of formamide (for sequencer with 36 lanes;
see Note 3) per sample.

3. Pipet 3.5 µL aliquots of this loading premix into the wells or tubes used to prepare the
samples for loading.

4. Add 2–2.5 µL 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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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

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.
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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.

3. 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 µL of comb 1, 1.5 µL
of comb 2 and 3 µL of comb 3, added to 1.5 µL of TAMRA-500, 3 µL of formamide and 0.7 µL
of loading blue. Combination 4 is run separately, since no other fluorchrome is available.

4. For multiplex combination 4, the best results were obtained with the following PCR
protocol: in a final volume of 25 µL, 40 ng of DNA, 10% DMSO, 1.5 µM of each
primer, 0.2 mM of each dNTP and 2 U of Taq 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.

5. Concentrations of the primers varied from 0.40 µM to 2 µM. 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 MgCl2 concentration
to 3 µM 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 µM 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).

6. 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.

7. 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.

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

9. 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.

10. 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.
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Table 2
Calculation of Exon Ratios, SD, and Normalized Ratios Corresponding to Fig. 2 a

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

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 2.21 1.20 2.49 2.07
811 962 894 414 1278 1.58 1.33 1.43 3.09 0.84 0.91 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 1.12 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 0.49 1.01 1.02 0.54 2.08 2.10 1.12 1.01 0.54 0.53

aThe 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 a

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

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 C1 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. 3a

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

aThe 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 FMR1 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.
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In general, the number of CGG repeats ranges from 5–44 in normal (stable) alleles.
In a range 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
FMR1 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 FMR1 (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

Table 1
Risk for Maternal Premutation Expansion (Data from 13,14)

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
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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 toto. 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

Fig. 1. Southern blot analysis of CGG repeat/methylation in FMR1. Patient DNA was
digested with EcoRI and EagI 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.
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upon transmission to offspring. FMR1 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 FMR1 (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.

Fig. 2. PCR Analysis of FMR1. 32P-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.
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1. Restriction Enzymes: EcoRI (American Allied Biochemical) (HindIII can be substituted)
and EagI (New England Biolabs) (BssHII, NruI, or SacI can be substituted).

2. 1.5 mL microcentrifuge tubes (USA Scientific).
3. 10X Bovine serum albumin (BSA): Add 10 mg BSA (Sigma) to 1 mL sterile, deionized

H2O.
 4. 10X Spermidine (40 mM): Add 152 mg spermidine (Sigma) to 15 mL sterile, deionized

H2O.
5. 100 mM Magnesium chloride (MgCl2): Add 203 mg MgCl2 (Sigma) to 1 mL sterile, deion-

ized H2O.
6. 7.5 M Ammonium acetate (NH4Ac) (1 L): Add 578.1 g NH4Ac (Sigma) to deionized

water. Bring volume to 1 L. Autoclave.
7. 100% ethanol.
8. 2 M Tris-HCl (4 L): Add 968.8 g Trizma Base (Sigma) to sterile, deionized water. Bring

volume to 4 L and pH 7.5.
9. 0.5 M EDTA (1 L): Add 186.12 g EDTA (Sigma) to sterile, deionized H2O. Bring volume

to 1 L.
10. TE (low EDTA) buffer (1 L): Add 5 mL 2 M Tris-HCl, pH 7.5, to 0.2 mL 0.5 M EDTA.

Bring volume to 1 L and pH to 7.5–8.0.
11. 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.

12. SeaKem (BioWhittaker) agarose.
13. 10 mg/mL ethidium bromide (Sigma).
14. Bromophenol blue tracking dye (Sigma).
15. 5 M Sodium chloride (NaCl) (4 L): Add 1169 g NaCl (Sigma) to deionized water and

bring volume to 4 L. Autoclave.
16. 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.
17. 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).
18. Random primer probe labeling kit (Roche).
19. 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.
20. 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.
21. 1 M phosphate solution (4 L): Add 772.04 g Na2PO4·7 H2O (dibasic heptahydrate) and

174.71 g NaHPO4·2 H2O (monobasic dihydrate) (Sigma) to deionized water. Bring vol-
ume to 4 L and autoclave.

22. 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.

23. Neutral nylon transfer membrane (Fisher).
24. 3 mm Whatman paper (Fisher).
25. Paper towels.
26. Blot gel transfer basin (e.g., baking sheet or other container with sides greater than about

3 centimeters).
27. Formamide (Sigma).
28. Sodium citrate (Sigma).
29. 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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30. Dextran sulfate (Sigma).
31. 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.
32. Ficoll 400 (Sigma).
33. Polyvinyl pyrrolidone (Sigma).
34. BSA - fraction V (Sigma).
35. 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

36. 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.

37. 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.

38. 10% sodium lauryl sulfate (Sigma).

2.2. Solutions for Polymerase Chain Reaction Amplification of FMR1

1. Primer C: 5'-AGG CGC TCA GCT CCG TTT CGG TTT CAC TTC-3'
2. Primer F: 5'-AGC CCC GCA CTT CCA CCA CCA GCT CCT CCA-3'
3. 0.2 mL PCR tubes (USA Scientific).
4. 10X PCR buffer (GeneAmp buffer II - Perkin Elmer/Applied Biosystems): 100 mM Tris-

HCl, pH 8.3; 500 mM KCl.
5. 25 mM magnesium chloride (Perkin Elmer/Applied Biosystems).
6. 6 M Betaine (Sigma).
7. Deoxynucleotide mix: using 10 mM deoxynucleotide stocks (Perkin Elmer/Applied

Biosystems) , add 60 µL deoxyadenosine, 60 µL deoxythymidine, 15 µL deoxycytidine,
15 µL deoxyguanosine, and 50 µL sterile, deionized water (final concentrations: 3 mM

deoxyadenosine, 3 mM deoxythymidine, 0.75 mM deoxycytidine, and 0.75 mM

deoxyguanosine).
8. α32phosphorus-deoxycytidine 5'triphosphate (New England Nuclear).
9. 5 mM 7-deaza-2'-deoxyguanosine-5-triphosphate (Pharmacia Biotech).

10. Dimethylsulfoxide (Fisher).
11. DNA polymerase (AmpliTaq) (Perkin Elmer/Applied Biosystems).
12. 40% (w/v) acrylamide solution (38% acrylamide/2% bis-acrylamide) (Amresco).
13. 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.

14. 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 FMR1,
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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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., EagI, BssHII, or NruI (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 EagI 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. In a 1.5 mL microcentrifuge tube, digest 5–10 µg of genomic DNA with both EcoRI and
EagI using the 10X restriction enzyme buffer for EagI (10 U of enzyme per µg 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

Fig. 3. Restriction map of FMR1 promoter and exon 1 region containing the CGG repeat.
DNA probes (StB12.3, pfxa3, and pE5.1) often used in FMR1 analysis are noted. Shaded box
represents the relative location of the CGG repeat segment within exon 1.
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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 µL 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 µL of tracking dye).

2. Prepare a 0.8% agarose gel (at least 20 centimeters in length) with ethidium bromide
(5 µL 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 µL 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.

3. 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.

4. 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.

5. 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.

6. Label 30–50 nanograms of the DNA probe utilizing α32phosphorus-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.

7. 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 × 106 cpm. Hybridization is carried out
for 18–24 h. Longer hybridization times tend to increase the background signal on the
autoradiograph.

8. 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.

9. 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 FMR1. 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 µL PCR reaction containing 1X PCR buffer II (no magnesium chloride);
2 mM magnesium chloride (2.0 µL of 25 mM solution); 2.5 M betaine (10.4 µL of 6 M
solution); 2% DMSO (0.5 µL of 100% solution); 1.6 µL of deoxynucleotide mix;
0.15 mM 7-deazaguanosine triphosphate (0.75 µL of 5 mM solution); 16 picomoles
of each primer (primers c and f); 5 microcuries (µCi) of α32phosphorus-deoxycytidine
(3000 µCi/mL); 250 nanograms of genomic DNA as template; and 2 U of AmpliTaq
polymerase. Bring total volume to 25 µL 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). 32Phosphorus-
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 FMR1 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 FMR1 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 EagI (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 EagI 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.

4. 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 FMR1, 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 (1). 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
length in SCA1, 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 SCA1,
SCA2, SCA3, SCA6, and SCA7 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 IT-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).
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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. PuregeneTM 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/µL Taq Poly-
merase, 10 mM dATP, 10 mM dCTP, 10 mM dGTP, 10 mM dTTP, 25 mM MgCl2,
10X reaction buffer without Mg (Applied Biosystems, Foster City, CA, USA).

2. Sterile H2O 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 H2O in ratio 5:1:1:1:1:1 by volume (see Note 1).
4. Dimethyl sulfoxide (DMSO) (Sigma) (see Note 2).
5. 50% Glycerol: mix glycerol (Sigma) and sterile H2O in 1:1 ratio by volume (see Note 2).
6. Oligonucleotide primers, 20 µM (Table 1) (see Note 3).

2.3. Agarose Gel Electrophoresis

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

2. 1X Tris-acetate-EDTA (TAE) buffer: 40 mM Tris-acetate, 1 mM EDTA.
3. 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.

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-HCl, pH 7.5.

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)

SCA7B 5' - GTA GGA GCG GAA AGA ATG TC - 3' (13)

SCA7C 5' - CCC CGA CCG TCG CCA TTG - 3' (13)

(CTG)6 5' - CTG CTG CTG CTG CTG CTG - 3' (13)
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3. 20X SSC buffer: 3 M NaCl, 0.3 M sodium citrate, pH 7.0 (see Note 4).
4. Positively charged nylon membrane, e.g., Biodyne® membrane (Invitrogen Corp.).

2.5. Radiolabeling of 1 kb Ladder and Probe

1. 1 kb DNA ladder, 1 µg/µL (Invitrogen Corp.)
2. (CTG)6 oligonucleotide, 2 µM (Table 1).
3. End-labeling reagents: T4 polynucleotide kinase and 10X PNK buffer (Promega, Madi-

son, WI, USA)
4. Gamma 32P ATP (Adenosine 5'-[γ32P] triphosphate, triethylammonium salt, >5000 Ci/mmol;

Amersham Biosciences, Piscataway, NJ, USA).
5. ProbeQuantTM G-50 Micro Columns (Amersham Biosciences).
6. STE buffer: 100 mM NaCl, 10 mM Tris-HCl, 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 BioMaxTM TranScreen HE or
similar) and X-Ray film (e.g., Kodak BioMaxTM MS),
OR

2. Phosphorimager.

3. Methods

3.1. Importance of Family History and Results
from Standard SCA2 or SCA7 Assays

1. 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).

2. 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.

3. 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.

3.2. DNA Extraction

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

2. 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 µg/µL) (see

Notes 9 and 10).
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3.3. PCR

1. Prepare the SCA2 reaction mix by adding together the following volumes for each sample:
12.0 µL sterile H2O, 5 µL 5X buffer, 1 µL MgCl2, 1 µL primer SCA2A, 1 µL primer
SCA2B, 1.25 µL DMSO, 2.5 µL 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 µL Taq polymerase. Vortex gently or use pipet to mix. Ali-
quot 24 µL of mix into PCR tubes. Add 1 µL 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 µL sterile H2O, 5 µL 5X buffer, 1 µL MgCl2, 1 µL primer SCA7B, 1 µL primer
SCA7C, 1.25 µL DMSO, 5.0 µL 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

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.
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appropriate multiple of 0.25 µL Taq polymerase. Vortex gently or use pipet to mix. Ali-
quot 24 µL of mix into PCR tubes. Add 1 µL DNA to each tube (see Notes 11–15).

3. Perform PCR using the following conditions on a GeneAmp® 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).

3.4. Preparation of Labeled 1 kb Ladder

1. Mix reagents in the order listed: 13.5 µL sterile H2O, 5 µL 1 kb ladder, 2.5 µL 10X PNK
buffer, 3.0 µL γ32P-ATP, 1.0 µL T4 polynucleotide kinase (see Note 17).

2. Vortex reaction mix and spin briefly.
3. Incubate reaction mix at 37°C for 30 min.
4. Add 25 µL STE.
5. Inactive kinase by incubation at 90°C for 2 min.
6. 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).

7. Place the column in a new 2-mL conical tube support tube.
8. Slowly apply the entire sample to the top center of the resin, being careful not to disturb

the resin bed.
9. Spin the column at 750g for 1 min to retrieve labeled ladder into the collection tube.

Unincorporated 32P-dATP remains in the column.
10. Dilute purified product to 100 µL by adding 50 µL of STE buffer.
11.  Take an aliquot (1 or 2 µL) of the purified probe and determine the CPMs. Counts should

be approx 4 × 103 CPM/µL (see Note 19).

3.5. Agarose Gel Electrophoresis

1. Prepare a 2% agarose gel by adding 2.0 g agarose to 100 mL of 1X TAE buffer. Heat in a
microwave oven to dissolve. Cool to a temperature comfortable to handle (approx 50°C).
Add 5 µL 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).

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

3. 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.

4. Perform electrophoresis at 100V for approx 5–6 h (see Note 22).
5. Visualize PCR products on a UV transilluminator and photograph for record. Take care to

not damage the gel.

3.6. Blotting to Nylon Membrane

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

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

3. Cut the nylon membrane slightly larger than the size of the gel (see Note 23).
4. 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).
5. 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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6. Allow the transfer to continue for 6–16 h.
7. 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.

8. Place the membrane with transferred DNA face up on a piece of filter paper and bake for
2 h at 70°C.

3.7. Probe Preparation

1. Mix reagents in the order listed: 5.5 µL sterile H2O, 2 µL (CTG)6 oligonucleotide (2
µLM), 1.0 µL 10X polynucleotide kinase buffer, 1.0 µL γ-32P ATP, 0.5 µL T4 polynucle-
otide kinase (see Note 17).

2. Vortex reaction mix and spin briefly.
3. Incubate reaction mix at 37°C for 30 min.
4. Add 90 µL STE buffer.
5. Inactive kinase by incubation at 90°C for 2 min.
6. Purify probe using a ProbeQuant™ column as described in (Subheading 3.4., steps 6–9).
7. Count a 1 or 2 µL aliquot of purified labeled probe to determine CPMs incorporated. The

expected range is 0.2 to 1.0 × 105 cpm/µL (see Note 19).

3.8. Hybridization

1. Wet membrane in 5X SSPE buffer.
2. Add 20 mL hybridization solution to hybridization tube, roll to wet sides of the tube (see

Note 27).
3. Drain excess fluid off membrane and place in the hybridization tube with the DNA side

facing inwards.
4. Incubate at least 2 h at 55°C (see Note 28).
5. Discard hybridization solution. Add 20 mL of warm, fresh hybridization solution. Add

labeled (CTG)6 oligo to hybridization tube, seal, swirl to mix, and incubate overnight at
55°C. The hybridization solution should contain 1–5 × 105 cpm/mL.

3.9. Post-hybridization Washes

1. Pour out hybridization solution into radioactive waste container.
2. Add 100 mL of 5X SSPE buffer, seal, and swirl. Pour into radioactive waste container.
3. Transfer the membrane to a plastic container, add 1 L of 5X SSPE buffer, cover, and

agitate for 15 min at room temperature.
4. Add 1 L 5X SSPE buffer to a different container, warm to 60°C.
5. Transfer membrane to the warm container and agitate for 10 min at 60°C.
6. Air-dry membrane and wrap in plastic wrap (e.g., Saran wrap or Glad wrap).

3.10. Signal Detection

1. X-Ray Film:

a. Place wrapped membrane in an autoradiography cassette with an intensifying screen.
b. In dark room, place X-ray film on top of membrane and close cassette.
c. Develop film after 4–6 h exposure.
d. Obtain a longer or shorter exposure as determined by the original exposure.

2. 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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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 H2O.
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.

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.



48 Snow and Mao

8. Alternative DNA purification procedures include the standard proteinase K/phenol/chlo-
roform method and commercially available column extraction methods.

9. 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.

10. Concentration of DNA may also be determined by fluorometer or by commercially avail-
able detection kits.

11. 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).

12. 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.

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

14. 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.

15. 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.

16. 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.

17. T4 polynucleotide kinase is added last to maximize incorporation of radiolabeled nucle-
otide. If kinase is added before the γ32P ATP, DNA synthesis would incorporate unlabeled
nucleotides that are present in the PNK buffer.

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

19. The incorporation values listed are for Cerenkov counting. Cerenkov counting is per-
formed in the absence of scintillation fluid and measures radioactivity from 32P in the 3H
channel of a liquid scintillation counter.

20. 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.

21. Volumes of PCR products and standards to load are for 1 mm × 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.

22. DNA migrates toward the anode (+).
23. Wear gloves when handling the nylon membrane or filter paper that may come in contact

with the nylon.
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24. 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.

25. 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)

26. Alternative DNA transfer methods are downward transfer or electrotransfer (21).
27. 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 × 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.

28. 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 (1). 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 32P-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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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 µg 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-

Fig. 1. The principle of RED. DNA is heat-denatured and (CTG)10 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.
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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 µg/µL.

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)10 oligonucleotide.
Please see Note 1 if other oligonucleotides are used.

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.
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2.1.3. Reagents

1. Ampligase (100 U/µL) (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 α32P-dATPs (6000Ci/mmol) (NEG 012Z, NEN DuPont Medical, Wilmington,

DE, USA).
4. Rapid Hybe buffer (Amersham).
5. 6% denaturing polyacrylamide/6M Urea gel solution and supplied buffer (National Diag-

nostics, Atlanta, GA, USA).
6. 10X TBE: 0.89 M Tris-boric acid, 20 mM Na2EDTA.

   7.  TE-4.
   8.  20X SSC.
   9.  3 M NaCl, 0.3 M Na3citrate.
 10.  20% sodium dodecyl sulfate (SDS).
11. Formamide gel loading dye: 100% formamide, 0.1% xylene cyanol, 0.1% bromophe-

nol blue.

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 MgSO4.
5. NZY-broth: 5 g NaCl, 2 g MgSO4, 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 MgSO4, 7 H2O, 50 mL 1 M Tris-HCl, 5 mL 2% gelatin; pH 7.5.
11.  0.5 M IPTG; Xgal (250 mg/mL).

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

1. Enzymes: T4 Ligase (10 U/µL), Restriction enzyme (MboI) 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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4. Size standard: 1 kb ladder and 100 bp ladder (GibcoBRL, Life Technologies, Täby,
Sweden).

5. Reagents for DNA precipitation: 99.5% and 95% ethanol; 3 M NaOAc pH 5.2; TE Buffer.
6. Denaturation solution: 67.6 g NaCl, 20 g NaOH, per liter.
7. Renaturation solution: 67.6 g of NaCl, 121.1 g Tris, per liter; pH7.0.
8. 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) µg, (CTG)10

Oligonucleotide (50 ng/µL)1.0 µL, TE-4 1.0 µL, Ampligase (100 U/µL) 0.15 µL,
Co-Buffer 0.5–1.0 µL and add H2O to a final volume of 10 µL. Make sure tubes are
tightly capped.

2. 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.

2. 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 32P-dATPs to each molecule, yielding a high specific activity. Mix 8.7 µL
H2O, 5 µL 5x Co-buffer and 2.5 µL (CAG)10 oligonucleotide (50 ng/µL) on ice. Add 7 µL
α32P-dATP and 1.8 µL TdT enzyme. Incubate for 1 h at 37°C. Add 500 µL 0.1 M Tris pH
8.0 to stop the reaction. Probe should be labeled to a specific activity of 2–9 × 109 cpm/µg.

2. 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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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 µg of
DNA, 20–40 U Restriction enzyme (MboI), 6 µL supplied buffer for the restriction
enzyme and add water to a total volume of 60 µL. 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.

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 MboI-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)10, generating multimers at 30 nt intervals represented as bands after size separation, blot-
ting, hybridization, and autoradiography. The bottom band corresponds to 90 bp.
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3. Electrophoresis: Resuspend DNA in 20 µL TE buffer and mix with 4 µL 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.

4. 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.

5. 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.

6. 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 µL H2O.

7. 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 µL DNA to set up RED reaction (see Note 6).

8. 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 µL of the ZAP Express Vector (1 µg/µL),
1.0 µL of the repeat containing DNA fraction, 0.5 µL of 10X Ligase buffer, 0.5 µL of
10 mM ATP, 0.2 µL of T4 Ligase (10U/µL) and 1.8 µL of H2O. Incubate at 4°C for 48 h.

2. Packaging Ligation: Take one tube of GigaPack golden III from –70°C. Thaw the content
by holding the tube. Add 5 µL ligation into packaging content. Mix by moving tip gently.
Incubate at room temperature for 1.5–2 h. Add 500 µL SM buffer and 20 µL chloroform.
Invert tube and spin briefly.

3.2.3. Titering

1. Dilute packaged ligation 1:10.
2. Prepare XL-1 Blue cell at OD600 = 0.5 in 10 mM MgSO4.
3. Mix 200 µL XL-1 Blue cell with 1 µL of original ligation-package and 1:10 diluted ligation.
4. Incubate at 37°C for 15 min.
5. Melt Top-agar and cool down to 48°C.
6. Mix 3 mL Top-agar with the content of the tube and 15 µL 0.5 M IPTG, 40 µL Xgal.
7. Pour quickly onto big NZY plates. Incubate at 37°C over night.
8. Count white plaques (recombinants).

The titer of the white plaques should reach 1000/µL 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. 600 µL XL-1 Blue cells prepared at OD600 = 0.5 in 10 mM MgSO4.
2. Mix with the calculated amount of packaged ligation, so that each plate contains 400,000–

500,000 recombinants.
3. 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.)
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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.

3. Transfer filters to renaturation solution for 5 min.
4. Dip filters in 2X SSC solution for 2 min.
5. Immobilize DNA to the filter by UV light autocrosslinking.
6. Prewash filters at 65°C in wash solution (2X SSC + 0.1%SDS) for 2 h.

3.2.6. Hybridization

A (CTG)17 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 µL 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 µL; 1 µL; 0.1 µL, and 0.01 µL) until single positive plaques are obtained.
Pick these single plaques and place them in 200 µL SM buffer and 5 µL chloroform.
Incubate at 4°C over night.

Fig. 4. Autoradiograph of library screening of repeat containing plaques using a (CAG)10

repeat probe or a (CTG)17 probe. The number of positive spots was reduced when the (CTG)17

probe is used. Hybridization stringency used for (CAG)10: hybridization at 60°C and washed at
65°C with 1X SSC + 0.1% SDS, (CTG)17: 65°C and washed at 72°C with 0.2X SSC + 0.1% SDS.
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3.2.9. Conversion of Phage DNA to Phagemid DNA

1. Prepare Xl-1 Blue cells at OD600 = 1.0 in 10 mM MgSO4.
2. Mix 100 µL XL-1 Blue cells with 50 µL of concentrated phage and 0.5 µL assistant helper

phage (Stratagene ZAP cloning kit).
3. Incubate at 37°C for 15 min.
4. Add 1.5 mL NZY-broth and incubate with shaking at 225 rpm at 37°C for 2.5 h.
5. Heat tubes at 70°C for 20 min. Spin down cells at 1500 rpm for 15 min.
6. Take supernatant 100 µL and mix with 200 µL XLOLR cells at OD600 = 1.0 in 10 mM MgSO4.
7. Incubate at 37°C for 15 min.
8. Add NZY-broth 300 µL and incubate at 37°C for 45 min.
9. Plate out 200 µL 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 µL TE buffer.

3.2.11. Sequencing Using 377 ABI DNA Sequencer

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

2. Set up the sequencing reaction containing: 2 µL phagemid DNA (0.3 µg/µL), 3.2 pmol of
T3 or T7 primer and 2 µL 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.

3. 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.

2. 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.

3. 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.

4. 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.

5. 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 µL
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.

6. 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. A titer of recombinants lower than 1,000/µL 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 (1). 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 (11–13). 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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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)10 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)10 primer for probe.
4. α−P32 (6000 Ci/mmole) (NEN, Boston, MA, USA).

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).
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5. TdT and 10X 1-phor-all Buffer (Pharmacia Corporation, Peapack, NJ, USA).
6. Ampligase and Buffer (Epicentre, Madison, WI, USA).
7. Formamide.
8. Control genomic DNA from patient samples containing repeat expansions of various sizes

(e.g., SCA1, HD, etc., controls).

2.3. Two-Dimensional RED Analysis

1. Genomic DNA.
2. EcoRI or another restriction enzyme.
3. SeaPlaque GTG low melting-point agarose (BioWhittaker Molecular Applications,

Rockland, ME, USA).
4. Medium Size Gel Box (gel size = 24 × 13 cm).
5. TAE buffer: 0.4 M Tris base, 0.2 M Acetic Acid, 0.01 M EDTA, pH 8.0.
6.  Gel-slicing apparatus with microscope coverslips as disposable dissecting blades for even

2-mm slices.
7. AgarACE (Promega, Madison, WI, USA).
8. Glycogen 5 mg/mL (Ambion, Austin, TX, USA).

2.4. Cloning of Genomic Fragments

1. Lambda ZapII 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-HCl, pH 7.5, 70 mM MgCl2, 10 mM dithiothreitol
(DTT) plus.

3. 10 mM rATP, pH 7.5.
4. T4 DNA Ligase (Epicentre).
5. SM Buffer (l L): 5.8 g NaCl, 2.0 g MgSO4 · 7H2O, 50 mL 1 M Tris-HCl, pH 7.5, 2 mL 5%

(w/v) gelatin, add H2O 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 µg/mL.

10. LB-MgSO4-Maltose Media: LB media as above with 10 mM MgSO4 and 0.2% maltose.
11. Top Agar: Prepare 1 L of LB broth and add 0.7% [w/v] agarose, autoclave.
12. 10 mM MgSO4.

2.5. Post Cloning Enrichment

1. Escherichia coli strain CJ236 (dut-, ung-; Bio Rad, Hercules, CA, USA).
2. M13K07 helper phage (1 × 1010 pfu, Promega, Madison, WI, USA).
3. T4 DNA polymerase (New England Biolabs, Beverly, MA, USA).
4. Amplitaq (Perkin Elmer, Wellesley, MA, USA).
5. (CAG)10 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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1. Repeat Expansion Detection Reaction:
10X Ampligase Buffer.
5' P (CTG)10 oligonucleotide primer (50 ng).
4% Formamide (final concentration).
5 U Ampligase (Epicentre).
2 µg genomic DNA.
H2O.

10 µL = total volume.
2. 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.

3. 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.

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

3. 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%
acrylamide gel in TBE buffer, 6 M urea, TBE buffer).

5. Run gel at 70 watts or until Xylene Cyanol band has run into gel for ∼12 cm.
6. Pry gel plates apart leaving the gel in place on one of the glass sequencing plates.
7. 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.

8. Remove membrane from gel and UV crosslink the DNA onto the membrane.

3.1.3. Hybridization of CAG Oligonucleotide to RED Products

1. Label Probe (CAG)10:
(CAG)10 oligonucleotide 125 ng
10X 1-phor-all Buffer 2.5 µL
TdT Enzyme 1.5 µL
α–32P dATP (6000 Ci/mM) 3.5 µL
H2O up to 10 µL total volume

Total Volume 10.0 µL
2. Incubate labeling reaction at 37°C for 2 h.
3. Prehybridize membrane with 25 mL of Rapid Hyb Buffer (Amersham Pharmacia Biotech,

Piscataway, NJ, USA) at 60°C for 15 min.
4. Add probe and hybridize at 60°C for 1 h.
5. Wash 2 × 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. Ten µg of genomic DNA is digested with a restriction enzyme.
2. 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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3. 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.

4. Place individual gel slices in separate 0.5 mL PCR tubes.
5. Remove the agarose by digestion with AgarACE (0.2 U, Promega).
6. After digestion, spin and cool tubes and the transfer liquid to a new tube leaving behind

any remaining undigested agarose.
7. Precipitate DNA by adding 1/10th volume of 3 M NaOAc, 2 volumes of 100% Ethanol

and as a carrier 10 µL of a 5 mg/mL glycogen stock solution, incubate O/N at room
temperature.

8. On the next day spin samples 30 min at RT in microcentrifuge.
9. Rinse pellets containing the DNA with 70% EtOH to remove salt.

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

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

12. The RED reactions are as described earlier but the genomic DNA is replaced with the size-
separated DNA and 1 µg 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 ZapII cloning and packaging kit (Stratagene, La
Jolla, CA, USA).

2. Plates containing 5 × 104 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/EcoRI/ CIAP cloning kit ligation 12–14°C overnight.

1.0 µL Lambda Zap II prepared arms (1 µL) (–70°C aliquoted)
2.8 µL positive, purified 2DRed product
0.5 µL 10X ligase buffer (aliquoted out and stored at 4°C) (Epicentre)
0.5 µL 10 mM rATP, pH 7.5
2 U of T4 DNA ligase (Epicentre)

H2O up to a final volume of 5 µL

3.3.2. Packaging into Phage

Statagene Gigapack III Gold

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

2. Quick thaw between fingers until it just begins to thaw.
3. Add 5 µL (total volume) of the ligation to thawing extract.
4. Stir the contents with the pipet tip to mix well. Do not introduce air bubbles. Quick spin.
5. Incubate tube at room temperature 90 min to 2 h (do not exceed 2 h).
6. Add 500 µL of SM Buffer:
7. Add 20 µL of chloroform and mix the contents of the tube gently to lyse cells of extracts.
8. Spin the tube briefly to sediment the debris. Store at 4°C for up to 1 mo.
9. 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 MgSO4 and 0.2% maltose

Grow O/N at 30°C with shaking
3. Microwave top agar to melt and place in water bath and equilibrate to 48°C.
4. Equilibrate a water bath to 37°C.
5. Place desired number of small, plain LB plates in 37°C incubator to temperature equilibrate.
6. Spin overnight culture at 1000 g for 10 min.
7. Carefully decant off media and resuspend cells to OD600 = 0.5 in 10 mM MgSO4. (Do

not vortex.)
8. Dilute out phage at 1:10, 1:100 and 1:1000 in SM buffer.
9. Add 200 µL of above resuspended XL-1 Blue cells to 15 mL snap top Falcon tubes.

10. Label and add 1 µL 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.

3.3.4. Amplification of Library

1. Start a 50 mL overnight culture of XL1-Blue in LB with 0.2% maltose.
2. Warm large LB plates to 37°C.
3. Equilibrate water baths to 37°C and 48°C.
4. Melt top agar and equilibrate to 48°C.
5. Centrifuge overnight culture for 10 min at 1000g.
6. Carefully decant media off the cell pellet and gently resuspend pellet to OD ∼0.5 in

10 mM MgSO4.
7. Aliquot 600 µL 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

∼109–1012 pfu/mL).

3.3.5. Mass Excision of Phagemid from Lambda Zap II 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 MgSO4, at 30°C.
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3.3.5.2. DAY 2

2. Gently spin down the XL1-Blue MRF’ and SOLR cells (1000 g). Resuspend the XL1-
Blue MRF’ and SOLR cells in 10 mM MgSO4, to an OD600 of 1.0 (8 × 108 cells/mL).

3. 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

4. Add each to corresponding 125 mL flask containing 20 mL of LB media and incubate at
37°C for 2.5 h.

5. 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.
3. Add 1 mL of each of the excised phagemid sublibraries (supernatant from Subheading

3.3.5., step 5) to a 50 mL conical tube.
4. To each tube add 2 mL of 1 h SOLR cell culture and incubate at 37°C for 15 min.
5. To each tube then add 10µL of LB with 100 µg/mL ampicillian and incubate at 37°C with

shaking overnight
6. Pellet cells and miniprep the resulting plasmid DNA.
7. 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).

3.4. Postcloning Enrichment of DNA from RED Positive Sublibrary

1. 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).

2. 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 × 1010 pfu) is
added to generate uracil-substituted ssDNA (17).

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

4. The CTG repeat containing ssDNA was then converted to dsDNA by primer extension
using ampliTaq (Perkin Elmer) and a (CAG)10 primer at 72°C in Promega PCR buffer
containing 1.5 mM MgCl2, 200 µM dNTPs, and 4% formamide.

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

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

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

8. 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 × 104 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).

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. 5A). 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).
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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).

Fig. 4. RAPID cloning of the SCA8 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).



70 Ranum

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
SCA7 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 SCA8 (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 ERDA1 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 XL1-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 Tsuji

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 (SCA1), dentatorubral-
pallidoluysian atrophy (DRPLA), Machado-Joseph disease (MJD), SCA2, SCA6,
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). SCA6 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).
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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,
SCA6 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)55 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.

Fig 1. Schematic illustration of the principle of selective hybridization. The melting tem-
perature of hybrids (Tm) between the (CAG)55 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)55 probe and the genomic DNA segment
containing expanded CAG repeats (>35 repeats) is formed, while the hybrid between the
(CAG)55 probe and the genomic DNA segment containing CAG repeats of normal length (< 35
repeats) is not formed.
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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 [α-32P]dATP (222 TBq/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-HCl, pH 8.3, 500 mM KCl, 15 mM MgCl2.
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).

10. 2X concentrated binding and washing buffer (B&W buffer): 10 mM Tris-HCl, 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 NaH2PO4, 1 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 NaH2PO4, 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).
3. 1X TAE buffer.
4. Centricon-100 (Amicon, Inc., Beverly, MA, USA).
5.  λZAPII vector (Stratagene).

3. Methods

3.1. Preparation of Genomic Blots

1. Digest high-molecular-weight genomic DNA (10–15 µg) with various restriction enzymes
(100 U) (see Note 3) in 200 µL 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 µL 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)55 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 [α-32P]dATP (see Fig. 2). The method
allowed incorporation of 59 molecules of [α-32P] dATP per molecule of the DNA probe,
exclusively into the sense strand.

1. Vacuum dry 12.5 µL of 9.25 MBq of [α-32P] dATP (222 TBq/mmol) in a 0.5-mL
Eppendorf tube.
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2. Add the following “Solution for PCR” to the tube containing the dried [α-32P] dATP, and
then add Taq DNA polymerase.
Solution for PCR

Template (p-2093 [0.73 ng/mL]) 0.4 µL
Primer 1 (20 µM) 0.4 µL
Primer 2 (20 µM) 0.4 µL
dCTP (4 mM) 0.4 µL
dGTP (4 mM) 0.4 µL
TTP (4 mM) 0.4 µL
4.0 M N, N, N-trimethylglycine 8.0 µL
10X reaction buffer 1.6 µL
Distilled water 3.6 µL

Taq DNA polymerase (5.0 U/mL) 0.4 µL

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

b. Add 100 µL 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.

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

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

e. Place the tube in the Dynal MPC for at least 30 s and repeat step 4.
f. Remove the tube from the Dynal MPC and add 100 µL of PBS, pH 7.4, containing

0.1% BSA.
g. Add 20 µL 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.

Fig. 2. Preparation of a (CAG)55 probe with a high specific radioactivity. The (CAG)55 probe
was generated by internal labeling with [α-32P] dATP.
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h. Resuspend the Dynabeads in 20 µL 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 µL of 2X B&W buffer.

i. Add 40 µL of the prewashed beads to 16 µL 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 µL of 1X B&W buffer.
l. Place the tube in a Dynal MPC and remove the supernatant. Resuspend the Dynabeads

in 16 µL 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).
o. Wash the Dynabeads with 34 µL of 0.1 M NaOH.
p. Take the supernatant solution and transfer to the tube A to combine the solution con-

taining the (CAG)55 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)55 probe (6 × 106 cpm/mL).
The (CAG)55 probe should be prepared freshly for each experiment.

Replace the prehybridization solution with the hybridization solution containing the
(CAG)55 probe and incubate for 18 h at 62°C with gentle shaking.

3.5. Washes

Wash the membranes twice in 1X 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 λ phage vec-
tor with consideration that the CAG repeats might be more stable in λ phage vectors
than in plasmid vectors.

1. Digest 270 µg of genomic DNA from an affected individual in a 3600 µL volume with
1800 U of an appropriate enzyme.

2. Ethanol precipitate and resuspend the DNA in 360 µL 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 µL 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 µg of λZAPII 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)55 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)55

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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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.

3. 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)55 probe in normal individuals.

4. 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-

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)55 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.
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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.



Color Plate 2, Fig. 2. (see full caption and discussion in Chapter 12, p. 127.) Illustration of representative DHPLC and direct sequencing data for an

MECP2 missense and insertion mutation.



Color Plate 3, Fig. 2. (see discusson in Chapter 13, p 138). Results of the Tay-Sachs ASA

assay for a normal sample (no mutations). Note that there are 5 blue peaks seen, which corre-

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.

Color Plate 4, Fig. 3. (see discussion in Chapter 13, p 139.) Example of Tay-Sachs ASA

assay results for a carrier of the +TATC1278 mutation. The normal allele at the +TATC1278 site

is indicated by a blue peak of 96 bp, while the mutant +TATC1278 allele is indicated by the

black peak of 101 bp. Note that the size difference between normal and mutant +TATC1278

alleles is due the presence of the 4 bp insertion mutation.



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.

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.



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.



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

(MJDtr-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.
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Given its properties, we used the 1C2 antibody as a tool to identify new polygln
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 Polyglns

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 Polygln 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 (6–8), 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 polygln
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. TGEK50 buffer: 50 mM Tris-HCl, pH 7,8, 10% glycerol, 1 mM EDTA, 50 mM KCl.
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 TGEK50 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-HCl,
pH 6.8, 40% glycerol, 20% β-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 (5mL) for one 6 % acrylamide separating gel: mix 2.7 mL of H2O, 1.0 mL of
30% acrylamide solution, 1.3 mL of 1.5 M Tris-HCl, pH 8.8, and 50 µL of SDS 10%.

5. Solution (5 mL) for one 12% acrylamide separating gel: mix 1.7 mL of H2O, 2.0 mL of
30% acrylamide solution, 1.3 mL of 1.5 M Tris-HCl, pH 8.8, and 50 µL of SDS 10%.

6.  For 5 mL of stacking solution, mix 3.4 mL of H2O, 0.83 mL of 30% acrylamide solution,
0.63 mL of 1.0 M Tris-HCl, pH 6.8, and 50 µL of SDS 10%.

7. 10% (w/v) ammonium persulfate (APS).
8. 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 H2O.

2.3. Electrophoresis

1. To load the protein gels, use Hamilton syringe or 20-µL 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. Immunodetection

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 IgG, 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. 34080ZZ).

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 µL of chilled TGEK50 buffer (containing protease
inhibitors) per 106 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 µL of 10% APS and 4 µL of TEMED to
the 6% acrylamide solution, and add 50 µL of 10% APS plus 2 µL 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 µL of 10% APS and 5 µL 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 µm 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. Immunodetection

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 × 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 a dark 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. It is 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 µL or up to 200 µg of protein
extract per slot, without aberrant migration of the proteins, while 15 teeth-comb (1 mm)
allows loading of maximum 15 µL or up to 50 µg of protein extract per slot.

5. For the gel prepared with the MINI-PROTEAN II apparatus, nitrocellulose membranes of
9 cm × 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/Ionization (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 (1). 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 106 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
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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 µM 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 µM stocks.
2. 10X PCR buffer:500 mM KCl, 15 mM MgCl2, and 100 mM Tris-HCl, pH 9.0 (Fisher

Scientific, Fair Lawn, NJ, USA).
3. Taq DNA polymerase (5 U/µL Fisher Scientific).
4. 10 mM dNTP stocks (GeneAmp® dNTPs, Applied Biosystems, Foster City, CA, USA).
5. Molecular biology grade water (Sigma Chemical Co., St Louis, MO, USA).
6. 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.

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,



94 Chen et al.

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.

Fig. 1. Schematic of a typical MALDI time-of-flight mass spectrometer
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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 µg/µL.

3.2. PCR

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

HD
25 µL 10X PCR buffer

5 µL HD-1 (from 20 µM stock)
5 µL HD-3 (from 20 µM stock)
5 µL Each dNTP (dATP, dCTP, dGTP, and dTTP from 10 mM stock)

168 µL Molecular biology grade water
25 µL Dimetryl Sulfoxide (DMSO)

2 µL Taq polymerase (5 U/µL)

DRPLA
25 µL 10X PCR buffer

5 µL DRPLA-F (from 20 µM stock)
5 µL DRPLA-R (from 20 µM stock)
5 µL Each dNTP ( dATP, dCTP, dGTP, and dTTP from 10 mM stock)

180.5 µL Molecular biology grade water
12.5 µL DMSO

2 µL Taq polymerase (5 U/µL)

2. 1 µL (50–100ng) genomic DNA was added to each 24 µL 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 µL 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 µL 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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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 µm.

2. 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 10–6 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.

3. 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/cm2. The acceleration voltage was set between 25000–30000 volts (V).
The pressure of the chamber of the mass spectrometer was 1.5 × 10–7 Torr. New calibration
is needed whenever the acceleration voltage was changed. We typically used insulin and
myoglobin mixed with the sample for internal calibration.

4. 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 µsec.

Fig. 2. A typical needle-shaped crystalline sample with 3-HPA matrix.
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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 5). 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.

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.
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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, IT15, 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 IT15 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 IT15 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 Hind III (Invitrogen, # 15612013).

2.2. Fluorescence PCR

1. AmpliTaq DNA polymerase; 10X PCR Buffer II; 25 mM MgCl2 (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 µL 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 µg 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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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).

3. Based on the size of the DNA pellet, add 300–500 µL of Hydration Solution for a concen-
tration of about 1 µg/µL.

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

3.2. Fluorescence PCR

1. 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).

2. Thaw reagents on ice and vortex each well before using. In subdued lighting, set up the
following 15 µL reaction adding each in the following order. 1 µM each of the forward
and reverse primer; 1.5 µL 10X PCR buffer II; 2.4 µL 1.25 mM dNTP stock; 1.5 µL
25 mM MgCl2; sterile dH2O (amount needed to bring volume to 15 µL); 1.5 µL DMSO
and 1 U Taq DNA polymerase (dilute 5 U/µL stock 1:5 with 10X PCR buffer minus Mg)
add 1 µg of patient DNA (see Notes 4–7) and immediately place in 94°C preheated
DNA thermal cycler.

3. 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, 45 s

1 cycle Final Extension 72°C, 10 min
4. Store reaction tubes protected from light and at –20°C.

3.3. 5% Denaturing Polyacrylamide Gel

1. Rinse both glass plates with warm water. In a squirt bottle, dissolve Alconox in warm
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 dH2O. Securely position plates in
horizontal position to air dry.

2. Mount the clean plates in the gel cassette as described by the manufacturer.
3. Prepare the gel solution in the gel pack as described by the manufacturer.
4. 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.
5. 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).

6. 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 µL 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 µL of the
TAMRA/Blue Dextran dye solution and 4 µL of the freshly prepared formamide, mix well
and quick spin. Add 1 µL 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 µL 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 IT15 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-µL 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 µL 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 µL 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 dH2O; 10X buffer II; dNTP; MgCl2, dimethyl sulfoxide (DMSO), and
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Taq 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.

8. 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.

9. 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 HCl, warm water, 3 M NaOH, warm water and
followed by dH2O and air drying.

10. 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.

11. 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
dH2O. 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 dH2O. With the gel apparatus at an
angle and facing downward, position the dH2O- filled pipet tip into each well to expel the
dH2O. Use a Kimwipe to remove resulting debris. Wells must be thoroughly cleaned
before loading.

12. 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 dH2O. 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.

13. 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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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.

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)
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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.



112 Muralidharan and Zhang

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. TKM1: 10 mM Tris-HCl, pH 7.6. 10 mM KCl, 10 mMMgCl2, 2 mM EDTA, and 2.5%
Nonidet P-40.
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2. TKM2: 10 mM Tris-HCl, pH 7.6. 10 mM KCl, 10 mMMgCl2, 2 mM EDTA, 0.4 M NaCl,
0.05% sodium dodecyl sulfate (SDS).

3. 6 M NaCl in water.
4. Absolute Ethanol.

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.
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2.2. PCR Amplification

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/ µL
in water are used.

3. Taq DNA polymerase (5 U/ µL) (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)

1. Collect whole blood in a Vacutainer tube (purple-stopper) containing EDTA as anticoagulant.
2. Transfer 5 mL of blood into a 15-mL centrifuge tube and add 5 mL of TKM1. Mix well.
3. Centrifuge at 1200–1500g for 10 min at room temperature in a tabletop centrifuge.
4. Slowly pour off the supernatant and save the nuclear pellet
5. Wash the pellet in 5 mL of TKM1 buffer and centrifuge as in step 3.
6. 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 NaCl to the tube and mix well.

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 Q188R, 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
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8. Centrifuge at 1200–1500g for 10 min.
9. 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.
10. Rinse DNA precipitate in 70% ethanol. Air dry.
11. Suspend DNA in 10 mM Tris-HCl, 1 mM EDTA, and pH 8.0.

3.2. Multiplex PCR

1. For each assay, include water blank, positive and negative controls.
2. Each PCR reaction has a final volume of 50 µL. Each reaction contains

8.0 µL dNTP with DIG UTP, 5 µL 10XPCR buffer, 5 µL of MgCl2 (10 mM stock), 1.5 µL
each of the three forward and three reverse primers, 5 µL of DNA (concentration of
30 ng/µL) and 0.25 µL Taq polymerase. Water is added to bring the total volume to 50 µL.

3. 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.

3.3. Allele Specific Hybridization and ELISA

1. Alkali denaturation of PCR products: Add 3 µL of denaturation buffer from the PCR
ELISA Detection kit to 3 µL of PCR product. Incubate at room temperature for 10 min.
Add 19 µL of ddH2O to each tube.

2. Stock probe solutions are prepared according to the concentrations given in Table 3

(see Note 2c).
3. Prepare hybridization probe. Each sample requires 2 µL of probe stock mixed with 28 µL

of hybridization buffer.
4. Each hybridization reaction consists of 150 µL of hybridization solution mixed with

30 µL of the above probe solution and 20 µL 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.

Table 2
Oligonucleotides for Hybridizationa

Probe name Sequence 5'→3' Allele

Q188RN3 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 ACA ACC T K285 (normal)
K285NM TCT TGA CCA ATT ATG ACA ACC T N285 (mutant)

aOligonucleotides 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.
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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 37ºC. The temperature is allowed to drop to 37ºC. 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 µL of wash solution to
each well and shaking out the solution. This is repeated three times.

7. Add 200 µL of anti-DIG-antibody working stock solution to each well. Incubate in a water-
bath at 37°C with shaking (see Note 2e).

8. Wash three times as in step 6.
9. Add 200 µL 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.

Table 3
Hybridization Probes

Biotin-labeled probe Blocking Oligonucleotide Blocking Oligo
Allele detected (0.75 pico mole) (unlabeled) (pico mole)

Q188 (normal) BQ188RN3 Q188RM3 0.19
R188 (mutant) BQ188RM3 Q188RN3 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
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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.

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

c. 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.

d. Temperature is a critical component of hybridization. Check temperature of the water
bath using an external thermometer and adjust temperature settings if necessary.

e. 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.

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.
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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 (1). 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), hMLH1 (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
MECP2, 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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(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
MECP2 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.

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.
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2. Materials

2.1. DNA Extraction from Whole Blood

1. Puregene DNA isolation kit (Gentra Systems Inc.).
2. Isopropanol.
3. 70% Ethanol.

2.2. PCR Amplification and Agarose Gel Electrophoresis

1. Taq DNA polymerase.
2. 10X PCR buffer: 500 mM KCl, 200 mM Tris-HCl, pH 8.4, 15 mM MgCl2 .
3. 2.5 mM PCR grade dideoxynucleotide triphosphate (dNTP) mix.
4. Oligonucleotide primers (Tables 1 and 2), 6.25 µM.
5. Agarose.
6. 10X TBE buffer: 890 mM Tris-borate, 20 mM EDTA.
7. 6X gel loading buffer: 0.25% bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll.
8. 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. Ion 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.).

2.4. Direct Sequencing Analysis

1. QIAquick PCR purification kit (Qiagen).
2. Ethanol.
3. BigDye Terminator Cycle Sequencing Ready Reaction kit (ABI).
4. Sequencing buffer: 80 mM Tris-HCl, pH 8.7, 2 mM MgCl2.
5. Oligonucleotide primers (Table 2), 3.2 µM.
6. AGTC Gel Filtration Cartridge (Edge BioSystems).
7. Sequencing analysis: 3700 DNA analyzer (ABI) and Sequencing analysis version 3.6.1

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

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/µL. 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 AAA TAG CCT AG 55–64% 59°C
EX2 REV TTA TAT GGC ACA GTT TGG CA

3 EX3 FWD AGG ACA TCA AGA TCT GAG TG 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 CGC TCT GCC CTA TCT CTG 61–70%, 57–66% 61°C, 64°C
EX4A-REV ACA GAT CGG ATA GAA GAC TC 55–64% 66°C

4(B) EX4B-FWD CCA CCC AGG TCA TGG TGA TC 58–67%, 56–65% 64°C, 65°C
EX4B-REV1 TGA GTG GTG GTG ATG GTG GT

4(C/D) EX4C-FWD GGA AAG GAC TGA AGA CCT GT 58–67%, 57–66% 65°C, 66°C
EX4D-REV GCT CTC CCT CCC CTC GGT GT

4(E) EX4E-FWD GGA GAA GAT GCC CAG AGG AG 57–66%, 57–66% 58°C, 60°C
EX4E-REV CGG TAA GAA AAA CAT CCC CA 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 AGG TTA C

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 GAC TC
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 Amplification

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 µL reaction volumes containing 100 ng genomic DNA,
1X PCR buffer, 0.2 mM dNTP, 0.25 µM 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 µg/100 mL ethidium bromide. A mixture of 5 µL
PCR product and 1 µL 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 µL for exon 3 and 4A fragments, 10 µL 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.

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

3. Two microliters of each purified PCR product is used as sequencing template in a final
reaction volume of 20 µL containing 3.2 pmol primer and 0.5X BigDye Ready Reaction
buffer (1:1 of BigDye Terminator Ready Reaction:sequencing buffer).

4. 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.

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

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

7. 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.

2. 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.

3. 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.

4. 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-FWD2 (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 MECP2 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 TSC1 and TSC2 gene analysis in tuberous sclerosis patients (36).

Fig. 2. (opposite page) Illustration of representative DHPLC and direct sequencing data for
a MECP2 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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10. 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).

11. 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.

12. 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 β-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 GM2 ganglio-
side appropriately but do not metabolize the artificial substrate 4-methylumbelliferone
(4MUG) 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,
+TATC1278, 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.
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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

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.
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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 +TATC1278 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 MgCl2 PCR buffer: 500 mM KCl, 15 mM MgCl2, 100 mM Tris-HCl, pH 8.8
(Perkin Elmer, Foster City, CA, USA). Store at –20°C in a non-frost free freezer.

3. AmpliTaq® DNA polymerase, 5 U/ µL, (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), 1XTBE 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.
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Table 1
List of Primer Sequences for Tay-Sachs ASA Assaya

Primer specific Final
Mutation Primer to mutant or concentrationin
site name normal allele Primer sequence 25 µL reaction

+TATC1278 2659 U29M Mutant allele 5' HEX CTG CCC CCT CGT ACC TGA ACC GTG TAT CT 3'   4 pmoles
(Exon 11) 2659 U30N 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 2915 L24M 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 AAC CCT TAC 3'   6 pmoles

2779 U25 5' AGT TAC CCC ACC ATC ACC AGA CTG T 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 GGA TAC CTC A 3' 18 pmoles
(Exon 7) 1666 L31NA Normal allele 5' 6-FAM TGT CAA ACT CTG CAA GCA CAC AGA TAC TCC G 3' 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

aPrimers 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 µL of 50 mg/mL blue dextran (Sigma Chemical, St. Louis, MO,
USA), 20 µL 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/µL.

3.2. PCR

1. The reagents for each 25 µL Tay Sachs ASA assay reaction are as follows:

17.94 µL ddH2O
2.5 µL 10X 1.5 MgCl2 buffer
0.05 µL each dNTP (dATP, dCTP, dTTP, dGTP), 100 mM concentrations

(200 µM dNTPs final concentration)
0.08 µL primer 2659U29M, 50 pmoles/µL (  4 pmoles total/ 25 µL reaction)
0.06 µL primer 2659U30N, 50 pmoles/µL (  3 pmoles total/ 25 µL reaction)
0.08 µL primer 2729L26, 50 pmoles/µL (  4 pmoles total/ 25 µL reaction)
0.12 µL primer 2915L24M, 50 pmoles/µL (  6 pmoles total/ 25 µL reaction)
0.12 µL primer 2915L24N, 50 pmoles/µL (  6 pmoles total/ 25 µL reaction)
0.12 µL primer 2779U25, 50 pmoles/µL (  6 pmoles total/ 25 µL reaction)
0.20 µL primer 1726L30M, 50 pmoles/µL (10 pmoles total/ 25 µL reaction)
0.14 µL primer 1726L30NA, 50 pmoles/µL (  7 pmoles total/ 25 µL reaction)
0.10 µL primer 1660L25MA, 50 pmoles/µL (  5 pmoles total/ 25 µL reaction)
0.14 µL primer 1660L27N , 50 pmoles/µL (  7 pmoles total/ 25 µL reaction)
0.36 µL primer 1666L31M, 50 pmoles/µL (18 pmoles total/ 25 µL reaction)
0.20 µL primer 1666L31NA, 50 pmoles/µL (10 pmoles total/ 25 µL reaction)
0.24 µL primer 1559U29B, 50 pmoles/µL (12 pmoles total/ 25 µL reaction)
0.4 µL Taq polymerase (5 U/µL)
2.0 µL 100 ng genomic DNA plus ddH2O to bring volume to 2.0 µL

25.0 µL 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 ddH2O, 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 µL Tay Sachs ASA kit
0.4 µL Taq polymerase
2.0 µL 100 ng genomic DNA plus ddH2O to bring volume to 2.0 µL

25.0 µL

3. 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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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.

Table 2
Preparation of PCR Kit for Tay Sachs ASA Reactionsa

    Reagents for 100 Tay Sachs ASA reactions Volume (µL)

    DdH2O 1794
    10X PCR buffer, containing 1.5 mM MgCl2 250
    dNTPs: use 100 mM stocks of dNTPs

dATP 5
dCTP 5
dTTP 5
dGTP 5

Primers Stock concentration Volume (µL)

2659 U29M 50 pmole/µL 8
2659 U30N 50 pmole/µL 6
2729 L26 50 pmole/µL 8

2915 L24M 50 pmole/µL 12
2915 L24N 50 pmole/µL 12
2779 U25 50 pmole/µL 12

1726 L30M 50 pmole/µL 20
1726 L30NA 50 pmole/µL 14

1660 L25MA 50 pmole/µL 10
1660 L27N 50 pmole/µL 14

1666 L31M 50 pmole/µL 36
1666 L31NA 50 pmole/µL 20

1559 U29B 50 pmole/µL 24

Total = 2260 µL
Number of reactions = 100

aReagents 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.
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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.

4. Mix 50 mL 6% polyacrylamide gel solution with 250 µL 10% APS and 35 µL 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.

5. 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.

6. Set up the ABI GeneScan run with the following specifications:

a. Scan approx 900–2000.
b. Run 1 h, 1.2 kV, 60 mA, 200W.
c. Matrix: matrix appropriate for dye set containing 6-FAM, HEX, and ROX dyes.
d. Filter set: B.
e. Pre-run: 15 min, or until gel temperature reaches 51°C.

7. Prepare the PCR samples by diluting 1:1 with 1X TBE.
8. Combine the following in a 0.5 mL eppendorf tube for each sample:

1.0 µL diluted PCR product
0.5 µL TAMRA 2500 standard (ABI)
3.5 µL denaturing loading buffer

5.0 µL total

9. Prior to loading samples, denature the mix above at 95°C for 5 min and snap-freeze on ice.
10. Load 2 µL of the mix onto the prepared and pre-run gel on the ABI GeneScan apparatus.

3.4. Analysis of Results

1. After the gel run is complete, the data for each lane should be printed with peak size and
peak heights.

2. 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
+TATC1278 mutation will show a yellow/black (HEX dye) peak of 100 bp corresponding
to the +TATC1278 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.

3. Examples of results expected for normal samples and carriers of the +TATC1278 mutation
are shown in Figs. 2 and 3.

4. 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.

5. 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. Peak heights should be at least 500 U and less than 4000 U for all peaks seen.
2. 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 Genea

Mutation Normal (++) Carrier (+/M)

 +TATC1278 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

aResults 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 +TATC1278 mutation and the 745C>T
(R249W) pseudodeficiency allele. The size differences are due to a 4 bp insertion in the case of the
+TATC1278 mutation, and differences in lengths of the normal and mutant primers in the case of the
745C>T (R257W) allele.

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).
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2. 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.

3. 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.

4. 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.

5. 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.

6. 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.

Fig. 3. Example of Tay Sachs ASA assay results for a carrier of the +TATC1278 mutation. The
normal allele at the +TATC1278 site is indicated by a blue peak of 96 bp, while the mutant
+TATC1278 allele is indicated by the black peak of 101 bp. Note that the size difference
between normal and mutant +TATC1278 alleles is due the presence of the 4 bp insertion mutation.
(See color plate 4 appearing in the insert following p. 82)
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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 +TATC1278 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.

8. 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 Ion 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 (3–8). 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 α1A-subunit of the P/Q-type calcium channel gene, CACNA1A, and the
skeletal muscle α1-subunit of the sodium channel gene, SCN4A, consist of 47 and 24
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exons, respectively (12,13). Mutations in the CACNA1A 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 CACNA1A 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 is technically easy and can be used to efficiently
screen large numbers of samples.
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2. Materials

2.1. SSCP Analysis

2.1.1. Primer Design

1. Primer designing software available (see Website: http://www-genome.wi.mit.edu/
cgi-bin/primer/primer3www.cgi).

2.1.2. Optimization of PCR Amplification Conditions

1. Genomic DNA (100 ng/µL).
2. Taq DNA polymerase (Boehringer Mannheim), 5U/µL. Store at –20°C (not in a frost-free

freezer).
3. 10 X PCR buffer with varying Mg2+ concentrations: 100 mM Tris-HCl, pH 8.3, 500 mM

KCl, 10, 15, or 20 mM MgCl2, 100 µg/mL BSA, 2.0 mM of each dNTP (Amersham
Pharmacia).

4. Intronic oligonucleotide primers; 17 µM.
5. Agarose (molecular biology grade).
6. 10X TBE buffer: 890 mM Tris-boric acid, 25 mM EDTA.
7. 6X loading buffer: 0.25% bromophenol blue, 30% glycerol in TE (10 mM Tris-HCl, 1 mM

EDTA, pH 8.0).
8. Ethidium bromide (10 mg/mL). This fluorescent chemical is light-sensitive. It is a mutagen

and may be carcinogenic and/or teratogenic, therefore, it should be handled wearing gloves
and ethidium bromide-containing solutions should be disposed of appropriately.

2.1.3. Radiolabeling PCR Products for SSCP Analysis

1. Genomic DNA (100 ng/µL).
2. Taq DNA polymerase (Boehringer Mannheim), 5 U/µL. Store at –20°C (not in a frost-

free freezer).
3. 10 X PCR buffer (low dCTP): 100 mM Tris-HCl, pH 8.3, 500 mM KCl, 10, 15, or 20 mM

MgCl2, 100 µg/mL BSA, 2.0 mM of each dGTP, dATP, dTTP, and 4 µM dCTP (Amersham
Pharmacia).

4. Intronic oligonucleotide primers; 17 µM.
5. [α-32P]-dCTP (10 mCi/mL or 3000 Ci/mmol).

2.1.4. Polyacrylamide Gel Electrophoresis (SSCP Analysis)

1. Loading dye: 98% formamide, 10 mM EDTA, 0.1% bromophenol blue, 0.1% xylene
cyanol FF.

2. Running buffer: 0.5X TBE at 4°C.
3. SSCP gel: a nondenaturing gel (55 cm × 30 cm) consisting of 7.5% acrylamide (49:1

acrylamide:bisacrylamide) and 0.5 X TBE at 4°C.
4. 40% stock acrylamide with 2% crosslinker (bisacrylamide). Acrylamide is light-sensitive

and a neurotoxin. It should be handled with appropriate protective gear. The powder is
preferably weighed out in a fumehood, wearing a face mask, gloves, and eye protection.

5. Nalgene green collar filter (CN, 0.2 µm diameter pore size).
6. 10X TBE buffer: 890 mM Tris-boric acid, 25 mM EDTA.
7. 10% APS (1.0 g ammonium persulphate in 10 mL deionized distilled (dd) H2O, stored

at 4°C).
8. TEMED.
9.  Electrophoresis and gel apparatus: glass plates (55 cm × 30 cm), 0.40 mm spacers, shark’s

tooth comb.
10. X-ray film (AGFA Curix Ortho HT-G Ecopac).
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2.2. DNA Sequencing

2.2.1. DNA Template Preparation

1. Exonuclease I (USB), 10 U/µL. Store at –20°C (not in a frost-free freezer).
2. Shrimp alkaline phosphatase (Roche Diagnostics GmbH), 1 U/µL. Store at –20°C (not in

a frost-free freezer).

2.2.2. Polyacrylamide Gel Electrophoresis (DNA Sequencing)

1. Thermo Sequenase Radiolabeled Terminator Cycle Sequencing Kit (USB Corp).
2. Radiolabeled dideoxy-terminators: [α-33P]-ddNTPs (450µCi/mL).
3. The primers that are used for PCR amplification can be used for DNA sequencing (see

Subheading 2.1.1.).
4. DNA sequencing gel: 6% acrylamide gel (SequaGel-6, National Diagnostics, Atlanta,

GA, USA).
5. 10% APS.
6. DNA sequencing electrophoresis and gel apparatus: glass plates (55 cm × 30 cm), 0.40 mm

spacers, shark’s tooth comb.
7. X-ray film (AGFA Curix Ortho HT-G Ecopac).

3. Methods

3.1. SSCP Analysis

3.1.1. Primer Design

1. Primers are designed within the intronic sequence flanking each exon (see Notes 1–3).
2. 50% GC content, at least 20 nucleotides in length.

3.1.2. Optimization of PCR Amplification Conditions

1. Dilute genomic DNA samples to 100 ng/µL in 10 mM Tris-HCl, pH 8.3. Analyze both
affected and unaffected individuals simultaneously.

2. Use control genomic DNA to optimize PCR conditions for each primer set by varying the
magnesium concentration present in the buffer and the annealing temperature used during
thermocycling (see Note 4).

3. To ensure that the genomic DNA concentrations between samples are similar, amplify all
samples with an optimized primer set in the absence of [α-32P]-dCTP and visualize the
intensity of the PCR products on an agarose gel (see Note 5).

4a. For a single sample, set up a 50.0 µL reaction by adding the following reagents in this
order: 38.0 µL dd H2O, 5 µL 10X PCR buffer, 2.0 µL forward primer, 2.0 µL reverse
primer, 1.0 µL Taq DNA polymerase, 2.0 µL genomic DNA sample.

4b. For multiple samples prepare a master mix of the aforementioned reaction by multiplying
the volumes of the individual components, excluding the genomic DNA, by the number of
samples plus one (n + 1). Mix well and aliquot 48.0 µL of the master mix into separate
tubes containing 2.0 µL of each genomic DNA sample.

5. PCR is performed using the following parameters and an MJ Research Tetrad Model PTC-
225 Thermocycler:

Initial Denaturation 94°C, 2 min
30 cycles 94°C, 45 s denaturation

X°C, 45 s optimized annealing temperature
72°C, 45 s extension

Final primer extension 72°C, 10 min
End 4°C, hold
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6. 2 µL of 6 X loading buffer is added to 10 µL of each PCR product and loaded onto a 1.2 %
agarose gel. Electrophoresis is performed at constant voltage of 100 V in 1X TBE buffer.
Visualize band intensities and adjust the stock (100 ng/µL) genomic DNA concentrations
accordingly.

7. To prepare a 1.2 % agarose gel: weigh 1.2 g agarose in an erlenmyer flask. Add 10 mL of
10X TBE and 90 mL of dd H2O to the flask and heat in a microwave for 2 min on high or
until all of the agarose is melted. Bring the final volume to 100 mL by adding dd H2O if
necessary. Add 5 µL of ethidium bromide, stir, and pour into gel casting apparatus.

3.1.3. Radiolabeling PCR Products for SSCP Analysis

1a. For a single sample, set up a 50 µL reaction by adding the following reagents in this order:
37.9 µL dd H2O, 5 µL 10X PCR buffer (low dCTP), 2.0 µL forward primer, 2.0 µL
reverse primer, 0.1 µL [α-32P]-dCTP, 1.0 µL Taq DNA polymerase, 2.0 µL genomic DNA
sample (see Note 6).

1b. For multiple samples prepare a master mix of the above reaction by multiplying the vol-
umes of the individual components, excluding the genomic DNA, by the number of
samples plus one (n + 1). Mix well and aliquot 48.0 µL of the master mix into separate
tubes (or wells) containing 2.0 µL of each genomic DNA sample.

2. PCR is performed using the same parameters as in Subheading 3.1.2, step 5.

3.1.4. Polyacrylamide Gel Electrophoresis (SSCP Analysis)

1. To make 40% stock acrylamide with 2% crosslinker (bisacrylamide 2 g/100 mL) weigh
out 490 g acrylamide and 10 g bisacrylamide into a 2 L beaker. Add dd H2O to 1250 mL
and stir for 60 min or until dissolved. Filter solution using Nalgene green collar filter and
store in a dark bottle at 4°C.

2. To make an SSCP gel, pipette the following solutions into a 100 mL erlenmyer flask:
20.6 mL 40% stock acrylamide with 2 % crosslinker, 82.7 mL dd H2O, 5.5 mL 10X TBE,
1.2 mL 10 % APS, and 35.0 µL TEMED. Swirl the solution and pour onto glass plates.

3. After the gel has polymerized at room temperature, transfer it to a cold room (4°C).
4. Dilute each radiolabeled 50 µL PCR product with 10 µL loading dye.
5. Heat denature samples at 95°C for 5 min, immediately place samples on ice, and sub-

sequently load a 4 µL aliquot of each denatured PCR product onto a nondenaturing
gel (55 cm × 30 cm) consisting of 7.5% acrylamide (49:1 acrylamide:bisacrylamide)
and 0.5X TBE.

6. Pre-cool running buffer and gel to 4°C (see Note 7).
7. Perform gel electrophoresis at 4°C (preferably in a cold room) and at 50 W.
8. Transfer gel to filter paper and expose to X-ray film at –80°C overnight.
9. Detect abnormally migrating conformers by visual inspection of the autoradiograph

(see Note 8).

3.2. DNA Sequencing

3.2.1. DNA Template Preparation

1a. To sequence only the mutant allele, excise the aberrantly migrating conformer from the
SSCP gel using a razor blade by lining up the autoradiograph with the actual gel. Place the
gel slice into a 1.5 mL eppendorf tube containing 200 µL of 10 mM Tris-HCl, pH 8.3.
Carefully remove any filter paper from the gel slice, vortex, and freeze/thaw twice. Use
5 µL of this mixture as the DNA template for PCR amplification (see Subheading 3.1.2,
step 4a). Proceed to step 2 or (see Note 9).

1b. To sequence both alleles simultaneously, exons containing aberrantly migrating conformers
are amplified from genomic DNA without radionucleotides (see Subheading 3.1.2, step 4a).
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2. To 5–10 µL of PCR product add 1 µL of exonuclease I and 1 µL of shrimp alkaline
phosphatase and adjust the final volume to at least 10 µL with dd H2O if necessary (see

Note 10).
3. Incubate samples at 37°C for 20 min followed by an incubation at 70°C for 10 min.
4. Proceed to DNA sequencing reaction.

3.2.2. Polyacrylamide Gel Electrophoresis (DNA Sequencing)

1. DNA sequence analysis of the treated PCR products is then performed manually using the
Thermo Sequenase Radiolabeled Terminator Cycle Sequencing Kit (USB Corp) accord-
ing to the manufacturer’s recommended conditions (see Note 11).

2. Denatured sequencing reactions are immediately loaded and electrophoresed (constant
power at 90 watts) through a 6% acrylamide gel in 1X TBE buffer.

3. To make the DNA sequencing gel: add 1.2 mL 10% APS to 100 mL SequaGel-6 in a
100-mL erlenmyer flask. Swirl the solution and pour onto DNA sequencing gel apparatus.

4. Gels are transferred onto filter paper and dried for 2 h at 80°C.
5. Sequencing gels are exposed to X-ray film for 18 h at –80°C, and autoradiographs are

examined for sequence changes (see Notes 12 and 13).

4. Notes

4.1. SSCP Analysis

4.1.1. Primer Design

1. Primers should be designed at a distance from the intron/exon boundary in order to visu-
alize the entire intron/exon splice sites during DNA sequence analysis. As a general rule,
primers are designed at least 20 nucleotides away from the intron/exon boundaries.

2. In general, neither primer should be highly similar to DNA repeats. Many primer-design-
ing programs will test whether or not the primer falls within a repeated sequence of DNA
(see Website: http://www-genome.wi.mit.edu/cgi-bin/primer/primer3www.cgi).

3. In cases where the intronic sequence of the candidate gene is not available, primers must
be designed based on the cDNA sequence of that gene.

4.1.2. Optimization of PCR Amplification Conditions

4. A single DNA fragment observed on an agarose gel must be obtained before proceeding to
SSCP analysis. In some cases a single PCR product may never be achieved; therefore, a
different set of primers will be required.

5. Genomic DNA concentrations should be adjusted to obtain equivalent PCR product load-
ing among samples.

4.1.3. Radiolabeling PCR Products for SSCP Analysis

6. For SSCP analysis, incorporation of 32P radioactive nucleotides within the PCR product was
found to increase the resolution and reduce the number of artifacts compared to the use of
end-labeled oligonucleotide primers or 35S-dATP incorporation (reviewed in ref. [27]).

4.1.4. Polyacrylamide Gel Electrophoresis (SSCP Analysis)

7. Both the gel and the buffer should be cooled to 4°C before running samples, in order to
prevent the gel from heating and thereby providing enough energy to alter the three
dimensional conformation and the migration pattern of the conformer.

8. Aberrantly migrating conformers may be very obvious or very subtle. The bands with
altered mobility may be bright and sharp or faint and blurry. They may be well-separated
from the normally migrating bands or they may be close in proximity and appear as a blur.
All alterations, clear or subtle, should be investigated for a mutation. Sample autoradio-
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graphs of SSCP analysis of the CACNA1A gene are shown in Fig. 1. More subtle changes
may be detected by using different electrophoresis conditions. The use of normal controls,
nondenatured controls, and positive controls when available are extremely helpful for
interpretation of band patterns.

4.2. DNA Sequencing

4.2.1. DNA Template Preparation

9. Isolating the aberrantly migrating conformer from the SSCP gel to use as DNA template
for PCR amplification of the exon and subsequent direct DNA sequencing allows only the
mutant allele to be sequenced. This approach is advantageous since deciphering the mutant
DNA sequence is much easier in the absence of the normal allele. If the aberrantly migrat-
ing conformer cannot be isolated from the SSCP gel then the exon can be PCR amplified
using genomic DNA. This method is slightly faster than the previous approach and is
suitable for identifying simple sequence changes since both the mutant and normal alleles
are sequenced simultaneously.

10. Exonuclease I and SAP treatment without PCR product purification can only be done
using PCR products optimized as a single band on an agarose gel. Exonuclease I and SAP
treatment degrade single-stranded DNA and dephosphorylate the ends of DNA molecules,
respectively. These enzymes are used to eliminate the presence of unwanted PCR primers
from the PCR products so that the amplification primers cannot interfere with the DNA
sequencing reaction.

4.2.2. Polyacrylamide Gel Electrophoresis (DNA Sequencing)

11. Using end-labeled terminators instead of end-labeled primers increases the signal to noise
ratio (decreases the presence of background bands) during DNA sequencing analysis.

12. DNA sequencing of PCR products derived directly from the amplification of genomic
DNA will demonstrate heterozygosity at the position of the mutation; displaying both a
wild-type and a mutant allele in the case of an autosomal dominant disorder.

Fig. 1. SSCP analysis of the CACNA1A gene illustrating the detection of mutations by the
presence of a subtle change in conformer gel mobility (arrows), panel (A) lane 2, and an obvious
shift in gel mobility (arrows), panel (B) lane 6, compared to normally migrating conformers.
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13. DNA sequencing of an aberrantly migrating conformer that has been excised from the SSCP
gel will not demonstrate heterozygosity at any base, including the site of the mutation.
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Pulse Field Gel Electrophoresis
for the Detection of Facioscapulohumeral
Muscular Dystrophy Gene Rearrangements

Luciano Felicetti and Giuliana Galluzzi

1. Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant
myopathy with a frequency of 1 in 20,000 and a penetrance of 95% by the age of 20. It
affects specific muscle groups (facial, upper girdle, upper arm, pelvic girdle, and foot
extensor) and displays a variety of phenotypic expression, ranging from almost asymp-
tomatic forms to more severe wheelchair-bound cases. Linkage and physical mapping
strategies have identified a polymorphic EcoRI locus on human chromosome 4q35 (1)

that is composed of a variable number of 3.3 kb KpnI tandem repeat units (D4Z4) and
appears to be tightly linked to FSHD. In normal subjects the p13E-11 EcoRI fragment
containing the KpnI repeats varies in size between 50 and 300 kb, while in sporadic and
familial cases of FSHD the disease cosegregates with a fragment widely below this
range, i.e., between 10 and 34 kb (2–7). It has been demonstrated that the 4q35 rear-
rangement involves the deletion of an integral number of 3.3 kb repeat units (8). In the
human genome the 3.3 kb repeats are present on several chromosomes other than 4q,
specifically the short arms of acrocentric chromosomes, 1q12 and 10qter, as shown by
in situ hybridization experiments (9,10). The spreading of KpnI repeat sequences on
human chromosomes generates artifacts in the interpretation of DNA analysis in nor-
mal subjects and FSHD patients, because multiple EcoRI fragments are observed after
hybridization with p13E-11 probe and time-consumimg linkage analysis with 4q35
and 10qter markers is required to assign the chromosomal origin of the alleles (5,11).
We found that the 10qter locus shows a high degree of homology with the 4q35 locus
as shown by restriction mapping and in situ hybridization experiments (12). However
restriction site differences between the two loci can be exploited for cleaving the inter-
fering 10qter alleles: double digestion of genomic DNA with EcoRI and BlnI resulted
in a marked improvement of molecular diagnosis and genetic counseling for the dis-
ease (13) (Fig. 1). When the 10qter sequences are compared with the homologous 4q35
sequences published by other laboratories (14,15) the degree of homology ranges
between 98% and 100%; this facilitates interchromosomal exchanges resulting in the
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Fig. 1. Restriction sites and probes of the EcoRI polymorphic fragments derived from 4qter
and 10qter loci. The restriction map has been originally constructed by using phage clones
derived from FSH patients carrying short fragments of different chromosomal origin and has
been confirmed by extended studies on genomic DNA. Additional polymorphisms at the EcoRI
and Tru9I sites are very rare.

E, EcoRI; Bl, BlnI; T, Tru9I. The bars refer to the single copy probe p13E-11 (closed) and
cloned KpnI sequences (open).

Fig. 2. Variations of the number and size of p13E-11 BlnI-resistant alleles as an effect of
inter chromosomal 4q-10q exchanges and other DNA rearrangements. The subtelomeric
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Fig. 2. (continued) regions of 4q and 10q chromosomes have been magnified: the closed
symbol refers to 4q BlnI-resistant repeats, the open symbol to 10q BlnI-sensitive epeats.
BlnIR: fragments resistant to BlnI digestion ( 4q-type). BlnIS : fragments sensitive to BlnI
digestion (10q-type). Trisomy and tetrasomy originate from transfer of the whole set of BlnI-
resistant repeats to one or both 10q chromosomes, respectively. Monosomy and nullisomy
are due to the insertion of BlnI-sensitive repeats between p13E-11 and BlnI-resistant repeats
of one or both 4q chromosomes, respectively. In these cases, size and distribution of BlnI-
resistant repeats can be monitored by hybridization with cloned KpnI repeats as a probe.
False disomy is due to a reciprocal translocation of BlnI-sensitive repeat array onto a 4q
chromosome and of BlnI-resistant repeat array onto a 10q chromosome. This particular con-
figuration is not distinguishable from the canonical pattern, unless studying segregation of
PFGE alleles through the family. Somatic mosaicism: the 4q chromosome marked with an
asterisk corresponds to a supernumerary 4q BlnI-resistant fragment present in a sub-popula-
tion of lymphocytes. A subject with a short extra fragment carries a de novo FSHD mutation:
he can be affected or unaffected, depending on the proportion of somatic cells involved in the
rearrangement.

reshuffling of 4q BlnI-resistant and 10q BlnI-sensitive repeats from one chromosome
to the other, with the appearance of hybrid chromosomes (16,17) (Fig. 2). These rear-
rangements may have implications for the accuracy of molecular diagnosis and genetic
counseling: a short 4q BlnI-sensitive fragment in a FSHD patient can be misinterpreted
as an allele of 10q origin, unrelated to the disease and viceversa a short 10q BlnI-
resistant fragment in an unaffected subject can be erroneously taken as an allele of 4q
origin that carries the mutation (nonpenetrant gene carrier). Although in 98% of FSHD
patients (18,19) molecular diagnosis is based on the presence of p13E-11 BlnI-resis-
tant fragments in the range 10–30 kb that are rarely involved in translocations, conven-
tional agarose gel electrophoresis does not clearly separate higher MW alleles in the
range 30–300 kb that represent the majority of p13E-11 alleles of 4qter and 10qter
origin and could play a role in the etiology of the disease. Taking into account these
considerations, we decided to use pulsed field gel electrophoresis (PFGE) as a routine
test for molecular diagnosis of 4q35 rearrangements in family members of FSHD fami-
lies, both sporadic and familial (Fig. 3). Other advantages of PFGE analysis are: 1) a
more accurate sizing of the smaller BlnI-resistant fragments implicated in the disease,
especially in the range 28 to 40 kb; 2) complete allele assignment to 4qter and 10qter in
family trees, without using other polymorphic markers (Fig. 4); 3) identification of
BlnI-resistant fragments wherever they are dislocated, using KpnI cloned sequences as
probe (Fig. 5). The use of Tru9I and Tru9I-BlnI are recommended to clear up the
hybridisation pattern of 4q and 10q alleles by cleaving fragments derived from other
chromosomes (17); 4) detection of somatic mosaicism in normal and affected individu-
als; 5) study of deletions of p13E-11 associated with removal of various lengths of
KpnI repeat array. Finally, being concerned about the poor quality of genomic DNA
extracted by the high salt procedure from frozen blood samples, we further modified
the PFGE procedure to minimize degradation of high molecular-weight DNA: density-
gradient purified leukocytes from venous blood (preferably fresh) were included into
agarose plugs and all the steps of DNA extraction and restriction with EcoRI, True 9I,
and BlnI were performed directly within the plugs.
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Fig. 3. Canonical pattern of 4q and 10q alleles in normal subjects. The size of alleles ranges
between 26 and 200 kb and their homogeneity is confirmed by hybridization with KpnI
sequences after Tru9I and Tru9I/BlnI digestions. It is worth noting that two individuals carry
fragments lower than 30 kb that disappear after BlnI digestion: this demonstrates that they
contain BlnI-sensitive sequences of 10q origin.

Fig. 4. Segregation of 4qter and 10qter alleles in FSHD families. All the patients carry an
EcoRI BlnI-resistant fragment ranging between 15 and 22 kb: after BlnI digestion the frag-
ment is reduced of 3 kb. The number of KpnI repeats spared by the deletion is approx three in
Fam. 91, two in Fam. 240, and five in Fam. 210. Segregation of 4q–10q alleles through the
family members can be easily followed. The affected mother in Fam. 240 is monosomic.
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2. Materials

2.1. Lymphocytes Isolation from Whole Blood

1. 10 mL of fresh peripheral blood in EDTA-tubes for each subject to be analyzed.
2. 1X PBS (Dulbecco’s Phosphate-Buffered Saline [PBS]) (Oxoid, Basingstoke, UK). Ster-

ilize by autoclaving.
3. Lympholyte-H (Cedarlane, Hornby, Ontario, Canada). Light-sensitive, store at 4°C.

2.2. Inclusion of Cells in Agarose Blocks

1. Low Melt Agarose, preparative grade (Bio-Rad, Hercules, CA, USA).
2. 1X PBS.
3. Insert moulds containing rectangular holes of 10 × 5 × 2 mm (Amerham Pharmacia

Biotech, Uppsala, Sweden). Moulds are stored in 0.1 M HCl.

2.3. DNA Isolation in Agarose Blocks

1.  Sarcosyl (Sigma, St. Louis, MO, USA).
2. Proteinase K (Roche, Mannheim, Germany).
3. 1000X Phenyl-methyl-sulphonyl-fluoride (PMSF) fresh stock solution: 40 mg/1 mL Etha-

nol 99% (Sigma). This solution is highly toxic by inhalation and in contact with skin. It
should be handled wearing lab coat, gloves, and eyes/face protection.

Fig 5. 4q–10q subtelomeric exchanges in FSHD patients.(A) Spurious monosomy in a patient
with a border line fragment (37 kb). After hybridization with KpnI sequences an additional 85
kb BlnI-resistant fragment appears: it derives from the 100 kb fragment. (B) Trisomy in a
patient with an FSHD fragment of 20 kb. (C) Nullisomy in a patient showing four p13E-11
bands after EcoRI digestion and none after BlnI digestion. After hybridization with KpnI
sequences, two BlnI-resistant fragments appear: the 50 kb fragment originates from the 80 kb
fragment; the shortest (24 kb) must derive from one of the smaller EcoRI alleles. Nullisomy is
due to partial translocations of 10q-type repeats on both 4q chromosomes: in this patient one of
the translocation events involves the FSHD fragment directly. The asterisk marks BlnI-sensi-
tive fragments probably deriving from other chromosomes and revealed by hybridization with
KpnI sequences only.
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4. TE 10/1 pH 8.0: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0, sterilized by autoclaving. 0.5 M
EDTA pH 8.0.

2.4. Restriction Endonuclease Digestion of DNA in Agarose Blocks

1. Restriction enzymes:

a. EcoRI (Roche)/ 10X buffer H: 50 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2, 1 mM

dithiothreitol (DTT), pH 7.5.
b. BlnI (Amersham Pharmacia Biotech, Buckingamshire, UK) / 10X buffer K: 200 mM

Tris-HCl, pH 8.5, 100 mM MgCl2, 10 mM DTT, 1 M KCl.
c. Tru9I (Roche)/10X buffer M: 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 mM MgCl2,

1 mM DTE.

2. 0.5 M EDTA pH 8.0.
3. Sterile bidistilled water.

2.5. Pulse Field Gel Electrophoresis

1. High strength analytical grade agarose (Bio-Rad).
2. 5X TBE: 54 g Tris base, 27.5 g boric acid, 3.72 g EDTA per liter.
3. Bidistilled water.
4. Ethidium bromide (Sigma) 10 mg/mL. This flourescent dye is stored at 4°C and is light-

sensitive. It is mutagen and may be carcinogenic. It should be handled wearing gloves and
solutions containing EtBr should be disposed of properly.

5. Low Melt Agarose, preparative grade (Bio-Rad).
6. 50 kb ladder: λ DNA can be ligated to produce a mixture of monomers, dimers, trimers,

etc. On PFGE these concatemers produce a ladder of bands, each successive rung corre-
sponding to a 50 kb increment.

7. DNA Molecular-weight Marker XV (Roche).

2.6. Southern Blot

1. Denaturing solution: 0.4 M NaOH, 0.6 M NaCl.
2. Nylon transfer membrane Hybond N+ (Amersham Pharmacia Biotech).
3. 0.2 M Tris-HCl, pH 7.5.
4. Whatman 3 MM chromatography paper.
5. Paper towels.
6. Bidistilled water.

2.7. Prehybridization and Hybridization

1. 20X SSC: 3 M NaCl, 0.3 M sodium citrate.
2. Deionized Formamide (Sigma).
3. Ficoll 400 (Amersham Pharmacia Biotech AB, Uppsala, Sweden); PVP Polyvinyl-

pirrolidone (BDH, Poole, UK); BSA-Bovine serum albumin (Sigma). Use a 100X stock
solution (Denhardt’s) containing 2% Ficoll, 2% PVP, and 2% bovine serum albumin (BSA).

4. Sonicated salmon sperm DNA, 2 mg/mL (Sigma).
5. Dextran sulfate sodium salt (Pharmacia Biotech AB).
6. Sodium dodecyl sulfate (SDS) (Lauryl Sulfate, Sigma).
7. Multiprime DNA labelling system (Amersham Pharmacia Biotech).
8. [ α-32P] dNTP (Amersham Pharmacia Biotech).
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2.8. Special Equipment: PFGE Apparatus

The apparatus can be constructed or purchased commercially. The protocol described
in methods was developed for use with Gene Navigator System (Amersham Pharmacia
Biotech AB) consisting of:

1. 1 (or 2) Gene Navigator electrophoresis unit: includes pump for buffer circulation, cool-
ing coil, safety lid with cable, insert moulds, gel staining tray, silicone tubing, hose con-
nectors, and hose clamps.

2. 1 Gene Navigator control unit. A controller for switching the electric field and program-
ming up to 9 run procedures.

3. Power supply for electrophoresis applications requiring a maximum of 600 V and 400 mA.
4. HEX electrode kit: it includes a Hexagonal electrode, gel supporting tray and gel casting

frame, and double combs 1- and 2-mm thick and preparative combs.
5. Thermostatic cooler circulating constant temperature liquid to external electrophoresis

equipment.

3. Methods

3.1. Lymphocytes Isolation from Whole Blood

1. Collect 10 mL of fresh blood into a tube containing EDTA as anticoagulant (see Note 1).
2. Dilute the blood by addition of an equal volume of 1X PBS.
3. Carefully layer 20 mL of the diluted blood over 10 mL of Lympholyte-H in a 50 mL

Falcon tube, at room temperature. Alternatively Lympholyte-H can be underlayered.
Avoid mixing of blood and separation fluid.

4. Centrifuge at 800g for 30 min at room temperature in a G8 swing-out rotor without brake.
5. After centrifugation the mononuclear cells form a distinct band at the sample/medium

interface. Remove the cells from the interface using a sterile Pasteur pipet, without col-
lecting any of the clear Ficoll layer.

6. Transfer the cells to a new Falcon tube and dilute with 1X PBS up to 30 mL.
7. Centrifuge at 500g for 5 min.
8. Rinse the pellet twice with 10 mL of 1X PBS.

3.2. Inclusion of Cells in Agarose Blocks

1. Resuspend the pellet gently in 10 mL of 1X PBS.
2. Count cells in one large square (i.e., 16 small squares) of a haemocytometer.
3. Spin down cells and resuspend the pellet in PBS to a homogeneous concentration of 2 × 106

per 50 µL. Avoid the formation of air bubbles.
4. Wash moulds thoroughly in distilled water, dry, and cover one side with a tape. Add equal

volume of 1% Low Melt Agarose in PBS (kept between 40–42°C) to the cell suspension.
Mix gently with a Pasteur pipet to ensure that the cells are evenly dispersed throughout the
agarose. Dispense the mixture immediately into moulds (precooled in ice). Place the
moulds in ice and allow to set for 20–30 min. Each plug has a standard volume of 100 µL
and contains 2 × 106 cells (i.e., if you resuspend 12 × 106 cells in 300 µL of PBS, and add
an equal volume of 1% Low Melting Agarose, you obtain a mixture of 600 µL to be
dispensed into 6 plugs: each of the plugs will contain 2 × 106 cells).

3.3. DNA Isolation in Agarose Blocks

1. Remove the tape. Using a bent Pasteur pipet, gently transfer the plugs to a Falcon tube
containing the extraction solution (0.5 M EDTA, 1% Sarcosyl, 1 mg/mL Proteinase K; at
least 1 mL per plug).
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2. Incubate at 50°C for 20–36 h, with gentle shaking.
3. Put the tube on ice for 5–10 min to allow blocks to set.
4. Discard the supernatant and put the blocks on a Petri dish: wash 15 min with TE pH 8.0.

Repeat washing 4 times (see Note 2).
5. Transfer the plugs in a new Falcon tube: add 1X PMSF solution (stock solution diluted up

to 40µg/mL with TE pH 8.0–1 mL/plug) and incubate at 50°C for 30 minutes with gentle
shaking (see Note 3).

6. Put the tube on ice for 5–10 min to allow blocks to set.
7. Discard PMSF solution and add TE, pH 8.0 (at least 1 mL per plug).
8. Repeat washing 4 times.
9. Store plugs in 0.5 M EDTA, pH 8.0, at 4°C until the subsequent steps: agarose plugs can

be stored in this solution for several years.

3.4. Restriction Endonuclease Digestion of DNA in Agarose Blocks

1. Pick up the plugs to be digested with a spatula and wash twice in sterile bidistilled water
for 20 min using Petri dishes.

2. Use 1/4 of plug (corresponding to 0.5 × 106 cells) for each DNA digestion. Cut slices on
a sterile surface using a sterile scalpel: unused parts can be stored again in 0.5 M EDTA,
pH 8.0.

3. Transfer each slice in a 2 mL microfuge tube and add water, appropriate restriction buffer
10X and 80–100 U of restriction enzyme added in three equal portions at 1-h intervals
(final volume 400 µL). Incubate overnight at the optimal temperature for each restriction
enzyme (37°C for EcoRI and BlnI; 50°C for Tru9I) (see Note 4).

4. When the DNA is to be digested with more than one restriction enzyme (i.e., EcoRI/BlnI
or Tru9I/BlnI double digestions), remove as much as possible of the first restriction
enzyme buffer from each tube and replace it with 1 mL of TE. Gently remove the TE and
replace with the appropriate second 10X restriction buffer, restriction enzyme, and water:
repeat the digestion as described in step 3.

5. After digestion, place on ice for 15–30 min. Remove all buffer and wash with sterile water
for 30 min at 4°C.

6. The slices may be either used directly or stored in 0.5 M EDTA, pH 8.0 at 4°C for
later use.

3.5. Pulse Field Gel Electrophoresis

1. For a 15 × 15 cm gel, dissolve 1.4 g of High Strength Analytical Grade Agarose in 115 mL
of 0.5X TBE (1.2%). Cool to 37°C.

2. Pour the agarose into the casting tray: allow the gel to harden for 1 h at room temperature
(better at 4°C).

3. Prepare 2.5 L of 0.5X TBE: pour into the Electrophoresis unit connected to a thermostatic
cooler preset at 12°C and allow to cool.

4. Sample plugs should be loaded before the gel is submerged. Embed the DNA plugs in
individual wells of the gel with a spatula. Carefully push the plugs with a bent Pasteur
pipet and suck down with a syringe. The slices should be placed in contact with the front
wall. Make sure that the sample slices are not wider than the well (see Note 5).

5. Seal the wells with a few drops of 0.5% low melting point agarose in 0.5X TBE.
6. Submerge the gel-supporting tray, with the gel attached, in the electrophoresis tank and

place the HEX electrode.
7. Load the marker(s) into the gel. Heat Marker XV at 65°C for 5 min before loading.
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8. Set the Program Controller and the Power Supply and run the electrophoresis. After 5–10
min start the buffer circulating (see Note 6).

9. After electrophoresis, stain the gel in a 1 µg/mL solution of EtBr for 30 min at room
temperature. Destain the gel in water for 30 min and photograph the gel under UV light.

3.6. Southern Blot

The following procedures require little or no modification for use with PFGE.

1. After photography, incubate the gel in 300 mL of denaturing solution with gentle shaking
for 20 min.

2. Prepare the capillary transfer apparatus, wrapping a piece of Whatman 3 MM paper around
a piece of Plexiglas to form a support longer and wider than the gel. Place the wrapped
support inside a large baking dish. Fill the dish with denaturing solution until the level of the
liquid reaches almost to the top of the support: smooth out all air bubbles with a glass rod.

3. Using a paper cutter, cut a piece of nylon membrane about 1 mm larger than the gel in both
dimensions. Float the membrane on the surface of a dish of deionized water until it wets
completely and then transfer the membrane in the denaturing solution for at least 5 min.

4. Remove the gel from the denaturing solution and place it on the support so it is centered
on the wet 3 MM paper. Make sure that there are no air bubbles between the 3 MM paper
and the gel.

5. Place the wet nylon membrane on top of the gel so that the corners are aligned. Make sure
that there are not air bubbles between the membrane and the gel.

6. Wet three sheets of 3 MM paper (cut to exactly the same size as the gel) in denaturing
solution and place them on top of the wet nylon membrane. Smooth out any air bubbles
with a glass rod. Cover the wet 3 MM paper with three sheets of dry 3 MM paper.

7. Cut a stack of paper towels (8–10 cm) just smaller than the 3 MM papers. Place the towels
on the 3 MM papers. Put a glass plate on top of the stack and weigh down with a 500 g
weight. This procedure is aimed at setting up a flow of liquid from the reservoir through
the gel and the nylon membrane: the fragments of denatured DNA are eluted from the gel
and are immobilized on the nylon membrane.

8. Allow the transfer of DNA to proceed for 16–24 h.
9. Remove the paper towels and the 3 MM papers: mark the position of the gel slots on the

membrane with a pencil.
10. Soak the membrane in 0.1 M Tris-HCl, pH 7.5, for 20 min.
11. Place the membrane on a 3 MM paper and allow to dry for 30 min at room temperature.
12. Store the membrane between two sheets of 3 MM paper for later use.

3.7. Prehybridization and Hybridization

1. Wet the membrane with 3X SSC for 5–15 min.
2. Prepare the prehybridization mix (50% deionized formamide; 3X SSC; 5X Denhardt’s;

200 µg/mL Salmon Sperm). Heat at 65°C for 15 min before use.
3. Place the wet membrane into a heat-sealable bag and seal three sides. Add 5–10 mL of

preheated prehybridization mix, squeeze air from the bag and seal the open side.
4. Incubate 6–16 h at 42°C.
5. Prepare the appropriate labeled probe using Amersham’s Multiprime DNA labeling sys-

tem according to the instructions of the manufacturer: 20–40 ng of linear ds DNA are
suitable for each hybridization (see Note 7).

6. Replace the prehybridization mix in the bag with 4–5 mL of a new mix containing 50%
deionized formamide; 3X SSC; 5X Denhardt’s; 200 µg/mL Salmon Sperm; 10% Dextran
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Sulfate, and 20–40 ng of denatured labeled probe. Squeeze air from the bag and seal the
open side.

7. Incubate at 42°C for 16–20 h.
8. Remove the membrane from the bag and wash in 300 mL of 2X SSC for 15–20 min at

room temperature.
9. Repeat washing with 0.5X SSC/0.1% SDS at 58°C for 15–30 min (see Note 8).

10. Cover the wet membrane with a Saran Wrap. Expose the membrane to X-ray film (at
–70°C) to obtain an autoradiographic image. Exposure time varies from 8–48 h.

4. Notes

1. Venous blood can be stored at room temperature and used within 2–3 d.
2. To avoid nuclease activity, keep TE 10/1, pH 8.0, as an autoclaved stock solution ready

to use.
3. Addition of 40 µg/mL PMSF is used to reduce protease activity.
4. Optimal DNA digestion depends on the specific activity of the enzyme and on quality of

DNA included in agarose plugs. Partial digestion leads to abnormal hybridization pat-
terns, complicating PFGE analysis significantly.

5. Mobility of fragments depends on the quantity of DNA applied on each slot: overloading
with high DNA concentrations decreases fragment mobility.

6. Selection of pulse time depends on the size range of interest. In general, shorter pulse
times are used to separate smaller DNA fragments and longer pulse times are used to
separate larger fragments. To resolve DNA molecules in the range 7–200 kb (size range of
interest in FSHD) the following running parameters are recommended:

Phase Time (h) Pulse (s) Voltage

1 1:30  0.3 300
2  3:30 0.5 300
3  4:00  1 300
4  2:30  5 300

According to the suggestions of manufacturers of PFGE apparatus, running parameters
can be modified in order to obtain the maximum resolution of DNA fragments in the size
range of interest.

7. Both the single copy p13E-11 probe and KpnI repeat sequence were obtained from a 4.9 kb
KpnI fragment subcloned in PUC21 (17). p13E-11 was amplified by PCR as a 680 nt frag-
ment using primers 1F (5'-GCTATAGATTCTAGGTGCTTCA-3') and 2R (5'-TTG
CCTGTGAGTTCGAATGCAC-3'). The 3.3 kb KpnI repeat unit was digested with BamHI
and the restricted fragments (1,387; 737; and 1,179 nt) subcloned in PUC21. The 1,179 nt
fragment was used as probe.

8. When the FSHD specific fragment is smaller than 15 kb, it comigrates in the gel with
similar fragments derived from other chromosomes and its identification can be difficult.
In this case it is convenient to increase the stringency of hybridization conditions.
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Denaturing Gradient Gel Electrophoresis (DGGE)
for Mutation Detection in Duchenne Muscular
Dystrophy (DMD)

Luciana C. B. Dolinsky

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked recessive neuromuscular dis-
order caused by mutations in the dystrophin gene at Xp21. Approximately two-thirds
of the mutations are intragenic deletions of one or more of the 79 exons that constitute
the 2.4 Mb dystrophin gene, 5% are duplications, and the remaining 30% are mutations
that are very difficult to identify by current diagnostic screening strategies (1–3). The
great majority of deletions can be detected by polymerase chain reaction (PCR) multi-
plex approach (4,5) or Southern blot analysis probed with dystrophin cDNA (1).

The identification of the molecular lesion in the 30% of patients that do not have a
detectable deletion or duplication represents a great obstacle in genetic analysis of
these patients and genetic counseling of their relatives. Many different techniques such
as single-strand conformation polymorphism (SSCP), hydroxylamine and osmium
tetroxide (HOT) chemical cleavage, heteroduplex analysis (HA), protein truncation
test (PTT), are available to identify these single nucleotide variations (6–9). However,
there is not a very high mutation detection rate when we use each one of these tech-
niques for Duchenne muscular dystrophy analysis. As such, in nondeletion cases diag-
nostic laboratories use dystrophin muscle biopsy staining and/or haplotype analysis to
assess risk status. However, even both these strategies may be inconclusive because
there is a high intragenic recombination rate (~10%) and high mutation rate (1/3 of all
cases) using haplotype analysis, and technical difficulties associated with muscle
biopsy staining. Recently, a highly sensitive SSCP assay showed the highest mutation
detection rate (90%), suggesting that DNA analysis might be better than muscle
biopsy staining for diagnostic purposes (10). But even using highly sensitive SSCP,
some families are excluded from carrier detection and prenatal diagnosis because de-
tection rate is not 100%.

In this work, we have used denaturing gradient gel electrophoresis (DGGE) (11,12),
the most sensitive electrophoretic method (detection rate close to 100%) (13), to scan
for DMD mutations. Mutation identification in the majority of DMD cases is important
because it can then provide empiric diagnostic and risk information for the patient and
other family members.
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DGGE is a methodology that is conceptually similar to heteroduplex analysis (8,9).
The method is based on the electrophoretic mobility of a double-strand DNA molecule
through linearly increasing concentrations of a denaturing agent (formamide and urea).
As the DNA fragment proceeds through the gradient gel, it will reach a position where
the concentration of the denaturing agent equals the melting temperature (Tm) of its
lowest melting domain causing denaturation and the consequent marked retardation of
its electrophoretic mobility. As the Tm of a melting domain is dependent on its nucle-
otide sequence DNA fragments differing by a single nucleotide change in their lowest
melting domain, when electrophoresed through denaturing gradient gels, will suffer
branching and consequent retardation of their mobility at different positions along the
gel, allowing their separation (14). The melting behavior of a DNA fragment can be
simulated by computer analysis (15).

However, because of complete strand dissociation, DGGE cannot resolve DNA frag-
ments differing by nucleotide changes in the highest melting domain. This problem is
overcome by introducing a GC clamp tail as short as 40bp to serve as a high Tm domain
and prevent complete dissociation of the DNA fragment. The introduction of a GC clamp
tail increases the percentage of mutation detection by DGGE to close to 100% (13). The
PCR-DGGE combination is extremely powerful when applied to heterozygous nucle-
otide variants because of continuous denaturation and reannealing of single-strand mol-
ecules during PCR, allowing for the formation of homoduplex and heteroduplex
molecules. The presence of a single nucleotide change within heteroduplexes decreases
their melting temperature allowing separation from the homoduplexes and easier visual
detection of the mutants.

DGGE methodology does not require the use of radioisotopes, is less labor- and
time-consuming, is generally cheaper than other point mutation detection techniques,
and has a very high mutation detection rate (close to 100%) (16,17).

For the analysis of dystrophin mutations we utilize DGGE with the following modi-
fications: 1) All primers are designed to include intronic sequences flanking each exon
(16). This increases even more the mutation detection rate (16). 2) PCR assays for male
specimens require a 1:1 mixture of patient and male control DNA to allow for the
detection of heteroduplexes, as DMD is an X-linked disease. 3) Segments are ampli-
fied in multiplex combinations of up to 6 exons to reduce workload. 4) The choice of
the gel denaturant range is based upon the Tm (melting temperature) of the fragment to
be analyzed. 5) Electrophoretic runs are performed at a constant temperature (58°C)
that exceed the Tm of an A-T rich DNA fragment in the absence of denaturing agents.
6) Amplicons are detected using polyacrylamide, urea, and formamide gel electrophore-
sis with ethidium bromide staining. 7) Employing these modifications DGGE permits
analysis and identification of point mutations, de novo mutations and obligate carriers
of the dystrophin gene mutations (17).

2. Materials

2.1. DNA Isolation from Lymphocytes (18)

1. 1X Blood lysis buffer (1 L): 155 mM NH4Cl , 10 mM KHCO3, 1 mM EDTA, pH 7.4. This
solution should be stored at 4°C up to 6 mo. Blood should be handled using universal
precautions. Take care to discard all blood contaminated materials in appropriate biologi-
cal waste containers.
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2. 1X Nucleus lysis buffer (1L): 10 mM Tris-HCl, 400 mM NaCl, 2 mM EDTA, pH 8.2.
Store at 4°C up to 1 y.

3. 10% SDS Ultra PURE (Gibco BRL). Store at room temperature up to 1 y.
4. Pronase 20 mg/mL (Sigma). Store at –20°C up to 1 y.
5. 6 M NaCl. Store at room temperature up to 6 mo.
6. Absolute ethanol.
7. TE-4 (0.5L): 10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5. Store at room temperature up to 1 y.

2.2. PCR

1. AmpliTaq DNA polymerase (Perkin Elmer), 5 U/µL. Store at –20°C (not in a frost-free
freezer).

2. 10X Super Taq PCR buffer (Sphero-Q): 100 mM Tris-HCl. pH 9.0, 500 mM KCl, 15 mM

MgCl2, 0.1% gelatin and Triton X-100. Store at –20°C.
3. dNTP mix (Perkin Elmer): 25 mM of each dNTP. Store at –20°C.
4. 25 mM MgCl2 solution (Perkin Elmer). Store at –20°C.
5. Oligonucleotide primers (Table 1, see Note 1); 12.5 pmol/µL.

2.3. Polyacrylamide Gel Electrophoresis

1. 12% PAA, 80% urea/formamide (1L): 12% acrylamide, 32% formamide (deionized), 5.6
M urea (ultra-pure) in 0.5X TAE buffer. Polyacrylamide, urea, and formamide are all
toxic agents; always wear disposable gloves when handling these solutions. Store at 4°C
up to 4 mo.

2. 9% PAA, 0% urea/formamide (1L): 9% acrylamide in 0.5X TAE buffer. Store at 4°C up
to 4 mo.

3. 50X Tris-acetate (TAE) buffer: 400 mM Tris-acetate, 10 mM EDTA, pH 8.0. Store at
room temperature up to 6 mo.

4. 10% a mmonium persulfate (APS). Store at 4°C up to 1 mo.
5. TEMED (Bio-Rad).Electrophoresis grade reagent. TEMED should be handled wearing

disposable gloves in a laminar flow. Store at room temperature up to 1 y.
6. 6X DGGE gel loading buffer (100 mL): 0.25% bromophenol blue (Sigma), 0.25% xylene

cyanol (Sigma), 15% ficoll. Store at 4°C up to 6 mo.
7. Ethidium bromide (10 mg/mL). This fluorescent dye is light sensitive. It is a mutagen and

may be carcinogenic/teratogenic. Always wear disposable gloves when handling ethidium
bromide-containing solutions. Store at 4°C up to 6 mo.

2.4. DNA Sequencing Reactions

1. ABI PRISM™ BigDye™ Terminator Cycle Sequencing Ready Reaction Kit with
AmpliTaq® DNA Polymerase (Perkin Elmer). The DNA double strand sequencing reac-
tions were made using the above reaction kit for ABI PRISM model 377. Store at –20°C.
Safety warnings on the reagents bottles and in the manufacturers‘ Material Safety Data
Sheets (MSDS). Dispose of waste in accordance with all local, state, and federal health
and environmental regulations and laws.

3. Methods

3.1. DNA Isolation from Lymphocytes

1. Starting material is 5 mL blood, decoagulated with EDTA (see Note 2).
2. Dilute 5 mL blood with 15 mL blood lysis buffer.
3. Lysis of the red blood cells takes place for at least 10 min.
4. Centrifuge for 10 min at 500g.
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Table 1
Oliginucleotide Primersa

DGGE1F-AGCCTACTGGAGCAATAAAG DGGE1Rb-AGCTTGTCACAAACTAAACG

DGGE2Fb-ATGGAAAGTTACTTTGGTTG DGGE2R-CAGGTACATAGTCCATTTTG

DGGE3FAb,c-TAAATTGAGTGTATTTTTTT DGGE3RA-TTTTGCCCTGTCAGGCCTTC

DGGE3FBc-CTTCAGTGACCTACAGGATG DGGE3RBb-TTAACTTTCTTAAAAATAAG

DGGE4Fb-CTCTCTGCTGGTCAGTGAAC DGGE4R-GTGTGTCACAGCATCCAGAC

DGGE5Fb- GCATTTGGTCTCTTACCTTC DGGE5R- TTTGTTTCACACGTCAAGGG

DGGE6FAb-GGTTCTTGCTCAAGGAATGC DGGE6RA-GCTCAGGAGAATCTTTTCAC

DGGE6FB-AAATATCATGGCTGGATTGC DGGE6RBb-ATCAGAGTCTAAATCACCAC

DGGE7F-GCGCGTTTGTCTTTGTGTATGTGTG DGGE7Rb-TACTAAAAGCAGTGGTAGTC

DGGE8F-GCGCGCCAAAAATTGATGTGTAGTG DGGE8Rb-ATCTTGAATAGTAGCTGTCC

DGGE9F- DGGE9Rb-
TAATACGACTCACTATAGGGCCCTCCTCTCTATCCACTCC GGAAGCAGTTCTCTGGTTTG

DGGE10F-GCGCGGACATTAATTGTGTAACACC DGGE10Rb-GGATGACTTGCCATTATAAC

DGGE11F-CACCGATTTACCTAGAGTTC DGGE11Rb-TCCAAAACTTGTTAGTCTTC

DGGE12Fb-AAGTTGCTTTCAAAGAGGTC DGGE12R-GTACTATACACAGAGTTTGC

DGGE13FAb-CATTTCAACACACATGTAAG DGGE13RA-AGCAGCAGTTGCGTGATCTC

DGGE13FB-CTCTCACTCACATGGTGGTG DGGE13RBb-CTTTTAAAGGACATATTTAG

DGGE14F-GCGCGGTTTGCTGATGCTTGATTG DGGE14Rb-CCCCGTGTCTTTTACAGCTA

DGGE15F-TATGTTTATTTATTCCTTGG DGGE15Rb-TACTGGGTTTTTATAAGACC

DGGE16Fb-TGCAACCCAGGCTTATTCTG DGGE16R-GCGCGTCTCTGAGATAGTCTGTAGC

DGGE17F-CCAAGCAGTCTTTACTGAAG DGGE17Rb-AGTTGCCTTCCTTCCGAAAG

DGGE18FAb-AGAAGAAAGAGATAATCAAG DGGE18RA-AGTTGCCTTCCTTCCGAAAG

DGGE18FB-CTGGATTACTCGCTCAGAAG DGGE18RBb-GCAGCACAAAATGAGTACAG

DGGE19F-GCGCGGATTCACAGTCCTTGTATTG DGGE19Rb-GTGTTTATCAAATCCCTAAG

DGGE20FAb-TCAGTCTGTGGGTTCAGGGG DGGE20RA-CAGTAGTTGTCATCTGCTCC

DGGE20FB-GGCTGGAGTATCAGAACAAC DGGE20RBb-GGAATGCCAAGAAATACCTA

DGGE21F-ATGTATGCAAAGTAAACGTG DGGE21Rb-TGGAAAATGTCAAGTTAGCC

DGGE22Fb-CAATTAAGTGATTCTCATTC DGGE22R-GCGTGCTTTATTGTTTTGAC

DGGE23FAb-TTCATCAATTAGGGTAAATG DGGE23RA-AGGAGAGCTTCTTCCAGCGT

DGGE23FB-CGCCCTCTGAAATTAGCCGG DGGE23RBb-GTAAATAAAAATGAGGGTAG

DGGE24F-AATCAGCACACCAGTAATGC DGGE24Rb-TTATTCATATTAAAGGCATC

DGGE25Fb-TTTTCAGCTGGCTTAAATTG DGGE25R-TTAAGTACGTTGAGGCAAGC

DGGE26FAb- DGGE26RA-TAATACGACTCACTATAGGGTCAAG
CATCACTGTCAATAATCGTG ATACTCTTCTTCAGC

DGGE26FB- DGGE26RBb-
TAATACGACTCACTATAGGGCTATCAGAGATGCACGAATG TTTACCTTCATCTCTTCAAC

DGGE27Fb-TTTCATGCTATTAAGAGAGC DGGE27R-AACTATGACCATGTATTGAC

DGGE28Fb-TTCACATTTACTTTTCTACC DGGE28R-CTGCATATAAATCATCATCA

DGGE29FAb- DGGE29RA-
CATTTGCTGATAATCCAATG TAATACGACTCACTATAGGGATTAGCTCATCCATGACTCC

DGGE29FB- DGGE29RBb-
TAATACGACTCACTATAGGGATTCGCATATTGGCACAGAC ATGCAAATTAGATTAAAGAG

DGGE30Fb-TACAGAAAAGCTATCAAGAG DGGE30R-CAAACAAAAAGAATGGAAGC

DGGE31Fb-GTTAGTTGTTCTTTGTAGAG DGGE31R-GCCCAACGAAAACACGTTCC

DGGE32Fb-GGCAAAATTAAATCAGTGCC DGGE32R-TAATGAGGAAAGTCAAGGGG

DGGE33Fb-TAACTCTACTGATTATCATG DGGE33R-GTGGAAAGAAGTGTTTGTGG

DGGE34Fb-ATTTGAATTAAAGAGTAAAC DGGE34R-ATGTGTTTTCACGTATGTTC

DGGE35Fb-CAAGACATTACTTGAAGGTC DGGE35R-CGCGCACAGAGAAGGGTGTAAAAGC

DGGE36F-GTCTAACCAATAATGCCATG DGGE36Rb-GTAACTGGTGTACAATTTGG

DGGE37Fb-CTAACTTCAAGTCCTATCTC DGGE37R-CGCAAGAGACCATTTAGCAC

DGGE38Fb-CTTTTGGTTTATGTTTCTTA DGGE38R-TTTATTTCCACTCCTAGTTC

DGGE39F-CTCTGTTAACAATGTACAGC DGGE39Rb-AAACCACAGGCAAGGTATAT

DGGE40F-GCGCGATTTTAATAATGTCTGCACC DGGE40Rb-AAAATCTGGTATTGACATTC
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DGGE41FAb-ATGTGGTTAGCTAACTGCCC DGGE41RA-GCTGGATCTGAGTTGGCTCC

DGGE41FB-GAAGAAAGAGGAGCTGAATG DGGE41RBb-AGTTGCAAACACATACGTGG

DGGE42Fb-TAATGGAGGAGGTTTCACTG DGGE42R-GCGCCACCTTGTAAAATACGAATG

DGGE43FAb-CTATAGACAGCTAATTCATT DGGE43RA-GCTGCTGTCTTCTTGCTATG

DGGE43FB-AGTCTACAACAAAGCTCAGG DGGE43RBb-TCATTTCTGCAAGTATCAAG

DGGE44Fb-CGCTATATCTCTATAATCTG DGGE44R-TAAAGAGTCCAGATGTGCTG

DGGE45Fb-GACATGGGGCTTCATTTTTG DGGE45R-GTTTTCATTCCTATTAGATC

DGGE46Fb-GTTTGAGAACTATGTTGGAA DGGE46R-ACTTCTTTATGCAAGCAGGC

DGGE47F-AGGTAGTTGGAATTGTGCTG DGGE47Rb-GCACCCAGGAAACAAAATAC

DGGE48Fb-GGCTTATGCCTTGAGAATTA DGGE48R-CAGTGATATTGCCATTTTTC

DGGE49Fb-ACTGTGAAGTTAATCTGCAC DGGE49R-CAACAGGCGAAGCATAACCC

DGGE50Fb-CGAATAAGTAATGTGTATGC DGGE50R-TTGAACAAATAGCTAGAGCC

DGGE51FAb-TCTTCTTTTTTCCTTTTTGC DGGE51RA-GATCAAGCAGAGAAAGCCAG

DGGE51FB-GATTTCAACCGGGCTTGGAC DGGE51RBb-AAAGAAAAACTTCTGCCAAC

DGGE52F-GAAGAACCCTGATACTAAGG DGGE52Rb-CATCTTGCTTTGTGTGTCCC

DGGE53FAb-TCCTCCAGACTAGCATTTAC DGGE53RA-AGACCTGCTCAGCTTCTTCC

DGGE53FB-TTCAGAACCGGAGGCAACAG DGGE53RBb-CAAATGTAACCAGTATTTTA

DGGE54FAb-AAAAACTGACATTCATTCTC DGGE54RA-TAATCCCGGAGAAGTTTCAG

DGGE54FB-CCAGTGGCAGACAAATGTAG DGGE54RBb-CCCATTATTACAGCCAACAG

DGGE55Fb-TTTATGAGTTCACTAGGTGC DGGE55R-ACAAATGCTGAGAATTGTTC

DGGE56F-TCTGCACATATTCTTCTTCC DGGE56Rb-ATTTGTGGCCTTTTTGCTCC

DGGE57F-GATATTCTGACATGGATCGC DGGE57Rb-GTCACTGGATTACTATGTGC

DGGE58F-CCACAAGCCTTTCTTAGCAC DGGE58Rb-TCACCACTGATCCTTCTATC

DGGE59Fb-AAAGAATGTGGCCTAAAACC DGGE59R-GCGGCCGCCAAAGGGCCCTGAAGCAA

DGGE60F-ATTCTCATCTTCCAATTTGC DGGE60Rb-TTACTGTAACAAAGGACAAC

DGGE61FAb-GAATGAGAGAACATAATTTC DGGE61RA-TGAGATGCTGGACCAAAGTC

DGGE61FB-GTCGAGGACCGAGTCAGGCA DGGE61RBb-AGATGCAATAAAGTTAAGTG

DGGE62F-ATTTGACCTCCTTGCCTTTC DGGE62Rb-GTTAGTCACAATAAATGCTC

DGGE63Fb-GTTTTCTTGACTACTCATGG DGGE63R-CCTGTCATTTAACTTGGAGG

DGGE64F-GGCAAATCACTGGGCGTCGG DGGE64Rb-AGCAAAGACATAGTATCAAG

DGGE65Fb-GGAAGGTTTTACTCTTTGAG DGGE65R-CTAAGCCTCCTGTGACAGAG

DGGE66F-CCTCTAGGAAAGGGTCTAGT DGGE66Rb-CTAGGGTAATTAGCCAACAT

DGGE67F-TTGGATGTCAGGTTCTGCTG DGGE67Rb-GAAAGAATAAATATGTTACC

DGGE68FAb-CTTTCCTTTCATCCTTTGGC DGGE68RA-TTGGACACTCTTTGCAGATG

DGGE68FB-AGAAACTGCCAAGCATCAGG DGGE68RBb-AGGAGATAAAAGATCAAGTC

DGGE69Fb-CGAAGAAATACATACGTGTT DGGE69R-TGAACTAACTCTCACGTCAG

DGGE70Fb-AGTTTTGAAATCATCCTGTC DGGE70R-CATCAAACAAGAGTGTGTTCTG
DGGE71F-AGAAAGCGTGTGTCTCCTTC DGGE71Rb-AGCGAATGTGTTGGTGGTAG

DGGE72F-GATGGTATCTGTGACTAATC DGGE72Rb-TCAATCAATATTTGCCTGGC

DGGE73Fb-TCACATAAGTTTTAATGAGC DGGE73R-ACCTCTAAATCCCTCAAAGC

DGGE74Fb-TGAGTCCCTAACCCCCAAAG DGGE74R-GCACTCTGCATACCAATGAC

DGGE75FAb-TTTACTTTTTTGATGCC DGGE75RA-CCTTTGTGTTGACGCAGTAG

DGGE75FB-CGCCGCCGGCCAATAGGAATCTGCAAGC DGGE75RBb-GTTTGTAAAAATCCCATCTC

DGGE76Fb-TGAAAAGTAATTCTGTTTTC DGGE76R-TCTACCTTTCTTCAGACAAC

DGGE77Fb-ATGTAATTTTCCATTATTTG DGGE77R-GATCCCAGCAAATCTGAGTC

DGGE78Fb-CCCTTTCTGATATCTCTGCC DGGE78R-AAGCAGGATGAGACAGACAG

DGGE79Fb-TGATGCTATCTATCTGCACC DGGE79R-TTCTGCTCCTTCTTCATCTG

aPrimer sequences are 5' to 3'. Name of the primer represents used technique (DGGE) and exon number in human
DMD gene. F: forward primer; R: reverse primer.

bAll primers marked with b have a 5'GC clamp tail as short as 40bp designed this way: 5' cgcccgccgcg
ccccgcgcccggcccgccgccgcggccgc 3' (see Note 1).

cSome exons had to be split in two partly overlapping segments (see Note 1)

Table 1 (continued)
Oliginucleotide Primersa
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5. Discard the supernatant (see Note 3).
6. Resuspend the pellet in 5 mL blood lysis buffer.
7. Centrifuge for 10 min at 500g.
8. Discard the supernatant.
9. Check if the lysis was complete before continuing, the pellet should be white and clearly

visible.
10. Resuspend the pellet in 1mL nucleus lysis buffer.
11. Add 35 µL of pronase (see Note 4).
12. Add 50 µL of 20%SDS.
13. Incubate overnight at 37°C. The solution should get clear and viscous.
14. Add 350 µL saturated 6 M NaCl.
15. Shake vigorously for 15 s.
16. Centrifuge for 15 min at 1000g.
17. Transfer supernatant into a clean tube. When supernatant is cloudy repeat this step.
18. Add two volumes of absolute ethanol to precipitate the DNA.
19. Dissolve DNA in 300–1000 µL TE-4.
20. Incubate 65°C for 30 min to get rid of any DNAse contamination.
21. Dissolve overnight.
22. Store the DNA sample at 4°C.

3.2. PCR

1. Set up the following reaction (30 µL) by adding the reagents in this order: 500 ng of a
genomic male patient DNA, 500 ng of a male control DNA (see Note 5), H2O, dNTP‘s mix
(25 mM), 12.5 pmol/µL of each oligonucleotide primer (Table 2, see Note 6), 10X Super
Taq buffer, 15 mM MgCl2 (see Note 7) and 1.5 U AmpliTaq DNA polymerase (5 U/µL).

2. PCR is performed in a thermal cycler (DNA Engine Tetrad, MJ Research) using the fol-
lowing conditions (see Note 8):

Initial denaturation 94°C, 5 min

Stage I (5 cycles) 94°C, 30 s denaturation
52°C, 30 s annealing
72°C, 1 min extension

Stage II (5 cycles) 94°C, 30 s denaturation
48°C, 30 s annealing
72°C, 1 min extension

Stage III (25 cycles) 94°C, 30 s denaturation
45°C, 30 s annealing
72°C, 1 min extension

Stage IV (Final) 72°C, 5 min extension
94°C, 10 min denaturation
50°C, 1 min annealing
4°C, soak

3. Store samples at 4°C.

3.3. Polyacrylamide Gel Electrophoresis (see Note 9)

1. Clean the glass plates with a specific glass detergent, rinse with 70% ethanol and dry them
carefully.

2. Clean the spacers and comb with water and dry them carefully.
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3. Assemble the DGGE gel sandwich and put it on the casting stand with the short glass plate
forward. Check if the plates and spacers are aligned and even at the bottom.

4. Fill the electrophoresis tank with 7 L of 0.5X TAE buffer. Do not reuse the running buffer.
5. Preheat the buffer to the desired temperature (58°C). It may take up to 1.5 h.
6. Prepare the first gel (3 mL) with a 0% urea/formamide, 9% polyacrylamide solution. Add

80 µL 10% APS and 4 µL TEMED per 3 mL. Pour a layer of this solution on bottom of the
gradient gel with a plastic pasteur pipet. Take care with air bubbles. Let it polymerize for
30 min.

7. Prepare a 11 mL solution with the low % urea/formamide and a 11 mL solution with the
high % urea/formamide density gel solutions (Tables 2 and 3). In this system a 25 mL will
just fill the plates. So you can do 11 mL of each one of the above solutions.

8. Add 60 µL 10% APS and mix by inverting the tubes several times.
9. Add 3 µL TEMED and mix again.

10. Put the solutions in the gradient former. The high density solution in the column with the
outlet tube. Fill the gel sandwich until 5 mm below the comb. Let polymerize for one and
a half hour.

Table 2
DGGE Multiplex Exons

DGGE Multiplexa DMD Exonsb Gel Denaturation (% U/F)c

A 38 - 43 Ad  - 47 - 50 15–30/15–50e

B 40 - 30- 03 B 20–50
C 26 B - 20 A - 79 20–50
D 46 - 54 B - 13 B - 69 25–65/25–50e

E 15 - 29 B - 52 20–50
F 44f- 53 A - 25 - 65 25–65
G 43 A - 23 A - 56 - 71 - 41 B 25–65/25–60e

H 29 A - 26 A - 09 25–65/20–55e

I 34 - 20 B - 21 - 43 B - 60 25–65/25–50e

J 58 - 23 B - 51 A 20–40
K 16 - 61 B - 67 25–65
L 66 - 27 - 14 25–65
M 13 A - 70 - 41 A - 61 B 25–65
N 32 - 74- 37- 19 25–65/25–50e

O 08f  - 77f  - 72 - 68 A 25–65
P 11 - 31- 64 15–50
Q 01f  - 07 - 62 - 47 15–50
R 12 - 06 B - 51 B - 04 20–60/20–55e

S 02 - 73 - 06 A - 24g  - 22 - 57 20–60
T 28 - 18 B - 49 - 54 A 25–50
U 05 - 33 - 17 - 45 20–50/15–50e

V 39 - 36 - 55 15–50

aName of DGGE multiplex.
bExon number in human DMD gene.
cLow and high % urea/formamide denaturation density gel solutions.
dSome exons had to be split in two overlapping fragments (see Note 1).
eBetter % urea/formamide denaturation for the multiplex.
fUse 2 times more of this primer.
gUse 1.5 times more of this primer.
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11. After polymerization wash the gel with water using a plastic pasteur pipet. Remove excess
of water with a filter paper.

12. Prepare the stacking gel (5 mL) with a 0% U/F, 9% polyacrylamide solution. Add 70 µL
10% APS and 3.5 µL TEMED per 5 mL. Pour a layer of this solution on top of the gradient
gel with a plastic pasteur pipet. Take care with air bubbles. Let it polymerize for 15–30 min.

13. After polymerization remove the gel sandwich from the casting stand and put it inside the
electrophoresis tank. Check if the running buffer is on the desired temperature.

14. Remove the comb carefully and rinse the slots with running buffer.
15. An aliquot (10 µL) of each amplification mixture is combined with 6X DGGE gel loading

buffer and pipetted into a gel lane.
16. Gel electrophoresis is performed at 100V constant voltage (20–40 mA for 1 gel), 58°C

temperature for 16 h.
17. After the run, stain the gel for 15–20 min in 250 mL water containing 30 µL Ethidium

Bromide solution on a gently shaking shaker.
18. Remove excess Ethidium Bromide rinsing the gel 3X with water.
19. Examine and photograph the gel under UV light (see Notes 10–12).

3.4. DNA Sequencing Reactions

1. Samples that have band shifts in the gel are re-amplified with the specific primer pair
corresponding to that exon (see Note 13).

2. After PCR, products are sequenced in the ABI PRISM model 377, using ABI PRISM
BigDye terminator Cycle Sequencing Ready Reaction Kit with Ampli Taq DNA Poly-
merase (Perkin Elmer) (see Note 14).

Table 3
DGGE Density Gel Solutions

Gel (%)a 0% Urea/Formamideb (mL) 80% Urea/Formamideb (mL)

0 11.0 0.0
5 10.3 0.7

10 9.6 1.4
15 8.9 2.1
20 8.3 2.8
25 7.6 3.4
30 6.9 4.1
35 6.2 4.8
40 5.5 5.5
45 4.8 6.2
50 4.1 6.9
55 3.4 7.6
60 2.8 8.3
65 2.1 8.9
70 1.4 9.6
75 0.7 10.3
80 0.0 11.0

a% denaturation of DGGE gel.
bLow and high % Urea/Formamide density gel solutions.
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4. Notes

1. DGGE segments have a GC clamp tail as short as 40 bp because it efficiently serves as a
high TM domain preventing the complete denaturation of the fragment. The GC clamp
tail increases the percentage of mutation detection to close to 100%. To improve detection
of sequence changes some exons had to be split in two overlapping fragments because of
the exon size, GC content or more than one Tm domain.

2. In the case of a blood clot, remove it with a Pasteur pipet and isolate DNA from the
noncoagulated blood.

3. If after centrifugation a white pellet is not visible probably you have incomplete lysis.
Resuspend and wait more 15 min to complete the lysis.

4. If you do not want to continue DNA isolation next day you can add Pronase and 20% SDS
and leave samples in the room temperature for 72 h maximum, or you can add 20% SDS and
keep this way for 15 d maximum. After this you can continue your regular DNA isolation.

5. It is not necessary to mix female DNA with a control DNA because females have two X
chromosomes. In this case the heteroduplexes are naturally formed.

6. Equal amounts of each primer are used in the multiplexes. Some exons are not included in
multiplexes and we do one primer pair PCR reaction for it. It is possible to combine these
remaining segments, before loading on gel, to reduce workload.

7. For exons 03 A and 03 B and 75 B use 3.0 mM MgCl2, for exons 18 A and 61 A use 8.5 mM

MgCl2 and for exon 63 use 6 mM MgCl2 to improve DGGE analysis.
8. Multiplexes E and J shows better results when we change the annealing temperature of the

first PCR stage to 53°C.
9. In our specific case we use DCODE™ System, Universal Mutation Detection System

(Bio-Rad) to run the DGGE gels.
10. If a high background is observed we can introduce a destaining step of about 15 min in

water.
11. Two photographs showing typical displays gels for different situations are shown in Figs. 1

and 2. Figure 1 shows exon 51 mutation (7547 C>T, Gln 2447 X) only in the patient. The
mother does not have the same mutation. It is a new mutation case. Figure 2 shows exon

Fig. 1. De novo mutation detection. DGGE screen of DMD amplified exon 51. We can see a
heteroduplex band in the DMD patient gene amplification corresponding to a 7547 C > T, Gln
2447 X mutation. Lane 1, DMD patient. Lane 2, DMD patient’s mother. Lane 3, exon 51 nor-
mal sequence control.
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20 mutation (2615 C>T, Gln 803 X) both in the patient and his mother. It is an inherited
mutation case.

12. We could identify the DMD mutation in all patients we analyzed. Two other groups have
also successfully identified mutations using the same system with some modifications (10).

13. In this case samples are amplified using the non-GC-clamp primer and sequenced directly.
14. Other sequencing methods can be used.
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Genetic Diagnosis of Charcot-Marie-Tooth Disease

Frank Baas

1. Introduction

Over a century ago, the two French neurologists Charcot and Marie and the English
neurologist Tooth described a peripheral neuropathy. They had defined a clinical entity,
which is now known as Charcot-Marie-Tooth disease (CMT) or hereditary motor and
sensory neuropathy (HMSN). Neuropathies are diseases of the peripheral nervous sys-
tem (PNS). Many of them are disorders with a genetic basis (hereditary motor and
sensory neuropathy, HMSN) but geneticists still use the term Charcot-Marie-Tooth
disease (CMT). CMT has a prevalence of 1:2500 and is divided into several groups on
the basis of clinical, electrophysiological and histological criteria. CMT 1 is a disorder
with hypertrophic nerves, reduced nerve conduction velocities (NCVs) and signs of
de- and remyelination. Type 2 is characterized by normal NCVs and a decreased num-
ber of large myelinated fibers on nerve biopsy, suggesting that the pathology of the
axon is the major cause of disease. Type 3 is an autosomal recessive disease and usu-
ally a more severe form of CMT 1. CMT 4 is also an autosomal recessive disorder with
axonal and demyelinating pathology. CMT-X is a dominant X-linked form of Charcot-
Marie-Tooth disease, with severely affected males and, in many cases, females show-
ing signs of a peripheral neuropathy.

To date, 10 genes (PMP22, peripheral myelin protein 22; MPZ, myelin protein zero;
GJB1, connexin 32; EGR2, early growth response protein; NDRG1, N-myc down regu-
lated gene 1, MTMR2, myotubularin related protein 2 kinase; GAN1, gigaxonin; NEFL,
neurofilament light chain; KIF1B, kinesin 1Bβ; and PRX, periaxin) have been found
mutated in CMT disease.

CMT 1A is the most frequent form of autosomal dominant demyelinating CMT and is
caused by the presence of an additional copy of a 1.5 Mb region of chromosome 17,
encompassing the PMP22 gene. This duplication results from unequal crossing-over of
homologous chromosomes. The duplicated region is flanked by two highly homologous
sequences, the CMT1A-REP (1). The initial identification of the duplication suggested
that a gene at the breakpoint or in the duplication causes CMT1A. However, after the
identification of a point mutation in the PMP22 gene in a duplication negative patient
with CMT1A, we showed that alterations in the sequence or gene dosage of the PMP22
gene are the cause of this disease (2). The Trembler mouse, a model for CMT, has exactly
the same mutation as we identified in a Dutch family. Subsequent studies identified more
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mutations in the PMP22 gene as well as other animal models for this disease. The
reciprocal recombinational event of the unequal sister chromatid exchange, a deletion
of 1.5 Mb encompassing the PMP22 gene, was identified in patients with hereditary
neuropathy with liability to pressure palsies (HNPP) and we identified a stop codon in
the PMP22 gene in a HNPP patient lacking this deletion, again implicating PMP22 as
the gene responsible for HNPP (3). Therefore, either overexpression or underexpression
of the PMP22 gene can cause a peripheral neuropathy.

The myelin protein zero (MPZ) was identified as the gene for CMT 1 B (4). This
form is less frequent than CMT 1A and seems to have a more variable presentation.
The phenotype can vary from severely slowed nerve conduction velocity with demy-
elination on nerve biopsies, to patients with (near) normal nerve conduction velocities
suggesting mainly axonal involvement. Several cases of CMT 3 turned out to have
either mutations of the PMP22 or MPZ gene or were de novo duplications suggesting
recessive inheritance.

A severe form of CMT is called Dejerine-Sottas (DS) disease. Genetic studies have
shown that DS can be due to mutations in several CMT genes. Initially DS was described
as a recessive disorder, but we have shown that in fact the majority of the Dutch and
Belgian DS cases are due to de novo duplication of the PMP22 gene (5). This high fre-
quency of de novo mutations is due to the high frequency for recombination surrounding
the CMT1 region owing to the presence of the two highly homologous CMT1-REPS.

Diagnostic procedures for a dominant peripheral motor and sensory neuropathy are
based on the detection of a change in allele dosage for the PMP22 gene. The common
duplication encompassing PMP22 is 1.5 Mb long. Only when a change in PMP22 copy
number or a rearrangement of chromosome 17 is not detected, mutation analyses for
PMP22, MPZ, and GJB1 indicated in demyelinating forms of CMT. For axonal cases
of CMT, analysis of GJB1 is warranted. The other CMT genes identified have thus far
only been found mutated in a small proportion of the patients and hence do not warrant
large-scale screening.

In principle a genetic test for the presence or absence of a duplication should give an
unequivocal result. Methods for the detection of a gene dose alteration are preferably
based on the presence or absence of specific DNA rearrangements. However, since not
all PMP22 duplications result in the same DNA rearrangement, this approach is not
feasible for all cases of CMT1A. We find that only 70% of the duplications can be
detected by PCR-based approaches (6). Therefore, we use a Southern blot based test to
determine the allele dosage for PMP22, the gene for CMT1A, and a closely located
marker, VAW409R3. The signals obtained are corrected for DNA loading by compari-
son to a reference marker E3.9, which is located on chromosome 22.

2. Materials

2.1. DNA Isolation

1. ACD buffer: 22.8 mM citric acid, 44.9 mM sodium citrate, 81.6 mM glucose (according to
Becton Dickinson).

2. Buffers C1, G2, QBT, QC, QF (Qiagen Tip 100/G kit is supplied with buffers).
3 Ethanol 96% and ethanol 70%.
4. H2O (Millipore or similar).
5. Isopropanol.
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6. Phosphate-buffered saline (PBS).
7. Proteinase K (20 µg/µL).
8. Qiagen Genomic Tip 100/G.
9. TE buffer: 10 mM Tris-HCl; 1 mM EDTA, pH 7.5.

2.2. DNA Digestion

1. EcoR1: store at –20°C.
2. EcoRI Restriction buffer: 50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 100 mM NaCl.
3. Phenol mix, pH 8.0: (25:24:1), add: 25 vol Phenol, 24 vol Chloroform, 1 vol Isoamyl-

alcohol. Store at 4°C in the dark.
4. 3 M NaAc, pH 5.2.
5. Ethanol 100 + 70%.
6. 5X Gel loading buffer: 50 mM Tris-HCl, 50 mM EDTA pH 8, 0.5% SDS, 1.46 M sucrose,

0.25% Orange G.

2.3. Agarose Gel Electrophoresis and Southern Blotting

1. Agarose: Multi purpose agarose.
2. DNA marker: λ-HindIII ladder (0.04 µg/µL).
3. Ethidium bromide: 5 µg/µL.
4. Neutralization buffer: 0.3 M Tris-HCl, 3 M NaCl, pH 7.0.
5. Denaturation buffer: 0.5 M NaOH, 1.5 M NaCl.
6. TAE buffer 50X: 2 M Tris-HCl, 5.7% glacial acetic acid, 50 mM EDTA, pH 8.0.
7. 20X SSC: 3 M NaCl, 0.3 M Sodium citrate, pH 7.0

2.4. Hybridization

1. Pre-hybridization buffer: 1 mM EDTA, 0.5 M Na2HPO4, pH 7.5, 7% SDS, 1% BSA fract.V.
2. RP mix (Random Primed Labeling Mix): 0.09 M HEPES, pH 6.9, 0.01 M MgCl2, 0.05 mM

dCTP, 0.05 mM dTTP, 0.05 mM dGTP, 0.01 M DTT, Random Primers (pd(N)6): 0.0125
U/µL.

3. α-32P-dATP: Specific activity: 3000 Ci/ mmol, 10 mCi/mL (9250 kBq/25 µL).
4. Column buffer (TES): 10 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.1% SDS.
5. Sephadex G50.
6. Wash buffers: 2X SSC/0.1% SDS; 1X SSC/0.1% SDS; 0.3X SSC/0.1% SDS.

2.5. Probe Information (PMP22/ VAW409R3a/E3.9) (see Note 1)

PMP22:
Locus: 17p11.2
Vector: pBluescript (3.0 kb)
Selectable marker: Ampicillin (AMP)
Cloningsite: EcoRI
Insert size: 570 bp
Genomic fragment detected on Southern blot : 11, 8, and 5 kb

VAW409R3a:
Locus: 17p11.2 - 17p12 (D17S122)
Vector: pUC18 (2.7 kb)
Selectable marker: Ampicillin
Cloning site: EcoRI - BamHI
Insert size: 1.4 kb
Genomic fragment detected on Southern blot: 2.1 kb
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E3.9:
Locus: 22q1.12-22q12 (CRYB3-gen)
Vector: PSP65 (3.0 kb)
Selectable marker: Ampicillin
Cloning site: EcoRI
Insert size: 3.9 kb
Genomic fragment detected on Southern blot: 3,9 kb

In the probe mix use: 9 ng PMP22: 6 ng VAW409R3a, 9 ng E3.9

3. Methods

3.1. Genomic DNA Isolation from Blood

1. Add 1 mL ACD solution to 6 mL blood (EDTA) and mix gently (by hand). Store at –20°C
(max. 6 mo).

2. Thaw blood/ACD mixture at room temperature.
3. Add to 5 mL blood/ACD mixture: 1X volume buffer C1 (cold) plus 3X volume dH2O (cold).
4. Mix gently (by hand), then incubate on ice for 10 min.
5. Centrifuge at 1300g at 10°C for 15 min and discard supernatant gently.
6. Dissolve pellet in 1 mL buffer C1 (cold) plus 3 mL dH2O (cold).
7. Mix and incubate on ice for 5 min.
8. Centrifuge at 1300g at 10°C for 15 min and discard supernatant gently.
9. Dissolve pellet in 5 mL buffer G2 and mix for 30 s.

10. Add 50 µL Proteinase K, mix and incubate at 50°C for 30–60 min.
11. Isolate DNA with Qiagen Genomic Tip 100/G. (see Note 2).

3.2. Restriction Digestion of Genomic DNA with EcoRI

The following steps should be performed in duplicate, since dosimetry will be done
on two different gels and membranes.

1. For each gel: 3 normal samples (controls for 2 copies of PMP22), 1 HMSN positive
control (duplicated samples, 3 copies of PMP22), 1 HNPP positive control (deleted
sample, 1 copy of PMP22), should be prepared. This leaves sufficient space on the gel
for the patients samples.

2. Incubate DNA samples at 50°C for 10 min to make sure that it is properly dissolved.
3. Combine 6 µg of genomic DNA, 20 µL 10X EcoRI Restriction buffer and H2O to a final

volume of 200 µL.
4. Add 1 µL EcoRI enzyme (50 U/µL).
5. Mix and incubate at 37°C for 16–18 h overnight.
6. Add 200 µL Phenol mix and mix.
7. Centrifuge at maximum speed for 15 min in microcentrifuge.
8. Take the (upper) DNA phase and add: 20 µL (3M) NaAc plus 500 µL ethanol 100%.
9. Mix and incubate at –20°C for 16–18 h (or at –80°C for 90 min).

10. Centrifuge at maximum 10,000g for 15 min in a microcentrifuge.
11. Discard supernatant carefully.
12. Wash pellet with 200 µL 70% Ethanol.
13. Centrifuge at maximum speed for 15 min in microcentrifuge, 10,000g.
14. Discard ethanol and dry pellet for 2 min in speedvac (Savant).
15. Dissolve pellet in 16 µL Tris/EDTA buffer.
16. Incubate at 55°C for 2 h.
17. Add 4 µL gel loading buffer and mix.
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3.3. Agarose Gel Electrophoresis

1. Prepare 1X TAE running buffer from 50X stock.
2. Add 1.2 g agarose per 150 mL 1X TAE buffer use 150 mL per gel (make 2 gels).
3. Dissolve the agarose by heating in microwave oven, cool and pour into gel tray.
4. Incubate DNA samples with gel loading mix (and DNA markers) at 60°C for 10 min.
5. Centrifuge briefly (10–15 s) at maximum speed in microcentrifuge.
6. Place gel in 1X TAE running buffer and pipet samples carefully into gel lanes (do not

forget a DNA marker).
7. Gel electrophoresis is performed at 1.3 V/cm gel for 16–18 h.
8. The gel is then stained with ethidium bromide :

a. Place gel in 200 mL 1X TAE buffer
b. Add 30 µL ethidium bromide
c. Shake gently for 20 min

9. Visualize the DNA in the gel on a UV box (take a picture)
10.  Fragment DNA products with UV light: 100 s (1.2 J/cm2)

3.4. Southern Blotting

1. Transfer the DNA in the gel onto a positively charged nylon membrane (Hybound +) by
Southern blotting.

2. First the gel is pretreated by soaking in a series of solutions to denature and neutralize the
DNA and gel matrix:

a. Place gel in a clean dish containing: 200 mL 0.5 M NaOH/1.5 M NaCl (denature).
b. Shake slowly on a platform shaker for 20 min at room temperature.
c. Replace with fresh denaturation buffer and shake for an additional 20 min.
d. Pour off buffer and add: 200 mL 0.3 M Tris/3 M NaCl, pH 7.0 (neutralize).
e. Shake as before for 20 min, replace with fresh neutralization buffer and shake another

20 min.
f. The gel is then blotted overnight onto a membrane in neutralization buffer.

3. After overnight blotting remove the membrane from the gelstack.
4. Rinse the membrane briefly with 2X SSC, place it on a sheet of dry Whatman 3 MM paper

and allow it to dry.
5. To immobilize the DNA, it is cross linked onto the membrane by UV in a UV cross-linker

(use setting suggested by the manufacturer).

3.5. Hybridization with a Radio-Labeled DNA Probe

The membranes are hybridized with a mixture of the PMP22/VAW409R3a/E3.9 probe.

1. The probe is labeled with a-32P-dATP (random-primed labeling).

a. Mix PMP22/VAW409/E3.9 cocktail (21 ng, see Subheading 2.5) with 1 µL α-32PdCTP,
1 µL Klenow polymerase and 1 µL 10 x RP-mix in a final volume of 10 µL and incubate
for 60 min at 37°C. Stop the reaction by adding 100 µL column buffer (TES).

b.  Remove the free nucleotides from the probe over a Sephadex spin column.

2. Wet the membranes in 2X SSC.
3. Place them in a hybridization tube and add 30–40 mL hybridization buffer.
4. Place the tube in the hybridization oven and incubate > 2 h with rotation at 65°C.
5. Denature the probe by heating for 2 min at 100°C.
6. Place it on ice for 5 min.
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7. Pour off the buffer from the hybridization tube and replace with 6 mL fresh buffer per
membrane (buffer should be pre warmed at 65°C).

8. Add denatured probe and incubate o/n at 65°C.
9. Pour off the hybridization buffer/probe mix (into the radioactive waste!).

10. Place membranes in a clean dish containing 200 mL 2X SSC/0.1% SDS.
11. Shake for 20 min at 65°C, replace with fresh buffer and shake for another 20 min.
12. Replace the buffer with 200 mL 1X SSC/0.1% SDS and shake for 20 min, replace the

buffer and shake for 20 min.
13. Replace the buffer with 200 mL 0.3X SSC/0.1% SDS and shake for 20 min, refresh the

buffer and shake for further 20 min.
14. Pour off the final wash solution and air dry the membranes.
15. Wrap the membranes in plastic wrap and expose to a Phosphor Imager Screen.
16. After the exposure the results are analyzed with an Image Analysis program.

3.6. Dosimetry

1. The images from the exposed Phosphor Imager plates are analyzed with commercial im-
age analysis software (e.g., ImageQuant from Pharmacia or Aida from Raytest, Germany).
The ratio of the lowest PMP22 band, the E3.9 band and the VAW409R3a band are deter-
mined. We analyze only the 5 kb (lowest) PMP22 band since for dosimetry fragments of
similar size should be analyzed. In case of (minimal) DNA degradation, small fragments
are much less affected than large fragments. Indeed we see in some cases that the large
PMP22 bands are slightly degraded. The DNA isolated by the Qiagen columns is of high
molecular weight (> 50 kb) and perfectly suitable for this type of analysis. Degradation of
the DNA is usually due to poor quality of the blood samples.

2. The ratio of the signals for PMP22 and VAW409 compared to the loading control E3.9 is
determined for three normal controls (Fig. 1, lanes 2,3,4) and a mean for this group is
calculated. This ratio is set at 100% and the patient samples are compared to this ratio (7).
Theoretically, a duplicated PMP22 sample should have 150% of the ratio of signals for
PMP22/E3.9 and VAW409/E3.9 in the controls. The deleted samples (HNPP) have only
50% of the ratios of the controls. In practice, however, 150% is not always found. This is
probably due to a contribution of the background signal noise to the hybridization signals.
Generally we see ratios in the 130–150% range (7). We have made a dataset of controls
and duplicated samples to determine the range in which the duplicated samples should
fall. Since each test is performed in duplicate and 2 different loci are measured in each test,
the amount of false-positives is negligible. In rare cases there is a discrepancy between the
two duplicate samples, most likely due to poor quality of the DNA (degradation). In that
case the test is repeated. Some times the patients DNA must be isolated again.

3. Figure 1 gives a representative example of a duplication test. The densitometric analysis
is given in Table 1. The ratios of the signals of the bands for PMP22 and VAW3.9 over
the E3.9 signal are given. Lanes 1, 8, and 12 are CMT duplications and lanes 5 and 6 are
HNPP deletions. Lane 10 shows partially degraded DNA and rare polymorphisms of the
PMP22 gene are shown in lanes 16 and 19. In both cases a restriction fragment length
polymorphism results in alternatively sized PMP22 bands. In lane 16 the 4 kb PMP22
band is polymorphic, resulting in altered gene dose for this band when analyzed with this
test. In this case the VAW409 signal should be used to determine whether a duplication is
present. In lane 19 the 11 kb PMP22 band is polymorphic. This also does not affect the
analysis of the VAW409 signal.

4. In very rare cases (< 1:500 duplications), we see a duplication of only PMP22 and not
VAW409. PFGE analysis shows that this is due to alternatively sized duplications (8). In
that case only the PMP22 gene bands have an increased intensity.
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Fig. 1. Southern blot analysis for PMP22 gene copy number compared to the loading con-
trol E3.9.

Table 1
Densitometric Analysis of PMP22 Dosage Analysis

Lane Sample PMP22/E3.9a VAW409/E3.9a Result

1 Duplication 138 163 Duplication control
2 Normal 107 104 Control
3 Normal 98 101 Control
4 Normal 95 94 Control
5 Deletion 59 56 Deletion control
6 Patient 45 50 Deletion
7 Patient 95 89 Normal
8 Patient 150 140 Duplication
9 Patient 104 116 Normal

10 Patient 90 145 Degradation
11 Patient 106 109 Normal
12 Patient 142 148 Duplication
13 Patient 106 101 Normal
14 Patient 96 104 Normal
15 Patient 107 115 Normal
16 Patient 68 100 Polymorphism/normal
17 Patient 97 99 Normal
18 Patient 109 104 Normal
19 Patient b 111 Polymorphism/normal

Densitometric analysis for PMP22 gene copy number.
aRatio of PMP22/E3.9 is given as a percentage of the average signal ratios of the 3 normal control

samples in lane 2, 3, and 4.
bThis band could not be analyzed due to the presence of the polymorphism.
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4. Notes

1. Probes are available upon request (see E-mail address: f.bass@amc.uva.nl).
2. DNA should be treated with care to avoid shearing. To analyze the DNA integrity 1 µg

of undigested DNA can be run on a 0.6% agarose gel in 1X TAE at 1V/cm for 24 h The
undigested DNA should be larger than 50 kb.
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Analysis of Human Mitochondrial DNA Mutations

Antonio L. Andreu, Ramon Martí, and Michio Hirano

1. Introduction

Mitochondria are the powerhouses of eukaryotic cells. These organelles generate
energy in the form of adenosine triphosphate (ATP) from carbohydrates, fats, and pro-
teins, via oxidative phosphorylation. By virtue of possessing their own genetic mate-
rial—mitochondrial DNA (mtDNA)—mitochondria are unique mammalian organelles.
Normal human mtDNA is a 16,569 base-pair (bp), double-stranded, circular molecule
(1). The molecules contain tightly compacted genes for 22 transfer (tRNAs), 13
polypeptides, and two ribosomal RNAs (rRNAs) (Fig. 1). All 13 polypeptides are sub-
units of the oxidative phosphorylation system: seven belong to Complex I (NADH-
CoQ oxidoreductase), one to Complex III (CoQ-cytochrome c oxidoreductase), three
to Complex IV (cytochrome c oxidase or COX), and two to Complex V (ATP syn-
thase). These subunits are synthesized within the mitochondrion, where they are
assembled together with a larger number of subunits encoded by the nuclear DNA
(nDNA), that are synthesized in the cytoplasm and are transported into the mitochon-
drion (2). Approximately 1,000 mitochondrial polypeptides are encoded in nDNA.
Complex II (succinate dehydrogenase-CoQ oxidoreductase), of which succinate dehy-
drogenase (SDH) is a component, is encoded entirely by nuclear genes; SDH thus
serves as a marker for mitochondrial number and activity, independent of the mtDNA.

Since mitochondria are inherited only from the mother (3), defects in mtDNA genes
result in pedigrees exhibiting a pattern of solely maternal inheritance. Moreover,
because there are hundreds or even thousands of mitochondria in each cell, with an
average of 5 mtDNAs per organelle (4,5), mutation in mtDNA may result in two popu-
lations of mtDNAs—mutated and wild-type—a condition known as heteroplasmy. The
phenotypic expression of a mtDNA mutation is regulated by the threshold effect, that
is, the mutant phenotype is expressed in the heteroplasmic cells only when the relative
proportion of mutant mtDNAs reaches a certain value (6). A respiratory chain defi-
ciency may become manifest is some tissues, but not in others, if a number of mutant
mtDNA exceeds a certain critical threshold. The threshold varies among tissues,
depending on the oxidative energy requirements of that tissue: brain, heart, and skel-
etal muscle have extremely high energy requirements, and therefore it is no surprise
that mitochondrial disorders frequently affect brain and muscle (i.e., mitochondrial
encephalomyopathies and mitochondrial cardiomyopathies). Because both mitochon-



186 Andreu et al.

drial division and mtDNA replication are random processes unrelated to cell division,
a dividing cell will donate variable numbers of mitochondria and mtDNAs to its prog-
eny. This process, known as mitotic segregation, can be important clinically if a patient
harbors heteroplasmic populations or normal and mutated mtDNAs in his/her tissues.
The phenotypic expression of a mutation may then vary among tissues or may change
within a tissue over time.

From a practical point of view, the fact that mtDNA is polyplasmic presents serious
problems when looking for point mutation with variable heteroplasmy in different tis-
sues; therefore, it is best to analyze affected tissue. To date, the majority of mtDNA

Fig. 1. Map of the human mitochondrial genome. The structural genes for the mtDNA-
encoded 12S and 16S ribosomal RNAs, the subunits of NADH-coenzyme Q oxidoreductase
(ND), cytochrome c oxidase (COX), cytochrome b (Cyt b), and ATP synthase (A), and 22
tRNAs (1-letter amino acid nomenclature), are shown. The origins of light-strand (OL) and
heavy-strand (OH) DNA replication, and of the promoters for initiation of transcription from
the light-strand (LSP) and heavy-strand (HSP), are shown by arrows. The “common” deletion,
a mtDNA species often found in sporadic KSS/PEO is shown, as are common point mutations
associated with maternally inherited encephalomyopathies (boxed).



Mitochondrial DNA Mutations 187

mutations have been identified in genes encoding tRNA, most notably, mutations asso-
ciated with the clinical syndromes: mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes (MELAS) and myoclonus-epilepsy and ragged-red fibers
(MERRF) (7–18). Our strategy for identifying mutations is based on polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) analysis using, as a
template, total DNA from patients. Because most of the mtDNA mutations present
clinically as encephalomyopathies, skeletal muscle tissue typically harbors a high
mutation load, thereby accounting for the greater likelihood of successfully identifying
a pathogenic mutation in this tissue.

Another practical issue when performing mutational analysis of mtDNA is how to
quantitate properly the percentage of mutated genomes. A PCR-based approach has a
limitation when an accurate result is required. Typically, mutated and wild-type
molecules co-exist and form heteroduplexes during PCR annealing steps. When the
RFLP analysis is based on digestion of the mutant molecules, heteroduplex structures
lead to underestimation of the amount of mutated mtDNA molecules. To avoid this
artifact, a simple strategy is to add a radiolabeled nucleotide (i.e., 32P-dATP) prior to
the last PCR cycle, so that the percentage of mutated genomes will accurate represent
the level in the tissue.

2. Materials

2.1. DNA Extraction

1. RSB buffer: 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 25 mM EDTA, 1% SDS.
2. Proteinase K solution: 5 µL of 100 µg/µL proteinase K stock solution in 0.5mL RSB buffer.
3. SEVAG: 4 mL of isoamylalcohol and 96 mL of chloroform (1:24 ratio).
4. TE buffer: 10mM Tris-HCl, pH 8.5, 1 mM EDTA.

2.2. Southern Blot Analyses

1. Depurination solution. 0.25 M HCl.
2. Denaturation solution. 0.5 M NaOH, 1 M NaCl.
3. Neutralization solution. 0.5 M Tris-HCl, 3 M NaCl, pH 7.4.
4. 10× SSC. 1.5 M NaCl, 0.15 M trisodium citrate.
5. Hybridization solution. 0.25 M sodium phosphate, pH 7.2, 7% SDS.
6. Washing solution I. 20 mM sodium phosphate, pH 7.2, 5% SDS.
7. Washing solution II. 20 mM sodium phosphate, pH 7.2, 1% SDS.

3. Methods

3.1. Isolation of Muscle DNA

The protocol presented here allows a high DNA recovery from an initial amount of
50 mg of muscle tissue (see Note 1). To isolate DNA from other sources (e.g., blood,
skin, or hair follicles) commercially available kits can be used.

1. Crush 50 mg of frozen muscle into a fine powder (keep muscle in liquid nitrogen to pre-
vent thawing). Keep mortar and pestle cold with liquid nitrogen.

2. Place the muscle powder in a 1.5 mL Eppendorf tube and add 0.5 mL of RSB buffer
containing 1 mg/mL proteinase K.

3. Incubate overnight at 50°C or until solution is homogeneous.
4. Centrifuge tube and transfer supernatant to another tube.
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5. Add 50 µL of 5 M NaCl.
6. Extract with 500 µL of phenol. Centrifuge at 14,000g for 10 min. Save the aqueous

supernatant.
7. Extract with 250 µL of phenol and 250 µL of SEVAG. Centrifuge 10 min. Save supernatant.
8. Extract with 500 µL of SEVAG. Centrifuge 10 min. Save and transfer supernatant to a

sterile tube.
9. Add 2 volumes of cold (–20°C) isopropanol and mix by inverting tube. DNA should pre-

cipitate and appear as white strands. Centrifuge 15 min.
10. Discard supernatant and rinse the pellet twice with ethanol 70%.
11. Resuspend the pellet in 50 µL of sterile water or TE buffer

3.2. PCR-RFLP Analysis of Common MtDNA Mutations

This PCR protocol can be used to study any putative mutation in mtDNA (see Notes 2

and 3). Table 1 shows the oligonucleotide primers, PCR conditions, and RFLP strategy
to study the most common mutations in the mtDNA. As a general rule, PCR conditions
for mtDNA are less stringent than those for genomic DNA because the large number of
mtDNA molecules provides many template targets for the primers. Accurate measure-
ment of the proportion of mutated genomes is achieved by adding 32P-dATP prior to the
last PCR cycle (from this point, we are working with a radionuclide, therefore, safe labo-
ratory practices for radioactive products must be applied). The PCR product is then
digested with an appropriate restriction enzyme and the products of the digestion are run
in a 12% nondenaturing polyacrylamide gel. The gel is then dried and subjected to auto-
radiography or exposed in a phosphor imager for quantification.

To minimize effort, we try to design primers 20-mer long with a G + C content of
50%. This will allow us to use annealing temperatures between 55–60°C.

1. Mix in a PCR tube.
a. 20 ng of total DNA (in 1 µL).
b. Water 25.5 µL.
c. 10X PCR buffer 5 µL.
d. 5 mM dNTP mixture 8 µL.

Table 1
Analysis of Common mtDNA Point Mutations

PCR Restriction
Primers (5'-3') Fragment size enzyme Fragments

A3243G mutation
(F) cctacttcacaaagcgcctt 402 bp ApaI 307 and   95 bp
(R) cgatggtgagagctaaggtc

A8344G mutation
(F)ctaccccctctagagcccac 108 bp Bgl I   73 and   35 bp
(R)a

T8993G and T8993C mutations
(F) ctataaacctagccatggcc 365 bp HpaII/ AvaIb 194 and 171 bp
(R) agaggcttactagaagtgtg

aThe mismatch 41-mer primer is used: gtagtatttagttggggcatttcactgtaaagccgtgttgg.
bHpaII digests both the T-to-G and T-to-C mutations. AvaI digests only the T-to-G mutation.
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e. forward primer (2 pmol/µL) 5 µL.
f. reverse primer (2 pmol/µL) 5 µL.
g. Taq polymerase (5 U/µL) 0.5 µL.

2. We typically perform 30 cycles of PCR amplification; each cycle consists of three steps:
94°C for 15 s, 55°C for 15 s, 72°C for 1 min (Perkin-Elmer GeneAmp Thermal System
9700). After the initial PCR, we add 0.1 µL of 32P-dATP (specific activity 3000 Ci/mmol)
and perform a “last” cycle using the same conditions described earlier. If this “hot” PCR
cycle is completed within 5 h of the first PCR, then additional Taq polymerase need not be
added. However, if the hot PCR is performed the following day, then it is necessary to add
0.1 µL of Taq polymerase prior to the last cycle.
The sample is ready for digestion with an appropriate restriction enzyme. The product of
the digestion is then run in a polyacrylamide gel (12% is an appropriate concentration for
most of the RFLPs presented here) and the restriction pattern is analyzed.

3.3. Detection of Common Point Mutations of MtDNA by PCR-RFLP

Here, we present protocols for screening of four of the most common mtDNA muta-
tions: A3243G, the A8344G, T8993G, and T8993C (number refer to the nucleotide
(nt) in the original Cambridge sequence (1,7,17,19,20). To date, the A3243G mutation
has been the most prevalent mutation of mtDNA and is usually associated with MELAS
syndrome; however, it can present with other clinical phenotypes such as diabetes and
deafness (DAD) and maternally inherited progressive external ophthalmoplegia. The
A8344G mutation is the most common cause of MERRF syndrome, but other muta-
tions in the tRNALys gene may cause a MERRF-like phenotype. Both the T8993G and
T8993C mutations are associated with two phenotypes: neuropathy ataxia with retini-
tis pigmentosa (NARP) and maternally inherited Leigh syndrome (MILS) (21,22).
Table 1 shows PCR-RFLP based strategies to screen for these mutations.

3.4. Detection of Point Mutations of MtDNA by Direct DNA Sequencing

Frequently, patients suspected of harboring a mtDNA molecular defect based on
clinical, histological, and biochemical data, do not have one of the common mtDNA
mutations. In this situation, one should screen for the presence of another point muta-
tion. If the patient’s clinical phenotype conforms to a well-recognized mitochondrial
encephalomyopathy syndrome, e.g., MELAS, one can screen for less common mtDNA
point mutations associated with that syndrome. If known mtDNA mutations are
excluded, then direct sequencing of mtDNA provides the most simple and direct
approach to identify a novel mtDNA mutation.

The next issue to resolve is the selection of mitochondrial genes to study. We base
our decision on clinical, biochemical, and morphological criteria. For example, in
patients with maternally inherited disorders with ragged-red fibers in a skeletal
muscle biopsy and multiple defects of respiratory-chain enzymes with normal or
elevated succinate dehydrogenase, we begin by sequencing the mtDNA-encoded
tRNA genes. Alternatively, in a patient with a maternally inherited disorder with low
activity of a single respiratory chain enzyme, we screen the mtDNA-encoded sub-
units of that enzyme complex. As most of the mutations described to date are in
tRNA genes, we present a simple, fast, and reliable strategy to sequence all tRNAs
genes, minimizing both effort and cost. Table 2 shows primers and PCR conditions
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Table 2
Primers and PCR Conditions to Amplify
and Sequence the 22 mtDNA-Encoded tRNA Genes

Primer 5' site Sequence (5'–3') Tm (°C) G +C% content

Fragment 1a

M531F     531 taaccccataccccgaacca 62° 55
M718R     718 tcactggaacggggatgctt 62° 55
M1492F   1492 accctcctcaagtatattc 58° 45
M1803R   1803 tttcatctttcccttgcggt 58° 45

Fragment 2b

M3087F   3087 ccaggtcggtttctatctac 60° 50
M3472R   3472 agagttttatggcgtcagcg 60° 50
M4181F   4181 acttcctaccactcacccta 60° 50
M4370F   4370 ttctccgtgccacctatcac 62° 55
M4388R   4388 tgataggtggcacggagaat 60° 50
M4556R   4556 ggtaaaaaatcagtgcgagc 58° 45

Fragment 3c

M5454F   5454 ctcatcgcccttaccacgct 64° 60
M5651F   5651 cccttactagaccaatggga 60° 50
M5739R   5739 gcgggagaagtagattgaag 60° 50
M6022R   6022 tcggctcgaataaggaggct 62° 55

Fragment 4d

M7361F   7361 agaaccctccataaacctgg 60° 50
M7667R   7667 gggcgtgatcatgaaaggtg 62° 55
M8123F   8123 aaccaaaccactttcaccgc 60° 50
M8490R   8490 atgggctttggtgagggagg 64° 60

Fragment 5e

M9917F   9917 cgccgcctgatactggcatt 64° 60
M10149R 10149 tgtagccgttgagttgtggt 60° 50
M10347F 10347 atcctagccctaagtctggc 62° 55
M10568R 10568 taggcatagtagggaggata 58° 45

Fragment 6f

M12057F 12057 aaaacaccctcatgttcata 58° 45
M12408R 12408 aacgagggtggtaaggatgg 62° 55

Fragment 7g

M14587F 14587 acccccataaataggagaag 58° 45
M14840R 14840 ttcatcatgcggagatgttg 58° 45
M15756F 15756 gaatcggaggacaaccagta 60° 50
M16119R 16119 tcatggtggctggcagtaat 60° 50

aAmplified with primers M531F and M1803R. Fragment size: 1086 bp (covers the following tRNAs: Phe
and Val).

bAmplified with primers M3087F and M4553R. Fragment size: 1467 bp (covers the following tRNAs:
Leu(UUR), Ile, Gln, and Met).

cAmplified with primers M5454F and M6022R. Fragment size: 568 bp (covers the following tRNAs: Trp,
Ala, Asn, Cys, and Tyr).

dAmplified with primers M7361F and M8490R. Fragment size: 1129 bp (covers the following tRNAs:
Ser(CUN), Asp, and Lys).

eAmplified with primers M9917F and M10568R. Fragment size: 670 bp (covers the following tRNAs:
Gly and Arg).

fAmplified with primers M12057F and M12408R. Fragment size: 349 (covers the following tRNAs:
His, Ser, and Leu[CUN]).

gAmplified with primers M14587F and M16119R. Fragment size: 1533 (covers the following tRNAs:
Glu, Thr, and Pro).
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to amplify and sequence all 22 tRNA genes with just seven PCR-amplified frag-
ments. The GC% content of the primers have been adjusted such that all of the PCR
reactions use the same annealing temperature (55°C).

3.5. Interpretation of mtDNA Sequencing Results

Due to its genetic characteristics (lack of introns and histones, and incomplete re-
pair system), the mutation rate of mtDNA has been estimated to be 10-fold higher
than that of nDNA (23) Consequently, one will find a high number of nucleotide
changes when compared to the reference sequence. Most, but not all, these base-pair
alterations will likely be previously identified neutral polymorphism. In this setting,
establishing the putative pathogenic role of a nucleotide change can be a difficult task.
The first step is to determine whether a particular nucleotide change has been previ-
ously reported as neutral or pathogenic. A comprehensive list of polymorphism can be
found in MITOMAP: the human mitochondrial genome database (see Website: http://
infinity.gen.emory.edu/mitomap.html). In general, to assign a pathogenic role to a
nucleotide change the following canonical rules should be present:

1. The mutation should be heteroplasmic in the affected tissue.
2. The mutation can not be found in a series of at least 100 control DNAs from the same

ethnic origin.
3. In the case of mutations in tRNA genes, the mutated nucleotide has to be well-conserved

and, in addition, alters the secondary structure of the tRNA.
4. In the case of mutations in protein-coding genes, the resulting change in the translation

has to affect an amino acid, that is well-conserved over evolution, indicating an important
functional role.

3.6. mtDNA Depletion and Rearrangements

Patients with single large-scale deletions of mtDNA typically present with one of
three clinical syndromes: Kearns-Sayre syndrome, sporadic progressive external oph-
thalmoplegia with ragged-red fibers, and Pearson marrow/pancreas syndrome
(19,24,25). The deletion range in length from 2–8.5 kb and are largely confined to
an 11 Kb region in the major arc between the two origins of mtDNA replication (OH
and OL; see Fig. 1). Regardless of the clinical presentation, 30–40% of all deletions
are identical, that is called “common deletion,” which spans 4,977 bp from the ATPase
8 gene to the ND5 gene. The clinical phenotype of the patients is determined by the
distribution and relative abundance of the deletion in different tissues. Multiple dele-
tions may present with a wide range of clinical phenotypes, but usually is associated
with progressive external ophthalmoplegia, exercise intolerance, and muscle weak-
ness (26–29).

The standard technique to study mtDNA rearrangements is Southern blot analysis
(Fig. 2A). Although long-PCR based strategies have been used to study deletions in
mtDNA, the high number of false positives makes that technique difficult to interpret.
Southern blot analysis is performed using a PCR-generated probe for mtDNA (Table 3).
This probe is used to check for the presence of deleted molecules, which can be identi-
fied by conventional hybridization. Because the vast majority of mtDNA deletions are
in the major arc between the origins of DNA replication, we use a probe in the minor
arc between OH and OL (Table 3).
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Unlike point mutations and deletions, which are qualitative defects of mtDNA, deple-
tion of mtDNA is a quantitative abnormality; there is a paucity of mtDNA, however, the
residual mtDNA is qualitatively normal. Primary mtDNA depletion syndromes are pre-
sumed to be autosomal recessive disorders and typically manifest as myopathy, hepat-
opathy, or both in young children less than 2 y old (30–32). Secondary depletion of
mtDNA can be seen in disorders such as inclusion body myositis (33). Finally, iatro-
genic mtDNA depletion has been described in patients treated with nucleoside analogs
(e.g., zidovudine, dideoxycytidine, and dideoxyinosine) that inhibit mtDNA replica-

Fig. 2. (A) Southern blot analysis of total muscle DNA from an autosomal dominant pro-
gressive external ophthalmoplegia (AD) patient, autosomal recessive progressive external oph-
thalmoplegia (AR) patient, and a normal control (C). The DNA was digested with PvuII (P),
and SnaBI (S). In addition, uncut DNA (U) is included in the Southern blot analysis. The wild-
type mtDNA molecule (wt) is 16.6 kb in length while multiple deletion of mtDNA are visible
as faint bands below the wt-band. (Fig. 2A reprinted from Fig. 2 in ref. [39] with permission.)
(B) Southern blot analysis of total muscle DNA from a patient with mtDNA depletion (P) and
from a normal control (C). The nDNA band serves as a internal reference to account for the
amount of total DNA loaded. (Fig. 2B reprinted with permission from Fig. 2 in ref. [32]).
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tion (34–36). Again, Southern blot analysis is the most reliable technique using hybrid-
izations with two probes (one for mtDNA and another for nDNA).

3.7. Analysis for mtDNA Depletion

We start with 10–20 µg of total DNA that is digested with PvuII or BamHI (each
enzyme has a single restriction site in mtDNA, therefore, they linearize normal mtDNA
molecules) (see Note 4). The product of the digestion is run using conventional elec-
trophoresis methods in a 1% agarose gel and then transferred to a nylon membrane.
Hybridization is performed using probes listed in Table 3. Depletion of mtDNA is
identified by measuring the ratio between the nuclear and the mitochondrial signals
(Fig. 2B).

1. Extract total DNA as described previously (see Subheading 3.1.) and determine the DNA
quality and concentration by spectrophotometry.

2. Digest 5–10 µg of total DNA from all the samples, including normal controls, with PvuII.
3. Make a 1% agarose gel 20 cm in length using 1X Tris-Acetate EDTA (TAE) buffer con-

taining 0.5 µg/liter ethidium bromide (EtBr). Load the total volume of each digestion
product with an appropriate loading buffer in individual wells. In additional wells, load an
apropriate molecular weight marker and at least one undigested DNA sample.

4. Run at 2–3 volts/cm (distance between electrodes) overnight in 1X TAE with 0.5 µg/mL
EtBr. If necessary, continue the electrophoresis by inspecting the separation of the bands
of the molecular weight marker.

5. Remove the gel from the electrophoresis apparatus and place it on an ultraviolet (UV)
transilluminator. Put a fluorescent ruler on the gel aligning the beginning of the ruler with
the sample wells, in order to determine the distance of DNA migration. Take a photograph
of the UV illuminated gel.

6. Treat the gel with the following solutions in a shaker:
7. Depurination solution (15 min).
8. Denaturation solution (30 min).
9. Neutralizing solution (30 min).

10. Transfer the DNA from the gel to a nylon membrane as follows:

Table 3
Probes for Southern Blot Analysis

Probe Sequence (5'–3')

Mitochondrial DNA probe:
The amplified fragment spans part (F): ccactccaccttactaccagac
of 16S-ND1 (nucleotides 1690–4707)a (R): gtaatgctagggtgagtggtagg

Nuclear DNA probe:
The amplified fragment spans part (F): tacctggttgatcctgccagtagcat
of the nuclear DNA-encoded (R): taatgatccttccgcaggttcacctac
18S rRNA gene (nucleotides 3657-5527)b

aPCR conditions: one cycle of 94°C for 2 min; thirty cycles of 94°C for 30 s, 60°C for 30 s and 68°C for
6 min; and one final cycle of 68°C for 7 min (Perkin-Elmer 9700 thermocycler)

bPCR conditions: one cycle of 94°C for 2 min; 30 cycles of 94°C for 30 s, 60°C for 30 s and 68°C for
2 min; and one final cycle of 68°C for 7 min (Perkin-Elmer 9700 thermocycler).
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11. Fill one tray with 10X SSC.
12. Put a flat support tray on top of the tray with 10X SSC and lay a sheet of Whatman 3

Qualitative paper on it, with both ends submerged in the 10X SSC buffer.
13. Eliminate all air bubbles between the support tray and the Whatman paper.
14. Mark the gel for orientation by cutting off the upper left corner. Place the gel upside-down

onto the wet Whatman paper surface.
15. Cut a sheet of nylon membrane (e.g., ZetaProbe GT, Bio-Rad) exactly the same size as the

gel and soak in water.
16. Place the membrane on the gel. Place a sheet of Whatman 3 qualitative paper, moistened

with 2X SSC, on the nylon membrane, then put three additional sheets dry Whatman
paper on top. Avoid air bubbles in all the surfaces of contact.

17. Put about 10 cm of dry paper towels on top of the Whatman sheets.
18. Lay another flat tray onto the paper towels and put a 500 g weight on the top. Allow the

DNA to transfer overnight.
19. Remove the gel and the membrane. Check with an UV transilluminator for the absence of

DNA in the gel. Wash the membrane with 5X SSC for 5 min, then fix the DNA onto the
membrane by baking the membrane between two Whatman 3 sheets in a vacuum oven at
80°C for 1 h.

20. Make the radiolabeled probes. For detection of mtDNA depletion, both mitochondrial and
nuclear probes should be used. The primers and PCR conditions are described in the
Table 3. Label the probe with 32P using Random Primed DNA Labeling kit (Roche).

21. The membrane should be prehybridized 30 min at 65°C with the hybridization buffer. Then
hybridize the membrane with both labeled probes simultaneously (ratio mitochondrial:
nuclear should be 106 cpm/mL: 3 × 106 cpm/mL) in hybridization buffer, overnight at 65°C.

22. Wash the membrane at 65°C twice with washing solution I (30 min each), and twice with
washing solution II (30 min each). After the last wash, check the membrane with Geiger
counter. If the radioactive signal is too strong, make an additional wash with washing
solution II.

23. Seal the membrane in a plastic bag, and expose to an X-ray film. The exposing time could
be from 2 h to several days, depending on strength of the signals from the DNA probes.

24. By densitometry of the bands on the X-ray film or by direct measurement of the radiola-
beled bands in a phosphor imager, calculate the ratio of the signals from the mtDNA band
(16.5 kb) and the nuclear band (12 kb). Detect mtDNA depletion by comparing the ratio of
mtDNA/nDNA bands in patients and controls.

3.8. Analysis for Single and Multiple Deletions of mtDNA

Single and multiple deletions of mtDNA are detected using the Southern blot analy-
sis described earlier (see Subheading 3.7.) with modifications (see Note 5). The probe
for nDNA is not required. Deletions of mtDNA are detected as bands shorter than the
full-length 16.5 kb normal band.

Duplications of mtDNA often co-exist with single deletions. Duplicated mtDNA mol-
ecules produce Southern blot analysis results that are identical to heteroplasmic deleted
mtDNA. Each duplicated mtDNA correspond to a wild-type molecule plus the nondeleted
segment of the mtDNA (37,38). For example, in a patient harboring both the 4,977 bp
“common” deletion and the corresponding duplication, the individual would also have a
28,161 bp duplicated specie of mtDNA (corresponding to the 16,569 bp wild-type plus a
11,592 bp segment of mtDNA). If the duplicated molecule is cut with an restriction en-
zyme that recognizes a site within the duplicated segment, then the RFLP analysis will
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produce two bands, one identical to the wild-type mtDNA molecule and another identical
to the deleted mtDNA specie (37,38). Therefore, if the duplicated mtDNA molecule,
corresponding to the “common” deletion, is digested with PvuII (nt 2652) or BamHI
(nt 14,258), Southern blot analysis will reveal bands, identical in size, to the bands pro-
duced by a heteroplasmic population of the “common” mtDNA deletion. To resolve this
problem, one can use a restriction enzyme that recognizes a unique site within the
undeleted segment of mtDNA. In the case of the common deletion/duplication, SnaBI
restriction enzyme can be used because there is a unique cutting site (nt 10,736) in the
duplicated molecule. Thus, SnaBI digestion of a “common” duplication mtDNA mol-
ecule will produce a single linear band of approximately 28kb. By contrast, the “com-
mon” deletion molecule will remain uncut.

4. Notes

1. We generally obtain 50–100 µg of total DNA from 50 mg of skeletal muscle tissue. We
quantitate the amount of DNA by measuring spectrophotometric absorbance at 260nm.
Mitochondrial DNA constitutes about 1% of the total DNA.

2. In general, we prefer to identify mtDNA point mutations using a “gain-of-site” analysis,
by employing a restriction enzyme that cuts the mutant sequence and not the wild-type
sequence. There are at least two advantages of a gain-of-site analysis. First, we avoid false
positive results due to other DNA polymorphisms within the enzyme recognition site.
Second, we avert false positives caused by inadequate restriction enzyme cutting. For
example, in a “loss-of-site” analysis, if the wild-type DNA is not completely cut because
the restriction enzyme is degraded, then the result will be identical to that of a
heteroplasmic mutation.

3. For an up-to-date listing of pathogenic mtDNA point mutations, readers are referred to the
latest issue of the journal Neuromuscular Disorders, which maintains a comprehensive
section entitled “Mitochondrial encephalomyopathies: gene mutations” edited by
Dr. Serenella Servidei.

4. Because the amount of mtDNA in a tissue can vary widely from individual to individual,
we generally use at least DNA samples from at least four controls for each Southern blot
analysis for mtDNA depletion screening.

5. Multiple deletions of mtDNA may appear as faint bands, therefore, we often expose the
membrane to X-ray film for extended periods of time. Degradation of DNA will appear as
a smear rather than discrete bands below the 16.6 kb mtDNA band.
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Detection of Mitochondrial DNA Mutations
Associated with Leber Hereditary Optic Neuropathy

Kasinathan Muralidharan

1. Introduction

1.1. Mitochondrial Genetics

Human genetic disease linked to mitochondrial DNA (mtDNA), the other genome in
our cells, was first recognized in 1988 (1,2). Mitochondrial genetics has certain unique
features (reviewed in ref. 3): 1) Maternal inheritance: Mitochondria are maternally
inherited and therefore mtDNA mutations are transmitted through maternal lineage.
2) Heteroplasmy: The presence mutant mtDNA in a population of normal molecules is
termed heteroplasmy. The proportion of mutant molecules may be different in differ-
ent tissues and can change with cycles of cell division. 3) Replicative segregation:
Mitochondria are partitioned along with the cytoplasm during cell division. The distri-
bution of mutant and normal molecules in the daughter cells of heteroplasmic cell may
be unequal. In the course of development and differentiation, different parts of the
body may have different proportion of mutant molecules. 4) Threshold effect: The
percentage of mutant mtDNA molecules and the energetic needs of the tissue influence
the penetrance of mutations. The effect of mtDNA mutations may become evident
when either the number of mutant molecules or the deleterious effect exceeds a thresh-
old. 5) High mutation rate: The mtDNA has a much higher mutation rate than nuclear
DNA. This results in the recurrence of some mutations in different haplotype back-
grounds. The high mutation rate also contributes to polymorphisms.

1.2. Leber Hereditary Optic Neuropathy (LHON)

 Leber Hereditary Optic Neuropathy (LHON) is a maternally inherited disease that
presents as mid-life acute or sub-acute painless loss of central vision. Ophthalmic exami-
nation commonly reveals a central scotoma, peripapillary telangiectasis, microangio-
pathy, disk pseudoedema, and vascular toruosity. Patients and maternal relatives may also
manifest ancillary symptoms such as cardiac conduction defects, neurological manifesta-
tions including altered reflexes, ataxia, sensory neuropathy, and multiple sclerosis (MS).

The onset can range from sudden and complete loss of vision to progressive decline
over the course of two years. The eyes may be simultaneously or sequentially affected.
The age of onset is variable and has a mean of 27–34 y. The progression is also vari-
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able. The final visual acuity can range from 20/50 to no light perception. The probabil-
ity of visual recovery also is variable.

The mitochondrial etiology of the LHON was demonstrated by Wallace et al. (2)

who recognized the MTND4*11778A mutation in families with LHON. To date 27
mutations in mitochondrial DNA (mtDNA) have now been associated with LHON.
Although all these mutations have LHON as a common feature, they differ with respect
to other neurological features associated with them. The mitochondrial basis for LHON
explains the maternal transmission of the disease. The variable penetrance and male
bias in expression in LHON, however, remains enigmatic. Environment factors and
other genetic factors have also been noted to play a role in LHON expression.

1.2.1. LHON Mutations

Over 27 mutations have been associated with LHON. Many of them are rare and
their association with LHON remains to be confirmed.

Three of these mutations, 3460A, 11778A, and 14484C are generally agreed to be
the primary mutations (see Fig. 1 and Table 1). These mutations occur in multiple
unrelated LHON, and have not been detected in a large number of control mtDNAs.
The presence of these mutations greatly increases the probability of blindness.
Together these account for over 90% of LHON cases reported (see Notes 1 and 2).

These and other mutations that primarily result in LHON alter mtDNA-encoded
intrinsic membrane proteins that contribute to NADH: ubiquinone oxidoreductase or
mitochondrial oxidative phosphorylation Complex I. 3460A and 14459A cause a
severe defect in Complex I enzyme function. 11778A mutation show moderate impair-
ment and 14484C only causes mild perturbation of Complex I.

The 14484C mutation occurs on a particular European mtDNA haplotype (haplo-
type J defined by MTND5*LHON13708A, MTND1*LHON4216C, and often
MYCYB*LHON15257A). 11778A and 3460A are associated with a variety of
haplotypes indicating that these mutations have arisen multiple times independently.

Fig. 1. Molecular detection of LHON mutations. Normal and mutant PCR-restriction diges-
tion patterns for the three primary LHON mutations are shown. The mutation assayed is indi-
cated at the bottom of the gel. The molecular sizes of the fragments are indicated in base pairs.
Details of the PCR primers conditions and restriction enzymes are provided in Table 2.
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The secondary mutations have been found in increased frequencies in LHON
patients, but generally in conjunction with one of the primary mutations. LHON muta-
tions may also be classified into those that cause LHON alone and those that present
with LHON and other neurological symptoms. For example MTND6*LHON14484C
almost always only presents with LHON. MTND6*LDYTI14459A on the other hand,
presents with LHON and dystonia and other neurological symptoms.

2. Materials

2.1. DNA Isolation (4)

1. TKM1: 10 mM Tris-HCl, pH 7.6. 10m M KCl, 10 mM MgCl2, 2 mM EDTA, and 2.5%
Nonidet P-40.

2. TKM2: 10 mM Tris-HCl, pH 7.6. 10m M KCl, 10 mM MgCl2, 2 mM EDTA, 0.4 M NaCl,
0.05% sodium dodecyl sulfate (SDS).

3. 6 M NaCl.
4. Ethanol.

2.2. PCR Amplification

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

2. PCR Buffer 10X buffer: 100 mM Tris-HCl, pH 8.3, 15 mM MgCl2, 500 mM KCl.
3. dNTPs: 10 mM each of dATP, dCTP, dGTP, and dTTP (Roche Biochemicals).
4. Taq DNA polymerase (5 U/µL) (Roche Molecular Biochemicals).

2.3. Restriction Digestion

1. Restriction enzymes BsaHI, MaeIII, and BstN1. Purchased from New England Biolabs.
Reaction buffers provided by the manufacturer are used (see Note 3).

2.4. Agarose Electrophoresis

1. 2% and 3% Agarose gels in 1X TBE.
2. 1X TBE: 89 mM Tris-borate, 2 mM EDTA, pH 8.3.

3. Methods

3.1. DNA Isolation (4)

1. Collect whole blood in a Vacutainer tube (purple-stopper) containing EDTA as antico-
agulant.

2. Transfer 5 mL of blood into a 15-mL centrifuge tube and add 5 mL of TKM1. Mix well.
3. Centrifuge at 1200–1500g for 10 min at room temperature in a tabletop centrifuge.
4. Slowly pour off the supernatant and save the nuclear pellet.
5. Wash the pellet in 5 mL of TKM1 buffer and centrifuge as before.
6. 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 NaCl to the tube and mix well.
8. Centrifuge at 1200–1500g for 10 min.
9. 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.
10. Rinse DNA precipitate in 70% ethanol. Air-dry.
11. Suspend DNA in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
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Table 1
Primary LHON Mutations

Amino Control Visual Penetrance Penetrance
Nucleotide acid frequency recovery in male  in female

Mutation change change (%) Homo Hetero (%) relatives (%) relatives (%) Occurrence

MTND4*LHON11778 G to A Arg to His 0 + + 4 33–60 82 70% of cases in Europe
90% of cases in Japan

MTND1*LHON3460 G to A Ala to Thr 0 + - 22 14–75 40–80 35% of cases in Europe

MTND6*LHON14484 T to C Met to Val 0 + + 37 27–80 68 68% of cases in Europe

Table 2
Molecular Analysis of Primary LHON Mutations

Fragment Restriction Normal Abnormal
Annealing size enzyme fragments fragments

Mutation Primers (5' - 3') (°C) (bp) (incubation °C) (bp) (bp) References

MTND1*LHON3460A Forward: 51 620 BsaHI 350, 620 (8)
TTCAAATTCCTCCCTGTACG  (37°C) 270 (9)
Reverse:
GTGACGCTCGTCATCGG (tail) TTCGAACACC

 MTND4*LHON11778 Forward: 51 728 MaeIII 510, 510, (2)
CCCACCTTGGCTATCATC (55°C) 218 124,
Reverse: 94
GCGATTGGAGCGGAATGG

MTND6*LHON14484 Forward: 45 319 BstNI 304, 280, (7)
AAACAATGGTCAACCATGAAC a (60°C) 15 24,
Reverse: 15
GTCCGGGGGATTTATTTAATTTTTTT a

aNucleotides in italics altered to create MvaI site.
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3.2. PCR Amplification

 In each analysis a positive control, negative control, and water blank are included.

1. A 50 µL reaction is set with 8.0 µL of dNTP stock (final concentration 1.25 mM of each
dNTP), 5 µL 10XPCR buffer, and 1.5 µL each of forward and reverse primer and 0.25 µL
Taq polymerase. About 100 ng of isolated DNA was used per reaction.

2. The PCR thermocycling parameters included an initial denaturation step of 94°C for
4 min, 34 cycles of 1 min each of denaturation at 94°C, annealing at 51°C or 53°C accord-
ing to the primers in the reaction (see Table 2), extension at 72°C, and final extension at
72°C for 3 min.

3.3. Restriction Digestion

1. 15 µL o f the PCR product is digested in a 30 µL reaction. This volume contains 15 µLof
PCR produce, 3 µL of the appropriate 10X restriction digestion buffer, and 10 U of
restriction enzyme, and water to make up to 30 µL. The restriction digestion is carried out
at the temperature optimum for the particular restriction enzyme (see Table 2).

3.4. Agarose Electrophoresis

1. The restriction digests are resolved on an agarose gel. MTND1*LHON3460 and
MTND4*LHON11778 assays are resolved on 2% agarose TBE gels. MTND6*LHON
14484 digestion products is resolved on 3% agarose TBE gels.

Table 3
Secondary LHON Mutations (3)

No. Mutation Status

  1 MTATP6*LHON9101C Primary

  2 MTCO3*LHON9804A Primarya

  3 MTND2*LHON5244A Primarya

  4 MTND3*LHON10663C Primary

  5 MTND5*LHON13730A Primarya

  6 MTND6*LDYT14459A Primarya

  7 MTCO3*LHON9438A Secondarya

  8 MTCOI*LHON7444A Secondarya

  9 MTCOXIII*LHON9738 Secondary

10 MTCYB*LHON15257A Secondarya

11 MTCYB*LHON15812A Secondarya

12 MTND1*LHON3394C Secondarya

13 MTND1*LHON4160C Secondarya

14 MTND1*LHON4216C Secondarya

15 MTND2*LHON4917G Secondarya

16 MTND5*LHON13708A Secondarya

aMutations tested in extended LHON mutation analysis.
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4. Notes

1. The three mutations MTND1*LHON3460C, MTND4*LHON11778 and MTND6*
LHON14484 account for about 90% of the cases of LHON in patients of European ances-
try. Our laboratory also routinely tests for MTND6*LDYT14459A mutation which pre-
sents with dystonia. We also test for 12 other primary and secondary mutations when
further testing is requested on patient who has tested negative on the first four mutations
(Table 3). These additional mutations may contribute to 2–3% increased detection rate.
The determination to carry out further testing is made by the physician based on the clini-
cal presentation and pedigree information. Sequencing of the mtDNA on a research basis
may be offered to patients where the clinical diagnosis strongly points to LHON.

2. Genetic counseling of maternal relatives of a patient with a LHON mutation is recom-
mended. Counseling is complicated by the presence of heteroplasmy, sex of the individual,
and other genetic and environmental factors.

3. Polymorphisms in the restriction enzyme recognition sites are a well-recognized problem
in molecular diagnostic methods. A false-positive rate of 2–7% is estimated for primary
LHON mutations (5,6). This should be kept in mind as source of false positive or nega-
tives in the analysis. Alternative restriction enzymes or sequencing of the region of the
mtDNA is occasionally necessary.

a. MTND4*LHON11778 is some times assayed by digestion with SfaNI restriction
enzyme. This assay recognizes MTND4*LHON11778 by loss of digestion by SfaNI.
A polymorphic loss of site is known for this mutation. Digestion with Mae III, which
is a gain of site with the mutation, is useful if another method is needed.

b. MTND6*LHON14484 can be assayed by Sau3AI using a mismatch primer (7). A poly-
morphism at nucleotide 14485 creates a loss of this site.

c. A polymorphism at nucleotide 3459 can result in a loss of BsaHI recognition site in the
assay for MTND1*LHON3460C. MvaI is another enzyme that can be used to detect
this mutation.
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PCR-Based Strategies for the Diagnosis
of Prader-Willi/Angelman Syndromes

Milen Velinov and Edmund C. Jenkins

1. Introduction

Imprinting is the naturally occurring functional inequality of alleles of a given gene
reflecting their parental origin. Only one of the alleles (either maternal or paternal) is
functional (producing mRNA) in an imprinted gene. Imprinted genes in the human ge-
nome have been identified and are sometimes associated with particular disorders. The
two best-known conditions in human genetics that are the result of imprinted gene abnor-
malities are Prader-Willi (PWS) and Angelman (AS) syndromes. These two clinically
distinct neurobehavioral disorders are the result of absent/deficient function of alleles of
genes in the paternally (PWS) or maternally (AS) derived proximal segment of the long
arm of chromosome 15 (15q11→q13). This chromosomal region is normally imprinted.
At least four genes in this region were found to be expressed only by paternally derived
alleles (1) and the deficiency of these and possibly other gene products in the region is
believed to result in Prader-Willi syndrome. One gene, UBE3A, located within the PWS/
AS region was found to be expressed in certain tissues only by its maternally derived
allele. Mutations in this gene are associated with some cases of AS (2).

Deletions of about 4Mb in 15q11→q13 were first observed in both PWS and AS.
Such proximal 15q deletions result in PWS if paternally derived, and in AS if maternally
derived. Approximately 70% of patients with either PWS or AS carry microdeletions.
Most of the remaining PWS patients were later found to have maternal uniparental
disomy (UPD) for chromosome 15. Approximately 3–5% of AS patients have paternal
UPD 15 (3). About 2–3% of both PWS and AS patients do not have 4Mb microdeletions
or UPD, but are abnormally imprinted. As a result, genes located in the region are
functioning as if they were only maternally derived (in cases of PWS) or paternally
derived (in cases of AS). In about half of those patients small (1–2 kb) deletions near the
5' end of the gene for SNRPN, affecting a region with suggested functional importance
in the regulation of imprinting, were identified (4). Such patients are described as hav-
ing a defect in the imprinting process (or imprinting center mutation).

The etiologic heterogeneity of PWS and AS makes it difficult to establish uniform
diagnostic methods that would detect most positive cases. Fluorescence in situ hybrid-
ization (FISH) analysis to identify the large microdeletions on the proximal 15q is
available, but identifies only 70% of Prader-Willi or Angelman syndrome cases. Since
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the proximal 15q chromosomal segment is subject to imprinting, parent-of-origin-
specific DNA methylation patterns are normally present in this region, particularly in
the CpG islands at the 5' portion of the SNRPN gene. The methylation affects cytosine
at the CpG islands and occurs in the maternally derived chromosomal region. DNA,
methylation abnormalities in the 5' region of SNRPN were reported in both PWS and
AS. Namely, PWS patients have only methylated (maternally derived) DNA whereas
most AS patients have only unmethylated (paternally derived) DNA (5). Thus method-
ologies for the analysis of DNA methylation patterns in proximal 15q were developed
and subsequently recommended for the initial PWS/AS screening (3). Such tests can
identify all patients with PWS and 75–85% of those with AS. The remaining AS
patients do not have methylation abnormalities. About half of those patients were found
to have mutations in the gene UBE3A (2). Thus UBE3A mutation screening is recom-
mended in methylation-negative cases of suspected AS.

The first methylation-specific methodology developed was Southern analysis using
methylation-sensitive restriction enzymes. Polymerase chain reaction (PCR)-based
methylation testing for the two disorders was recently developed in order to increase
the rapidity of the testing and to minimize the amounts of material required (6,7). The
PCR-based methylation test is based on the ability of sodium bisulfite to convert
cytosine residues to uracil under conditions whereby the methylated
cytosine residues (5-methyl cytosines) remain essentially nonreactive. Following
bisulfite modification, PCR amplification is carried out with strand-specific primers
(since the two DNA strands are no longer complementary). In the resultant PCR prod-
uct all uracil and thymine residues are amplified as thymine, and only the 5-methyl-
cytosines are amplified as cytosines (8). This PCR-based testing for PWS and AS is
referred to as methylation-specific PCR (mPCR) (6). In this protocol the methylation-
specific changes in DNA sequence produced by bisulfite treatment are used to design
PCR primers that would specifically amplify methylated (maternally derived) or
unmethylated (paternally derived) sequences only. Since PWS patients are deficient
for paternally derived DNA, amplification in PWS patients will occur only with the
“methylated” primers, and the opposite will be the case with AS patients. Two sets of
primers (paternally and maternally specific) were used in a multiplex amplification.
While conducting mPCR testing, the paternal-specific primers were found to generate
stronger amplification than the maternal-specific ones, so that using different amounts
of primers was necessary (6,9) and adjustment of the primer amounts for every new
primer batch was recommended (9). We attempted to use this protocol by amplifying
separately the maternally and paternally derived sequences. As such, false-positive
cases due to a nonspecific inhibition of the PCR process were sometimes observed and
they were difficult to identify because of the lack of internal controls.

Because of the aforementioned technical problems encountered using the mPCR
approach, we have developed an alternative methylation test using methylation-specific
digestion of the amplified, bisulfite-treated DNA (7). In our protocol, referred to as
Bisulfite Restriction Analysis (BRA), two rounds of nested amplification of the bisulfite-
treated DNA are first carried out using two sets of primers that anneal to GC-free regions
(Fig. 1). This is done in order to produce “methylation-independent” amplification. The
nested PCR is required in order to produce a sufficient amount of amplified product so
that the detection of the digested fragments is possible by simple ethidium bromide-
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stained agarose gel analysis. Alternatively, this assay can be conducted with one-step
PCR amplification. However specific labeling in order to visualize the fragments after
digestion may be necessary. The amplified fragments are digested with CfoI, which
recognizes the sequence GCGC. The bisulfite modification leads to the loss of the CfoI
restriction site only in the paternally derived (unmethylated) DNA fragments (Fig. 2).
Accordingly, the cleavage occurs only at the methylated (maternally derived) sites,
thus allowing differentiation between maternally derived (digested) and paternally
derived (undigested) alleles (Figs. 2 and 3). While our protocol takes longer to com-
plete compared to the mPCR approach, it eliminates the risk for false positive results.
As such, it is our method of choice for initial diagnostic work up of individuals with
suspected PWS or AS. Because of the minimal amount of specimen required for the
PCR-based methylation testing (100 ng or less of native genomic DNA is sufficient for
testing); we were also able to conduct retrospective testing of archived fixed cell sus-
pensions from individuals already evaluated and found to be negative by FISH. We
have identified one new positive PW and one new AS case out of 20 specimens tested
(10). Such re-testing can help avoid obtaining additional blood specimens for methyla-
tion testing in FISH-negative individuals with suspected PWS/AS. In addition, sources
of very small amounts of DNA such as blood specimens used in newborn screening
may be used for methylation testing.

Fig. 1. The 5' region of the SNRPN gene amplified in our protocol is shown. This genomic
region was previously reported to be fully methylated in cases of PWS and unmethylated in
cases of AS (5). The primers are designed according to the bisulfite-mediated changes in the
DNA sequence (uracil substitutes cytosine). When cytosine is in the context of a CpG island
it remains unchanged by the sodium bisulfite treatment, because it is methylated to form
5-methyl cytosine. The CpGs that have methylated cytosine residues are in bold. The
sequences used to design the first set of primers are indicated in italic. The sequences for the
nested primers are underlined. The CfoI digestion sites are shown in upper case. Since both
sets of PCR primers are annealing to CG free sequences, the amplification is not methyla-
tion-dependent (it occurs for both methylated and unmethylated DNA). CfoI digestion will
only occur with methylated (unmodified by the bisulfite treatment) DNA fragments. Thus in
normal individuals, digestion will result in the presence of both an undigested (340 bp band)
and digested (224, 22, and 94 bp) products. In individuals with PWS all DNA will be
digested, whereas in AS no DNA will be digested. See also Fig. 2.
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Fig. 3. BRA testing of patient and control specimens. Lane 1, DNA weight marker; lanes 2
and 3, PWS specimens showing full digestion (digested fragments of 224 bp and 94 bp are
seen, undigested fragment 340 bp is absent); lanes 4 and 5, AS specimens with complete lack of
digestion (only the undigested 340 bp fragment is seen); lanes 6 and 7, non-PWS non-AS speci-
mens showing partial digestion (both digested 224 bp and 94 bp and undigested 340 bp frag-
ments are seen).

Fig. 2. (A) A CfoI restriction site at the 5' portion of SNRPN gene is presented. The methy-
lated cytosine residues are indicated with Cm; mat, maternally derived sequence; pat, paternally
derived sequence. The two CfoI restriction sites that are present in the SNRPN fragment stud-
ied (Fig. 1), are followed by a guanosine residue. Thus all cytosine residues within the restric-
tion sites are in a CpG context. Accordingly, in the maternally derived fragments these residues
are methylated to form 5-methyl cytosine. Normal individuals have one maternally derived
(methylated), and one paternally derived (unmethylated) sequence. Individuals with PWS have
only methylated sequence since they are deficient in paternally derived chromosomal material.
Individuals with AS have only unmethylated sequence since they are deficient in maternally
derived material. (B) Bisulfite modification converts the cytosine residues that are unmethylated
into uracil. Thus in normal individuals one of the CfoI restriction sites (on the paternally de-
rived sequence) is lost. In individuals with PWS no restriction site is lost. In individuals with
AS both restriction sites are lost.
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2. Materials

2.1. DNA Extraction

1. Puregene DNA extraction kits (Gentra, Minneapolism MN, USA).
2. 100% isopropyl alcohol (2-propanol).
3. 70% ethanol.

2.2. Bisulfite Treatment

1. CpGenome DNA Modifiction Kit (Serologicals Co, Norcross, GA, USA).
2. Reagent I: For each sample add 571 µL of water to 227 mg of DNA Modification Reagent

I (CpGenome DNA modification kit). Adjust the pH to 5.0 with approx 20 µL of 3 M
NaOH, monitoring the pH using pH indicator paper.

3. Reagent II: Add 1 µL of β-mercaptoethanol to 20 mL of deionized water. Add 750 µL of
this solution to 1.35 g of DNA Modification reagent II (CpGenome DNA modification
kit) for each sample to be modified.

4. Reagent III is supplied ready to use in the CpGenome DNA modification kit.
5. Ethanol-NaOH solution: To prepare 1 mL of this solution, combine 900 µL of 100% Etha-

nol, 93.4 µL of H2O, and 6.6 µL of 3 M NaOH.
6. TE buffer: 10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5.

2.3. PCR

1. Primers: The primers (Fig. 1) used for the first PCR are:
5'-GGTTTTTTTTTATTGTAATAGTGTTGTGGGG - 3' and
5'-CTCCAAAACAAAAAACTTTAAAACCCAAATTC - 3'

The primers used for the nested amplification are:
5'- GGTTTTAGGGGTTTAGTAGTTTTTTTTTTTTAGG -3' and
5'-CAATACTCCAAATCCTAAAAACTTAAAATATC-3'

The lyophilized primers received from the manufacturer are reconstituted as stock solu-
tions to a concentration 1 µg/µL in Tris/EDTA solution. The working primer solutions are
prepared from the stock solutions by diluting down to 250 ng/µL in dH2O. From this
solutions 4 µL of each primer are used for every reaction (for the 50 µL PCR format).

2. Polymerase: The polymerase used is AdvanTaq Plus (Clontech, Palo Alto, CA, USA) (a
hot start enzyme).

3. PCR buffer: 10X AdvanTaq PCR buffer (Clontech).
4. dNTPs: Nucleotide mix is prepared from stock solutions of dATP, dCTP, dGTP, and dTTP

(New England Biolabs) to a final concentration of 2.5 mM of each nucleotide.
5. Digestion: The digestion is done using restriction enzyme CfoI (Promega Inc.).
6. Electrophoresis: Electrophoresis is done on a 2.5% agarose minigel using the minigel

system of Labnet Inc. (11).
7. pUC18 (Sigma Chemical Co).

3. Methods

3.1. DNA Extraction

1. Genomic DNA is isolated using the Puregene DNA isolation kit of Gentra following the
instructions of the manufacturer.

3.2. Bisulfite Treatment

1. 3 µg of DNA is bisulfite-treated using the CpGenome DNA modification kit following the
manufacterer’s instructions (see Subheading 2.2.).
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2. In screwcap microcentrifuge tubes add the DNA and bring the volume to100 µL with
distilled H2O. Add 7 µL of freshly made 3 M NaOH.

3. Incubate for 10 min at 37°C.
4. Add 550 µL of freshly prepared DNA modification Reagent I (see Subheading 2.2., item 2).
5. Incubate at 50°C for 16–20 h.
6. Resuspend DNA Modification Reagent III (see Subheading 2.2., item 4) by vortexing

vigorously.
7. Add 5 µL of well-suspended DNA Modification Reagent III (see Subheading 2.2., item 4)

to the DNA solutions.
8. Add 750 µL of DNA Modification Reagent II (see Subheading 2.2., item 3) and mix.
9. Incubate at room temperature for 5–10 min.

10. Spin for 10 s at 5,000g to pellet the DNA Modification Reagent III (see Subheading 2.2.,
item 4) with DNA. Discard supernatant.

11. Add 1.0 mL of 70% EtOH, vortex, centrifuge for 10 s at 5,000g and discard supernatant.
Perform this step for a total of 3 times.

12. Centrifuge at 10,000g for 2–3 min, and remove the remaining supernatant with a pipet.
13. Add 50 µL of the freshly prepared 20 mM NaOH/90% EtOH solution (see Subheading

2.2., item 5).
14. Vortex and incubate at room temperature for 5 min.
15. Spin for 10 s at 5,000g. Add 1.0 mL of 90% EtOH and vortex. Spin again and remove the

supernatant. Repeat this step one additional time.
16. Centrifuge the sample at high speed for 5 min.
17. Remove all the remaining supernatant and add 25 µL of TE buffer (Subheading 2.2., item 6)

and vortex.
18. Incubate the sample for 15 min at 60°C.
19. Centrifuge at high speed for 2–3 min and transfer the sample (supernatant) to a new tube.

3.3. PCR

1. 2 µL of the bisulfite-treated DNA is amplified with the first set of primers.
2. Add 2 µL of the bisulfite treated DNA solution to a 0.2 mL PCR tube.
3. Add 48 µL PCR mix containing the following constituents as recommended by the

manufacturer: 4 µL (1 µg) of each primer, 1 µL of AdvanTaq Plus polymerase, 5 µL 10X
PCR buffer, 4 µL dNTP mix, and 30 µL dH2O to make total of 48 µL.

4. The reaction is carried out with a two-step cycle: a denaturing step of 95°C for 30 s, and an
annealing step of 65°C for 2 min, for the first five cycles, then 52°C for 2 min for the next
30 cycles, with a total of 35 cycles. After the first PCR program is over, 2 µL of the first
reaction is used as a template for the nested PCR with the above conditions using the
nested primers.

3.4. Electophoresis and Enzymatic Digestion

1. 5 µL of the PCR products are run on a 2.5% agarose gel to check for the presence of
amplification products. A 340 bp fragment should be detected (7) (see also Notes 1–4).

2. 10 µL of amplification product are digested in the PCR buffer mix using 15 U (1 µL) of
restriction enzyme CfoI. Digestion is carried out overnight at 37°C (minimum 3 h).

3. The digested specimens are run on a 2.5% agarose minigel for 15 min at 100 V. The DNA
marker used for all runs is an MspI digest of pUC18.

4. For every run of amplification, four controls are included: a positive control for PWS
(DNA from patient with known PWS), a positive control for AS (DNA from a patient with
known AS), a positive control for a non-PWS, non-AS individual, and a negative PCR
control (mix with no template). The three positive (PWS, AS and non-PWS-non-AS) PCR
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controls after amplification are subjected to the next step of the testing protocol-CfoI
digestion. They are thus used as controls for the digestion step.

5. Three patterns of digestion can be seen (Figs. 2 and 3):
a. Complete digestion: only 224 bp, 22 bp, and 94 bp fragments that are the results of

complete digestion of the PCR fragments are seen in cases of PWS since the genomic
DNA in these patients is fully methylated and the restriction site is not modified by the
bisulfite treatment.

b. Partial digestion: both undigested 340 bp, and digested 224 bp, 22 bp and 94 bp frag-
ments are seen when the DNA methylation pattern is normal (non-PWS, non AS
patients).

c. No digestion: only the 340 bp undigested fragment is seen in cases of AS since the
restriction site is unmethylated and is thus completely modified with the bisulfite treat-
ment. (see also Notes 5 and 6).

4. Notes

1. No amplification is observed including: Check PCR reaction components. Consider per-
forming control PCR with the control DNA template and primers included in the
AdvanTaq Plus PCR kit (Clontech Inc.). If the PCR kit is working most likely the problem
consists of insufficient bisulfite treatment. Repeat bisulfite treatment with the following
points of attention:
a. Assure appropriate pH of Reagent I. In our experience 20 µL of 3 mM NaOH per

specimen result in the desired pH and efficient bisulfite modification. However this
parameter may vary.

b. Discard all remaining supernatant at the last purification step after the bisulfite treat-
ment. Remaining reagents after purification may inhibit amplification.

2. Amplification of most specimens but not all: Determine starting genomic DNA concen-
tration for the specimens that were not successfully amplified. Consider electrophoretic
analysis of the genomic DNA to check for degradation.

3. Weak amplification resulting in amounts insufficient for digestion or with nonspecific
artifact bands: Consider changing the concentration of DNA template in the amplification
mix. Either increasing or decreasing the amount of DNA template may result in more
efficient amplification. In cases of artifact bands consider increasing the annealing tem-
perature in the first 5 cycles to 68°C. Note that such modification is thermocycler-specific
and enzyme-specific, and may lead to improvement of amplification only in certain types
of thermocyclers/enzymes.

4. Positive amplification of blank controls: Most likely reason is contamination of the tubes used.
Consider preparing new reagents, using new unopened packs of PCR-tubes. In such cases
repeating the bisulfite treatment rather then only repeating the PCR-reactions is advisable.

5. Inefficient digestion (PWS controls are not fully digested): Consider using a fresh batch of
restriction enzyme, longer incubation and repeating the amplification with 68°C annealing
temperature to eliminate nonspecific amplification.

6. Excess digestion (partial digestion is observed for the AS specimens). This is most likely
the result of contamination. Consider repeating of the bisulfite treatment using new tubes
and reagents.

Acknowledgments

This work was supported in part by the New York State Office of Mental Retardation
and Developmental Disabilities, and by a research grant  no. 49701 from Maimonides
Research Foundation (M.V.) We thank Dr. S. Nolin for her constructive criticism dur-
ing the preparation of the manuscript.



216 Velinov and Jenkins

References

1. Lee, S. and Wevrick, R. (2000) Identification of novel imprinted transcripts in the Prader-
Willi syndrome and Angelman syndrome deletion region: further evidence for regional
imprinting control. Am. J. Hum. Genet. 66(3), 848–858.

2. Kishino, T., Lalande, M, Wagstaff, J. (1997) UBE3A/E6-AP mutations cause Angelman
syndrome. Nature Genet. 16, 16.

3. American Society of Human Genetics/American College of Medical Genetics Test and
Technology Transfer Committee (1996): Diagnostic Testing for Prader-Willi and
Angelman Syndromes: Report of the ASHG/ACMG Test and Technology Transfer Com-
mittee. Am. J. Hum. Genet. 58, 1085–1088.

4. Ohta, T., Buiting, K., Kokkonen, H., McCandless, S., Heeger, S., Leisti, H., et al. (1999)
Molecular mechanism of Angelman syndrome in two large families involves an imprinting
mutation. Am. J. Hum. Genet. 64(2), 385–396.

5. Zeschnigk, M., Schmitz, B., Dittrich, B., Buiting, K., Horsthemke, B., and Doerfler, W.
(1997) Imprinted segments in the human genome: different DNA methylation patterns in
the Prader-Willi/Angelman syndrome region as determined by the genomic sequencing
method. Hum. Mol. Genet. 6, 3875395.

6. Kubota, T., Das, S., Christian, S. L., Baylin, S. B., Herman, J. G., and Ledbetter, D. H.
(1997) Methylation-specific PCR simplifies imprinting analysis. Nature Genet. 16, 16.

7. Velinov, M., Gu, H., Genovese, M., Duncan, C., Brown, W. T., and Jenkins, E. (2000) The
feasibility of PCR-based diagnosis of Prader-Willi and Angelman syndromes using restric-
tion analysis after bisulfite modification of genomic DNA. Mol. Genet. Metab. 69, 81–83.

8. Clark, S., Harrison, J., Paul, C. L., and Frommer, M. (1994) High sensitivity mapping of
methylated cytosines, Nucleic Acids Res. 22, 2990–2997.

9. Zeschnigk, M, Lich, C., Buiting, K., Doerfler, W., and Horsthemke, B. (1997) A single
tube PCR test for the diagnosis of Angelman and Prader-Willi syndrome based on allelic
methylation differences at the SNRPN locus. Eur. J. Hum. Genet. 5, 94–98.

10. Velinov, M., Gu, H., Shah, K., Genovese, M., Duncan, C., Kupchik, G., and Jenkins, E. C.
(2001) PCR-based methylation testing for Prader-Willi or Angelman syndromes using
archived fixed-cell suspensions. Genet. Test. 5, 153–155.

11. Kaczmarski, A. and Rosenblum M. (1999) Carrier detection and patient diagnosis of genetic
mutations using a mini-gel electrophoresis system. Am. Biotech. Lab. 17, 28.



FISH 217

V

FLUORESCENCE IN SITU HYBRIDIZATION (FISH)



FISH 219

219

From: Methods in Molecular Biology, vol. 217: Neurogenetics: Methods and Protocols
Edited by: N. T. Potter © Humana Press Inc., Totowa, NJ

21

Fluorescence In Situ Hybridization (FISH)
for Identifying the Genomic Rearrangements
Associated with Three Myelinopathies

Charcot-Marie-Tooth Disease, Hereditary Neuropathy
with Liability to Pressure Palsies, and Pelizaeus-Merzbacher Disease

Mansoor S. Mohammed and Lisa G. Shaffer

1. Introduction

1.1. Fluorescence In Situ Hybridization (FISH):
A Brief Overview of its Application in Clinical Cytogenetics

The development of molecular probes by using DNA sequences of differing sizes,
complexity, and specificity, coupled with technological innovations such as multicolor
fluorochromes, computerized signal amplification, and image analysis, makes fluores-
cent in situ hybridization (FISH) a powerful investigative tool for use in clinical cytoge-
netics (1–3). FISH is rapidly becoming routine in the clinical laboratory repertoire and,
in many cases, has replaced high-resolution cytogenetic analyses (for a comprehensive
overview of the applications of FISH in the cytogenetics laboratory the reader may refer
to Shaffer (1995) (4). Traditionally, routine cytogenetic analysis, with high-resolution
banding levels of 650–850 bands per haploid karyotype, was limited to detecting
deletions greater than 2–5 Mb in size. In contrast, by utilizing labeled DNA probes that
are complementary to a desired gene or chromosomal locus, FISH analysis permits the
detection of deletions significantly less than one Mb. In addition, FISH analysis has the
distinct advantage of detecting not only cryptic deletions of a chromosomal locus but
cryptic translocations (5) and as discussed below, cryptic duplications as well (4).

In general, FISH analyses require two fundamental components: 1) target genomic
DNA, usually in the form of metaphase and/or interphase nuclei prepared from a patient
tissue (blood or other sample) that is immobilized on to a slide; and 2) probe DNA,
usually in the form of single-stranded DNA, complementary to some target sequence
within the immobilized genomic DNA and labeled so as to permit detection by fluores-
cent microscopy. Hybridization of the probe and target DNA is performed under condi-
tions optimized for the specific hybridization of the probe DNA to its target genomic
sequence (see Subheading 3.6.). Specifically, a FISH protocol designed for the clinical
diagnosis of a chromosomal aberration simultaneously utilizes two probes (see Fig. 1).
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Fig. 1. Schematic representations to depict the typical hybridization patterns of test and
control probes in the detection of microdeletions and cryptic translocations. (A) The compo-
nents of a suitably designed probe set for the detection of microdeletions and translocations.
The test probe (red) is designed to hybridize to a locus contained completely within the critical
region. The control probe (green) is designed to hybridize to a locus that is not included in the
critical region but located near to the test locus on the same chromosome. The test and control
probes are differentially labeled and adequately spaced so that they are readily distinguishable
on routine metaphase chromosomes (shown) or interphase nuclei (see Fig. 2). (B) Hybridiza-
tion pattern resulting from a typical microdeletion. The signals from both the test (red) and
control (green) probes are visible on the unaffected homolog. The unaffected homolog serves
as an internal control for the FISH assay. The signal from the test probe is missing (red) on one
homologue due to deletion. (C) Hybridization pattern resulting from a cryptic translocation.
The signals for both the test (red) and control (green) probes are visible on the unaffected
homologue. The signal from the test probe (red) is deleted from its original location on the
affected homologue and is now located on a different (recipient) chromosome arm. The chro-
mosomes would appear normal by routine cytogenetic analysis, with the cryptic translocation
detected only by molecular cytogenetic methods. (See color plate 5 appearing in the insert
following p. 82)
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One probe is designed for use as the test probe and should hybridize to, and be com-
pletely contained within, the critical region of the chromosomal aberration. If a delete-
rious phenotype is associated with the chromosomal aberration, then ideally, the test
probe should be designed to specifically hybridize to the gene implicated in the delete-
rious phenotype (i.e. the probe should contain the gene of interest). The other probe is
designed for use as a control and should hybridize to a locus completely excluded from
the critical region, but on the chromosome of interest. The test and control probes
should be differentially labeled and adequately spaced so that they may be easily dis-
tinguishable from each other on a routine metaphase chromosome. Finally, the size and
specificity of both the test and control probes should be optimized to ensure the most
effective probe for FISH, producing a strong, and reliable hybridization signal.

As already noted, however, when analyzing high-resolution metaphase chromo-
somes, the inherent folding and condensation of the DNA limits the detection of chro-
mosomal aberrations to greater than 2 –5 Mb. Therefore, even when employing
high-resolution metaphase chromosomes for FISH studies, the duplicated hybridiza-
tion signals from a probe that hybridizes to a critical region involved in a microdupli-
cation (i.e., a duplication involving less than 2 Mb of DNA) are not resolvable. In such
cases, interphase analysis is necessary in order to visualize the duplication (i.e., resolve
the two hybridization signals) because the DNA in interphase nuclei is significantly
less condensed and less folded (when compared to the DNA in metaphase chromo-
somes). Consequently, interphase analysis permits the resolution of hybridization sig-
nals spaced less than 2–5 Mb.

The interphase portion of the cell cycle includes gap phase 1, G1, which is character-
ized by protein synthesis and metabolic activity in preparation for the DNA replication
phase or S phase. The S phase is then followed by the post-DNA replication phase, G2,
during which DNA condensation occurs in preparation for the mitotic phase. During the
S phase, the replication process of human chromosomes is not a linear end-to-end pro-
cess but rather one in which replication is initiated at multiple specific sites along each
chromosome, referred to as origins of replication (ori). The net result of the S phase is
that each chromosome homologue is comprised of two identical strands of sister chroma-
tids attached at their centromere regions (the reader may refer to any basic cell/molecular
biology text for a review of the cell cycle). In general, homologous loci along each pair of
chromosomes are expected to replicate synchronously during the S phase (6). Therefore,
if a test probe was hybridized to a random population of interphase cells, nuclei in G1 that
harbor a duplication of the critical region would be expected to display a total of three
signals; two signals corresponding to the duplicated chromosome, one for each critical
region, and one signal for the normal homologue. Conversely, nuclei in G2 will display a
total of six signals corresponding to two hybridization signals on each chromatid of the
homologue with the duplication and a single hybridization signal on each chromatid of
the normal homologue.

 While homologous loci along each pair of chromosome homologues are expected
to replicate synchronously during the S phase, there are exceptions, such as regions of
the genome with inherently differential expression of the homologues or imprinted
regions, where the transcriptionally active locus may replicate earlier than the tran-
scriptionally silent locus (7,8) or asynchronously replication of the X chromosomes
due to X-inactivation in females (9). Considering these caveats of interphase nuclei,
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hybridization patterns to an asynchronously replicated locus may lead to the erroneous
conclusion that the locus was duplicated. To avoid the possible complexity of hybrid-
ization results resulting from asynchronous replication of homologous loci, the ideal
probe for use in detecting microduplications is one that hybridizes to a locus that exhib-
its synchronous replication between homologues. However, while designing a probe
that hybridizes to synchronously replicated loci resolves some of the possible complexi-
ties involved in interphase analyses, it must also be considered that unless additional
measures are specifically taken, a test sample of cells will contain cells at all stages of
the cell cycle. Therefore, there is always the inherent variability in hybridization pat-
terns associated with cells at the different stages of the cell cycle (as described earlier)
and it requires some experience on the part of the person performing the interphase
FISH analysis to distinguish between the dual signals resulting from replication of a
locus vs those resulting from true duplication of that locus. Visually, the hybridization
signals produced by replicated loci are often in much closer proximity when compared
to the hybridization signals produced from duplicated loci. Of course, the extent of sepa-
ration of the hybridization signals produced from duplicated loci will depend on both
the size of the probe and the size of the duplicated region.

1.2. The Diagnostic Challenge: Gene Dosage Disturbances
in Myelin Disorders of the Peripheral and Central Nervous Systems

In this chapter, we describe in detail our implementation of FISH technologies in
the diagnosis of three myelinopathies: two neuropathies of the peripheral nervous sys-
tem (PNS), Charcot-Marie-Tooth disease type 1A (CMT1A) and hereditary neuropa-
thy with liability to pressure palsies (HNPP) and one leukodystrophy of the central
nervous system (CNS), Pelizaeus-Merzbacher disease (PMD), in which either dupli-
cation or deletion of a large DNA sequence with concomitant gene-dosage alteration
has been implicated.

These disorders present with specific diagnostic challenges, in particular, the genomic
duplications. The duplications found in CMT1A and PMD are not resolvable on the
metaphase chromosome. Therefore, the duplication analysis must be performed on
interphase nuclei to allow for the separation of FISH signals so that the duplications
can be visualized. Additionally, the laboratory performing the analysis must recog-
nize the statistical distinction between replication of a locus (DNA synthesis during
the cell cycle) and true, pathologic genomic duplication. However, these challenges
can be met and a reliable FISH-based assay can be developed and implemented in the
diagnostic laboratory.

1.2.1. CMT1A and HNPP

Inherited neuropathies are a heterogeneous spectrum of disorders with sometimes
overlapping clinical features (10). Essentially, every mode of Mendelian inheritance
pattern (autosomal dominant, recessive, and X-linked), as well as sporadic cases, have
been described for inherited neuropathies (10,11). However, even within a particular
mode of inheritance there is considerable variation in clinical severity among, not only
unrelated individuals, but also affected family members including affected identical
twins (10). The heterogeneous nature of these neuropathies and the fact that they some-
times share clinical features with acquired conditions have often posed a diagnostic
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dilemma to the clinician. However, advances made in the last decade have signifi-
cantly improved the ability to correctly diagnose these neuropathies. Consequently,
patients who present with these conditions can now receive more appropriate genetic
counseling and a more precise prognosis.

1.2.1.1. CLINICAL PRESENTATION AND MOLECULAR GENETIC ANALYSIS

Charcot and Marie (12) and, independently, Tooth (13), described an unusual form
of progressive muscular atrophy characterized by slow progression of symptoms with
initial involvement of the feet and legs, often followed years later with involvement of
the hands. Both studies highlighted the inherited nature of the disease well before Men-
delian laws of inheritance were rediscovered and the so-called Charcot-Marie-Tooth
disease eventually became recognized as the most common inherited disorder of the
PNS, affecting one person in 2500 (14). With this rate of incidence, CMT is also one of
the most common genetic disorders. Tooth correctly classified the disorder as a neur-
opathy, and not a myelopathy, as was postulated by Charcot and Marie. Characteristi-
cally, the illness presents within the first two decades of life with early symptoms
including complaints of frequent tripping and ankle-sprains and an equine-like gait
resulting from footdrop. Progressive muscle atrophy of the distal muscles can lead to a
stork-leg appearance in some patients. Pes cavus deformity, although usually not seen
early in the course of the disease, eventually develops and seems to progress with age.
Weakness of the intrinsic hand muscles usually occurs late in the course of the disease
with severe cases resulting in claw-like deformities (15).

 Two major forms of CMT are delineated based on disease pathology and electro-
physiology (15,16). Type 1 CMT (CMT1) is characterized by a severely slowed motor
nerve conduction velocity (NCV), usually less than 40 m/s (17), and onion bulb struc-
tures evident upon sectioning of the peripheral nerve (18). The clinical features of
CMT1 appear to arise from myelinated fiber loss and denervation and it is referred to
as the hypertrophic form (18). In contrast, type 2 CMT (CMT2), retains an essentially
normal NCV (otherwise only mildly reduced) with decreased amplitudes and onion
bulb structures are seen only occasionally (18). The clinical features of CMT2, for the
most part, result from axonal dysfunction. Hence, CMT2 is referred to as the neuronal
form. CMT1 can be further subcategorized, based on genetic linkage and the gene
involved, into autosomal dominant CMT1A (PMP22 in 17p12) (19) and CMT1B (MPZ

in 1q21.2-q23) (20), and X-linked dominant CMTX (Cx32 in Xq13.1) (21). Although
likely to be less frequent, an autosomal recessive form of CMT has also been docu-
mented (15). However, while multiple modes of inheritance have been documented for
CMT, it is the autosomal dominant CMT1A that is the most common form of the dis-
ease. Furthermore, it is CMT1A and its unique molecular genetic relationship to an-
other clinically distinct demyelinating neuropathy, HNPP, which has revealed a novel
disease-causing mechanism in humans and which has led to the first Mendelian disor-
der to be diagnosed by FISH (22).

Originally described in a family with recurrent peroneal neuropathy over multiple
generations (23), the clinical presentation of HNPP is usually much less severe than
CMT with periodic episodes of numbness and muscular weakness that follow relatively
minor compressions or trauma to the peripheral nerves (24). Patients with HNPP some-
times show mildly slowed NCV. Peripheral nerve biopsies show segmental demyelina-
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Fig. 2. Schematic representation of CMT1A duplication, HNPP deletion; and PMD dupli-
cation with accompanying FISH images from representative patient test samples. (A) Ideo-
gram of G-banded 17p homologs from a typical CMT1A patient. In the normal homolog, the
1.5 Mb chromosomal region flanked by the CMT1A-REP (black box) is shown and
includes a single copy of the PMP22 locus (gray box) as detected by a digoxigenin/rhodamine
labeled probe (red circle). A single copy of the FLI control locus is detected by a biotin/FITC
labeled probe (green circle). The homolog with the cryptic duplication at the PMP22 locus
contains three copies of the CMT1A-REP, two copies of the PMP22 gene and spans 3.0 Mb.
A single copy of the FLI control locus is detected. (B) Typical results from of a FISH test on
an interphase nucleus from peripheral blood of a CMT1A patient. The red signal represents
hybridization of the test probe to the PMP22 locus and the green signal hybridization of the
control probe to the FLI locus. (C) Ideogram of G-banded 17p homologs from a typical
HNPP patient.  The normal homolog is essentially the same as that of the CMT1A patient, but
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tion and remyelination with tomaculous or sausage-like focal thickenings of the myelin
sheath (25). While carpal tunnel syndrome and other entrapment neuropathies are fre-
quent manifestations of HNPP, in severe cases, the clinical presentation can resemble
that of CMT1A.

Molecular genetic analysis has demonstrated that DNA rearrangements have been
implicated in the majority of patients with either CMT1A or HNPP: a 1.4Mb tandem
DNA duplication in 17p12 (22,26,27) associated with CMT1A and the reciprocal
1.4Mb deletion in 17p12 (28) associated with HNPP. The 1.4Mb genomic region, which
is either duplicated in CMT1A or deleted in HNPP, is flanked by a large 24kb direct
repeat termed CMT1A-REP (26,29). The identification of the CMT1A-REP in con-
junction with genotype analysis of de novo patients (30), was immediately suggestive
of an unequal crossing-over mechanism that might explain the duplication and deletion
observed in CMT1A and HNPP, respectively. Subsequently, molecular studies firmly
established that the CMT1A duplication and the HNPP deletion were indeed products
of a reciprocal recombination (31) involving a recombination hot spot (32,33) within
the CMT1A-REP. Combined with the mapping of the peripheral myelin protein-22
gene (PMP22) to the duplicated region in17p12 (34–36), a molecular understanding of
the etiology and pathology of CMT1A and HNPP was revealed. The PMP22 gene
became the first and best example of a dosage-sensitive gene, which in the majority of
CMT1A patients is present in three copies, while in the majority of HNPP patients, is
present in one copy. The imbalance of the PMP22 gene copy number ultimately results
in a disturbance of the development or maintenance of myelin with the concomitant
phenotype of patients with either of these neuropathies (11,37).

1.2.2. CMT1A and HNPP

1.2.2.1. FISH-BASED STRATEGY FOR THE DIAGNOSIS OF CMT1A AND HNPP

The chromosomal aberrations associated with CMT1A (the gain of a 1.4Mb genomic
region in 17p12) and HNPP (the reciprocal loss of a 1.4 Mb genomic region in 17p12)
(see Fig. 2) are both cryptic aberrations and are undetectable on routine G-banded chro-
mosomes. However, knowledge of the gene implicated in the disease phenotype (e.g.,
PMP22), identification of a locus close to, but completely excluded from the micro

Fig. 2. (continued) in the homolog with the cryptic deletion, The PMP22 locus has been deleted
and only one copy of the CMT1A-REP remains. A single copy of the FLI locus is retained. (D)

Typical results from both an interphase nucleus and metaphase chromosomes
(insert) from a patient with HNPP. The white arrows in (B) and (D) point to the duplicated and
deleted PMP22 locus in the CMT1A and HNPP patients, respectively. (E) Ideogram of G-banded
Xq homologs from a typical PMD patient with duplication of the PLP locus. A single copy of the
PLP locus is detected by a digoxigenin/rhodamine labeled probe (red circle) and a single copy of
the BTK/GLA locus (which is located about 2 Mb proximal to the PLP locus) is detected by a
biotin/FITC probe (green circle). The homologue with the cryptic duplication contains two copies
of the PLP locus within a genomic region which is variable in size and in most patients, one copy
of the BTK/GLA locus. (F) Typical results from a FISH test on an interphase nucleus from periph-
eral blood of a PMD male patient. (G) FISH results on an interphase nucleus from a female carrier
of a PMD duplication. The white arrows in (F) and (G) indicate the duplicated PLP loci. (See
color plate 7 appearing in the insert following p. 82)
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duplication/deletion (e.g., FLI in 17p11.2), and identification of cosmid contigs or PACs
that are specifically mapped to either the PMP22 locus or the FLI locus, are all the
requisites needed (see Fig. 1A) for the design of an effective FISH strategy to detect the
duplication and deletion observed in CMT1A and HNPP, respectively (38)

(see Fig. 2). Therefore, an accurate and reliable interphase-based FISH strategy can be
designed for the diagnosis of both CMT1A and HNPP and has been routinely imple-
mented in a clinical cytogenetics laboratory (Kleberg Cytogenetics Laboratory, Baylor
College of Medicine, Houston, TX, USA). As mentioned earlier, since the genomic
region involved in the CMT1A duplication is not resolvable on routine metaphase chro-
mosomes, hybridization analyses need to be performed on interphase nuclei to facilitate
the visualization of the duplication (22,38) (see Fig. 2B). In the case of HNPP, since it is
a loss of signal that is the diagnostic criteria, analyses can be performed on either inter-
phase nuclei or metaphase chromosomes (see Fig. 2C and D). The interphase/
metaphase-based FISH method developed for the diagnosis of CMT1A and HNPP (38)

is presented in detail in Subheading 3.

1.2.3. PMD

1.2.3.1. CLINICAL PRESENTATION AND MOLECULAR GENETIC ANALYSIS

Pelizaeus-Merzbacher disease (PMD) belongs to a heterogeneous group of disorders
called leukodystrophies. A leukodystrophy is a disruption of white matter of the brain.
PMD is a disorder of myelin, which is divided into two groups, demyelinating and
dysmyelinating diseases. PMD is the only characterized disease of dysmyelination (39).

PMD is a rare and severe X-linked recessive leukodystrophy that has been recognized
as a clinical entity for over a century (39–41). Unlike the PNS neuropathies CMT1A and
HNPP, PMD is rare and is characterized by oligodentrocyte dysmyelination in the CNS
(40–42). Presentation is early, with horizontal or rotary nystagmus that often disappears
over time and psychomotor deterioration occurring before 2 y of age. Spastic paraplegia,
dystonia and cerebellar ataxia are also often observed within the first years of life (43).
Magnetic resonance imaging (MRI) of the brain shows a delay of CNS myelination,
which appears as diffuse hyperintensity in T2-weighted images of the entire white matter
(44). Abnormal delay or absence of waves in brainstem auditory evoked potentials is also
helpful in the diagnosis of PMD.

Three subtypes of PMD have been recognized on the basis of disease severity (45).
The connatal type of PMD is the most severe and patients usually develop symptoms
perinatally with subsequent demise within the first decade of life. A classical form is less
severe and presents within the first year of life. Patients with classical PMD may survive
into their second or third decade. Transitional PMD is intermediate in severity between
the connatal and classical types. In addition, spastic paraplegia type 2 (SPG2) is allelic to
PMD, which includes clinically distinct manifestations. SPG2 displays a wide spectrum
of severity, with some patients showing features the overlap with PMD. However, as
with the PNS neuropathies, PMD is highly pleiotrophic, making it difficult to make a
diagnosis, and hence prognosis, based solely on clinical presentation (45).

As with the association of the dosage sensitive gene PMP22 to CMT1A and HNPP,
gene dosage imbalances of the proteolipid protein gene (PLP) have been implicated as
the etiological factor in the vast majority of PMD patients (46–48). PLP maps to chro-
mosome Xq22 and encodes, proteolipid protein (PLP), the predominant myelin protein
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in the CNS, constituting approx 50% of the total protein (49). While both PLP deletion
and duplication have been reported in PMD patients, duplications appear as the most
frequent mutation (46,47,50) occurring in approximately 60–70% of patients. How-
ever, in addition to PLP duplications, more than 30 different mutations involving nucle-
otide substitutions or frameshifts have been identified in the PLP coding region of
PMD patients (39). A general correlation has been observed between the types of PLP

aberrations and the various types of PMD (50). In most cases, duplications of the PLP

locus result in the classical form of PMD. Point and frameshift mutations often lead to
a more severe presentation (connatal or transitional PMD) and also have been associ-
ated with SPG2. Deletion or null mutations of PLP result in a milder form of PMD or
SPG2. Interestingly, unlike the duplications that occur in CMT1A patients, the
breakpoints of the duplication in PMD patients exhibit a striking variation in location,
resulting in at least six different sizes for the duplication (50,51). Despite this varia-
tion, further molecular studies revealed that the mechanism for the recombination
appears to be sister chromatid exchange in male meiosis, likely during spermatogen-
esis in the maternal grandfather (50,51). Supporting this hypothesis, most mothers of
the male patients with PMD are carriers. Thus, accurate diagnosis of carrier status in
females is important for proper genetic counseling.

1.2.4. PMD

1.2.4.1. FISH-BASED STRATEGY FOR THE DIAGNOSIS OF PMD

Although the duplication breakpoints in PMD patients have exhibited considerable
variation, the resulting chromosomal aberration is almost always cryptic and, hence,
undetectable on routine G-banded chromosomes. However, as with the CMT1A dupli-
cation/HNPP deletion, the gene implicated in the disease phenotype (i.e., PLP) is
known, as well as a locus close to, but almost always completely excluded from the
micro duplication (i.e., BTK/GLA which is located about 2Mb centromeric to PLP). In
addition, cosmid contigs or PACs that specifically map to these loci have been identi-
fied (47). Therefore, an accurate and reliable interphase-based FISH strategy can be
designed for the diagnosis of PMD (47) (see Fig. 3) and has been routinely imple-
mented in a clinical cytogenetics laboratory (Kleberg Cytogenetics Laboratory). The
interphase-based FISH method developed for the diagnosis of PMD is presented in
detail Subheading 3.

2. Materials

2.1. Initiation of Blood Culture

1. Complete culture media for blood (see Subheading 2.1., item 3).
2. Peripheral blood (3.0–5.0 mL) collected in a sodium-heparin tube.
3. Complete culture media (RPMI) for blood (lymphocyte) culture.

a. 500 mL RPMI 1640 medium with L-glutamine (Gibco, Cat. no.11875-093).
b. 50 mL Fetal calf serum (Gibco, Cat. no. 26140-079).
c. 5 mL L-Glutamine (Gibco, Cat. no. 25030-081).
d. 2.5 mL Penicillin-Streptomycin (Gibco, Cat. no. 15140-122).
e. 5 mL Phytohemagglutinin (Murex, Cat. no. HA15). Under a laminar flow hood, using

aseptic technique, add components a–d. Filter the contents through a Nalgene 22-µm
filter system into a sterile bottle. Add component e (5 mL Phytohemagglutinin) to the
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filtered components. Label the bottle (e.g., Complete RPMI for bloods) including the
preparation date and the expiration date (1 mo from date of preparation) and store at 4°C.

4. 15-mL sterile centrifuge tubes, polystyrene.
5. 50-mL serological pipets.
6. Slanted test tube racks.

2.2. Blood Culture Harvest

1. Colcemid (10 µg/mL). Store at 4°C
2. Potassium chloride (0.075 M) (hypotonic solution). Pre-warm to 37°C.
3. 3:1 methanol:acetic acid (referred to hereafter as fixative), freshly prepared.
4. 1-mL tuberculin syringe with hypodermic needle (26G).
5. 10-mL sterile glass serological pipet.
6. 9-in. glass Pasteur pipet.
7. Beaker with Clorox.

2.3. Blood Culture Slide Preparation

1. Lymphocyte cell pellet in fixative (see Subheading 3.2.).
2. Freshly prepared fixative (see Subheading 2.2., item 3).
3. Glass microscope slides (Superfrost brand), precleaned and stored at 4°C in tap water.
4. Hotplate.
5. 53/4-in. Pasteur pipets.

2.4. Labeling Probes with Digoxigenin or Biotin by Nick-Translation

1. Unlabeled probe DNA (test probe DNA for CMT1A, HNPP, PMD, and control probe.
DNA for chromosomes 17 and X) (see Note 1).

2. Deoxynucleotide Triphosphate set (Boehringer Mannheim, Cat. no. 1277049). Working
solutions of the deoxynucleotide triphosphate set are made by diluting 2 µL of each dNTP
(i.e., dATP, dCTP, dGTP, and dTTP) with 498 µL of sterile distilled water. These work-
ing solutions should be aliquoted and stored at –20°C until required (expiration date is the
same as the purchased stock, usually 1 y from purchase).

3. Digoxigenin-11-dUTP (Boehringer Mannheim, Cat. no. 1093088).
4. Biotin-16-dUTP (Boehringer Mannheim, Cat. no. 1093070). 10 M digoxigenin-dUTP (dig-

dUTP) and 20 nM biotion-dUTP (bio-dUTP) aliquots should be prepared by diluting 8 µL of
25 nM dig-dUTP or 50 nM bio-dUTP (the stock concentrations) in 12 µL of sterile distilled
water. These aliquots should be stored at –20°C until required (expiration date is the same as
the purchased stock, usually 1 y from purchase).

5. dNTP labeling mix. Using the working solution dilutions prepared in items 2–4 prepare
aliquots of the following (labeled as either ‘dNTP dig-labeling mix’ or ‘dNTP bio-label-
ing mix’). For each aliquot, mix the following together in a 1.5-mL microcentrifuge tube:

10 µL of 10 nM dig-dUTP or 20 nM bio-dUTP
20 µL of dTTP
30 µL of dATP
30 µL of dCTP
30 µL of dGTP

Store aliquots at –20°C until required.

6. DNase I solution. From the manufacturer’s stock of DNase I solution (Boehringer
Mannheim, Cat. no. 104132) prepare a glycerol stock solution of 1 mg/mL in 50% glyc-
erol and store at –20°C. Dilutions of this stock are made fresh when needed by diluting 1
µL in 249 µL of sterile distilled water (working stock).
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7. DNA polymerase I (Boehringer Mannheim, Cat. no. 6427111).
8. 1Kb DNA ladder marker (Gibco-BRL, Cat. no. 15615-016).
9. Glycerol.

10. Sterile distilled water.
11. Nick-translation buffer. Prepare a solution containing 500 mM Tris base or HCl, pH 7.5,

10 mM DTT (dithioerythritol), 10 mM MgC12, in sterile water.
12. 5X TBE buffer. Bring to a final volume of 4 L (in sterile distilled water): 216 g Tris base,

110 g boric acid, 80 mL EDTA (pH 7.5–8.0).

2.5. Probe Precipitation

1. Labeled probe DNA.
2. Human Cot-1 DNA (1 mg/mL) (Gibco, Cat. no. 15279-D11).
3. Sonicated salmon sperm DNA (10 µg/µL)(Gibco, Cat. no. D9156).
4. 3 M sodium acetate, pH 5.2.
5. 100 % ethanol.
6. Hybridization solution. Mix the following reagents thoroughly: 6.5 mL Formamide

(Fisher, Cat. no. F84-1), 1.0 mL 20X SSC (Ventura, Cat. no. S4073-10), 2.0 mL dextran-
sulfate solution (Ventura, Cat. no.S4030), 0.5 mL water.

2.6. Denaturation and Hybridization of Blood Slides

1. 2X SSC, pH 7.0.
2. 70%, 90%, 95% ethanol at room temperature.
3. 70%, 90%, 95% ethanol at –20°.
4. Hybridization solution (see Subheading 2.5., item 6).
5. Coverslips.
6. Rubber cement.
7. 20X SSC (Oncor, Cat. no. S4073-10).
8. Sterile distilled water.
9. Formamide (Fisher, Cat. no. F84-1).

10. 70% formamide denaturing solution. Mix thoroughly and aliquot into a coplin jar 4 mL
20X SSC, 8-mL sterile distilled water, 28 mL formamide.

2.7. Post-Hybridization Wash

1. 20X SSC (Ventura, Cat. no. S4073-10).
2. 2X SSC, pH 7.0.
3. Sterile distilled water.
4. Formamide (Fisher, Cat. no. F84-1).
5. 50% Formamide/2X SSC. Mix thoroughly: 4 mL 20X SSC, 16mL sterile distilled water,

20 mL formamide.
6. 1X PBD: Make 4 L of 4X SSC by mixing 800 mL of 20X SSC with 3200 mL of distilled

water. Add 4 mL of Tween-20 and mix thoroughly. Store at 4°C for up to 1 y.

2.8. Detection of Probe

1. 1X PBD (see Subheading 2.7., item 6).
2. FITC-avidin DCS (Vector, Cat. no. A2011).
3. Biotinylated Anti-avidin D (Vector, Cat. no. BA-0300).
4. Anti-Digoxigenin Monoclonal Antibody (R1) (Sigma, Cat. no. D8156).
5. Anti-Mouse IgG-Digoxigenin (R2) (Boehringer Mannheim, Cat. no. 1214624).
6. Anti-Digoxigenin-rhodamine FAB fragments (R3) (Boehringer Mannheim, Cat. no. 1207750).



230 Mohammed and Shaffer

7. TNT buffer: 100 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween-20: For 500 mL
TNT buffer: 50 mL of 1 M Tris, 15 mL of 5 M NaCl, and 250 µL of Tween-20.

8. TNB buffer: To 500 mL of TNT buffer (see Subheading 2.8., item 7), add 2.5 g of
blocking reagent (Boehringer Mannheim, Cat. no. 1096176). Heat to boiling for several
minutes to completely dissolve the blocking reagent.

9. DAPI with Vectasheild™: From a stock solution of DAPI (2.5 mg/mL in 2XSSC), pre-
pare a final working solution of 0.2 µg/mL by diluting in Vectashield™ (Vector Labo-
ratories, Cat. no. H-1000). It is helpful to make an intermediate concentration DAPI
solution in Vectashield™ and then use this intermediate solution to make the final work-
ing dilution in Vectashield™.

3. Methods

3.1. Initiation of Blood Culture

Using aseptic techniques while working under a laminar flow hood and following
OSHA universal guidelines, aliquot exactly 5 mL of complete blood medium with a
serological pipet into a 15 mL sterile centrifuge tube (as needed). Inoculate with 0.4 mL
of patient blood and mix thoroughly by capping the centrifuge tube tightly and inverting
several times. Do not shake cultures vigorously to mix (see Note 2). Place thoroughly
mixed samples in a slanted rack, and incubate at 37°C for 72 h.

3.2. Blood Culture Harvest (see Note 3)

1. Using a 1 mL tuberculin syringe with needle, add 0.05 mL of colcemid (10 µg/mL) to the
cultured blood sample.

2. Mix thoroughly by capping the tube tightly and inverting the sample several times. If
multiple patient cultures/tubes are being harvested, start the timer when colcemid is added
to the first tube.

3. Incubate the sample at 37°C for 20 min.
4. With 1 min of incubation time left, transfer the tube to a table top centrifuge at the end of

the 20 min, collect the cells by centrifugation at high speed ~430 RCF for 5 min.
5. Carefully remove as much supernatant as possible (see Note 4) with a Pasteur pipette,

being careful not to disturb the top layer of the cell pellet.
6. Loosen the pellet by gently tapping the tube and then add 2 mL of prewarmed (37°C)

hypotonic solution.
7. Add an additional 10 mL of hypotonic solution and incubate at room temperature for 20 min

(see Note 5).
8. While the sample is incubating in hypotonic solution, prepare fresh fixative and slowly

add approx 2 mL to the sample at the end of the hypotonic treatment.
9. Gently mix the sample by bubbling with a Pasteur pipet and pellet the cells by centrifuga-

tion at high speed for 7 min (see Note 6).
10. Remove and discard the supernatant with a Pasteur pipet without disturbing the pellet, and

then gently tap the tube to loosen the pellet.
11. Repeat fixation by adding 5 mL of fixative and bubbling as before to thoroughly, but

carefully, resuspend the cells.
12. Repeat this fixation and collection of cells twice more and either proceed to slide prepa-

ration directly (see Subheading 3.3.) or store pelleted cells at –20°C until required.

3.3. Blood Culture Slide Preparation (see Note 7)

1. Before placing fixed cell pellets onto slides, record the temperature and humidity of the
preparation room and adjust conditions if necessary. Optimal temperature and humidity
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ranges for preparing blood slides are between 76°C to 80°C and 65–70%, respectively.
2. If cell pellets were stored at –20°C prior to slide preparation, then re-pellet the sample by

centrifugation at high speed ~430 RCF for 5 min, discard the supernatant, and resuspend the
cells, as before, in freshly prepared fixative to achieve a slightly cloudy suspension.

3. Place wet, pre-cleaned slides on a hotplate preset to a temperature of about 64–65°C (see

Note 8).
4. Wipe the frosted area and back of the slide with a Kimwipe, allowing a little of the water

to drain off.
5. Apply a small amount of fresh fixative to the slide and allow it to drain.
6. Hold the slide at the frosted end, tilt the slide to a 45° angle and, using a Pasteur pipet,

aspirate the cloudy cell suspension into the bottom 1/2 inch of the Pasteur pipet tip (this is
enough for one slide).

7. Move the pipet tip along the slide just under the frosted area, allowing an even distribution
of suspension to flow down the slide. Alternatively, dispense one drop of cell suspension
onto the tilted slide from a height of approx 4 inches.

8. Place the slide at a 30° angle against a tube rack and allow to air dry in a non-drafty area
(see Note 9).

9. Proceed directly to FISH analysis or store the slides –20°C prior to performing FISH
analysis.

3.4. Labeling Probes with Digoxigenin or Biotin by Nick-Translation

1. Program a PCR machine to run at 15°C for 90 min, then 65°C for 10 min with an indefi-
nite hold at 4°C.

2. Thaw the nick-translation buffer (see Subheading 2.4., item 10) and appropriate aliquots
of the dig-dNTP labeling and bio-dNTP labeling mix at room temperature.

3. Thaw the appropriate unlabeled probe DNA (see Notes 1 and 10) and ensure that the DNA
is well mixed.

4. Prepare the following nick-translation reaction according to the amount of labeled probe
desired:

1 µg reaction 5 µg reaction 10 µg reaction

DNA (see Note 11) X µL X µL X µL

10X Nick-translation buffer 4 µL 20 µL 40 µL
    (see Subheading 2.4., item 11)

dNTP labeling mix 10 µL 50 µL 100 µL
    (see Note 12 and

Subheading 2.4., item 5)

DNase I (working solution) 3.2 µL 16 µL 32 µL

    (see Subheading 2.4., item 6)

DNA polymerase 2 µL 10 µL 20 µL

Sterile distilled water a Y µL Y µL Y µL

Total volume 40 µL 200 µL 400 µL

aThe amount of water added is dependent upon the amount of DNA solution added (see Note 12).
Use an appropriate volume of water to reach the final volume of the reaction.

5. Run the labeling reaction through the pre-set PCR cycle.
6. Add 0.5 M EDTA to the reaction once the 65°C incubation begins (2 µL of 0.5 M EDTA

to the 40 µL reaction, 5 µL to the 200 µL reaction and 10 µL to the 400 µL reaction).
7. Store the labeled probe at –20°C until required (see Note 13).
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3.5. Probe Precipitation (see Note 14)

1. Add the following components in a 1.5-mL microcentrifuge tube: 400 µL of labeled probe
DNA, 20 µL of human Cot-1 DNA, 35 µL of salmon sperm DNA, 40 µL of 3 M sodium
acetate, 905 µL of 100% ethanol.

2. Thoroughly mix by brief vigorous vortexing.
3. Precipitate the DNA by incubating the tube overnight at –20°C.
4. After the overnight incubation, pellet the DNA on high speed for 10 min in a microcentrifuge.
5. Carefully decant the supernatant.
6. Wash the pellet with 100 µL of cold 70% ethanol and centrifuge (see Subheading 3.5.,

item 4).
7. Carefully pipet off the supernatant (see Note 15).
8. Dry the DNA pellet in a speed vacuum or allow to air dry, inverted on the bench-top for

1/2 to 1 h.
9. Resuspend the pellet in 250 µL of hybridization solution (see Subheading 2.5., item 6).

10. Incubate the resuspended pellet at 37°C for 1 to 16 h and then store at –20°C.

3.6. Denaturation and Hybridization of Blood Slides

1. Incubate slide(s) prepared from patient blood samples, containing interphase/metaphase
nuclei (see Subheading 3.3.), in 2X SSC, pH 7.0 for 10 min at 37°C.

2. Dehydrate the slides by sequential transfer through an increasing alcohol gradient at room
temperature (2 min each in 70%, 90%, and 95% ethanol).

3. After transferring the slides through the alcohol gradient, allow them to air dry at room
temperature.

4. Denature the slides in pre-heated 70% formamide denaturing solution (see Subheading

2.6., item 10) for exactly 3 min at 70°C (see Note 16). Simultaneously, start the denatur-
ation of the probes by incubating in the 70°C water-bath for 10 min.

5. After the slides have been denatured, immediately place into –20°C 70% ethanol for 2 min.
6. Transfer the slides through an alcohol gradient (2 min each in 80%, 90% and 100% etha-

nol kept at –20°C).
7. Air dry the slides, and once the probes have been denatured (see Subheading 3.7.), place

10 µL of each probe onto the slides
8. Carefully cover with a coverslip (avoiding trapping any air bubbles).
9. Seal with rubber cement.

10. Incubate at 37°C overnight in a humidified chamber.

3.7. Denaturation of the Probe

1. Aliquot an adequate volume of probe from the –20°C stock depending on the number of
slides to be analyzed. 10 µL of probe is sufficient to cover half of a slide, which will
typically contain enough interphase/metaphase nuclei for evaluation.

2. Denature the probes by incubating in the 70°C water-bath for 10 min.

3.8. Post-Hybridization Wash

1. After the overnight hybridization of the slides, gently remove the rubber cement (with a pair
of forceps) and carefully pry the coverslip up at one corner (with a pair of forceps) paying
particular attention to avoid rubbing the coverslip across the slide as it is being removed.

2. Wash slides in the 50% formamide/2X SSC post wash solution (see Subheading 2.7.,
item 5) for 15 min at 38°C.

3. Transfer to a 2X SSC solution for 8 min at 37°C.
4. Wash the slides in 1X PBD (see Subheading 2.7., item 6) for 1–2 min at room tempera-

ture and proceed to amplification and detection of probe signal.
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3.9. Detection of Probe

1. Place 60 µL of FITC-avidin on the slide.
2. Place a piece of parafilm (cut to the size of the slide) on the slide. Gently press the parafilm

down to remove any air bubbles that may appear.
3. Incubate the slide at 43°C for 15 min on a rack in a water bath.
4. Wash the slides in 1X PBD for 3 min at room temperature.
5. Prepare a mixture containing 1 µL of anti-digoxigenin monoclonal antibody (R1) and

250 µL of anti-avidin antibody.
6. Pipet 60 µL of this antibody mixture onto the slide and place piece of parafilm on the slide

as before.
7. Re-incubate the slide at 43°C for 15 min on a rack in a water bath.
8. Wash in 1X PBD at room temperature for 3 min.
9. Prepare a 1–200 dilution of anti-mouse IgG-digoxigenin (R2) in TNB buffer and pipet

60 µL onto the slide.
10. Cover the slide with a piece of parafilm as before and incubate the slide at 43°C for 15 min

on a rack in a water bath.
11. Wash the slide for 3 min in 1X PBD at room temperature.
12. Prepare a mixture containing 1 µL of anti-digoxigenin-rhodamine (FAB fragments) (R3)

and 99 µL of FITC-avidin.
13. Pipet 60 µL of this mixture onto the slide, cover as before with parafilm and incubate the

slide at 43°C for 15 min on a rack in a water bath.
14. Wash the slide at room temperature for 3 min with 1X PBD
15. Counterstain the slide by applying 18 µL of DAPI working solution (in Vectashield™)

(see Subheading 2.8., item 9) to the slide and cover with a large coverslip.
16. View slides using a triple band pass filter that allows the simultaneous visualization of the

DAPI (blue), rhodamine (red), and fluorescein (green).

4. Notes

1. We have successfully used BACs, cosmid contigs and most recently PACs as a source of
probe DNA. For CMT1A and HNPP analysis we utilize a PAC test probe for the PMP22

locus (RPCI-1-150M21) and a PAC control probe for the FLI1 locus (RPCI-1-178F10). For
PMD analysis we utilize a cosmid test probe for the PLP locus (LLOXNCO1 125A1) and a
PAC control probe for the BTK locus (RPCI-1-39B6). Clone sequences can be retrieved
from the Internet (see Website: http://www.ncbi.nlm.nih.gov).

2. It is of the utmost importance that patient samples are correctly labeled, from the very
point of receiving the sample to the final slides for analysis. Patient samples should be
labeled with patient and laboratory identifiers and, to avoid any mis-labeling, only one
patient sample is worked with at a time.

3. The blood culture harvest is based on the principle that the formation of spindle fibers is
essential for the cells to successfully complete mitosis. Thus, peripheral blood cultures are
harvested using a spindle fiber inhibitor, colcemid, to stop dividing cells at metaphase,
effectively increasing the overall number of metaphase cells in the harvest (referred to as
the mitotic index). Following the metaphase block, the sample is treated with a hypotonic
solution to swell the cells (to facilitate spreading of the metaphases once the samples are
placed onto slides) and then with a fixative (methanol:acetic acid) to kill the cells, harden
the membranes and preserve the cells.

4. It is important to remove as much supernatant as possible for optimization of the follow-
ing step, which involves swelling the cells by the addition of hypotonic solution. If too
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much residual supernatant remains, then the effective molarity of the hypotonic solution
is altered and the efficiency of the hypotonic solution is compromised.

5. If multiple samples are being harvested then the supernatant should first be removed from
all samples. Two mL of prewarmed hypotonic solution should then be quickly added to all
samples, followed by the addition of a further 10 mL of hypotonic solution to each sample.
The timer for 20 min should be started once the additional 10 mL of hypotonic solution is
added to the first sample.

6. Several methods can be used to mix the samples once they are in fixative, including gentle
vortexing, tapping the tube and bubbling the mixture. Since this step is crucial to mix the
pellet yet avoid premature rupture of the cells, an optimal method should be used. We
routinely and effectively employ bubbling as our choice for mixing of the samples.

7. This step is usually the most difficult to standardize, requiring optimized temperature and
humidity settings to effectively accomplish the rupturing of the cell onto the slide so that the
metaphase chromosomes or interphase nuclei are not trapped within a cytoplasmic enve-
lope. The ranges given in the method Subheading 3.3. are precisely that, ranges. Actual
optimal humidity and temperature parameters need to be established in each laboratory.

8. It is imperative that the slides used in FISH analyses are clean. Much of what can dirty a
slide in routine handling, such as dust particles, flint, finger prints, and so on, either auto-
fluoresce or nonspecifically bind to fluorescing particles with the consummate effect of
nonspecific background fluorescence on the finished slide, which can significantly mar
the ability to correctly analyze the slide.

9. As already noted in the introduction (see Subheadings 1.2.2. and 1.2.4.) the main analysis
for FISH on CMT1A, HNPP, and PMD is performed on interphase nuclei. However, as an
internal quality control for each hybridization experiment, 1–2 of the metaphase chromo-
some spreads are examined, prior to analysis of the interphase nuclei, to ensure that proper
and sufficient hybridization to the chromosome pair of interest has occurred. Therefore,
slides to be used in the FISH analysis of CMT1A, HNPP, and PMD need not be particularly
rich in metaphases. However, a small number of well spread metaphases should be visible
on the slides (by viewing under a phase contrast microscope using low power) for FISH
quality assessment and when necessary, confirmation of a deletion is needed for HNPP or
PMD samples. If the metaphases are not sufficiently spread to facilitate differentiation of the
chromosomes, then one or more of the following steps may be taken: 1) decrease the cell
density by diluting the cell suspension in more fixative; 2) decrease the angle of the slide
when applying the cell suspension; 3) leave more water on the slide when applying the cell
suspension; 4) use colder water to wet the slides prior to preparation.

10. Particular attention should be paid to the correct labeling of tubes at this point. Be sure to
label each tube to correctly match the particular probe that is being prepared and the dNTP
labeling mix that is being used (e.g., dig-dUTP or bio-dUTP). Example, label tubes as dig-
dUTP/CMT1A/HNPP test probe vs bio-dUTP/CMT1A/HNPP control probe. In addition,
if probes for multiple FISH tests are to be prepared (e.g., for CMT1A/HNPP and PMD), it
is advisable to perform these preparations at different times to avoid any erroneous label-
ing of tubes.

11. The volume of DNA needed is dependent upon the concentration of the probe stock.
Example, if you are preparing 1 µL of your labeled CMT1A test probe and the concentra-
tion of the unlabeled probe DNA is 0.5 µg/µL, then use 2 µL of unlabeled probe DNA in
your reaction. Empirically, this may be calculated as follows: (ensure that the concentra-
tion of the unlabeled probe DNA is in µg/µL) for a X µg/µL concentrated DNA solution
then, 1 µg is contained in 1/X µL.

12. Be sure to use the appropriate dNTP labeling mix (i.e., either the dig-dNTP or bio-dNTP
labeling mix). While there is no precedence for this, we find that it is helpful to standard-
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ize which labeling mix is used for the control probes versus the test probes. Specifically,
we always label our control probes with bio-dNTP and our test probes with dig-dNTP.
Furthermore, we always detect our bio-dNTP labeled probes (control probes) with a fluo-
rescein (green) based molecule and our dig-dNTP labeled probes (test probes) with a
rhodamine (red) based molecule. Thus, at the point of analyzing our slides, we know that
a green signal is always associated with the control probe whereas a red signal is always
associated with the test probe.

13. While labeling the DNA probe, the nick-translation process also digests the DNA, pro-
ducing labeled DNA fragments with a range of sizes. The longer the reaction proceeds,
the shorter the overall size of the labeled fragments. Optimally, for FISH analyses, the
labeled fragments should be 400–600 base pairs in length. Once the nick-translation has
been completed, a sample can be assessed by agarose gel electrophoresis to determine if
the size of the labeled DNA fragments is within the optimal range.

14. The purpose of this step is to concentrate an adequate amount of the labeled probe pro-
duced in Subheading 3.4. with human Cot-1 DNA and salmon sperm DNA into a
hybridization solution, to facilitate the optimal hybridization of the probe to its homolo-
gous genomic DNA sequence. For example, the human Cot-1 DNA and salmon sperm
DNA reduce nonspecific binding of the probe, particularly to repetitive sequences within
the human genome. Whereas, the formamide and dextran sulphate components of the
hybridization solution facilitate the partial denaturation of the target genomic DNA and
the maintenance of a hydrophobic environent, respectively, to permit optimal hybridiza-
tion of the probe.

15. As the DNA pellet may not always be obvious, the following is a helpful tip: Typical
microcentrifuges use multi-well fix angle centrifuge buckets. Always place the
microcentrifuge tube into the well of the centrifuge bucket that is directly in front of and
in line with you. Place the microcentrifuge tube into the well, with the hinge to the outer
side of the centrifuge bucket. The DNA pellet will form along the bottom, directly under
the hinge. Remove the supernatant by carefully pipetting off from the bottom of the tube
away from the pellet.

16. This is the most critical step in the preparation of the slides for hybridization. The timing
and the temperature of the denaturing solution both need to be adhered to exactly. Shorter
or longer incubation times can both lead to decreased hybridization efficiencies. Also, the
temperature of the denaturing solution should be directly measured as opposed to taking
the temperature of the water bath. Solutions contained within a coplin jar can be as much
as 2°C below the temperature of the water bath itself.
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Drosophila Models of Polyglutamine Diseases

H. Y. Edwin Chan and Nancy M. Bonini

1. Introduction

The fruit fly, Drosophila melanogaster, has been used extensively as an experimen-
tal model organism since the beginning of the last century. More recently, the concept
of large-scale genetic mutagenesis screens has been applied. In the first such screen,
15 loci spread throughout the genome were identified based on a common phenotype
of disruption of embryonic segmentation (1). This seminal work led to identification of
orthologous genes that are important in human embryonic development. Mutations in
these human genes have also been found to lead to congenital malformations. As one
example, Waardenburg’s syndrome is a human autosomal dominant disease that results
in deafness and pigmentation defects in the eye, and is caused by mutations in the
human homolog of the Drosophila paired gene, PAX-3 (2). Recently, comparative
genomic analysis of the completed Drosophila genome has revealed that more than
60% of human disease genes are represented by Drosophila homologs (3,4). This fur-
ther fosters the use of Drosophila as a model organism to study processes relevant to
human disease conditions.

The success of using Drosophila in human neurodegenerative disease modeling has
largely been demonstrated during the last decade. Swiss cheese and spongecake are
two mutants among others isolated from genetic screens that confer brain degeneration
in Drosophila (5,6). Subsequent molecular cloning of these genes revealed remarkable
linkage between the degenerative phenotypes observed and brain degenerative diseases
in humans. For example, in the swiss cheese (sws) mutant, progressive vacuolization is
observed throughout the brain (5). At the protein level, Sws shows 41% identity to the
human neuropathy target esterase protein (NTE; 7). NTE is a neuronal-specific serine
proteinase, and covalent modification of NTE by organophosphorus esters leads to
axonal degeneration (8). Characterization of sws mutants therefore provides insight
into the pathogenesis of organophosphate-induced axonopathy.

Here we discuss the approach of directly modeling a human neurodegenerative dis-
ease in Drosophila by directed expressed in the fly of the human disease genes.
Spinobulbar muscular atrophy (SBMA) or Kennedy’s disease was the first human dis-
ease shown to be caused by trinucleotide (CAG) expansion within the coding region of
a gene, the androgen receptor gene (9). Subsequently, at least seven more diseases
have been added to the list and this class of diseases is now referred to as the



242 Chan and Bonini

polyglutamine diseases (10). In this chapter, we discuss recent advances of using
Drosophila as a model organism to: 1) decipher aspects of disease pathogenesis and 2)
identify intervening pathways of disease progression.

2. Establishing Transgenic Fly Lines

To study the pathogenesis of polyglutamine-diseases, human polyglutamine disease
genes have been introduced into the fly genome using routine P-element transposon-
based transgenic techniques that have been well established (11). In addition to gene
over-expression, P-elements are widely adapted to various other applications that
include genetic mapping (12), gene trapping (13), mutagenesis (14), targeted gene
knockout (15,16), and RNAi analysis (17).

There are two common approaches to ectopically express a gene in Drosophila. By
one method, the protein coding sequence of the gene of interest, here a human disease
gene, is cloned directly downstream of a tissue specific promoter element such as the
glass multiple reporter element (gmr), which expresses predominantly in the photore-
ceptor neurons and pigment cells in the Drosophila eye (18,19). This method allows
constitutive expression of the disease protein in a stereotypic pattern in a nonessential
tissue of the fly, the eye. However, if a more widespread expression of the disease
protein is desired, such as expression throughout the nervous system (pan-neural
expression), such a method may fail because global expression of a toxic disease pro-
tein might be detrimental to animal viability. To circumvent this general problem of
transgene expression, other strategies of transgenic expression have been developed.
Cloning the gene of interest downstream of a heat-inducible promoter allows the con-
trol of transgene expression through heat-shock treatment, usually at 37°C (the optimal
growing temperature of Drosophila is 25°C). This allows fly lines that bear the toxic
transgene to be maintained by growth at lower temperature, however this method suf-
fers from a lack of spatial control over transgene expression. In order to achieve both
spatial and temporal control of transgene expression, the two-component GAL4/UAS
system was introduced into flies (20). In yeast, the GAL4 protein is a transcriptional
activator that binds to upstream activator sequence (UAS) of genes to direct transcrip-
tion. GAL4-expressing transgenic lines can be produced either by random transposi-
tion of a GAL4-encoding vector (e.g., pGawB) in the fly genome or by cloning known
regulatory sequences upstream in the GAL4 vector (21). Genes to be expressed under
the control of the GAL4 protein are cloned downstream of a UAS element in a UAS-
containing vector, pUAST. When transgenic lines that bear a GAL4 driver are crossed
to those bearing the UAS transgene, the transgene will be expressed in the progeny
under the spatial and temporal control of the GAL4 driver (20). Because of the useful-
ness of the gmr promoter, gmr-GAL4 lines were made so that it can be adapted to the
GAL4/UAS system (22). Additional practical considerations of the choice of expres-
sion systems are described in other articles (21,23,24).

3. Features of Polyglutamine-Induced Phenotypes in Fly Models

3.1. Models

A variety of polyglutamine-encoding transgenic UAS lines have been generated and
each of them has their own advantages and shortcomings. These UAS insert lines can
be broadly divided into two groups: 1) disease model lines in which polyglutamine-
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containing protein of human disease genes are expressed (25–27), and 2) polyglutamine
model lines in which only a run of a polyglutamine-containing domain is expressed
(28,29). The first group is ideal for the studies of pathogenesis that might relate to
specific human diseases, while the second group is useful to study general
polyglutamine toxicity. These different UAS transgenic lines will allow subsequent
comparison of the differences as well as common features of various aspects of
polyglutamine-induced toxicity.

3.2. Tissue Specificity

A collection of GAL4 driver lines with different spatial and temporal expression
patterns is maintained at the Drosophila stock center (see Website: http://flystocks.bio.
indiana.edu/). Since polyglutamine-mediated neurodegeneration affects primarily neu-
ronal tissues, one can easily examine the neurotoxic effect through the use of select
neuronal specific GAL4 drivers, such as ApVNC-GAL4 (expresses in interneurons in the
ventral nerve cord of the central nervous system [CNS]) (30), sev-GAL4 (expresses in
R1,-3, -4, -6, -7 photoreceptor cells) (31); gmr-GAL4 (expresses in all cells of the eye)
(22); and elav-GAL4 (expresses in all neurons) (32). Expression of expanded runs of
polyglutamine as well as disease proteins in neuronal tissues either by such GAL4
drivers (25,27,28) or directly by a gmr promoter (26) form protein inclusions and cause
degeneration within the developing and adult nervous system, as indicated by lethality
or retinal photoreceptor loss. In contrast, no detectable cell degeneration is observed
when a disease protein is expressed in non-neural tissues using dpp-GAL4 drivers,
although nuclear inclusions still form (25). The latter suggests selective tissue toxicity
of polyglutamine protein.

3.3. Progressive Degeneration

Progressive loss of neurons has been a key feature of polyglutamine diseases. Pro-
gressive cell loss was observed when polyglutamine protein was expressed in adult
photoreceptor neurons (25,26) and the nervous system (25). Functionally, pan-neural
expression of polyglutamine proteins leads to progressive degeneration (33,34) and
lethality (29,33,34) in adults.

3.4. Protein Context

Developmental anomalies were observed when expression a mere run of
polyglutamine was driven by the dpp-GAL4 driver, with this developmental pheno-
type being attenuated when additional non-polyglutamine sequences were added to the
domain (comparable to the disease proteins) (29). In addition, the severity of neuronal
toxicity was also compromised by the same addition of nonpolyglutamine residues.
These results emphasize the importance of protein context in polyglutamine toxicity,
which is consistent with findings that proteolytic cleavage of full-length expanded
polyglutamine disease protein may contribute to severity in pathogenesis (35–37).

3.5. Toxic Conformation of Polyglutamine Proteins

It is generally accepted that repeat expansion of polyglutamine confers neurotoxic-
ity to the normal protein containing a short polyglutamine repeat. However, in a Droso-

phila model for Spinocerebellar Ataxia Type I, increased levels of expression of the
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normal Ataxin-1 protein, like its expanded counterpart, caused similar disruption of
adult eye structure (27). The same effect was, later, also observed when high levels of
normal Ataxin-1 protein were expressed in the Purkinje cell layer of a transgenic mouse
model of the same disease. This raises the possibility that for some proteins, such as
Ataxin-1, the protein itself may have inherent toxicity.

4. Genetic Approaches for Modifiers

The Drosophila eye has been used as a tissue of focus for genetic studies for several
reasons: 1) its stereotypic and well-defined developmental events from larval develop-
ment through adult eye formation have been well-described (38); 2) at least 2,000 genes
in the Drosophila genome are required for eye formation (39); 3) the eye is dispensable
for viability of Drosophila development which allows isolated analysis of genes that
might be organismal lethal (40); and 4) the orderly formed adult eye structure allows
study of late-onset progressive degeneration (25,26).

One advantage of genetic analysis is the ability to isolate mutants that are involved in
virtually any given pathway of a biological phenomenon, such as the large-scale embry-
onic cuticular pattern screen (1). As more and more genes have been identified and char-
acterized, the understanding of complex interactions between genes that are involved in a
given pathway has become invaluable, for example as with the sevenless receptor
tyrosine kinase pathway that is involved in eye development (41). Flies that are mutant
for the sevenless (sev) gene fail to develop R7 photoreceptor cells (42,43). Since receptor
tyrosine kinases are essential for multiple developmental and signaling pathways, it is
likely that other members of these pathways would be recessive lethal upon mutation,
which would vastly limit recovery of mutants and their subsequent analyses. In order to
circumvent this problem, dominant genetic screens were used to isolated mutants in sec-
ond-site genes that would modify the sev mutant phenotype when a single copy of the
corresponding gene was mutated (44,45). In order to optimize the recovery of such domi-
nant second-site modifiers, a “sensitized” genetic background can be used. Thus such a
screen has been carried out in a temperature-sensitive sev mutant background using a
temperature where just enough Sev activity is present to result in a normal eye (44). Upon
mutation of a single copy of a modifier gene, the phenotype at permissive temperature is
now sev. Mutations in Son of sevenless, a guanyl-nucleotide exchange factor, were iso-
lated from such a screen as were mutations in Raf (44). This approach has been fruitful in
identifying genes that function in the sevenless tyrosine kinase pathway.

As described previously, overexpression of expanded polyglutamine protein causes
loss of pigment and retinal cells. Among the various pathways identified by genetic
screens, the mechanism of action of the protein-folding pathway was the first to be
defined and has been studied in detail (33,34). Targeted-expression of the molecular
chaperone Hsp70 (33; Fig. 1) and later dHdj1, a family member of the Hsp40 molecu-
lar chaperones (28,34), using the GAL4/UAS system, were shown to suppress neural
degeneration in the retina and in the nervous system. Not only does overexpression of
chaperones suppress degeneration, but also targeted expression of dominant-negative
mutants of the Hsp40 and Hsp70 families has been shown to enhance degeneration
(33,34; Fig. 2). This indicates that the maintenance of cellular levels of chaperones is
critical to disease pathogenesis, and modulation of chaperone activities may therefore
be a means to intervene disease in progression.
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The mechanistic relationship between dHdj1 and Hsp70 has also been elucidated
using the genetic interaction technique. In the presence of the dominant negative Hsp70
mutant, dHdj1 can no longer suppress degeneration; however, Hsp70 still suppresses
degeneration even when dominant-negative forms of dHdj1 are coexpressed (34). This
suggests that Hsp70 is dominant to dHdj1 in suppressing polyglutamine toxicity, which
is consistent with biochemical data that dHdj1 is a co-chaperone for Hsp70 (46).

Fig. 1. 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-expression of the molecular chaperone Hsp70 with MJDtr-Q78
leads to dramatic suppression of degeneration, restoring eye structure back toward normal (see

also ref. 33). (See color plate 8 appearing in the insert following p. 82)

Fig. 2. 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 mod-
erately expanded polyglutamine repeat (MJDtr-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-expression of a dominant negative mutant of the molecular chap-
erone Hsc70 with MJDtr-Q61 results in enhanced degeneration with severe loss of eye pigmen-
tation. (see also refs. 33 and 34). (See color plate 9 appearing in the insert following p. 82)
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Screening through collections of transposon insertion lines, several other second-site
mutations have been identified as modifiers of the Ataxin-1 polyglutamine phenotype
(27). When expression of the Ataxin-1 protein is driven in the eye by gmr-GAL4 driver,
an external disruption of the eye is observed at 25°C that is sensitive to both phenotypic
enhancement and suppression (27). A number of mild suppressors and
enhancers were identified from both P-element and EP-element Drosophila stock collec-
tions (27). Sequence information on Ataxin-1 modifiers suggests four cellular pathways
might be involved in Ataxin-1 induced polyglutamine phenotypes, although mechanisms
of modification have not been addressed (27).

5. Immunocytochemical and Biochemical Approaches

In the last decade or so, developmental biologists have provided enormous amounts
of information on the morphological events of Drosophila development from oogen-
esis to adult body structures, including the developing and adult nervous systems and
the eyes (38,47,48). Histochemical staining techniques were developed to decipher
complex regulation of gene expression by antibody staining and in situ hybridization.

Antibodies that recognize recombinant polyglutamine proteins have been used to
monitor the protein expression pattern in Drosophila. When expressed in the developing
Drosophila eye tissues (the eye imaginal discs), progressive nuclear translocation and
aggregation of expanded polyglutamine proteins are detected (25,26). In adult photore-
ceptor neurons, nuclear translocation of the expanded polyglutamine was suggested to be
dependent on the length of the polyglutamine expansion (26). In addition, cellular pro-
teins such as heat-inducible molecular chaperone Hsp70 (33) and polyglutamine-con-
taining developmental protein EYA (49) have been found to co-localize with expanded
polyglutamine protein in nuclear inclusions in eye tissues. Interestingly, when molecular
chaperones are co-expressed with expanded polyglutamine proteins in neurons, no mor-
phological alteration of the nuclear inclusions by immunocytochemistry was noted,
despite suppression of neural degeneration (28,33,34). These findings provide evidence
that degeneration can be dissociated from the presence of nuclear inclusions.

Biochemical analysis has been applied to examine chaperone-mediated suppression of
polyglutamine toxicity in vivo (34). Coexpression of chaperones Hsp70 and dHdj1 increases
the amount of monomeric disease protein upon detergent extraction (2% sodium dodecyl
sulfate [SDS]) (34). When dHdj2, a modest suppressor, is coexpressed with the
polyglutamine protein, only a mild suppression is observed that parallels a limited
increase in the amount of the monomeric disease protein seen by Western blot analysis
(34). These findings suggest that chaperones alter the solubility properties of polygluta-
mine protein, concomitant with the degree of suppression of toxicity in vivo. In addition
to a change in solubility properties in detergent, chaperones also appear to have some
ability to alter salt extractability (250 mM sodium chloride) of the disease polyglutamine
protein (34). These observations indicate that chaperones suppress polyglutamine toxic-
ity by altering the biochemical properties of the toxic polyglutamine protein.

6. Bioinformatic and Proteomic Approaches

Length variation of trinucleotide repeats has been demonstrated in Drosophila (50).
In an early analysis, 50 Drosophila proteins out of a sample of 551 (9%) were shown to
contain long polyglutamine runs (51). Sequence analysis of the completed Drosophila
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genome revealed five orthologous polyglutamine disease genes, namely Huntingtin,
TATA-binding protein, Ataxin-1, Ataxin-2, and Ataxin-6 (3,4,52–54). It is worth not-
ing that none of these disease genes are found in yeast and C. elegans (4). Characteriza-
tion of these orthologous disease proteins and their encoding genes, as well as their
interacting proteins, together with the aforementioned molecular and classic genetic
methods, will provide insightful information on the normal cellular functions of these
disease proteins and conserved proteins with which they interact.

7. Concluding Remarks

Recently, peptide caspase inhibitors (55) and small molecules (for example, Congo
red; 56) have been shown to ameliorate neurodegeneration and inhibit aggregate for-
mation of polyglutamine protein in vivo and in vitro respectively. This indicates that
drug intervention is a viable strategy for disease treatment in patients. In vitro drug
screens have been proven effective in identifying drugs. However, a relaying in vivo
system would be of interest for rapid drug validation before testing in expensive, time-
consuming mammalian models. Since Drosophila has a complex but extensively stud-
ied nervous system, a relatively short life-cycle, as well as established models for
human polyglutamine disease, it would serve well the proposed role in the drug valida-
tion process. The combination of genetic, biochemical, bioinformatic, and pharmaco-
logical advantages of Drosophila will undoubtedly facilitate the understanding of
molecular pathogenic mechanisms and the development of intervention methods and
treatments for human polyglutamine disease.

8. Other Useful Technical/Practical Books

These books provide in depth and comprehensive reviews on the technical aspects
of Drosophila methodologies.

Drosophila Protocols (2000)

Edited by William Sullivan, Michael Ashburner, and R. Scott Hawley
Cold Spring Harbor Laboratory Press, USA

ISBN 0-87969-585-4

Drosophila: A Practical Approach, 2nd Ed. (1998)

Edited by David B. Roberts
Oxford University Press, UK
ISBN 0-19-963660-5

Fly Pushing: The Theory and Practice of Drosophila Genetics (1997)

by Ralph J. Greenspan
Cold Spring Harbor Laboratory Press, USA
ISBN 0-87969-492-0

9. Useful Websites

FlyBase

see Website: http://flybase.bio.indiana.edu/
A database that carries molecular and genetic information about Drosophila

melanogaster and other related species. FlyBase contains information on gene
sequences, gene products, gene maps, and links to other useful Drosophila sites.
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Drosophila Stock Centers

see Websites: http://flystocks.bio.indiana.edu/
http://stockcenter.arl.arizona.edu/
http://gen.bio.u-szeged.hu/stock/

Stock centers maintain collections of over 8,000 Drosophila stock lines for distri-
bution among the Drosophila community.

The Interactive Fly

see Website: http://flybase.bio.indiana.edu/allied-data/lk/interactive-fly/aimain/
1aahome.htm/

A regularly updated database that contains listings of developmentally-regulated
genes in an alphabetical searchable format. Genes are also grouped by other criteria,
such as expression patterns, to facilitate retrieval of information.

Bionet Drosophila

see Website: http://www.bio.net/hypermail/dros/
A newsgroup that allows rapid communications among the Drosophila community.

Drosophila Genome Projects

see Websites: http://www.fruitfly.org/
http://edgp.ebi.ac.uk/

These sites provide information on genomic sequences, cDNA sequences, genome
annotation data, and maintain a number of databases including Expressed Sequenced
Tag (EST), cDNA, Single Nucleotide Polymorphisms (SNPs) maps, and P-element
insert lines.

Homophila (Human Disease to Drosophila Gene Database)

see Website: http://homophila.sdsc.edu/
This site categorizes identified Drosophila orthologs of human disease genes, as

defined in the Online Mendelain Inheritance in Man (OMIM) database.

FlyBrain: An Online Atlas and Database of the Drosophila Nervous System

see Website: http://flybrain.neurobio.arizona.edu/
This site provides an invaluable overview and in-depth description of develop-

mental and anatomical features of the Drosophila nervous system.
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A Comparative Gene Expression Analysis
of Emery-Dreifuss Muscular Dystrophy
Using a cDNA Microarray

Toshifumi Tsukahara and Kiichi Arahata

1. Introduction

The muscular dystrophies are a genetically heterogeneous group of disorders char-
acterized by progressive wasting, weakness, and degeneration of the skeletal muscle.
The types of muscular dystrophy have been classified according to clinical symptoms,
disease progression, inheritance pattern, and genetic loci. Pathological changes, such
as necrotic and regenerating fibers and inflammatory cells, present in biopsied muscle
samples from muscular dystrophy cases, are caused by abnormalities in the muscle
membrane. Defects in the plasma membrane or in extracellular matrix-associated pro-
teins have been identified in muscular dystrophy cases, which leads to a fragile sarco-
lemma. In fact, most of the genetic defects responsible for muscular dystrophy
pathology reside in genes that encode plasma membrane or extracellular matrix-asso-
ciated proteins (1–4). However, there are some muscular dystrophy genes that encode
products not associated with the plasma membrane. In particular, deficiencies in two
nuclear membrane associated proteins; emerin and lamin A/C, result in Emery-Dreifuss
muscular dystrophy (EDMD) (5–8). EDMD is an inherited muscular disorder that dis-
plays three characteristics: early contracture of the elbows, Achilles’ tendons, and
postcervical muscles; slowly progressive muscle wasting and weakness; and cardiomy-
opathy with severe conduction block. Most families with EDMD show an X-linked
recessive inheritance, but a few autosomal dominant forms have been reported. There-
fore, EDMD is a genetically heterogeneous disorder. The product of the gene respon-
sible for the X-linked recessive EDMD is emerin, whereas that for the autosomal
dominant form of EDMD is lamin A/C. However, the relationship between the abnor-
malities in these nuclear membranes and muscular dystrophy is unclear.

Recently, DNA microarray technology has been utilized to study gene expression
and should be amenable for the study of pathologic disease processes (9–11). Figure 1

shows a diagram of our concept. Each molecular portrait represents a profile of gene
expression in patients with EDMD, Duchenne muscular dystrophy (DMD), Fukuyama
congenital muscular dystrophy (FCMD), and other muscular dystrophys. Common
changes in the molecular portraits of all the muscular dystrophies may exist in the
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overlapping region. In addition, each specific change of the molecular portrait for mus-
cular dystrophy is able to be extracted. These molecular portraits are obtained by a
comprehensive gene expression analysis using muscle cDNA microarrays. A cDNA
microarray is a device for analyzing the expression of thousands of genes simulta-
neously. Recently, the number of human genes was estimated at approx 40,000 (12).
Using a large-scale microarray, we are able to analyze over 1/10 of the entire set of
human genes. Moreover, gene-clustering analysis may provide information to predict
the function of an unknown gene. A clear advantage is that the microarray requires
only a small sample for analysis. Only 0.5–1.0 µg of total RNA is sufficient for an
assay. Therefore, we are able to monitor the gene expression profile from a biopsied
sample using a cDNA microarray.

2. Materials

2.1. cDNA Microarray

2.1.1. Commercial Available cDNA Microarray

Pre made human cDNA microarrays can be obtained from Micromax (NEN, Boston,
MA, USA), Atlas (Clontech, Palo Alto, CA, USA), ResGen (Invitrogen, Huntsville,
AL, USA), LifeGrid (Incyte, Palo Alto, CA, USA), IntelliGene (Takara Biochemicals,
Kyoto, Japan), GeneNavigator (Toyobo, Tokyo, Japan), and other resources. Custom-
made arrays are also available from some of these suppliers. However, no suitable pre
made cDNA microarrays are available for muscle research.

2.1.2. Preparation of cDNA Microarray

1. Hundreds of isolated plasmid-clones with identical linkers on both ends are necessary to
contract the cDNA microarray. We cloned each cDNA fragment into pCR-Blunt vector
(Invitrogen), carrying the M13 forward and reverse linkers.

Fig. 1. Schematic description of “molecular portrait” and diseases. Each cluster shows the
molecular portrait in each muscular dystrophy. The characteristic change of gene expression in
each disease and the common change of the gene expression in general muscular dystrophies
can be extracted by comparing these “molecular portrait” of each disease. DMD, Duchenne
muscular dystrophy; FCMD, Fukuyama congenital muscular dystrophy; LGMD, Limb-girdle
muscular dystrophy; MM, Miyoshi myopathy.
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2. Amplify each probe using M13 forward and reverse primers and each plasmid as a tem-
plate in 100 µL reaction mixture (1X KOD plus reaction buffer (Toyobo), 0.2 mM dNTP
mix, 1mM MgCl2, and 5 U of KOD DNA polymerase (Toyobo).

3. Polymerase chain reaction (PCR) is performed using a 9700 thermalcycler, MicroAmp
Optical 96-well reaction plates (Applied Biosystems, Foster City, CA, USA) and the fol-
lowing parameters: Initial denatruration at 98˚C for 2 min, followed by 30 amplification
cycles at 98˚C for 15 s, 55˚C for 15 s and 74˚C for 30 s.

4. Purify amplified probes using a Biomek 2000 laboratory robot (Beckman Coulter, Fuller-
ton, CA, USA) and Multiscreen PCR plates #MANU03050 (Millipore, Bedford, MA, USA).

5. The concentration of each purified probe was determined with PicoGreen dsDNA
Quantitation kit (Molecular Probes, Eugene, OR, USA), then normalized as 0.1 µg/µL in
distilled deionized water.

6. Transfer 30 µL (3 µg) each probe into 384-well plates.
7. Dry probes in a vacuum concentrator.
8. Add 6 µL 50% dimethyl sulfoxide (DMSO) into each well, dissolve probes, then briefly

centrifuge the plate. The denaturing process is not necessary when the probes are dis-
solved in DMSO.

9. Spot the probes on GAPS II coated glass slides (Corning, Corning, NY, USA) using a
SPBIO 2000 (Hitachi Software, Yokohama, Japan) microarray spotter.

10. Baking spotted glass slides at 80˚C for 60 min.
11. Moisturize glass slides in a humid chamber at 80˚C for 1–2 min.
12. Fix cDNAs to the glass slides by UV-cross linking at 120 mJ/cm2.
13. Prepared microarrays should be kept in the dark at room temperature.
14. Multi-well plates, Falcon #35-3076 (BD Falcon, Franklin Lakes, NJ, USA), Beckman

#140504 (Beckman Coulter) and Thermo-Fast 384 (AB gene, Epson, Surrey, UK)
15. TE buffer; 10 mM Tris-HCl, pH 8.0, 1 mM EDTA.
16. Pipet tips, Beckman #609044 and # 372654 (Beckman Coulte).
17. Incubator, humid box, and UV-cross linker.

2.2. RNA Isolation from Cultured Fibroblasts

1. In this study, fibroblasts from three cases of X-linked EDMD were examined. Cases 1 and
2 possess splice-site mutations; therefore, a smaller emerin gene product was detected in
both cases (13,14). Case 3 carries a large deletion between exon 1 and 6, resulting in a loss
of a detectable emerin gene product (15). Fibroblasts from a healthy volunteer were used
as controls.

2. Fibroblasts were cultured in Dulbecco’s modified Eagle’s minimal essential medium
(DMEM) supplemented with 10% fetal calf serum (FCS) from tissues derived from the
normal control and the X-EDMD patients with written informed consent.

3. Total RNAs were isolated from the fibroblasts by acid phenol-guanidinium thiocyanate-
chloroform extraction (16), and purified with an SV total RNA isolation system (Promega,
Madison, WI, USA).

4. Phosphate-buffered saline (PBS), sterile.
5. Cell scraper.
6. Mini grinder and disposable pestle to homogenize tissues.
7. Ethanol, 95%, RNase-free.
8. Microcentrifuge.
9. Micropipet (e.g., Gilson).

10. Incubator or heating block.
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2.3. Recombinant Adenovirus

1. A recombinant adenovirus carrying the human emerin cDNA was constructed by the COS-
TPC method using an Adenovirus Expression Vector kit (Takara Biochemicals). Expres-
sion of the human emerin is under the control of the CAG promoter, which is a modified
chicken β-actin promoter with a CMV-IE enhancer. In addition, the polyadenylation sig-
nal of the rabbit β-globin gene was used.

2. A recombinant adenovirus carrying a LacZ expression unit also controlled by the CAG
promoter (AxCALacZ) was used (17) (see Note 1).

3. Collagen-coated tissue-culture dish.
4. LB/ampicillin medium and LB/ampicillin plates.
5. DMEM containing 10% FCS.
6. Eschericia coli, recA-.
7. 293 cells.
8. λ packaging kit.
9. Transfection reagent.

2.4. cDNA Synthesis, Labeling, and Hybridization

1. Micromax™  TSA (tyramide signal amplification) kit (MPS521; NEN, Boston, MA, USA)
was used for labeling and for detection in the microarray.

2. 5 M NH4Ac, glycogen, isopropanol, 100% and 70% ethanol.
3. 0.5 M EDTA, pH 8.0 and 1 N NaOH.
4. Sterile TE buffer.
5. 20X Sodium Citrate-Sodium Chloride (SSC; 3 M Sodium Chloride , 0.3 M Sodium Cit-

rate, pH 7.0) and distilled deionized water.
6. Hybridization camber (e.g., Corning, ArrayIt™), coverslip and incubator.
7. 10% Sodium Dodecyl Sulfate (SDS).
8. Dimethyl Sulfoxide (DMSO).
9. Bottle top filters, 0.22 µm and sterile bottles.

10. Conical tubes, 50 mL.
11. Gloves and forceps.
12. Refrigerated microcentrifuge.
13. Freezer.
14. Agitator.

2.5. TSA-Detection

1. TN Buffer: 0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl. Pass buffer through a 0.22 µm filter.
2. TNT Buffer: 0.05% Tween-20 in TN Buffer. Pass buffer through a 0.22 µm filter.
3. TN Blocking Buffer (TNB): 0.5% blocking reagent in TN buffer. To prepare, heat to 60˚C

with stirring to completely dissolve the blocking reagent. Cool to room temperature. Do
not filter.

4. TNB Goat Serum Buffer (TNB-G): 10% goat serum in TNB buffer.
5. Laser Scanner and image analysis software.

3. Methods

3.1. cDNA Synthesis and Labeling

1. Prepare two labeled cDNAs, a test and a reference, with FITC and Biotin, respectively.
2. Transfer one µg of total RNA in 13 µL DEPC-treated water to each tube.
3. Add 5 µL of a 10-fold-diluted control RNA solution (Micromax TSA kit) into the tube.
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4. Add 1 µL each of Reaction Mix Concentrate (Micromax TSA kit) and FITC- or Biotin-
labeled nucleotide.

5. Incubate the tubes at 65˚C for 10 min, then cool the reaction mixture to room temperature
for 5 min.

6. Incubate the tube to 42˚C for 2–3 min.
7. Add 2.5 µL 10X RT Reaction Buffer (Micromax TSA kit), then mix well.
8. Add 2 µL AMV-RT/RNase Inhibitor Mix (Micromax TSA kit).
9. Leave the tube at 42˚C for 60 min.

10. Cool the tube to 4˚C for 5 min, add 2.5 µL each of 0.5 M EDTA, pH 8.0, and 1 N NaOH,
then mix well.

11. Incubate 65˚C for 30 min (do not exceed), then cool the tube to 4˚C.
12. Add 2.7 µL 5 M NH4Ac and 31 µL isopropanol, vortex and incubate at 4˚C for 30 min.
13. Centrifuge for 20 min at 10,000g at 4˚C, and carefully decant the supernatant.
14. Wash the pellet twice with 70% ethanol, and dry in a vacuum concentrator.
15. Resuspend the pellet in 20 µL Hybridization Buffer (Micromax TSA kit). Store at –20˚C.

3.2. Hybridization

1. Combine equal amounts of cDNA from the FITC- and Biotin-labeled samples.
2. Adjust volume to 40 µL with Hybridization Buffer (Micromax TSA kit), and heat to 90˚C

for 2 min to denature.
3. Add combined samples to the cDNA microarray, and shield the microarray with a cover-

slip.
4. Incubate overnight at 65˚C in a humid environment.

3.3. Washes and TSA Detection

1. All of the following treatments were carried out at room temperature.
2. Wash the microarray in 0.5X SSC, 0.01% SDS for 5 min, letting the coverslip fall off.
3. Wash in 0.06X SSC, 0.01% SDS for 5 min.
4. Wash in 0.06X SSC for 2 min.
5. Incubate in 600 µL of TNB-G for 10 min.
6. Wash slide with TNT buffer for 1 min.
7. Incubate in Anti-FITC-HRP conjugate solution (4 µL Anti-FITC-HRP conjugate;

Micromax TSA kit, in 400 µL TNB-G) for 10 min.
8. Wash 3X in TNT buffer for 1 min each.
9. Incubate in Cy3 Solution (1/20 of Cyanine-3 Tyramide DMSO solution in 500 µL Ampli-

fication Diluent; Micromax TSA kit) for 10 min.
10. Wash 3X in TNT buffer for 5 min each.
11. Incubate in 300 µL of HRP Inactivation Solution (10 µL 3 M Na Acetate in 290 µL HRP

Inactivation Reagent; Micromax TSA kit) for 10 min.
12. Wash 3X in TNT buffer for 1 min each.
13. Incubate in Streptavidin-HRP conjugate solution (4 µL Streptavidin-HRP conjugate;

Micromax TSA kit, in 400 µL TNB-G) for 10 min.
14. Wash 3X in TNT buffer for 1 min each.
15. Incubate in Cy5 Solution (1/20 of Cyanine-5 Tyramide DMSO solution in 500 µL Ampli-

fication Diluent; Micromax TSA kit) for 10 min.
16. Wash 3X in TNT buffer for 5 min each.
17. Wash 1 min in 0.06X SSC.
18. Spin the slides to dry at room temperature.
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3.4. Scanning and Data Processing

1. The microarray tagged with Cy3 and Cy5 were scanned, and fluorescence signals were
detected by a microarray scanner (Fig. 2). Both confocal scanning devices and CCD cam-
eras can be used. Prior to scanning, the scan area, laser power, PMT-gain, and focus should
be set.

2. The intensities of Cy3- and Cy5-fluoresence from each spot should be determined and saved.
3. Scanned data may be obtained from a digital fluorescent image of a microarray using

quantitative software. Quantitation is accomplished by superimposing a grid over the array
image and measuring the average intensity of each spot on the microarray.

4. Quantitative gene expression and other data can be obtained from microarray analysis.
Array data can be processed using analyzing software to extract and examining common
features of genes and hierarchical clustering (see Notes 2–9).

3.5. Adenovirus Infection

1. The fibroblasts were infected with AxCA-Nemerin or AxCA-LacZ at a multiplicity of
infection (MOI) 50.

2. The expression of exogenous emerin in EDMD fibroblasts was confirmed by immunohis-
tochemistry and Western blot analysis.

3. After infecting the fibroblasts derived from EDMD patients with the adenoviral vectors
AxCAN-Eme for emerin or AxCA-LacZ for control, RNAs were purified from the treated
fibroblasts and analyzed using the cDNA microarray.

4. Notes

1. If the changes in gene expression were due to a deficiency of emerin, then emerin supple-
mentation may reverse these changes. Therefore, we attempted to offset the change in
gene expression by transferring the emerin gene into EDMD fibroblasts using a viral vec-
tor. After infecting fibroblasts derived from EDMD patients with the adenoviral vectors
AxCAN-Eme for emerin or AxCA-LacZ for control, RNAs were purified from the treated
fibroblasts and analyzed using the cDNA microarray.

2. To increase the reliability of the results, data were managed with two thresholds, 2.0 or 1.5.
For example, genes that were expressed at levels two-fold greater than control levels, were
regarded as increased genes with a threshold of 2.0. Genes that were expressed at levels
1/2-fold less than control levels, were regarded as decreased genes with a threshold of 2.0.

3. In our experiments, the expression of 22 genes were decreased and 41 genes were increased
in the EDMD fibroblasts when compared with control fibroblasts (Table 1(A) and ref. 17).

4. Our results from the infection experiment are summarized in Table 1(B). As described in
the table, 0, 10, and 12 genes corresponding to Groups A, B, and C, respectively, were
decreased in EDMD fibroblasts when compared to control cells. In fibroblasts infected
with AxCAN-Eme, the expression of 4 of 10 Group B genes and 5 of 12 Group C genes
was increased. However, the expression of 13 of 22 Group A genes, 9 of 17 Group B
genes, and 1 of 2 Group A genes were decreased by infection with AxCAN-Eme. There-
fore, the expression of 32 of 63 genes, whose expression was altered with a deficiency of
emerin, were recovered by infection of the EDMD fibroblasts with the viral vector carry-
ing the emerin gene (17).

5. Confirmation of the results from the microarray analysis is important. In our case, an
RT-PCR analysis was performed. As described in Fig. 3, the expression levels of
α2-spectrin, p63 transmembrane protein, lamin A/C, breast cancer LIV-1 genes were
greater in the EDMD fibroblasts than in the control fibroblasts. Further, the expression
of THRA1 and p35 cdk5 kinase genes were decreased in the EDMD fibroblasts than in
the control fibroblasts.
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Fig. 2. 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.
(See color plate 6 appearing in the insert following p. 82)

Table 1
Altered Gene Expression as Detected by DNA Microarray

Group A Group B Group C

    >2-fold in 2 cases >2-fold in 1 case
Ratio and Cases >2-fold in 3 cases >1.5-fold in 1 case >1.5-fold in 2 cases Total

Cont.>EDMDa 0 gene 10 genes 12 genes 22 genes
Cont.<EDMD 22 genes 17 genes   2 genes 41 genes
+Eme.>+LacZb 0 gene   4 genes   5 genes   9 genes
+Eme.<+LacZ 13 genes   9 genes   1 genes 23 genes

aGene expression was compared between the EDMD fibroblasts and the control fibroblasts by
microarray analysis.

bWe also compared the gene expression between EDMD fibroblasts infected with the adenoviral
vectors AxCAN-Eme and AxCA-LacZ. To increase the reliability of the data, we divided the genes into
three groups. Group A contains genes that had an altered, increased or decreased, expression with a
threshold of >2.0 in all 3 cases of EDMD similar to the mean from 3 different fibroblasts. Genes that had
an altered expression with a threshold of >2.0 in 2 cases and with a threshold of >1.5 in the remaining
1 case constitute group B. Group C consists of genes with an altered expression with a threshold of >2.0
in 1 case and with a threshold of >1.5 in the remaining 2 cases. The number of genes whose expression
were altered in each group are represented in the table.

6. Importantly, the expression of the lamin A/C gene, which, when defective, results in auto-
somal dominant-EDMD (5,8), is increased in EDMD fibroblasts. Utrophin expression is
upregulated to compensate for the decrease in dystrophin in the muscle of patients with
Duchenne muscular dystrophy (18). The increased expression of lamin A/C gene may
represent a similar phenomenon.
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7. Our preliminary result suggests a correlation between disease similarity and gene expres-
sion. We submit that muscular disorders may be characterized by gene expression profiles
using large-scale microarrays. However, some problems in microarray analysis exist. In
many cases, sequences that are homologous may exist in several genes. Therefore, the
homologous sequences in these genes may be hybridized by the same probe. Moreover,
the specificities of the probes are unknown. Further, the different length of probes may
result in differences in signal-strength. Therefore, the preparation of a suitable cDNA set
for microarray is very important.

Fig. 3. Confirmation of altered gene expression by RT-PCR. To confirm the altered expression
of genes detected by the microarray analysis, the relative amount of six genes, α2-spectrin, p63
transmembrane protein, lamin A/C, LIV-1, THRA1, and p35 cdk5 kinase were determined by
RT-PCR. Total RNA from normal or EDMD fibroblasts was subjected to RT-PCR as described
elsewhere (15,17). PCR assays were performed under the following conditions: 1 cycle at 94˚C
for 2 min, followed by 25, 27, and 29 cycles at 94˚C for 15 s, 55˚C for 30 s and 68˚C for 30 s. The
PCR products were subjected to 2% agarose gel electrophoresis. G3PDH and β-actin mRNA
were used as controls.
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8. Currently, we are attempting to develop such a low-background human muscle cDNA
microarray.

9. Our goal is to provide a “molecular portrait” of muscular dystrophy, and to clarify a com-
mon pathway to identify key genes in the disease. The cDNA microarray is a very effi-
cient tool to analyze change in gene expression between two different samples. We are
able to analyze gene expression in myogenesis and differentiation. In addition, we can
compare gene expression between distal and proximal muscle or between specific muscles.
(In distal myopathy, distal muscle, but not proximal muscle, is primarily affected. While
reasons for this specificity are unclear, differences in gene expression between the regions
may provide clues.) Using a comprehensive analysis of gene expression, we are able to
clarify genetic and pathological features of diseases. Finding the key gene in the disease
process may help to develop therapeutic approaches to the treatment of the disease.
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The COS-7 Cell In Vitro Paradigm
to Study Myelin Proteolipid Protein 1 Gene Mutations

Alexander Gow

1. Introduction

Despite many shortcomings, a reductionist approach using cell culture paradigms
to define basic principles underlying disease processes has considerable merit. One
example of the utility of this approach is the expression of mutant forms of proteo-
lipid protein 1 (PLP1) in transiently transfected COS-7 cells. In humans, the PLP1

gene is located on the long arm of the X-chromosome and deletion, duplication, or
coding region mutations in this gene cause the leukodystrophy, Pelizaeus-Merzbacher
disease (PMD). Clinically, PMD is a heterogeneous disease that generally becomes
apparent within the first year of life and is associated with hypomyelination in the
central or peripheral nervous systems (CNS/PNS), breathing difficulties, poor motor
coordination and paraparesis or paraplegia (1–3). From simple beginnings using a
transfection paradigm to express missense mutant gene products identified in PMD
patients, we have developed an hypothesis to account for the cellular (4–8) and molecu-
lar pathogenesis of disease (9) and we have made use of several excellent mouse
models of PMD to confirm our in vitro findings in vivo (10).

The PLP1 gene gives rise to two protein isoforms by alternative splicing of a
cryptic splice-site in exon 3. Messenger RNAs (mRNAs) encompassing all of exon
3 (i.e. exon 3a and 3b) encode the 276 amino acid protein, PLP1. On the other
hand, mRNAs in which exon 3b is absent encode the 242 amino acid protein, DM-20.
The 35 amino acids encoded by exon 3b form part of a cytoplasmic loop near the
center of PLP1 between transmembrane-spanning domains II and III. The presence
of this polypeptide does not alter the topology of PLP1 compared to DM-20; both
proteins exhibit 4 transmembrane domains with the amino and carboxyl-termini
exposed to the cytoplasm (11). Although the function of this PLP1-specific peptide
is unknown, it arose recently in evolution with the emergence of terrestrial verte-
brates (12), confers properties on PLP1 that cannot be recapitulated by DM-20 (13)

and clearly renders this protein more susceptible than DM-20 to the deleterious
effects of missense mutations.

The initial phase of our research was to obtain cDNAs for wild-type and mutant
forms of PLP1 and DM-20 and to examine the behavior of the encoded proteins in
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transfected COS-7 cells (4–8). From wild-type PLP1 and DM-20 cDNA templates, we
selected known mutations from the literature and generated the mutations for experi-
mentation using site-directed mutagenesis. Thereafter, we sequenced and subcloned
these cDNAs and constructed heterologous genes that force transfected cells to express
extremely high levels of protein under transcriptional regulation of the human cytome-
galovirus immediate-early promoter (14).

A major motivation behind the choice of expression cassette was that during my-
elinogenesis in the CNS, 10% of the mRNA present in PLP1 gene-expressing cells,
called oligodendrocytes, encodes PLP1 and DM-20 (15). This proportion exceeds
that of other highly expressed genes, such as tubulin and actin, by two orders of
magnitude. Accordingly, we wanted to recapitulate these levels as closely as pos-
sible in COS-7 cells. In this regard, the SV-40 T antigen expressed by these cells
replicates the pCMV5 plasmid to high copy number from the SV-40 origin of repli-
cation site in the plasmid. Two other factors are also advantageous for high level
expression: 1) the use of the human cytomegalovirus immediate-early promoter; and
2) transient transfections, which in general provide significant increases in expres-
sion compared to stably transfected cells. Finally, an additional benefit of transient
transfection is the presence of nontransfected cells in all dishes, which serve as con-
venient internal negative controls for morphology, cell survival, and immunocy-
tochemical labeling with antibodies.

Protein behavior in transfected fibroblasts was assessed by immunocytochemistry
using a monoclonal antibody (MAb) raised against the carboxyl-terminus of PLP1/
DM-20. As expected for polytopic membrane proteins, wild-type PLP1 and DM-20
are detected in all major compartments of the secretory pathway, the cell surface, and
the endocytic pathway. In contrast, all single amino acid changes identified in PMD
patients and animal models cause PLP1 to accumulate in the endoplasmic reticulum,
which is consistent with a protein trafficking defect brought about by the inability of
the mutant proteins to adopt stable three-dimensional conformations. Surprisingly, a
portion of the same mutations introduced into DM-20 do not interrupt trafficking to
the cell surface; these mutations are associated with mild forms of disease (6).

The principal findings defined in the in vitro COS-7 cell transfection analyses were
tested in vivo in mouse models of PMD (10). Mutant PLP1 and DM-20 expressed in
jimpymsd and jimpyrsh oligodendrocytes is confined to the perinuclear region of oligo-
dendrocytes which likely reflects protein accumulation in the endoplasmic reticulum.
In contrast, other myelin proteins such as myelin basic protein (MBP) are transported
out to the myelin membranes that ensheath nearby axons. Thus, these data are consis-
tent with earlier studies showing that PLP1 and DM-20 accumulate in the endoplas-
mic reticulum of jimpy mice (16–18), and afford a novel interpretation of other
published data for mild and severe PMD, that of a defect in protein trafficking (9).
Thus, the use of a simple in vitro paradigm to ask simple questions about PMD has led
to new insights into the pathogenesis of this disease. Finally, the strong correlation
between mild forms of disease and the trafficking of mutant DM-20 through the secre-
tory pathway of transfected cells suggests that such an assay may be used to predict
pathogenesis and severity of novel coding region mutations for the purposes of future
genetic counseling. Towards this goal, we describe in detail the protocols we use to
explore the disease mechanisms of PMD in COS-7 cells in culture.
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2. Combine 0.5 µg of pUC19 with distilled water to 7 µL, then add the buffer, BSA, and
enzyme.

3. Incubate samples for 1 h at the recommended temperature for the enzyme. Add 2 µL of 6X
gel loading dye to each sample.

3.2. Agarose Gel Electrophoresis

1. Add 0.5 g of agarose to 50 mL of EtBr-TAE buffer in a 200 mL conical flask. Micro-
wave 1 min to dissolve, cool for several min, and pour into 2 × 25 mL gel molds. Use a
5-well comb (preparative gel) in one gel and a 10-well comb (analytical) in the other
(see Note 6).

2. Place gels at 4°C for 20 min to solidify.
3. Place the gels into the electrophoresis tank with sufficient EtBr-TAE buffer to submerse

them by 0.5 cm.
4. Load digested DNAs into the preparative gel.
5. Combine 0.5 µg of DNA ladder, 1 µL of 6X loading dye and distilled water to 6 µL. Load

onto gel.
6. Electrophorese at 80–100 V until the dye reaches the bottom of the gel or until the bands

of interest are well separated from other bands on the gel.
7. Photograph the gel on a UV transilluminator. Caution: the UV illuminator can cause severe

burns to exposed skin within 30 s. Wear a face mask and a laboratory coat.

3.3. Subcloning the cDNA

1. Excise the linearized pUC19 DNA and cDNA fragments from the gel using a razor blade
and place slices into microfuge tubes.

2. Use the Qiagen gel extraction kit as directed to purify the DNAs.
3. Electrophorese 5 µL of each sample and 0.5 µg of DNA ladder on the analytical gel for

15 min to determine the DNA concentrations (see Note 7).
4. Combine the plasmid and cDNA, in a 1:3 molar ratio, into a microfuge tube and add

distilled water to 8 µL. Add the same volume of either plasmid or cDNA into separate
tubes and bring to 8 µL with distilled water. (see Note 8).

5. To each tube for ligation, add in order: 1 µL ligase buffer and 1 µL of ligase. Incubate for
1–2 h at RT or 16°C overnight (see Note 9).

6. Transform competent E. coli as recommended by the manufacturers.
7. After heat shocking the bacteria, add 10 competent cell-volumes of LB and incubate at

37°C for 1 h with gentle shaking (see Note 10).

3.4. Growth of Transformed Bacteria on LB-Agar Ampicillin Plates

1. Add 7.5 g bacto-agar per 500 mL of LB (LB-agar). Autoclave for 20 min, cool to 55°C
in a water bath. Add 0.5 mL of ampicillin stock and pour 10–15 mL of LB-agar into
sterile 100 mm polystyrene petri dishes. Leave covered plates to cool overnight at RT
(see Note 11).

2. Spread 40 µL of X-gal onto 6 plates and allow to dry. Spread 20 µL of IPTG and allow to
dry (see Note 12).

3. Spread 5, 15, and 80% of the E. coli transformed with plasmid + cDNA onto separate
ampicillin plates. For plasmid-only and cDNA-only transformations, use amounts of bac-
teria equivalent to 15% of the plasmid + cDNA transformation. For the positive control,
spread 10% of the pUC19-transformed E.coli (see Note 13).

4. Grow the bacteria overnight at 37°C or until colonies grow to 0.5–1 mm diameter.
5. Place plates at 4°C for 2 h (see Note 14).
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3.5. Purifying Plasmids from Mini- and Maxi-Prep Cultures

1. Pick 8 white colonies from one of the plasmid + cDNA plates with a sterile tooth pick and
place into 3 mL of LB-ampicillin (see Note 15).

2. Grow mini-prep cultures at 37°C overnight in a shaking incubator.
3. Purify the plasmid DNA from the cultures using a Qiagen mini-prep kit following the

manufacturers recommendations (see Note 16).
4. Digest 0.5–1 µg of each plasmid with the restriction enzyme from Subheading 3.1. and

electrophorese on an analytical gel to ensure that colonies have the cDNA insert.
5. Choose one correct colony to inoculate 500 mL of LB-ampicillin in a 2 L flask, and grow

at 37°C overnight in a shaking incubator.
6. Purify the plasmid DNA using a Qiagen Megakit and following the manufacturer’s

recommendations.
7. Sequence the 5' untranslated region and coding region of the cDNA in both directions.

Retain this stock for all mutagenesis experiments (see Note 17).

3.6. Site-Directed Mutagenesis to Generate the P14L Mutation in PLP1

1. The design of two overlapping and complementary oligodeoxynucleotide primers that
harbor mutations at the center of each primer is shown in Fig. 1.

2. Use the mutation primers with the QuikChange mutagenesis kit as recommended by the
manufacturers to generate a mutated plasmid using the Megakit DNA as template.

3. Choose 8 colonies and grow overnight at 37°C in separate tubes containing 3 mL of
LB-ampicillin.

4. Use Qiagen mini-prep kit to purify plasmid DNA from overnight cultures.
5. Digest 0.5–1 µg of each mini-prep DNA with 10 U of ApaI and electrophorese on agarose

gel (see Note 18).
6. Sequence the 5' untranslated and coding regions of two plasmids in both directions to

ensure that the PCR did not introduce random point mutations (see Note 17).

3.7. Subclone the cDNA into an Expression Cassette

1. Subclone the mutagenized, sequenced cDNA into the polycloning site of the expression
vector of choice (see Subheadings 3.1.–3.5., and Note 19).

3.8. Maintaining COS-7 Cells in Culture (see Note 20)

1. Grow a flask of COS-7 cells to 80–100% confluence. These cells are easily maintained in
T75 flasks at 37°C in 95% air, 5% CO2. Replace culture medium every 3 d.

2. To passage the cells, remove the medium by suction using a Pasteur pipet and rinse the
cells for a few s with PBS. Rinse the walls of the flask to remove traces of medium.

3. Add 5 mL of trypsin/EDTA to the cells and remove all but 0.5 mL by suction. Incubate for
3–5 min at 37°C (see Note 21).

4. Suspend the cells in 10 mL of culture medium (see Note 22).
5. Transfer 1 mL of cells to a fresh T75 flask containing 14 mL of fresh medium.
6. Grow the cells to confluence 37°C (see Note 23).

3.9. Transfection of COS-7 Cells

1. D 1 (afternoon). Begin with a T75 culture flask of COS-7 cells grown to confluence. Split
the cells equally into 60 mm culture dishes. (see Note 24).

2. D 2 (morning). For each transfection, add 90 µL of DMEM (i.e., no serum) to a sterile
microfuge tube. Add 6 µL of FUGENE 6 incubate for 5 min at RT (see Note 25).
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3. Add the DMEM/FUGENE 6 solution, dropwise, to a sterile microfuge tube containing
4 µg of plasmid DNA. Tap the bottom of the tube gently and incubate for 15 min at RT.

4. Pipet the DNA solution, dropwise, across the COS-7 cells in the 60 mm dishes and culture
overnight at 37°C. (see Note 26).

5. Day 3 (morning). Add 1.5 mL of culture medium to 35 mm NUNC culture dishes (see

Note 27).
6. Wash the cells briefly with PBS, trypsinize for 5 min, and suspend in up to 4 mL of culture

medium (see Note 28).
7. Add 0.5 mL of cell suspension to each 35 mm dish and culture the cells overnight at 37°C

(see Note 29).

3.10. Fixation and Immunocytochemistry

1. Rinse cells twice for several s, by swirling, with 1 mL of DMEM. Add 1 mL of fixative to
each dish and incubate for 30 min at RT (see Note 30).

2. Wash out excess fixative with 2 changes of TBS over 5 min.
3. Permeabilize cells for 30 min in 1 mL of 0.1% saponin in TBS. (see Note 31).
4. Suction away the buffer and clear the cells in a 2–3 mm track around the perimeter of

each dish. (see Note 32).
5. Apply a PAP pen to the cleaned surface and quickly pipet 50 µL of a 0.1% saponin/

TBSGBA block solution onto the cells and incubate for 15–30 min at RT (see Note 33).
6. Exchange the 0.1% saponin/block solution with 50 µL of primary antibody diluted in

block solution and incubate overnight in a humidified chamber at RT.
7. Wash the cells 2 × 5 min with 1 mL of 0.1% saponin/TBS. Add 50 µL of secondary

antibody diluted in 0.1% saponin/block solution for 1 h at RT. (see Note 34).
8. Wash the cells 2 × 5 min with 1 mL of 0.1% saponin/TBS. Remove buffer with suction

and add 100 µL of DTG with a wide mouth tip.
9. Coverslip and stand for 30 min. Remove excess DTG and seal the coverslips with clear

nail polish (see Note 35).
10. Cut away the wall of each NUNC dish using the soldering iron in a fume hood (see Note 36).
11. Mount each dish bottom onto a glass slide with drops of superglue at two points on the

outer edge (see Note 37).
12. View cells using epifluorescence or confocal microscopes (see Note 38).

4. Notes

1. Ca2+ and Mg2+ reduce the effectiveness of cell detachment from culture dishes and cause
detached cells to clump.

2. NUNC dishes have thin walls and low intrinsic fluorescence, which are important advan-
tages for the immunocytochemistry protocol described herein. If necessary, coating these
dishes with poly-L-lysine or poly-L-arginine (Sigma) will improve the adhesion of trans-
fected cells to the dish but may increase the background staining somewhat. To coat dishes,
dissolve either amino acid at 5 µg/mL in water and filter sterilize (0.45 µm filter). This
solution is stable at 4°C for 1 yr. Dilute this stock 100-fold in PBS (50 µg/mL, stable at
4°C for 1 yr) and add 1 mL to each culture dish. After 3 h, rinse each dish with 3 × 2 mL
of PBS. Coated dishes can be stored sterile for 1 mo at 4°C.

3. Place several wet paper towels into a 150 mm culture dish with a lid. Each chamber
accommodates up to 6 × 35 mm dishes and will remain moist overnight at RT.

4. To maximize fluorescence signals from labeled cells, the pH of this solution is very
important. DABCO is alkaline in solution, so the DTG should be approx pH 8.6 after
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the addition of Tris. The pH can be easily measured after diluting the DTG 10-fold in
distilled water.

5. Enzyme volume should be no more than 10% of the total.
6. Use protective gloves when handling the hot agarose solution, which can superheat and

boil over, causing serious burns.
7. The known concentration of the ladder is used to estimate the concentrations of the samples

by comparing band intensities under UV illumination.
8. Use 20–50 ng of plasmid DNA for the ligation. Increasing the molar ratio to more than

1:5 may cause 2 or more copies of the cDNA to be ligated into the pUC19 vector.
9. The 16°C incubation slows the enzyme activity and, theoretically, increases the ligation

efficiency. However, for routine cloning the shorter ligation times yield sufficient num-
bers of bacterial colonies.

10. Do not use LB-ampicillin in this step because the bacteria need time to transcribe and
translate the β-lactamase gene on the introduced plasmid. The 1 h incubation period can
be eliminated to reduce processing time, which will reduce the number of colonies on the
plates by two- or three-fold.

11. Ampicillin is heat labile and it is important to ensure the correct temperature of the LB-
agar, which takes 1–2 h to cool to 55°C with occasional swirling of the bottle. After add-
ing the ampicillin, mix thoroughly by swirling. When pouring the agar plates, large and
small bubbles will collect on the liquid surface. Burst the bubbles by flaming the plates
with a blue-yellow Bunsen flame for a few s. 500 mL of LB-agar makes up to 40 plates
and can be stored for up to 1 mo at 4°C. Discard plates if fungal contamination is present.

12. To make a spreader, use a Bunsen burner to make a right-angle bend in the tapered end of
a 9-in. Pasteur pipet. Sterilize with ethanol and briefly flame.

13. Spreading more than 100 µL of bacteria onto a plate should be avoided. Reduce the vol-
ume by microfuging the bacterial suspension for 20 s, withdrawing excess supernate to
100 µL and resuspending the soft pellet with a pipet.

14. The 4°C incubation increases the intensity of blue colonies. If the concentration of ampi-
cillin in the plates is low, or if the transformed bacteria grow vigorously, true transformants
will be ringed by small satellite colonies. Avoid picking the satellite colonies, which do
not harbor plasmid DNA and will not grow in LB-ampicillin medium. In general, the
longer the time of growth on the plates, the greater the number of satellite colonies. Thus,
avoid growing transformants for longer times than is necessary to obtain 0.5–1 mm diam-
eter colonies.

15. Colonies should be large, round, smooth and well-isolated.
16. The DNA concentration will be approx 0.1–0.2 µg/µL.
17. Although small, there is a finite risk of introducing point mutations into the cDNA during

cloning and culturing the bacteria. Such mutations could confound all future work with
the plasmid. Thus, the cDNA should be sequenced to ensure that random mutations are
absent.

18. Include the PCR template DNA as a positive control. Correctly mutagenized plasmids
will harbor one less Apa I site than the parent plasmid.

19. To achieve very high expression levels, pCMV5 is an ideal vector because it harbors an
SV-40 origin of replication which the SV-40 T antigen expressed by COS-7 cells uses to
replicate the plasmid to high copy number.

20. Use 70% ethanol to sterilize the surfaces of the culture hood, benches, Gilson pipets and
outer surfaces of the culture-medium bottle. Allow the ethanol to evaporate.

21. Strike the side of the flask several times, which dislodges the cells when trypsinizing is
complete.
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22. Gently pipet cells up-and-down 5–10 times with a 10 mL pipet to break up cell clumps.
23. Growth time is generally 3–4 d if the cells are healthy. Slow growing cells may be due to

a viral infection (e.g., mycoplasma), which will make the cells more difficult to transfect
and will yield cells with poor morphology under the microscope. Discard the cultures and
obtain a fresh flask of cells.

24. Cell number will approx double by d 2. 1 × T 75 flask at 100% confluence on d 1 yields
approx 8 × 60 mm dishes at 50% confluence on d 2. Transfections also can be performed
directly in individual 35-mm dishes rather than using a 60 mm dish intermediate. A disad-
vantage of this approach is that replicate dishes may have greater variability due to differ-
ences in transfection efficiencies. However, an advantage is that transfection times can be
reduced to 15 h before fixation and staining which will yield higher apparent transfection
efficiencies if the mutant protein being expressed is particularly toxic to the cells. We
have used this approach to examine trafficking of a PLP1 splice site mutation (19) that
results in skipping exon 6.

25. The FUGENE 6 must be added directly into the DMEM, not down the wall of the tube.
26. Gently move the dishes several times from side-to-side to evenly distribute the DNA on the

cells. Be careful not to move dishes in a circular motion, which will concentrate reagents in
the centers of the dishes.

27. The number of dishes prepared depends on the number of DNAs for transfection and the
number of replicate dishes for each DNA. Each 60 mm dish will provide sufficient cells
for up to 8 × 35 mm dishes.

28. The levels of confluence in each 60 mm dish should approximate 100% if the transfected
plasmid is not toxic to the cells. However, proportionately less medium should be used for
subconfluent dishes (e.g., use 2 mL of medium for cells at 50% confluence).

29. Gently move the dishes from side-to-side to evenly distribute the cells. The desired level
of confluence when the cells adhere is 20–30%. After overnight culturing, a confluence
of 40–50% is expected, which provides sufficient transfected cells to examine and plenty
of room for the cells to flatten out for good morphology.

30. Keep 35 mm dishes on a rocking platform (e.g., Bellco, NJ, USA) during staining. Warm
DMEM and fixative minimize changes to cell morphology before the cells are fixed. Add
solutions to the edge of each dish to minimize cell damage. Use a low vacuum to hasten
solution changes.

31. Detergents such as Triton X-100 and other permeabilizing agents such as methanol can
extract some proteins, such as PLP1, from the membranes of fixed cells, which reduces
the staining intensity.

32. Attach a wide-mouth P200 or P1000 Gilson pipette tip to a vacuum line. It is most important
that all cells and liquid be removed in preparation for applying the PAP pen. These pens are
very expensive and are easily damaged by contact with debris and aqueous solutions.

33. This and subsequent steps use small volumes of antibody-containing solutions to label
antigens in transfected cells spread over a wide area. Therefore, it is important to ensure
that the culture dishes are level. If antibody solutions are in plentiful supply, larger vol-
umes, e.g., 100 or 200 µL can be used.

34. In this step, the DNA-binding fluor, 1 µg/mL 4,6, Diamidino-2-phenylindole (DAPI,
Sigma, MO, USA), can be included for visualizing the nuclei. This compound strongly
labels nuclei and aids the location of cells that are unlabeled or weakly labeled by antibod-
ies. Some antigens are expressed at sufficiently low levels to require signal amplification
using a biotinylated secondary antibody and a streptavidin-conjugated fluorophore. Sim-
ply repeat this step with the necessary tertiary reagents.

35. Colored nail polish contains compounds that quench the fluorescence and can bleed into
the DTG with time.
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36. This process is optional, but only takes approx 1 min per dish and increases the viewable
field under the microscope by several-fold.

37. Dishes are stored at RT or 4°C for several wk without loss of signal. Strong, fluorescence
signals remain visible for 6–12 mo.

38. Regular epifluorescence or confocal microscopes equipped with 20× or 40× lenses will
usually provide sufficient resolution to document cell morphology and the general subcel-
lular localization of heterologous proteins in transfected cells. However, 63× or 100×
lenses may be necessary for high resolution imaging of organelles such as the endoplas-
mic reticulum and Golgi stacks. The shape of a COS-7 cell usually resembles that of a
fried egg and many organelles of interest are located toward the bottom of the nucleus in
the thick portion of the cell. Thus, confocal microscopy yields superior images to
epifluorescence microscopy because optical sections obtained at the bottom of the cell are
not contaminated with stray fluorescence from overlying structures (see Fig. 2).

Fig. 2. Intracellular trafficking defect for PLP1 and DM-20 harboring the P14L mutation
identified in a patient with severe PMD. (A) Extended-focus confocal series showing wild type
PLP1 expressed in a transfected COS-7 cell. The protein is present in the Golgi (asterisk), on
the cell surface (white arrows) and in lysosomes (white arrowheads). DM-20 expression in
COS-7 cells is indistinguishable from PLP1. In contrast, mutant DM-20 (P14L) accumulates in
the endoplasmic reticulum (black arrowheads) and does not reach the cell surface or lysos-
omes. The trafficking of PLP1 (P14L) is similar to that of DM-20. (B) Single optical slices
through the middle of the nucleus (upper panel) and near the bottom of the nucleus (lower
panel) from the extended focus series used in (A). These slices illustrate the intracellular detail
gleaned from confocal microscopy.
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In Vitro Expression Systems for the Huntington Protein

Shi-Hua Li and Xiao-Jiang Li

1. Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder
resulting from expansion (>37 units) of a polyglutamine tract in huntingtin, a 350 kDa
protein of unknown function (1). The N-terminal region of huntingtin contains the
glutamine repeat, which is encoded by exon1 of the HD gene. Normal huntingtin is a
cytoplasmic protein and is expressed ubiquitously, but N-terminal fragments of
huntingtin with expanded polyglutamine tracts are able to accumulate in the nucleus
and form aggregates. A large body of evidence has shown that N-terminal huntingtin
with expanded glutamine repeats is toxic and can kill cells (2–8). For example,
transgenic mice (R6/2) expressing the HD exon1 protein with more than 115 glutamines
develop neurological symptoms and neuronal intranuclear inclusions consisting of
huntingtin aggregates (2). Similar nuclear aggregates are found in patients with HD
(3–5) and other polyglutamine diseases (9).

Cell models that express mutant huntingtin are highly valuable for studying
the mechanisms of huntingtin toxicity. The HD cellular models should recapitulate
some pathological features of mutant huntingtin. These pathological features include
huntingtin aggregate formation, intranuclear huntingtin accumulation, and decreased
cell viability or increased vulnerability to apoptotic stimuli. Most of the reported cell
models have used transient transfection in which the overexpression levels of trans-
fected protein could lead to a rapid pathological process such as huntingtin aggregation
and cell death. A stably transfected cell line that consistently expresses mutant
huntingtin in the nucleus will provide a suitable approach to study whether intranuclear
huntingtin affects cellular function at the transcriptional level.

We have reported studies using both transiently and stably transfected cells that
express N-terminal huntingtin with an expanded polyglutamine tract. Using these cells,
we have found that the formation of huntingtin aggregates is increased by expansion of
the glutamine repeat and decreased with lengthening of the transfected protein. Simi-
larly, more glutamines in the repeat and shorter huntingtin fragments lead to greater
cellular toxicity. We further demonstrated that small huntingtin fragments with an
expanded glutamine repeat are able to accumulate in the nuclei of cultured cells, affect
gene expression, and trigger apoptotic process. We outline here our basic techniques
for expressing mutant huntingtin in cultured cells and note variations performed by us.
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2. Materials

2.1. DNA Constructs

1. Huntingtin exon1 DNA containing 20 or 150 CAG repeats was isolated from a lambda
phage DNA library that contains the human HD gene and was provided by Dr. Gillian Bates
at Guy’s Hospital in London, UK. This huntingtin DNA was inserted into the pCIS expres-
sion vector that carries a CMV promoter (10) for expressing the HD exon1 protein. Nuclear
localization sequences (PKKKRKV) can be tagged to the N-terminus of the HD exon1 pro-
tein to facilitate the localization of transiently transfected huntingtin in the nucleus.

2. pCDNA-3 vector (Invitrogen, Carlsbad, CA, USA).

2.2. Cell Lines

1. Human embryonic kidney (HEK) 293 cells (American Type Culture Collection, ATCC).
2. Rat pheochromocytoma PC12 cells (provided by Dr. James Lah at Emory University; ref. 11).

2.3. Cell Culture

1. Growth medium for PC12 cell culture: DMEM/F12 supplemented with 5% fetal bovine
serum (FBS) and 10% horse serum, containing 100 µg/mL penicillin and 100 µg/mL strep-
tomycin (all from Life Technologies, Inc., Gaithersburg, MD, USA).

2. Growth medium for HEK293 cell culture: DMEM/F12 supplemented with 15% FBS,
100 µg/mL penicillin, and 100 µg/mL streptomycin.

3. Trypsin-EDTA medium (1X) (Life Technologies) for splitting cells.
4. Transfection medium: serum-free DMEM containing 2–4 (µg/mL of plasmid DNA and

10 (µg/mL of lipofectAMINE (Life Technologies).
5. Cell storage medium: 10% DMSO and 20% FBS in DMEM.
6. Cell culture plates: Ten-cm dishes and 6-well plates (Corning Inc, Corning, NY, USA).
7. Two- or four-well chamber slides (Nunc Inc., Rochester, NY, USA).
8. Antibiotics: Geneticin (G418 sulfate), penicillin, and streptomycin (Life Technologies).

2.4. Immunofluorescence Staining

1. Fixation buffer: paraformaldehyde (Electron Microscopy Sciences, Fort Washington,
PA, USA) is dissolved in phosphate-buffered saline (PBS, pH 7.4 ), which is preheated
until boiling, at the final concentration of 4%. Keep 4% paraformaldehyde/PBS at 4°C
for a couple of wk.

2. Triton buffer: 0.2% Triton X-100 in PBS.
3. Blocking buffer for immunostaining: 3% bovine serum albumin (BSA) in PBS and keep

the buffer at –20°C until use.
4. Antibodies: EM48, a rabbit antibody that is against the first 256 amino acids of human

huntingtin and was generated in our laboratory from previous studies (5). Secondary anti-
bodies: anti-rabbit IgG conjugated with either FITC or rhodamine (Jackson Immunoresearch
Lab, West Grove, PA, USA) and used at 1:200 to 1:400 dilution for immunofluorescence
staining. Donkey anti-rabbit antibody conjugated with peroxidase (Jackson Immunoresearch
Lab) is used for Western blots.

5. Nuclear dye labeling: Hoechst dye (Molecular Probe, Eugene, OR, USA) used at 1 µg/mL.

2.5. Western Blots

1. SDS sample buffer: 5X sample buffer: 0.312 M Tris-HCl, pH, 6.8, 10% sodium dodecyl
sulfate (SDS), 25% β-mercaptoethanol, 0.05% bromophenol blue.
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2. SDS PAGE (polyacrylamide gel electrophoresis): 8–12% acrylamide gel in Tris/glycine
and SDS buffer.

3. Transfer buffer: 12 mM Tris base and 96 mM glycine.
4. Nitrocellulose membrane (Amersham, Arlington Heights, IL, USA).
5. ECL kit: a chemiluminescence kit (Amersham).

3. Methods

3.1. Plasmid DNA Preparation

Huntingtin cDNA in pCIS vector is transformed into bacteria SURE cells (Strategene,
La Jolla, CA, USA). QIANGEN (Valencia, CA, USA) DNA preparation kits are used to
purify plasmid cDNA according to the instructions of the manufacture. Alternatively,
CsCL gradient ultracentrifugation is used to prepare plasmid DNA for transfection (see

Note 1). DNA is resuspended in sterilized water at about 1 µg/µL and kept at –20°C.

3.2. Transient Transfection

1. HEK293 or PC12 cells are incubated at 37°C in a humidified 5% CO2 atmosphere and
grown at densities ranging from 2–4 × 104 cells/cm2. The culture media are replaced every
48–72 h and cells are split as needed.

2. To split cells, cultured cells are incubated with Trypsin-EDTA medium for 5–10 min until
cells are floating.

3. Collect cells and medium into a 15-mL tube and spin down them in a centrifugator at
1100g for 5 min.

4. The collected cells are resuspended in fresh growth medium and placed into new dishes or
plates. Cultured cells are split a day before transfection.

5. Cells for transfection are grown to 70–80% confluence in the 10-cm dishes or 6-well
plates (see Note 2).

6. Plasmid DNA (2–4 µg/mL) are mixed with lipofecAMINE (10 µg/mL) in serum-free
medium for 30 min to allow DNA-liposome complexes to form.

7. For transient transfection of HEK 293 cells in 6-well plates, the growth medium is removed
and cells are incubated with 0.5 mL transfection medium per well for 4–6 h. For transfec-
tion of HEK293 cells in a 10-cm dish, we normally use 7 mL transfection medium (1 µg/mL
of plasmid DNA and 10 µg/mL of lipofecAMINE).

8. The transfection medium is then removed and the cells are incubated with fresh growth
medium for another 24–48 h before analysis.

3.3. Stable Transfection

1. For establishing stably transfected PC12 cells, subconfluent PC12 cells in 10-cm dishes
are transfected with 7 µg huntingtin plasmid DNA and 10 µg/mL of lipofectAMINE in
7 mL serum-free DMEM/F12 medium. One µg pCDNA-3 containing the neomycin gene,
which confers G418 resistance, is also included with huntingtin DNAs for transfection.

2. After 8–10 h incubation, the transfection medium is removed. Cells are washed once with
serum-free DMEM and incubated with G418 selection growth medium (DMEM/F12 con-
taining 5% fetal bovine serum [FBS], 10% horse serum, 100 µg/mL penicillin, 100 µg/mL
streptomycin, and 500 µg/mL G418).

3. Every 2 d, the culture medium is replaced with fresh growth medium containing 500 µg/mL
G418 to remove dead cells that are not resistant to G418 (see Note 3).
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3.4. Select Stably Transfected Cells

1. At 5–7 d after transfection, G418 resistant cells are split to separate cells and to allow
individual colonies to form. The cells are maintained in G418-containing medium until
they form large colonies.

2. Thirty to forty colonies are isolated with a pipet under an inverted microscope (see Note 4).
3. The cells of these colonies are placed in 24-well plates and separated by pipetting, each

well containing one group of cells. These cells are maintained in the same G418-contain-
ing medium until each well contains enough cells to split and to analyze.

4. Normally, cells in one well of 6-well plates would be enough for Western blot analysis
and cells in 24 or 12-well plates can be used for immunofluorescence examination.

5. We save stably transfected cells by freezing them in liquid nitrogen. To do so, cells are
treated with Trypsin-EDTA medium and then collected by centrifugation. The cells are
then resuspended in the freezing medium at 3–5 × 106 cells /mL. The cells are first placed
in a –80°C freezer for overnight or a couple of wk. For a long-term storage, the cells are
transferred from the –80°C freezer to a liquid nitrogen tank (see Note 5).

3.5. Western Blot Analysis of Transfected Proteins

Cultured cells are collected and solubilized in SDS sample buffer. Protein samples
are then resolved by 10 or 12% SDS-PAGE. Blots are incubated with EM48 (1:1000).
Immunoreactive bands are visualized using a chemiluminescence (ECL) kit (Fig. 1 and
see Note 6)

Fig. 1. Western blot analysis of stably transfected PC12 cells. (A) Schematic structure of
truncated huntingtin expressed in PC12 cells. The transfected huntingtin is the huntingtin exon-
1 protein with 150 (150Q) or 20 (20Q) glutamines and other 67 amino acid residues. (B) West-
ern blots showing that three cell lines express 150Q and five cell lines express 20Q. Western
blot was probed with antibody EM48. Note that the expanded polyglutamine of the 150Q pro-
tein greatly hinders its migration in the SDS gel (see also ref. 13).
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3.6. Immunofluorescence Examination
of the Subcellular Localization of Transfected Proteins

Transfected cells grown in chamber slides are fixed in 4% paraformaldehyde in PBS
for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 30 min, blocked with 3%
BSA in PBS for 1 h, and incubated with primary antibodies in 3% BSA/PBS overnight
at 4°C. After several washes, the cells are incubated with secondary antibodies conju-
gated with either FITC or rhodamine at 4°C for 30 min. Hoechst dye (1 µg/mL) is used
to label the nuclei. A Zeiss fluorescent microscope (Axioskop 2) and video system
(Dage-MTI Inc., Michigan City, IN, USA) are used to capture images. The captured
images are stored and processed using Adobe Photoshop software (see Note 7). Cyto-
toxicity associated with mutant huntingtin can be examined using TUNEL staining or
other assays (see Note 8).

4. Notes

1. Mutant huntingtin cDNA contains CAG repeats that are unstable during propagation in
bacteria. Thus, it is important to analyze a number of colonies to select one that contains a
desired size of the CAG repeat. We normally prepare miniprep plasmid DNA and identify
the size of the CAG repeat using DNA gel analysis. Bacteria containing the plasmid DNA
with a desired size of the repeat are immediately grown to prepare a large amount of
plasmid DNAs. DNA sequence analysis is then performed to confirm the size of the CAG
repeat. We find that CsCl gradient ultracentrifugation method provides a higher quality of
plasmid DNA for transfection than do other methods.

2. Cultured cells for transfection need to be healthy to achieve a high transfection rate. This
is especially important for PC12 cells, as these cells have lower transfection efficiency
than HEK293 cells and other types of cells. We split PC12 cells 24 h before transfection.
However, if the cells do not look healthy or are not firmly attached to the plates or dishes,
these cells need to grow for another day to be sure that they are healthy when transfected.

3. PC12 cells stably transfected with mutant huntingtin have a decrease in their viability.
They are prone to metabolic insults and apoptotic stimuli. We normally change medium
every 2 d and split them as needed to keep cells healthy.

4. Selection of stably transfected cells is time-consuming. Even an isolated single colony
may still contain different populations of cells. Immunofluorescence staining of trans-
fected cells will help determine the percentage of cells that express mutant huntingtin.
Thus, several rounds of selection may be needed to ensure that a cell line containing
homogenous transfected cells is isolated. Since each individual transfected cell may
express transfected huntingtin at a different level, several cell lines need to be selected
for comparison and studies. We find that Western blot analysis is more reliable to exam-
ine the expression level of transfected huntingtin, as this assay can detect the relative
expression level of transfected proteins as compared with the total amount of proteins
loaded in the gel. Also, Western blots can estimate the size of glutamine repeat in
mutant huntingtin (Fig. 1).

5. Stably transfected cells can be frozen for a long-term storage. However, the recovery of
these cells from thawing is slower than that of wild-type cells. The expression of trans-
fected huntingtin in stably transfected cells needs to be periodically examined if the cell
line has been amplified many times. We found that stably transfected PC12 cells could
maintain a similar expression level of mutant huntingtin up to 50 passages.

6. Western blot analysis of huntingtin expression could determine whether the transfected
huntingtin contains an expanded glutamine repeat or forms aggregates. The enlarged size
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of the glutamine repeat retards the migration of transfected huntingtin in SDS gel, leading
to a higher molecular weight of band than that with a normal glutamine repeat. Thus, it is
always helpful to include transfected huntingtin with a normal glutamine repeat as a con-
trol. Huntingtin aggregates are insoluble in SDS sample buffer and retain in the stacking
gel. The presence of these huntingtin aggregates can be viewed as smear bands on the top
of the gel. Due to its high expression level, transiently transfected mutant huntingtin often
readily forms aggregates, which can be seen by Western blots (Fig. 2).

Fig. 2. Expression of mutant huntingtin in transiently transfected 293 cells. (A) EM48
immunofluorescent staining of transfected 293 cells (upper pannel). The HD exon1 proteins
(20Q and 150Q), when overexpressed in 293 cells, are localized in the perinuclear region of
the cytoplasm. Huntingtin proteins tagged with nuclear localization sequences (NLS-20Q and
NLS-150Q), however, are localized in the nucleus. Hoechst staining was used to show the
nucleus (lower panel). (B) EM48 western blot showing the expression of the NLS-20Q, NLS-
150Q, and 150Q proteins. Aggregated huntingtin remains in the stacking gel (see also ref. 12).



Huntington Protein Expression Systems 283

7. Immunofluorescence staining provides a rapid and convenient assay to examine the sub-
cellular distribution of transfected huntingtin in cultured cells. An inverted microscope
with fluorescence will let one to readily examine the expression of huntingtin in cells
cultured in dishes or plates. Aggregated huntingtin is normally present in the perinuclear
area. To determine whether huntingtin is localized in the nuclei, it is necessary to stain
cells with a nuclear dye. We normally use Hoechst to label the nuclei and capture photo
images using different optical filters.

8. TUNEL assay kit (Promega, Madison, WI, USA) or Hoechst staining can be used for examin-
ing DNA fragmentation (Fig. 3). Alternatively, cellular toxicity caused by mutant huntingtin
can be examined using colormetric and fluorometric assays for apoptosis. Cell viability can be
determined by a modified 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTS) assay (Cell Titer 96, Promega). For these assays, a microplate reader is required.

Acknowledgments

This work was supported by National Institutes of Health Grants AG19206, NS41669.
The Hereditary Disease Foundation Cure HD Initiative and The Huntington’s Disease
Society of America.

Fig. 3. Intranuclear mutant huntingtin causes apoptotic events in stably transfected PC12
cells. (A) PC12 cells stably expressing huntingtin exon1 protein with 150 (150Q-E) or 20 (20Q-E)
glutamines were stained with anti-huntingtin antibody EM48 and Hoechst dye. Note that the
150Q-E protein is localized in the nucleus, whereas the 20Q-E is in the cytoplasm. Arrows
indicate fragmented nuclear DNA. (B) Electrophoresis of genomic DNAs also shows DNA
fragmentation in 150Q-E PC12 cells (see also ref. 12).
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Heterologous Expression
of Ion Channels

Andrew R. Tapper and Alfred L. George, Jr.

1. Introduction

The use of recombinant DNA technology to clone, sequence, and express ion
channels and transporters has powered an enormous acceleration in the understand-
ing of structure-function relationships in these important proteins. Given that most
ion channels reside in tissues that are largely inaccessible to direct recording tech-
niques and the general paucity of continuous cell lines expressing defined popula-
tions of functional molecules, studying native channels is often difficult and
impractical. However, the ability to introduce a recombinant complementary DNA
(cDNA) selectively into cells normally devoid of highly expressed ion channels or
transporters greatly facilitates the ability of scientists to study the function, subunit
associations, regulation, and trafficking of these proteins. This approach has also
enabled studies designed to investigate the role of ion channel mutations in inher-
ited diseases.

The two most widely applied schemes for functional expression of ion channels
utilize either Xenopus laevis oocytes (1–3) or transfected mammalian cell cultures
(Fig. 1). Both approaches constitute powerful tools for the in vitro study of recom-
binant ion channels in a controlled experimental environment. By contrast to the
study of native ion channels, these methods allow flexibility in defining subunit
composition or stoichiometry and permit the characterization of engineered muta-
tions or chimeric constructs. In general, the use of heterologous cells provides a
reproducible system in which to express recombinant molecules in a setting where
the background ionic currents are likely to be much less prominent than the intro-
duced (i.e., overexpressed) channel. Each method has specific advantages and dis-
advantages (Table 1) that should be carefully considered prior to designing
experiments. This chapter will summarize the basic methods involved in using these
two strategies. Methods and procedures for performing detailed electrophysiologi-
cal or biochemical analyses of heterologously expressed ion channels are available
from several sources (4,5).
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Table 1
Advantages and Disadvantages of Heterologous Expression Systems

System Advantages Disadvantages

Xenopus oocytes (two-electrode voltage clamp) Inexpensive Endogenous ion currents
High efficiency expression Can’t control internal solution
Simplicity of electrophysiological recording Poor voltage control
Permits varying ratios of subunits Batch variability

Amphibian cells

Transfected cells (whole cell patch clamp) Can utilize mammalian cells Variable expression levels
Excellent voltage control Low transfection efficiency
Can control internal solution Difficult to control subunit ratios
Stable cells lines possible Endogenous ion currents
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2. Materials

2.1. Procurement of Xenopus Oocytes

1. Female adult Xenopus laevis frogs (Xenopus-Express, Homosassa, FL, USA, see Website:
http://www.xenopus.com; or NASCO Science Supply, Fort Atkinson, WI, USA, see

Website: http://www.enasco.com). Frogs must be kept in dechlorinated fresh water (one
frog per gallon) at 18°C with a regulated light cycle (12 h light, 12 h dark). Animals should
be fed twice weekly and have their tank water changed following meals (see Note 1).

2. Anesthetic stock solution: 3% benzocaine (ethyl-p-aminobenzoate) in ethanol. Dilute
1:100 with water for use with frogs.

3. Surgical instruments including small scissors, forceps, and needle holder.
4. Collagenase (type 1A from clostridium histolyticum, Sigma Chemical Co., cat. no. C-9891)

dissolved in Ca2+ free ND-96 to final concentration of 2.5 mg/mL.
5. Ca2+ free ND-96: 96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, adjust pH to 7.5

with NaOH.

2.2. In Vitro Transcription

1. RNase-free deionized water. Deionized water should be treated using 0.1% diethyl-
pyrocarbonate (Sigma; 10% stock solution [v/v] prepared in absolute ethanol) overnight
at room temperature followed by autoclaving (30 min liquid cycle).

2. 5X transcription optimized buffer (Promega Corp., Cat. no. P1181).

Fig. 1. Experimental paradigms for heterologous expression of ion channels.
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3. Ribonucleotide triphosphates: 10 mM rATP, UTP rCTP; and 2 mM rGTP.
4. m7GpppG (5'-cap analog, Roche Molecular Biochemicals). Dissolve 5 A260 units in 30 µL

DEPC-treated water. Store –20°C.
5. SP6 polymerase (Promega Corp.).
6. RNase inhibitor (Roche Molecular Biochemicals).
7. Dithiothreitol (DTT), 0.1 M.
8. Buffer equilibrated phenol/chloroform/isoamyl alcohol (1:1:25, v:v:v).
9. Ethanol.

10. 7.5 M ammonium acetate.

2.3. Oocyte Microinjection

1. Low-power stereo dissecting microscope.
2. Manual coarse micromanipulator.
3. Microinjector (Picospritzer™ or Drummond Nanoject; see Fig. 2).
4. Pipet puller (Sutter Instrument Co., model P-97, or comparable model).
5. Glass capillary pipets (Drummond 10 µL pipets, Cat. no. 2-000-010).
6. ND-96: 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, adjust pH

to 7.5 with NaOH. Add 275 mg/L pyruvic acid and 50 mg/L gentamicin.
7. Wide-bore Pasteur glass pipets for handling oocytes (modify a 9-in. Pasteur pipet by remov-

ing 4-in. of the tip and fire-polishing the end).
8. Oocyte injection chamber made by mounting polypropylene mesh (0.8 mm grid) onto the

bottom of a small (30–60 mm) Petri dish.

2.4. Transient Transfection of Cultured Cells
(Calcium Phosphate Method)

1. Cell lines: HEK-293, tsA201, CHO-K1, COS-7 and others (American Type Culture Col-
lection, Rockville, MD, USA).

2. Media for tsA201 cells: Dulbecco’s modified Eagle Medium (DMEM) with high glucose
and NaHCO3, 2 mM L-glutamine, 10% fetal bovine serum (FBS), penicillin (50 U/mL),
and streptomycin (50 µg/mL), sterile-filtered.

3. 0.25% Trypsin, 1 mM EDTA solution (Gibco-BRL).
4. 2X HEBS solution: 274 mM NaCl, 40 mM HEPES, 12 mM dextrose, 10 mM KCl, 1.4 mM

Na2HPO4, adjust final pH to 7.05, sterile-filtered.
5. 0.25 M CaCl2 solution, sterile filtered.
6. Sheared salmon sperm DNA (1 mg/mL).

3. Methods

3.1. Oocyte Procurement

1. Anesthetize an adult female Xenopus laevis using 0.03% benzocaine. Immerse frogs in
anesthetic solution for 3–5 min keeping the animal’s nostrils above water. Monitor closely
to determine the onset of anesthesia (decreased stimulated movement). Once anesthe-
tized, place the frog (ventral side up) on a bed of crushed ice for approx 20 min prior to the
start and throughout the surgical procedure to potentiate and maintain anesthesia.

2. Make a 1 cm incision in the lower abdominal wall near one leg to expose an ovary
(Fig. 3).

3. Carefully remove a portion of one ovary (approx one-third) and cut open all lobes to
expose oocytes.

4. Suture abdominal wall using 5–0 or 6–0 silk suture.
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5. Allow animal to recover from anesthesia in shallow water inclined to keep nostrils above
water.

6. Defolliculate oocytes using collagenase (2.5 mg/mL) in Ca2+ free ND-96 for 2 h with
gentle agitation at room temperature. Wash 4 times in fresh ND-96 and select mature
oocytes for microinjection. Oocytes may be injected on the same day as procurement or
after overnight incubation (see Notes 2 and 3).

Fig. 2. Xenopus oocyte microinjection workstations. Two different microinjection worksta-
tions are shown. (A) Workstation based on use of a pressure driven microinjector (Picospritzer™
II, General Valve Corp., Fairfield, NJ, USA). Labeled components are as follows: 1) binocular
dissecting microscope, 2) manual micromanipulator with pipette holder, 3) microinjector,
4) fiberoptic light source, and 5) small microcentrifuge. (B) Workstation based on use of piston-
plunger type microinjector (Nanoject, Drummond Scientific Co., Broomall, PA, USA). Labeled
components are as follows: 1) binocular dissecting microscope with fiberoptic light source,
2) microinjector mounted on a coarse micromanipulator with X-Y-Z axis controllers, 3) control
switch for microinjector, and 4) microscope stage with oocyte injection chamber.
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3.2. In Vitro Transcription

1. Digest plasmid DNA (10–15 µg) in a large volume reaction (100–150 µL) using a restric-
tion endonuclease that cleaves 3' to the cDNA insert. An enzyme that leaves a 5' overhang
is optimal. A plasmid vector optimized for oocyte expression should be used (Fig. 4).

2. Extract twice with phenol/chloroform/isoamyl alcohol and once with chloroform (collect
aqueous top layer after each extraction).

3. Ethanol precipitate using RNase-free 7.5 M ammonium acetate (one-half volume) and
3 volumes of 100% ethanol. Centrifuge 12,000g for 15 min at 4°C, wash once with 70%
ethanol, decant supernatant completely and resuspend in DEPC-treated water (do not dry
the DNA pellet) (see Note 4).

4. Mix together in a 1.5 mL microcentrifuge tube: 0.5–1.0 µg linear plasmid DNA (diluted
to 15 µL total volume with DEPC-treated water), 10 µL transcription optimized buffer,
5 µL DTT, 2.5 µL ribonucleotides, 5 µL m7GpppG, 2 µL RNase inhibitor, and 3 µL SP6
polymerase. Incubate 1–2 h at 37°C. Incubation times should be longer for large tran-
scripts (see Note 5).

5. Ethanol precipitate mRNA by adding one half volume 7.5 M ammonium acetate, 3 vol-
umes 100% ethanol and incubate at –80°C for 15 min or –20°C overnight. Collect mRNA
by centrifugation for 20 min at 12,000g in a microfuge, wash once with 70% ethanol, and
resuspend in DEPC water (20–30 µL depending on desired final concentration). Prepare
small (2.5 µL) aliquots for storage at –80°C and avoid repeated freeze-thaw cycles.

6. Analyze and quantify mRNA by denaturing agarose gel electrophoresis (see Note 6).

3.3. Oocyte Microinjection

1. Thaw an aliquot of mRNA. Centrifuge 12,000g 2 min to pellet insoluble debris that can
clog the injection pipet. Always handle mRNA using latex gloves.

Fig. 3. Procurement of Xenopus oocytes. (A) Ventral surface of an anesthetized female
Xenopus laevis with extraction of a partial ovary through an abdominal incision. (B) Oocytes
immediately after removal from a frog and prior to defolliculation. Multiple stages of oocyte
maturation are present (note the characteristic dark animal pole and light colored vegetal
pole) (C). Higher magnification of oocytes prior to defolliculation (note the presence of small
superficial blood vessels indicating the presence of follicular cell layers). Most of the oocytes
in this photograph are stage VI indicated by the sharply demarcated animal and vegetal poles
separated by a white equatorial band (13).
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2. Fabricate microinjection pipets to have tip diameter 10–15 microns. Pull glass capillaries
as long as possible then break the tip with forceps that have been heated with a flame and
allowed to cool (to remove trace RNA and RNase).

3. Select oocytes. Stage V and VI most typically used (see Note 3).
4. Gently inject with 20–40 nl of mRNA solution at 0.1–1.0 µg/µL (Fig. 2). Allow injection

pipet to just pierce oocyte membrane and observe the oocyte “plump-up” when injected.
Always change injection pipet between mRNA samples to avoid cross-contamination and
plugging.

5. Incubate oocytes at room temperature or 19°C in ND-96 with antibiotics and pyruvate.
Change incubation solution daily. (see Note 2).

3.4. Transient Transfection of Cultured Cells
(Calcium Phosphate Method)

1. Grow cells using appropriate media, use standard cell culture technique and perform all
procedures in a tissue culture hood.

2. Passage cells using trypsin-EDTA and seed several 100 mm sterile tissue culture grade
dishes with 0.5–1.0 million cells. Grow until ~ 30% confluent (see Notes 7 and 8).

3. Prepare two 1.5 mL microcentrifuge tubes; place 0.5 mL of 250 mM CaCl2 in one, and
0.5 mL of 2X HEBS in the s. Add 10 µg of plasmid DNA (see Note 9) and 10 µg salmon
sperm DNA (carrier) to the CaCl2 and then mix gently.

Fig. 4. Plasmid vectors for expression of ion channels in oocytes and cultured mammalian
cells. The pSP64T plasmid (18) contains an SP6 RNA polymerase promoter and the 5' and 3'
UTRs from Xenopus laevis β-globin flanking a unique Bgl II restriction endonuclease site. The
β-globin sequences greatly enhance translation efficiency of heterologous mRNA transcripts in
oocytes. The Bgl II site is used for inserting a cDNA sequence of interest. The pRc/CMV
plasmid is optimized for expression in cultured mammalian cells. Four unique restriction endo-
nuclease sites facilitate directional insertion of a cDNA sequence adjacent to the cytomegalovi-
rus immediate-early promoter (PCMV) and a polyadenylation signal derived from bovine growth
hormone (poly-A). This plasmid also contains a neomycin resistance gene driven by the SV40
promoter for use in establishing cell lines stably expressing a cDNA. Other elements include an
ampicillin resistance gene (Ampr), and bacterial origin of replication (ori, ColE1).
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4. Add the DNA/CaCl2 mixture slowly (drop by drop) to the 2X HEBS solution and gently
tap the tube to mix (should get slightly cloudy). Incubate at room temperature for 20 min.

5. Change media (10 mL) on cells just before adding DNA. Dribble DNA mixture over cells,
swirl to mix, and place in incubator (37°C, 5% CO2) overnight. Change media the next
day. Examine cells for ion channel expression 1–3 d later (see Note 10).

4. Notes

1. Only female Xenopus have oocytes and the gender of animals must be specified when
ordering. Suppliers may inject frogs with human chorionic gonadotropin to induce new
oocyte development. The quality of oocytes will vary from frog to frog. The variability
will be manifest in the lifespan of oocytes, level of endogenous currents (especially Cl–

currents; see example in Fig. 5) (6–10) and level of non-specific “leak” current. Some
seasonal variation in quality may also be evident but this can be minimized by keeping
frogs in a temperature controlled environment with fixed light-dark cycle. It is critical to
test uninjected or water injected oocytes from each batch to determine the level of endog-
enous currents. Repeat experiments using different oocytes batches whenever possible.
Frogs may be fed beef liver, commercial trout chow, or NASCO frog brittle.

2. Incubation of oocytes with antibiotics (gentamicin, 100 µg/mL with or without tetracy-
cline, 50 µg/mL) will prevent bacterial infection and lengthen the lifespan (11). Damaged
or infected oocytes will first become mottled then rupture. Promptly remove any unhealthy
oocytes from the incubation solution or transfer healthy cells to fresh solution. Addition
of pyruvate as an energy source will also extend oocyte lifespan in vitro (12). Oocytes
with residual follicular cells will adhere to the dish and not roll freely.

3. Typically, stage V and VI oocytes (13) are selected for microinjection. Stage VI oocytes
are the most mature cells and are easily recognized by their size (1–1.2 mm diameter) and
coloring (clearly demarcated animal and vegetal poles separated by a near-white equato-
rial band). Stage V oocytes lack the equatorial band and are slightly smaller. Stage IV
oocytes closely resemble stage V cells but are smaller. The smaller oocytes may have the
advantage of allowing better voltage-clamp control in electrophysiological experiments.

Fig. 5. Endogenous Cl– currents recorded from a Xenopus oocyte. (A) Two-electrode volt-
age clamp recording made from an uninjected Xenopus oocyte in response to a series of 2 s test
pulses (from –50 to + 60 mV from a holding potential of –120 mV). (B) Current-voltage rela-
tionship for the current shown in (A).
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4. Plasmid DNA prepared for in vitro transcription may become insoluble if allowed to dry.
After the final ethanol wash step, decant by inverting microtubes onto clean Kimwipes®,
centrifuge briefly (5 s) and then manually remove remaining supernatant using a pipetter.
Following this step, immediately redissolve DNA in DEPC-treated water at ~ 1 µg/µL.
Check recovery of DNA and estimate its concentration by electrophoresing a 1 µL aliquot
on a 1% agarose gel using an appropriate size standard of known quantity. Use latex
gloves when handling DNA template or mRNA transcripts.

5. Commercial in vitro transcription systems are available that work well. The mMessage
mMachine kit (Ambion Corp.) is especially popular for transcribing abundant quanti-
ties of capped mRNA for translation in oocytes. Protocols supplied with the reagent kit
are suitable for most applications.

6. The products of in vitro transcription reactions will usually consist of complete and partial
length transcripts. Incomplete transcription results from exhaustion of reaction compo-
nents, time limitations, and template DNA secondary structure. Therefore, quantification
of mRNA using spectrophotometric methods will not provide information only on the
functional (i.e., full-length) transcript. Denaturing agarose gel electrophoresis using an
RNA size standard of known quantity provides the best method for determining the yield
of full-length reaction product. Determining the precise transcript size can also be prob-
lematic. Commercially available RNA size standards utilize uncapped, polyadenylated
mRNAs and the apparent size of capped, nonpolyadenylated mRNA may not match pre-
dictions based on the length of the transcribed DNA template. In our experience, tran-
scribed mRNAs may appear smaller than expected when analyzed this way.

7. We favor the use of tsA201 cells for most experiments because of their rapid growth, high
transfection efficiency, high level of expression, and low levels of endogenous ionic cur-
rents. The tsA201 cell line was created by transforming native HEK-293 cells with the
SV40 large T antigen. These cells grow very fast and it is important to have a consistent
estimation of the degree of confluence for reproducible results with transfections. Using
the calcium phosphate method, we generally observe 5–15% transfection efficiencies.
After several passages (>20) the transfection efficiency may decrease significantly and it
is wise to keep several vials of cells from an early passage stored in liquid nitrogen. Dif-
ferent lots of FBS may cause cells to become strongly or loosely adherent to the dish, and
it is a good practice to screen different batches of sera if these problems occur.

8. Cultured cells may exhibit high levels of endogenous currents (especially outward Cl– and
K+ currents). Using cells at the earliest passage will reduce the incidence of this problem.

9. When expressing recombinant ion channels for patch-clamp studies, it is often useful to
co-transfect cells with channel cDNAs and a marker plasmid carrying the coding region of
the leukocyte antigen CD-8 (pLeu2) (14,15) or enhanced green fluorescent protein (pEGFP)
(16,17). Typically we use a 3:1 molar ratio of channel cDNA to marker plasmid. Cells
co-transfected with pLeu2 can be marked by brief incubation with Dynal micro-beads coated
with anti-CD8 antibody. GFP transfected cells fluoresce green under UV illumination.

10. Several alternative methods may be used to transfect mammalian cells with plasmid DNA
including lipid-mediated approaches and electroporation. We have had success with
FuGENE 6 (Roche Molecular Biochemicals) in transfecting several cell types at high
efficiency (20–60%). Not all cell lines transfect with equal efficiency and significant
effort may be required to determine optimal ratios of DNA and transfection reagent.
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An Assay for Characterizing In Vitro
the Kinetics of Polyglutamine Aggregation

Valerie Berthelier and Ronald Wetzel

1. Introduction

The expansion of trinucleotide CAG repeat sequences has been shown to be the under-
lying cause of eight human neurodegenerative disorders, including Huntington’s disease
(HD), spinal and bulbar muscular atrophy (SBMA), dentatorubral-pallidoluysian atro-
phy (DRPLA), Machado-Joseph disease (MJD), and the spinocerebellar ataxias
(SCAs)(for review see refs. [1–3]). These diseases are progressive disorders character-
ized by motor and/or cognitive impairments and distinctive pathological patterns of neu-
ronal degeneration within the central nervous system (CNS). Each is caused by CAG
codon expansion within a unique gene producing a polyglutamine (polyGln) tract
enlargement in the target protein (4–6). All of these neurodegenerative disorders present
a common feature: the accumulation of the polyGln repeat disease-related protein into
neuronal intranuclear inclusions, which have become the neuropathological signature of
polyGln disorders (7–9). Several lines of reasoning suggest strongly that the expanded
polyGln tract is itself responsible for the pathogenesis. First, the disease-related proteins
do not present any homology in either size or amino acid composition outside of the
expanded polyGln tract (6,10–12). Second, the severity of the disease increases with the
length of the polyGln repeat. Third, the length of the polyGln sequence that triggers
increased risk for developing the pathology is very similar for almost of these diseases
(2,13,14). Finally, transgenic animals expressing protein fragments with an expanded
polyGln repeat exhibit neurodegenerative phenotypes reminiscent of disease symptoms
(15–19). Recently, cellular experiments support the idea that polyGln aggregates are toxic
for the cells due to their ability to recruit other critical cellular proteins, via their own
polyGln components, into the growing aggregates (20–22). The loss of protein activity
due to this sequestration is toxic to the cell.

Given the potential role of polyGln aggregates and polyGln aggregate extension in the
pathogenesis of expanded CAG repeat diseases, it is essential to characterize the funda-
mental aggregation behavior of polyGln sequences. To date, the only assay system for
assessing polyGln aggregation behavior in vitro involves fusion proteins of polyGln-
containing fragments of disease-related proteins expressed in Escherichia coli (23).
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To be able to study the aggregation behavior of polyGln tract, we have established a
highly sensitive, reproducible, and specific microtiter plate assay capable of monitor-
ing aggregate-dependent deposition of polyGln peptides. This assay is similar in for-
mat to an Aβ deposition assay described by Maggio and colleagues (24). This
previously described assay utilizes 125I-labeled Aβ, and thus is capable of detecting
very low levels of addition of monomeric Aβ to a pre-existing aggregate. In order to
avoid using radioactivity, which raises safety issues and also introduces the inconve-
nience of requiring routine repeated syntheses of labeled peptide, we chose to use pep-
tides tagged with biotin to follow the aggregation/deposition process. This microtiter
plate assay for polyglutamine aggregation was made possible by the recent develop-
ment of a protocol for solubilization of chemically synthesized polyGln peptides (25).
This microtiter plate assay permits detailed studies on different aspects of aggregation
kinetics (26) as well as detection and quantification of very low amounts of “extension-
competent” aggregates (27). It is also a valuable tool for screening and characterizing
anti-polyGln aggregation inhibitors.

Here, we describe in detail the microtiter plate assay formatted to follow the ability
of preformed, synthetic polyGln aggregates to be extended via recruitment of polyGln
monomers (Fig. 1). PolyGln aggregates, made from chemically synthesized peptides,
are immobilized onto plastic and incubated various times with biotinylated-peptide.

Fig. 1. Schematic representation of the extension of synthetic polyGln aggregates detected
with the microtiter plate assay.
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A europium-streptavidin binding step, followed by time-resolved fluorescence detec-
tion of the europium, allows us to calculate the rate (fmoles/h) of incorporation of
polyGln peptides into polyGln aggregates.

The kinetics of the extension of polyGln aggregates is carried out in reverse tempo-
ral order: the longest data time point is executed first and the shortest done last. This
reverse kinetics approach is dictated by the use of the microplate.

2. Materials

2.1. Preparation of Biotinyl-polyGln Peptides and PolyGln Aggregates

1. PolyGln peptides and biotinyl-polyGln peptides (see Note 1) were obtained by custom
syntheses from the Keck Biotechnology Center at Yale University (see Website: http://
info.med.yale.edu/wmkeck/). They were purchased without purification (see Note 2). The
vials containing the synthesized peptides should be stored at – 80°C in a container
desiccated with some anhydrous calcium sulfate.

2. A polyGln K2Q15K2 peptide treated as described in Subheading 3.1. (steps 1–6) whose
concentration is determined by amino acid composition analysis (Commonwealth Bio-
technologies, see Website: http://www.cbi-biotech.com ). This peptide serves to establish
the concentration standard curve by high-performance liquid chromatography (HPLC).

3. Trifluoroacetic acid (TFA) (Pierce, Rockford, IL, USA). This solution should be used
under a fume hood and handled wearing gloves, safety glasses, and a lab coat.

4. 1,1,1,3,3-hexafluoro-2-propanol (HFIP) (Sigma, St. Louis, MO, USA). This should also
be handled using the same precautions as described in item 3.

5. Argon (see Note 3).
6. dH2O adjusted to pH 3.0 by addition of TFA (H2O/TFA-pH 3.0).
7. HPLC system fitted with a Zorbax SB-C3 column.

2.2. Extension Assay

1. A 96-well plate (EIA/RIA Plates, Costar, Atlanta, GA, USA).
2. A Pasteur pipet connected to a vacuum system.
3. Extension buffer: phosphate buffered saline (PBS) (Fisher Scientific, see Website:

http://www.fishersci.com), 0.01% Tween 20, 0.05% sodium azide.
4. Blocking buffer: PBS, 0.1% gelatin, 0.01% Tween 20, 0.05% sodium azide.
5. Europium-streptavidin (Perkin Elmer, Boston, MA, USA).
6. Europium buffer: PBS, 0.5% BSA, 0.01% Tween 20, 0.05% sodium azide.
7. Enhancement solution (Perkin Elmer).
8. Victor 2 (Perkin Elmer) or other suitable time-resolved fluorescence microplate reader.

3. Methods

3.1. Solubilization of the K2QnK2 and Biotinyl-K2QnK2 Peptides (see Note 4)

1. Weigh out a small amount of peptide (see Note 5) and dissolve it in a mixture of 50% TFA
and 50% HFIP. The peptide’s concentration should be about 0.5 mg/mL. The solubiliza-
tion of the peptides should be conducted in a glass 24-mL vial with a cap.

2. Vortex vigorously and incubate overnight at room temperature to ensure complete solubi-
lization of the peptides.

3. The next day, blow off the solvent under a gentle stream of argon, using a Pasteur pipet at
the end of the argon line.

4. Resolubilize the peptide by adding H2O/TFA-pH 3.0 to a concentration of 0.5 mg/mL.
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5. Ultracentrifuge the peptide at 4°C for 3 h at 50,000g (see Note 6).
6. Transfer the top 90% of the supernatant (see Note 7) into a 50 mL polypropylene tube

(Falcon). Leave the tube at 4°C during the steps 7 and 8.
7. To 10 µL of the supernatant add 90 µL of a 0.1% aqueous solution of TFA. Inject 50 µL of

the peptide onto the Zorbax SB-C3 column and apply a 0–50% (v/v) acetonitrile gradient
with 0.05% TFA at a rate of 2% per min (see Note 8).

8. Integrate the peptide’s elution peak (range of 11–18% acetonitrile, depending on polyGln
length) by absorbance at 215 nm. The peak area obtained at A215 is compared with a
standard curve previously established with the peptide K2Q15K2 as described below in
Subheading 3.2.

3.2. Preparation of an HPLC Standard Curve

1. To establish a concentration standard curve, first apply steps 1–6 to the peptide K2Q15K2.
Determine the exact concentration of an appropriate dilution of this peptide stock solution
by amino acid composition analysis.

2. Take the appropriate volumes of the calibrated K2Q15K2 stock solution to get 100 µL of a
final solution containing various amount of the peptide (for example 0.1, 0.2, 0.4, 0.8, and
1.6 µg). The dilutions should be done with a 0.1% aqueous solution of TFA.

3. Inject 50 µL of the various amounts of K2Q15K2 peptide onto the Zorbax SB-C3 column
and apply a 0–50% (v/v) acetonitrile gradient with 0.05% TFA at a rate of 2% per min.

4. Integrate the K2Q15K2 A215 absorbance peak (14% acetonitrile). The area under the A215

peak in the HPLC profile obtained from a known weight of the K2Q15K2 is used to gener-
ate a conversion factor (Peak area = f [µg of peptide]) to calculate the weight concentra-
tions of other polyGln peptides.

3.3. Preparation of K2QnK2 Aggregates

1. Using the concentration for a pH 3.0 solution of polyGln peptide (Subheading 3.1., step 6)
determined in Subheading 3.1., step 8, adjust the concentration to 10 µM with a H2O/
TFA-pH 3 solution and mix. Then, raise the pH to 7.4 by addition of a 1/9 volume of 10X
PBS, with immediate mixing.

2. Cap the 50 mL Falcon tube, seal with parafilm, and incubate 24 h at 37°C.
3. Snap freeze the tube in liquid nitrogen, and incubate at –15 to –20°C for 48 h.
4. Thaw the tube, which now contains aggregated polyGln, and centrifuge 30 min at 20,800g

at 4°C to collect the aggregates.
5. Resuspend the pellet to 10 µM in extension buffer and quickly aliquot into Eppendorf

tubes, keeping the suspension well mixed during aliquoting. A convenient amount of
aggregates per tube would be about 100 µL of a range concentration of 40–70 µg/mL.

6. Snap freeze in liquid nitrogen and store at –80°C.

3.4. Preparation of the Biotinyl-Qn Peptides

1. Repeat exactly steps 1–8 described in Subheading 3.1., but with the appropriate biotinyl-
peptide.

2. After the determination of the exact concentration of the biotinyl-peptide, dilute it in
extension buffer to a final concentration of 10 nM.

3. Aliquot, snap freeze in liquid nitrogen, and store at –80°C (see Note 9).

3.5. Extension Assay

1. We described here a kinetic extension of 5 h including 8 time points (5, 15, 30, 45, 60,
120, 240, and 300 min); each time point is done in triplicate. Dilute the aggregates into
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2.5 mL of extension buffer to get the desired amount of aggregate/well. A convenient
amount is 80 ng/well.

2. In the 96-well plate, distribute 100 µL of extension buffer in all of the rows of columns 1,
2, and 3 (see Note 10). In columns 4, 5, and 6 distribute 100 µL of the aggregate suspen-
sion made in step 1. Make sure the suspension is well mixed during the aliquoting pro-
cess. Allow the plate to dry uncovered 17 h in a 37°C incubator.

3. Wash the plate 3 times with 200 µL of extension buffer.
4. Add 100 µL/well of the blocking buffer, seal the plate, and incubate 1 h at 37°C.
5. During this time, thaw the biotinyl-peptide at room temperature. When the peptide is

thawed but still cold place it at 4°C.
6. After the 1 h incubation with the blocking buffer, discard the blocking buffer and repeat

step 3 (see Note 11).
7. Add 100 µL of extension buffer in each well of columns 1–6 except for row H.
8. In the row H, distribute 100 µL of the biotinyl-peptide in the wells. Immediately put the

sealed plate at 37°C and initiate timing. This step (row H samples) corresponds to the 5 h
incubation.

9. Fifty-five min later, empty the row G by aspirating with a pipet connected to the vacuum
system. Then, fill row G with 100 µL of the biotinyl-peptide, reseal, and return the plate to
37°C. Return the biotinyl-peptide stock to 4°C. This step is the 4-h incubation of the
aggregates with the peptide.

10. Repeat step 9 for the rows F, E, D, C, B, A at times 125, 65, 50, 35, 20, and 10 min
respectively, returning the plate to 37°C after each addition. From the time 50 min, the
peptide stock solution is left at room temperature.

11. Five min before the end of the incubation step with the peptide, make a fresh europium-
streptavidin solution at 100 ng/mL in europium buffer (a 1/1000 dilution from the pur-
chased stock solution).

12. When the kinetic reaction is complete, stop the extension reaction by washing the plate 3
times with 200 µL of extension buffer.

13. Add 100 µL/well of the europium-streptavidin solution made in step 11, and incubate the
sealed plate 1 h at room temperature in the dark.

14. Wash the plate 3 times with extension buffer.
15. Add 100 µL/ well of Enhancement Solution and incubate the plate 5 min at room tempera-

ture in the dark (see Note 12).
16. Place the plate in the Victor 2 microtiter plate reader, or other suitable time-resolved fluo-

rescence microplate reader, using the programmed parameters for counting europium.
17. Analyze the data (see Note 13).

4. Notes

1. In addition to the polyGln tract comprising between 5 and 50 Gln residues, the peptides
contain a flanking pairs of Lys residues. This design allows the peptides to be charged in
the neutral pH region and then enhances their general solubility. The biotinyl-polyGln
peptides have the same sequence as the polyGln peptides, except for the addition of a
biotin molecule on their N-terminal residue.

2. Solid-phase synthesis of long polyGln sequences can generate significant levels of dele-
tion peptides. For example, analysis by mass spectrometry revealed that the synthetic pep-
tide synthesized as Q45 was predominantly a peptide 42 glutamines in length. To get precise,
reproducible, and interpretable kinetic data it may be important to purify longer peptides.

3. Nitrogen can be used instead of argon. Nevertheless, we recommend the use of argon,
which is a more pure and heavier gas than nitrogen.
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4. This procedure must be stringently followed. To ensure reproducibility of results all the
steps have to be executed consecutively without any interruption during the process.

5. A convenient amount is about 1 mg of peptide. It should give approx a final stock of 20 mL
of aggregates at 50 µg/mL.

6. This step is to ensure that the peptide solution does not contain any residual aggregates
even after the TFA/HFIP treatment.

7. Care must be taken not to disturb the pellet, which may not be visible but which can still
compromise the results. For this reason, we strongly recommend leaving at least 10% of
the supernatant.

8. The HPLC analysis has to be conducted immediately after the centrifugation step to mini-
mize the time the disaggregated peptide stands in concentrated solution.

9. We noticed that 10 nM solutions of disaggregated biotinyl-peptides stored at –80°C
develop over time small amounts of aggregated polyGln that give very high backgrounds
in the extension assay (see Fig. 2). The stability of biotinyl-peptides against storage-
related aggregation was then tested using the microplate assay (see Subheading 3.5.). In
the absence of deposited aggregates in the wells, the signal given by biotinyl-peptides
alone does not increase significantly after 5 h incubation under standard conditions. The
magnitude of this signal background (corresponding to 0.2 fmoles biotinyl-peptide) is
unchanged for biotinyl peptide stock solutions up to 1 mo at –80°C. After 1 mo, however,
backgrounds determined in this manner tend to increase. This increase becomes increas-
ingly significant (up to 5 times higher than the normal background) when biotinyl-pep-
tides are stored at high concentrations (500 nM). For this reason we prepare fresh stocks of
biotinyl-peptides at low concentrations (less than 60 nM) every month. Recently, we
observed that higher concentration stock solutions of biotinyl-peptides (up to 1 µM) are
stable for 2 mo if they are prepared and stored at –80°C in extension buffer with 5%
dimethyl sulfoxide (DMSO).

10. After the 17 h drying step, we determined that at least 96% of the aggregates are immobi-
lized to the microplate wells (27).

11. It is possible to stop at this point. The 96-well plate can be filled with 200 µL per well of
PBS with 0.05% sodium azide, sealed and stored at 4°C for a period of 5 d.

12. We observed that biotinyl-peptides recruited into polyGln aggregates do not dissociate
appreciably even after 5 h at 37°C. This result suggests that there is no significant loss of
biotinyl-peptide from aggregates during the incubation with the europium-streptavidin.

13. The addition of enhancement solution releases the europium into solution. Europium
counts detected by the microtiter plate reader are converted to fmoles using a standard
curve established using a calibrated europium solution obtained from Perkin Elmer.
Fmoles of europium are converted into fmoles of deposited biotinyl-peptide using the
manufacturer determination of the number of Eu3+ ions per streptavidin molecule (7 in the
reagent we used). The background signal is subtracted from the extension signal. Figure 3

shows a representative result of the extension kinetics. The data was fit to two linear
portions by manually grouping data points into two sets, each of which was then fit by
linear regression. The two-phase kinetic behavior observed in the microplate assay is very
similar to that obtained for Aβ deposition by Maggio and collaborators, which they have
interpreted in terms of a “dock-and-lock mechanism” (24). According to this mechanism,
the most recently added molecules of Aβ are relatively loosely bound and can still disso-
ciate from the fibrils. A slow rearrangement, on the fibril surface, of this loosely bound
Aβ to a more tightly bound conformation is required in order to create new binding sites
for additional molecules of Aβ The similarity in reaction rate profiles between Aβ and
polyGln deposition kinetics reinforces the idea that polyGln aggregates may have an amy-
loid-like aggregation pathway and substructure (23,28).
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Fig. 2. Influence of storage conditions of the biotinyl-peptide on the signal. 10 nM of the
biotinyl-Q28 peptide stored at –80°C for either 1 mo (�) or 2 mo (�) were incubated in wells
blocked with 0.3% gelatin but not containing deposited preformed polyGln aggregates. Pre-
sumably, aggregates formed on storage of biotinyl-peptide deposit on the plastic to give this
high background.

Fig. 3. Kinetic diagram of the extension of polyGln aggregate by the biotinyl-peptide. A
96-well plate was coated with 80 ng/well of polyGln K2Q40K2 aggregates and incubated with
10 nM of the biotinyl-K2Q40K2 peptide. The extension of polyGln aggregate is characterized by
two phase kinetics: a fast phase, corresponding to the docking of the polyGln peptide, and a
slower second phase, which describes a locking step of the polyGln peptide required before
another polyGln peptide can bind (25).
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Characterization of Prion Proteins

Wenquan Zou, Monica Colucci, Pierluigi Gambetti, and Shu G. Chen

1. Introduction

Prion disease represents a group of transmissible neurodegenerative disorders that
include scrapie in sheep and goats, bovine spongiform encephalopathy (BSE), and
Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträussler-Scheinker syndrome, fatal
familial insomnia, and kuru in humans. The disease is characterized clinically by ataxia,
dementia, and myoclonus as well as pathologically by spongiosis, astrocytic gliosis, and
neuronal loss (reviewed in refs. 1 and 2). CJD occurs mostly (about 85% of all cases) as
sporadic cases (unknown etiology), with the rest of the cases being familial (owing to
inheritance of mutations in the prion protein gene) or iatrogenic (due to accidental trans-
mission during medical procedure). Recently, a new variant form of CJD (vCJD) has
emerged in the United Kingdom that may originate from the BSE epidemic (3).

According to the “protein only” hypothesis (1,4), prion disease is caused by abnor-
malities in the structure or conformation of the prion protein (PrP). PrP include two
isoforms, the normal cellular form (PrPC), and the pathogenic isoform (PrPSc) present
in patients with prion disease. PrPC is a 209-residue glycoprotein with a single disul-
fide bond, two N-glycosylation sites, and a glycosyl phosphatidylinositol anchor. While
it is expressed in a number of tissues, the highest amount of PrPC is found in the central
nervous system (CNS). Its function is unknown but may be involved in the copper
metabolism and signal transduction (5,6). The conversion of PrPC to PrPSc is believed
to be the key molecular event in the pathogenesis of prion disease, which involves a
conformational transition of α-helical structure to β-sheet structure (1,4). Although
PrPC and PrPSc share almost identical primary structure (7), the two isoforms differ in
conformation and physicochemical properties. PrPC is soluble in aqueous solutions
and can be readily degraded by proteinase K (PK), whereas PrPSc is insoluble and
shows partial resistance to PK under the same digestion conditions (8–10). These
unique properties of PrPSc underlie much of the current methodology for its character-
ization and the diagnosis of prion disease.

Our previous work has provided evidence for the existence of two subtypes of PrPSc

differing in the size of the PK-resistant core fragments and the extent of glycosylation
(11,12). Treatment of human PrPSc with PK generates three core fragments representing
PrP with no, one or two N-linked glycans. We have previously identified two distinct
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conformers of PrPSc that are associated with different phenotypes of human prion disease
(11–14). Type 1 PrPSc is characterized by three PK-resistant fragments, which upon
deglycosylation migrate at ~21 kDa. In contrast, type 2 PrPSc yields a ~19 kDa protein
under the identical experimental conditions. The difference in size of the
PK-resistant fragments results from differential PK cleavage within the N-terminal
regions of PrPSc conformers, reflecting different conformations between type 1 and
type 2 PrPSc. To analyze the origin of the PrPSc heterogeneity, we have determined the
precise PK cleavage sites of type 1 and type 2 PrPSc by the N-terminal sequencing and
mass spectrometry (15). We demonstrated two primary cleavage sites at residue 82 and
residue 97 for type 1 and type 2 PrPSc, respectively, and numerous secondary cleavages
distributed along the region spanning residues 74–102. Characterization of different sub-
types of PrPSc has been shown to provide a more reliable diagnosis for a variety of dis-
ease phenotypes (12–14).

In this chapter we outline several widely used techniques for the characterization of
PrPSc and diagnosis of prion diseases. We describe, in detail, the experimental proce-
dures, reagents and equipments required, reagent preparation, and interpretation of
results. These protocols are mainly used for the detection of PrPSc in brain tissue of
clinically suspected cases of human prion disease. The protocols may also be applied
to animal prion disease such as BSE, chronic wasting disease, and transmissible mink
encephalopathy. In addition, we also make a brief introduction to some promising
assays reported in the more recent literature.

1.1. Western Blotting

Definitive diagnosis of prion disease is usually accomplished by the detection of the
PK-resistant PrPSc in brain tissues (16,17). The most convenient method for this pur-
pose is Western blot analysis using an antibody against PrP after digestion of brain
homogenate with PK. Several antibodies against PrP including the widely used 3F4
antibody (18) are now commercially available. The immunoassay has shown an excel-
lent sensitivity, ease in interpretation, and accuracy in definitive diagnosis of CJD with
small brain biopsy specimens. (19,20). The detection of either type 1 or type 2 PrPSc, in
combination with the PrP genotype (mutation and polymorphism) and histological
lesion profiles, provides an accurate diagnosis and classification of different variants
of human prion disease (21).

1.2. Purification of Human PrPSc for Structural Characterization

For detailed structural studies of multiple PrPSc subtypes in different disease pheno-
types, it is necessary to obtain sufficient amounts of purified PrPSc from diseased brains.
Due to its relative insolubility in aqueous solutions and resistance to protease diges-
tion, PrPSc can be readily separated from PrPC and other proteins using cycles of deter-
gent extraction, ultracentrifugation, and PK digestion (15,22,23). Various chemical and
spectroscopic methods can be used to study biochemical and conformational proper-
ties of purified PrPSc. These include: 1) analysis of primary structure and glycosylation
of PrPSc using enzymatic digestion, protein sequencing, and mass spectrometry (7,24);
2) analysis of the conformational difference between PrPSc subtypes through the map-
ping of cleavage sites by PK using protein sequencing and mass spectrometry
(14,15,25); and 3) analysis of secondary structure of PrPSc using circular dichroism and
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Fourier transform infrared spectroscopy (26–29). Taken together, these investigations
have provided strong evidence for the existence of distinct PrPSc conformations associ-
ated with different disease phenotypes.

1.3. Immunohistochemistry

For diagnosis purposes, Western blotting is of sufficient sensitivity for the detection
of PrPSc in the brain. However, this method provides the lowest anatomical resolution.
Immunohistochemistry is capable of providing information on the PrPSc distribution in
various brain structures, and it does not require fresh tissue. Its sensitivity, however, is
quite low compared to the Western blotting. Special processing steps are also required
to reveal optimal PrPSc immunoreactivity in fixed tissues. Treatments of tissue sections
with formic acid and hydrolytic autoclaving have been used to reduce the background
immunoreactivity of PrPC (30). Recently, this immunohistochemical method has also
been used to detect PrPSc immunoreactivity in lymphoreticular tissues such as appen-
dix and tonsil from patients with vCJD (31,32).

1.4. Recent Developments

Several methods based on the enzyme-linked immunosorbent assay (ELISA)
using various antibodies against PrP have been recently developed (33). The ELISA
format has the advantage of greater sensitivity, better quantitation, and potential for
high throughput and automation. In addition, fluorescence-correlated spectroscopy
has been used to detect PrP aggregates in cerebrospinal fluid (34). Signal amplifica-
tion of PK-resistant PrP by cyclic sonication has been reported to increase the detec-
tion limit (35).

1.5. Biosafety Considerations

PrPSc is an essential component of the transmissible pathogen causing prion dis-
ease (1). Kuru and iatrogenic CJD are the result of accidental transmission of the
disease between human beings. Occurrence of vCJD in the UK has raised the con-
cern that prion disease may also be transmitted from animals to humans through
consumption of contaminated foodstuffs (3). Normal social or routine clinical con-
tact with affected patients does not present a risk to health care workers and relatives
since human prion disease is not communicable or contagious. However, the poten-
tial risk arising from the handling brain tissues of patients with prion disease cannot
be ruled out. In addition, it is possible that tissue samples may contain other patho-
gens. Therefore, strict precautions are necessary to minimize the potential exposure
to such pathogens.

In general, brain tissues should be handled in a Class II Biological Safety Cabinet in
a specialized Biosafety Level 2 or 3 facility according to the current guidelines (36,37).
Skilled research personnel performing the experiments must wear protective clothing
including protective gowns, gloves, and face shields (or goggles). All protective cloth-
ing should be discarded for incineration. The disposable materials such as gloves,
aprons, sleeves, tips, and tubes are discarded for incineration. The reusable equipment
should be pretreated with 2 N NaOH for 1 h, followed by autoclaving at 134°C for 2 h
or longer (36–38). Contaminated liquids should be treated with 2 N NaOH (final con-
centration) followed by autoclaving.
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2. Materials

2.1. Western Blotting

1. Tissue samples (see Note 1).
2. 2X lysis buffer: 20 mM Tris-HCl, pH 7.5, 20 mM EDTA, 0.5% Nonidet P-40, 0.5% Na

deoxycholate, and 200 mM NaCl. Store at –20°C. Dilute to 1X lysis buffer prior to use.
3. Disposable pellet pestles and matched tubes (Fisher).
4. 0.55 mg/mL Proteinase K (PK) in distilled water. Store in 50 µL aliquots at –80°C.
5. 100 mM Pefabloc SC (Roche). Store at –20°C.
6. 2X SDS sample buffer: 125 mM Tris-HCl, pH 6.8, 4 mM EDTA, 6% SDS, 20% glycerol,

8% β-mercaptolethanol, and a trace of dye (either bromophenol or pyronine Y).
7. 10X Electrode Stock: 576.4 g glycine, 121.14 g Tris. Make up to 4 L with distilled water.

Store at 4°C for several mo.
8. 1X Electrode buffer: 400 mL 10X Electrode stock, 40 mL 10% SDS. Make up to 4 L with

distilled water.
9. 1X Transfer buffer: 400 mL 10X Electrode stock, 800 mL Methanol. Make up to 4 L with

distilled water.
10. Tris-buffered saline (TBS): 0.9% (w/v) NaCl, 100 mM Tris-HCl, pH 7.6.
11. TBS-T: 0.1% (v/v) Tween-20 in TBS.
12. Blocking buffer: 5% non-fat dried milk in TBS-T.
13. Anti-PrP primary antibodies such as 3F4 (Chemicon), working dilution 1:50,000 in block-

ing buffer.
14. Horsenadish peroxidase (HRP)-conjugated anti-mouse secondary antibody such as HRP-

conjugated sheep anti-mouse IgG (Amersham), working dilution 1:3,000 in blocking buffer.
15. ECL plus Western blotting detection reagents (Amersham).
16. Kodak scientific imaging film X-OMAT AR, and Kodak film cassette.
17. Premade 12% SDS-polyacrymide gels and electrophoresis apparatus (Novex).
18. Apparatus for electroblotting (Bio-Rad).

2.2. Purification of Human PrPSc

1. Tissue grinder (Fisher).
2. 2X TEND solution: 20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 1.5% NaCl, and 2 mM DTT.
3. TNSS solution (10 mL): 5 mL of 2X TEND, 1.0 g NaCl, and 0.5 mL 20% Sarkosyl. Make

up to 10 mL with distilled water.
4. 20% (w/v) N-lauroylsarcosine sodium salt (Sarkosyl).
5. Ultracentrifuge (Beckman).
6. Tris-buffered saline (TBS): 0.9% (w/v) NaCl, 100 mM Tris-HCl, pH 7.6.
7. 10 mg/mL RNase A (Sigma). Store at –20°C.
8. 15 mg/mL DNase I (Sigma). Store at –20°C.
9. 20 mM Tris, pH 7.6.

10. 200 mM dithiothreitol (DTT).

2.3. Immunohistochemistry

1. 98% formic acid.
2. 10% buffered Formalin.
3. 60%, 80%, 95%, 100% ethyl alcohol.
4. 100% Methanol.
5. Hydrogen peroxide 30% (H2O2).
6. TBS.
7. Normal goat serum (NGS) (Vector Laboratories).
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8. 3F4 monoclonal antibody (MAb) to PrP (Chemicon).
9. Goat anti-mouse IgG (1:50 in 1% NGS).

10. Mouse peroxidase anti-peroxidase (MPAP, 1:250 in 1%NGS).
11. Dimethylaminoazobenzene (DAB).
12. HCl (60 mM).
13. Hematoxylin.
14. Safetysolve (IMEB Inc.).
15. Microwave Pressure Cooker (NordicWare, Tender Cooker 2 1/2 quart).
16. Microwave (Kenmore, 2.0 cu ft, 1100 watts).
17. Microwavable Staining dishes (IMEB Inc.).

3. Methods

3.1. Western Blotting

3.1.1. Sample Preparation (see Note 2).

1. Transfer 40–80 mg of brain tissue to a 1.5-mL plastic tube.
2. Add 9 volumes of 1X lysis buffer.
3. Homogenize tissue using a disposable pellet pestle with matched tube (Fisher).
4. Treat 20 µL of brain homogenate from a test case with 2 µL of 0.55 mg/mL proteinase K

(final concentration of 50 µg/mL) at 37°C for 1 h. Terminate digestion reaction by adding
1 µL of 100 mM Pefablock, 23 µL of 2X SDS sample buffer, and boiling for 10 min in a
dry bath.

5. For untreated control sample: Take 10 µL brain homogenate from a control case. Add 13 µL
1X lysis buffer, and 23 µL 2X SDS sample buffer. Boiling for 10 min in a dry bath.

6. Store unused brain homogenates in a secure freezer at –80°C.

3.1.2. Electrophoresis, Protein Blotting, and Immunodetection

1. Load 30 µL boiled samples onto 12% Tris-glycine gel. Run electrophoresis at 120 V for
about 1.5–2.0 h until the dye reaches the bottom of the gel. Following electrophoresis,
take out the gel.

2. Electrotransfer proteins from the gel onto the Immobilon P membrane (Millipore) using
Bio-Rad at electroblottig apparatus at 70 V for 2 h at 4°C.

3. Block membrane with 10% non-fat dry milk in TBS-T for 1 h at 37°C
4. Incubate the membrane with the primary antibody 3F4 (diluted 1:50,000) for 2 h at room

temperature.
5. Wash the membrane with T-TBS 4 times, 12 min each.
6. Incubate the secondary antibody, diluted 1:4,000 in the antibody dilution buffer, for 1 h at

room temperature.
7. Wash the membrane with T-TBS 4 times, 12 min each.
8. Add 50 µL ECL solution B to 2 mL of the ECL solution A, mix well, then put the mixture

on the membrane and incubate for 5 min.
9. Expose the membrane to the Kodak Scientific Imaging Film. Develop the films in the

Kodak Film Processor
10. Examine the film for the presence of PK-resistant PrPSc bands (Fig. 1) and interpret the

results accordingly (see Note 3).

3.2. Purification of PrPSc for Structural Characterization

1. All procedures should be performed in a Biosafety Level 2 or 3 facility (see Subhead-

ing 1.5.).
2. Add 9.0 mL of 2 X TEND solution to ~5 g of brain tissue (gray matter).
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3. Homogenize in a tissue grinder with 15 up and down strokes on ice.
4. Transfer the homogenate into a 50-mL culture tube.
5. Add 9.5 mL of 20% Sarkosyl to the homogenate slowly. Freeze (on dry ice) and thaw

(by sonication) the mixture 3–4 times to reduce viscosity. Centrifuge at 20,000g and 4°C
for 25 min.

6. Discard the pellet (P1) and centrifuge the supernatant (S1) at 200,000g and 4°C for 120 min.
7. Resuspend the pellet (P2) in 1 mL of TNSS by sonication. Centrifuge at 200,000g and

18°C for 120 min.
8. Resuspend P3 in 750 µL TBS, sonicate at 4°C, then add 7 µL of 0.5 M CaCl2 and 0.5 M

MgCl2, 7 µL of 10 mg/mL RNase A and 1 µL 14.6 mg/mL DNase I, incubate the mixture
at 4°C overnight.

9. Add the following reagents: 100 µL of 300 mM EDTA, 560 µL  20 mM Tris, pH 7.6; 8 µL
of 200 mM DTT and 0.15 g NaCl. Centrifuge at 200,000g and 18°C for 120 min.

10. Resuspend the pellet (P4) in 375 µL of TNSS, and incubate with proteinase K at 50 µg/mL
and 37°C for 1 h. Then add 4 µL of 100 mM Pefablock to terminate the digestion. Add
375 µL of TNSS and centrifuge at 200,000g and 18°C for 120 min.

Fig. 1. Detection of PrPSc subtypes in suspected cases of human prion disease. Brain
homogenates were prepared from a non-CJD case (negative control), two cases of suspected
CJD (test case A and test case B), one case of CJD with type 1 PrPSc (CJD T1), and one case of
CJD with type 2 PrPSc (CJD T2). Samples were either untreated (PK–) or treated with PK
(PK+), then denatured in SDS sample buffer and run on SDS-PAGE gel (12%). Detection of
PrP bands were made on Western blots using the anti-PrP monoclonal antibody 3F4. The posi-
tions of molecular weight markers are indicated on the right (in kDa). In the PK-untreated
samples (lanes 1, 3 and 5), PrP bands are broad with a molecular weight between 25–35 kDa.
After treatment with PK, no bands are detected in the negative control (lane 2), while three
bands of PK resistant PrPSc are present in test case A (lane 4), test case B (lane 6), and CJD
cases with either type 1 PrPSc (lane 7) or type 2 PrPSc (lane 8). The lowest band of type 1 PrPSc

(lane 7) migrates at ~21 kDa while that of type 2 PrPSc (lane 8) migrates at ~19 kDa. Judging
from the positions of the lowest PrPSc band in test case A (lane 4, ~21 kDa) and test case B (lane
6, ~19 kDa), it is clear that test case A contains type 1 PrPSc while test case B is positive for type
2 PrPSc.
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11. Resuspend the pellet (P5) in 750 µL of TNSS and centrifuge again at 200,000g at 18°C for
120 min.

12. Resuspend pellet (P6) in a small volume of an appropriate buffer. Save this preparation at
–80°C until used for further structural studies (see Note 4).

3.3. Immunohistochemistry

1. Cut paraffin-embedded tissue sections at 8–10 µm on charged slides. Dry overnight at 60°C.
2. Deparaffinize sections through two 5 min changes of Safetysolve, then 3 min changes in

100%, 95%, 80% and finally 60% ethyl alcohol.
3. Immerse in Methanol/8% H2O2 solution for 20 min and rinse in H2O.
4. Microwave in 250 mL of 60 mM solution of HCl in a microwavable slide dish using a

microwave pressure cooker that has 600 mL of distilled water added (see Note 5).
5. Rinse in H2O and treat in 98% formic acid for 10 min if not previously treated and rinse

thoroughly in H2O.
6. Immerse in 2 changes of TBS solution at 15-min intervals.
7. Incubate with 10% NGS for 10 min.
8. Blot section and incubate with 3F4 (1:200 in 1% NGS) overnight at 4°C.
9. Repeat step 6.

10. Repeat step 7.
11. Blot section and incubate with goat anti-mouse IgG (1:50 in 1% NGS) for 60 min.
12. Repeat step 6.
13. Repeat step 7.
14. Blot section and incubate with MPAP (1:250 in 1% NGS) for 1 h.
15. Repeat step 6.
16. Develop in DAB solution for 1–3 min or until staining is visualized.
17. Stain in hematoxylin (1 dip), wash, 2 dips in ammonium hydroxide, wash and dehydrate

sections through 70%, 95%, 100% ethyl alcohol for 3 min each, then two 5 min changes
in Safetysolve.

18. Mount the section with a coverslip. Examine the section under a microscope (see Note 6).

4. Notes

1. Brain tissues are obtained at autopsy or biopsy from patients with prion disease and are
kept frozen at –80°C until use. The tissue for PrPSc detection by Western blotting should
not be treated and especially not be fixed in formalin or other fixatives. Tissue from more
than one brain region should be sampled whenever available. Tissue samples for process-
ing should contain mostly the gray matter after dissecting off white matter.

2. Brain samples must be processed in the biosafety hoods up to boiling samples in SDS
sample buffer that will denature PrPSc and greatly diminish the associated infectivity.

3. In our experience, the possibility of false positive is remote and can be minimized by
including the non-CJD cases in the assay. However, there is a possibility of false negative
if the biopsy from suspected CJD cases is taken from an unaffected brain region, or if the
tissue is fixed prior to Western blotting.

4. The purified PrPSc preparations may be further characterized using a variety of biochemi-
cal and biophysical methods as outlined in Subheading 1.2.

5. One example is given here for performing hydrolytic autoclaving in a microwave pressure
cooker (NordicWare) using a Kenmore microwave. First, place slides in slide dish con-
taining 60 mM HCl, which are then put in the pressure cooker. Place the cooker in a
microwave (Kenmore) at 100% power until the pressure regulator starts to rock back and
forth. Reduce the microwave power at 30% and microwave for 15 min. Remove the cooker
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from the microwave. Once cooker’s pressure has vented, remove cover and let slides
remain in the cooker for 20 min to cool. Under these conditions, the hydrolytic treatment
presumably destroys immunoreactivity of PrPC while preserving that of PrPSc (39,40).

6. PrPSc deposition visualized by DAB may appear with various patterns. These patterns
include: synaptic, perivacuolar, plaque-like deposits, kuru plaques, or laminar depending
on the subtypes of sporadic CJD (30,39). Other patterns may be observed in familial prion
disease and in acquired prion disease such as vCJD (40).
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Detection of NF1 Mutations
Utilizing the Protein Truncation Test (PTT)

Meena Upadhyaya, Michael Osborn, and David N. Cooper

1. Introduction

The protein truncation test (PTT) (1–3), also known as the in vitro coupled tran-
scription/translation synthesis assay, was designed as a tool to detect mutations that
lead to premature translational termination. It was originally developed to screen for
mutations in the dystrophin (DMD) gene causing Duchenne/Becker muscular dystro-
phies. The ability of the PTT to detect mutations at the protein level offers various
advantages over other screening methods such as single-strand conformational poly-
morphism analysis (SSCP), heteroduplex analysis (HA), and denaturing gradient gel
electrophoresis (DGGE) that reveal polymorphisms and rare variants that may not be
disease causing. The PTT has been applied to the mutation screening of a number of
large and complex genes including BRCA1 (4), BRCA2 (5), ATM (6), TSC2 (7) and
NF2 (8). For BRCA1 and BRCA2, more than 3kb of coding sequence can be screened in
a single PCR reaction combined with coupled in vitro transcription/translation reaction
and run on a single lane on an sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) gel (9).

PTT is performed in five stages  (see Fig. 1):

1. Isolation of cellular RNA.
2. Conversion of RNA to cDNA by reverse transcriptase polymerase chain reaction (RT- PCR).
3. PCR amplification of gene-specific cDNA fragments.
4. Use of PCR-amplified product as a template for the in vitro synthesis of RNA which is

subsequently translated into protein.
5. The synthesised protein is then resolved by electrophoresis on an SDS-PAGE gel. Shorter

protein products resulting from truncated transcript can be distinguished from the full-
length products of normal protein.

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder with an incidence
of 1 in 3500. The NF1 gene is located at 17q11.2, spans 350kb of genomic DNA, con-
tains 60 exons, and encodes a 12 kb mRNA (10,11). The NF1 gene product, neuro-
fibromin, comprises 2818 amino acids and has an estimated molecular mass of 327 kDa
(12). The central region of neurofibromin (encoded by exons 21–27a) possesses marked
homology to Ras-GTPase activation proteins (GAPs). The identification of mutations in
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the NF1 gene causing type 1 neurofibromatosis (NF1) has presented a considerable chal-
lenge owing to the large size of the gene, the lack of significant mutational clustering, and
the diversity of the underlying pathological lesions. In addition, the presence in the
genome of numerous NF1 pseudogenes has rendered the PCR-based analysis of genomic
DNA somewhat problematic (13,14).

 The NF1 gene is considered a classical tumor suppressor in that the first hit is inher-
ited whereas the second hit is somatic (15). The mutation rate for the NF1 gene (approx
1 × 10–4/gamete/generation) is some 10-fold higher than observed for many other dis-
ease genes and about half of all NF1 individuals appear to represent cases of new

Fig. 1. Schematic diagram for PTT protocol.
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mutation (16). To date, over 440 NF1 gene lesions have been logged in either the
Human Gene Mutation Database (see Website: http://www.hgmd.org) or the National
Neurofibromatosis Foundation (NNFF) Mutation Database  (see Website: http://www.
clam.com/nf/nf1gene). At least 70% of reported mutations are predicted to lead to the
synthesis of a truncated protein (16). The high percentage of truncating mutations
renders the NF1 gene amenable to reverse transcription-polymerase chain reaction
(RT-PCR) combined with the protein truncation test (PTT).

The known germline mutations of the NF1 gene range in size from large genomic
deletions that remove the entire gene and its flanking regions (>1.5 Mb) (17,18) to single
base-pair substitutions. Thus no single mutation screening technique can be expected to
detect all NF1 gene lesions. SSCP and heteroduplex analysis (HA) have often been used
to screen for microlesions in the NF1 gene (19,20). However, more sensitive detection
techniques such as DGGE, direct genomic sequencing (DGS), or denaturing high-
performance liquid chromatography (DHPLC) are now being introduced (21,22).

The use of the RNA-based PTT for screening the NF1 gene has yielded mutation
detection rates of between 50 and 85% (20,21,23–25). In addition to PTT, two meth-
ods have been developed to screen the entire NF1 coding region: long RT-PCR (26)

and SSCP/HA (27). However, in their retrospective analysis, these authors (26) found
that their method yielded positive results in only 30% of NF1 mutations. In the case of
diseases characterised by a high frequency of truncating mutations, the use of PTT is
recommended (see Fig. 1).

PTT is most powerful as a technique when RNA is used. For example, one of the key
genes involved in familial colorectal cancer (APC) has a large exon 15 which contains
the majority of detected truncating mutations. Since most laboratories only possess
stored DNA, the genomic DNA-based PTT is preferable. RNA-based PTT requires one
to contact patients for collection of fresh blood samples.

The RNA-based analysis also allows the detection of splicing abnormalities. The
high proportion of NF1 splicing aberrations emphasises the potential importance of
intronic disease-causing mutations and the application of RNA-based screening meth-
ods to confirm their effects (21,27). In an earlier study, we were able using RNA-based
PTT to identify an in-frame insertion caused by splicing error in an NF1 patient by PTT
(25) (Fig. 2, R151). In this patient, cloning and sequencing revealed a 171bp insertion
between exons 30 and 31 that corresponded to nucleotides 4047 to 4217 of intron 30.
This extended new exon is spliced in-frame and encodes an additional 57 amino acids.

The major advantage of PTT over conventional screening techniques is that 1) it
generally discriminates automatically between pathogenic and non-pathogenic
sequence changes. This is because the mutation is detected at the protein level, and
therefore only truncating mutations or large insertions/deletions are usually identified;
2) the length of the truncated protein product on the gel pinpoints the likely position of
the mutation thereby facilitating its confirmation by direct sequencing; 3) the entire
coding region of the NF1 gene can be screened using between 5 and 10 overlapping
fragments rather than by examining all 60 exons individually. Obviously, this reduces
the workload and expedites the mutational analysis.

Use of the technique is not however without its disadvantages. Missense mutations
and small in-frame insertions or deletions are normally undetectable in terms of the rela-
tive size of the encoded protein. Obviously, therefore, a whole category of biologically
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Fig. 2. Composite of protein gels showing positive PTT results from segments 1–5 (A–E).
An arrow indicates the position of the abnormal protein product. The corresponding patient
number is given above the lane. C denotes a normal control lane. The position of protein mo-
lecular weight standards is indicated (in kDa) to the right of each photograph. PTT results from
segment 3 (C), segment 4 (D), and segment 5 (E).

meaningful mutations will not be detected. PTT would thus be an inappropriate choice of
screening technique for genes manifesting a high proportion of nontruncating lesions, or
if missense mutations are sought for structure/function studies. The occasional missense
mutation will, however, be detected if it also activates a cryptic splice site. One example
of this is provided by the NF1 gene coding sequence which appears to convert tyrosine to
cysteine at nucleotide 1466 (25). However, RT-PCR analysis of NF1 cDNA from the
patient revealed a deletion of 62 nucleotides (25) (Fig 2, R79). The A to G substitution
introduces a new splice donor site whose use is predicted to lead to the loss of the 3' end
of exon 10b and a truncated protein product. Other types of mutations that one might
expect to be invariably missed include mutations in the noncoding regions and large
deletions encompassing overlapping PTT fragments.

PTT will obviously not detect a mutation if the mutant allele is not PCR amplified as a
consequence of 1) the destruction of one or more primer binding sites by polymorphism
or by the mutation itself, 2) the presence of a large insertion that dramatically increases
the size of the PCR product, or 3) instability of the mutant transcript. Truncating muta-
tions may also be missed if the size of the truncated protein product falls outside the



320 Upadhyaya et al.

resolving ability of the gel system. This can occur if a nonsense mutation or frameshift
change is located immediately adjacent to either end of one of the screening segments.
Early (N-terminal) mutations may also generate products which have either too little or
no label incorporated or they may be difficult to resolve on a gel. Late (C-terminal)
mutations may result in a size difference that is unresolved near the top of the gel. How-
ever, it should be noted that the deleterious effect of C-terminal truncating mutations may
sometimes be questionable as found for example with the Lys 3326X mutation in the
BRCA2 gene (28).

As with any RNA-based test, the major drawback of the PTT is the frequent direct
association of truncating mutations with a low level of mRNA expression from the
mutant allele. Nonsense and frameshift mutations are commonly associated with
reduced mutant mRNA levels as a consequence of nonsense-mediated mRNA decay
(NMRD), which often reduces the transcript level to 10–30% of the normal amount
(29). The occurrence of NMRD leading to “allelic exclusion” has now been reported
for many genes, including the β-globin (30), protein S (PROS1; 31) and cystic fibrosis
(CFTR; 32) genes.

NMRD compromises most RNA-based mutation detection methods but can be cir-
cumvented either by treating cultured cells with cycloheximide, which blocks protein
synthesis (9) or by puromycin treatment (33). However, establishment of Epstein-Barr
Virus (EBV) lymphoblastoid cell cultures is both expensive and time consuming. Short
term cultures of phytohaemagglutinin- stimulation of lymphocytes prior to RNA
extraction has been shown to diminish aberrant splicing (20). The relative sensitivity
of PTT/ direct cycle sequencing was compared in 13 EBV lymphoblastoid cell cultures
treated with and without puromycin. PTT was able to detect all the truncating muta-
tions in both culture types. However, in only seven EBV cultures not treated with puro-
mycin was the mutant transcript clearly identified by direct sequencing. In the
remaining six cultures, the expression of mutant transcript was markedly reduced with
the ratio of mutant to wild-type peak height in sequencing chromatograms being <0.35.
In the cultures treated with puromycin, the ratio between mutant and wild-type peak
heights in sequencing chromatograms varied between 0.8 and 1.00 (20).

Allelic exclusion may only permit detection of the wild-type allele, thereby pro-
ducing a false-negative result. However, a previous report has demonstrated that
allelic exclusion to be present in the NF1 gene occured in only 10% of mutations for
which this phenomenon is a potential problem (25). In this study, RNA was analyszed
from 15 NF1 patients with known truncating mutations previously found by screeing
genomic DNA; lack of expression of the mutant allele was noted in only two of these
patient samples.

Various other studies have also screened the NF1 gene using the PTT. Thus Heim
et al. (23) identified mutations in 14 of 21 (67%) individuals studied whereas Side et al.
(34) found mutations in 8 of 18 (44%) children with NF1 and an associated malignant
myeloid disorder. The study by Park and Pivnick (24) identified mutations in >70% of
their NF1 patients (11/15) using modified primer sets that amplified the NF1 gene in
10 overlapping segments. We only found NF1 gene mutations in 52% of NF1 patients
screened (25), whereas in the most recent study (20), mutations were detected in up to
80% of NF1 patients, using five overlapping fragments spanning the entire coding
region of the NF1 gene.
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2. Materials

Stored at room temperature unless otherwise stated.

2.1. RNA Extraction

1. Lysis buffer: 150 mM ammonium chloride, 10 mM potassium hydrogen carbonate, 0.1 mM

EDTA, pH 8.0. Store at 4°C.
2. RNAzol B (Biogenesis Ltd, Poole, UK). TOXIC. Store at 4°C.
3. Chloroform: HARMFUL.
4. Isopropanol.
5. 70% ethanol.

2.2. Reverse Transcription

1. Random hexamer primers, 100 µM. Store at –20°C.
2. RNase inhibitor (RNAguard, Amersham Pharmacia Biotech, Bucks, UK). Store at –20°C.
3. Superscript II reverse transcriptase, 200 U/µL (provided with 5X first strand buffer and

0.1 M DTT,) (Life Technologies Ltd., Paisley, Scotland). Store at –20°C.
4. dNTP mix: 1.25 mM each dNTP (Amersham Pharmacia Biotech). Store at –20°C.
5. Ribonuclease H, 1 U/µL (Life Technologies Ltd.). Store at –20°C.

2.3. cDNA Amplification

1. Expand High Fidelity PCR system (Roche Diagnostics Ltd., Lewes, UK). Store at –20°C.
2. PTT primers (Table 1), 5 µM.

2.4. In Vitro Transcription/Translation

1. TNT T7 coupled reticulocyte lysate system (Promega, Southampton, UK). Aliquot rabbit
reticulocyte lysate into a convenient volume, e.g. 100 µL. This prevents multiple freeze/
thaw cycles. Store at –70°C.

2. RNase inhibitor (see Subheading 2.2., item 2).
3. 35S-methionine (Amersham Pharmacia Biotech). Store at –20°C.

Table 1
PCR Primers for Amplifying the NF1 cDNA in Five Overlapping Segments a

Segment Nucleotides Exons Size Primer sequenceb

1 1–1868 1–12b 1868 1F: ATG GCC GCG CAC AGG CCG GTG GAA T
1R: TG ACA GG ATC TGC CTG CTT A

2 1468–3583 10b–21 2115 2F : ATG GTG AAA CTA ATT CAT GCA GAT
2R :T GTC AAA TTC TGT GCC TTG

3 3217–5256 19b–29 2039 3F: ATG GAA GCA GTA GTT TCA CTT
3R: TAG GAC TTT TGT TCG CTC TGC TGA

4 4998–6987 28–38 1989 4F :G GAG TAC ACC AAG TAT CAT GAG
4R :TAT ACG GAG ACT ATC TAA ATG CAG

5 6574–8404 35–49 1830 5F :ATG GAG GCA TGC ATG AGA ATT C
5R : T CTG CAC TTG GCT TGC GGA T

aAnnealing temperatures fragment 1–5: 61°C, 59°C, 61°C, 62°C, 62°C.
bThe 5' end of the upstream primer for each segment comprised sequence for T7 promoter and transla-

tion initiation site that allow efficient eukaryotic transcription and translation in vitro: GGATCC
TAATACGACTCACTATAGGGAGACCACCATG-3'. Adapted with permission from ref. (23).
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2.5. SDS-Polyacrylamide Gel Electrophoresis

1. 30% acrylamide/bis solution, 29:1 (Biorad Laboratories Ltd., Herts, UK). TOXIC . Store
at 4°C.

2. 10% ammonium persulphate. Make up fresh every 2 wk. Store at 4°C.
3. TEMED.
4. Rainbow coloured protein molecular weight marker (Amersham Pharmacia Biotech).

Store at –20°C.
5. 4X separating buffer: 1.5 M Tris-HCl, 0.4% sodium dodecyl sulfate (SDS), pH 8.8. Store

at 4°C.
6. 4X stacking buffer: 0.5 M Tris-HCl, 0.4% SDS, pH 6.8. Store at 4°C.
7. Running buffer: 192 mM glycine (14.4 g/L), 25 mM Tris, 0.1% SDS.
8. Loading buffer: 20% glycerol, 2% SDS, 1X stacking buffer, 0.025 mg/mL bromophenol

blue. Prior to use add 5% β-mercaptoethanol.
9. Fixing solution: 7% glacial acetic acid.

10. Whatman 3 MM paper.

3. Methods

3.1. RNA Extraction

1. Dilute blood sample (see Note 1) with 3 volumes cold lysis buffer, place on ice for 5 min.
2. Centrifuge at 200g for 10 min at 4°C, discard supernatent.
3. Resuspend pellet, repeat steps 1 and 2.
4. Homogenize pellet with 800 µL RNAzol B, transfer to a 1.5 mL eppendorf tube (see Note

2) and place on ice for 5 min.
5. Add 80 µL chloroform, mix by inversion and centrifuge at 16,000g at 4°C.
6. Collect aqueous phase (top layer) into a new tube and add an equal volume of isopropanol.

Incubate on ice for 45 min or overnight at 4°C.
7. Centrifuge at 16,000g for 15 min at 4°C.
8. Wash pellet in 1 mL 70% ethanol. Centrifuge at 16,000g for 5 min.
9. Dissolve RNA in 20 µL sterile H2O. An incubation at 55°C may be required for complete

resuspension.
10. Determine RNA concentration by measuring absorbance at 260 nm (A260 = 1 = 40 µg/mL).
11. Store RNA samples at –70° C.

3.2. Reverse Transcription

1. Combine 1–5 µg total RNA with sterile H2O to a final volume of 9.5 µL (see Note 2). Add
1 µL random hexamers and 0.5 µL RNase inhibitor. Incubate at 25°C for 10 min.

2. Add 4 µL 5X first-strand buffer, 2 µL DTT, 2 µL dNTP mix, and heat at 42°C for 5 min.
3. Add 1 µL Superscript II reverse transcriptase and incubate at 42°C for 60 min.
4. Inactivate the enzymes by heating to 70°C for 15 min.
5. Add 0.5 µL ribonuclease H, incubate at 37°C for 30 min.
6. Store at –20°C.

3.3. cDNA Amplification

1. In a thin-walled PCR tube, mix 6 µL dNTPs, 1.5 µL forward and reverse PTT primers
(see Note 3 and 4), 2 µL buffer (1.5mM MgCl2), 0.5 µL cDNA, and 10.5 µL H2O.

2. Overlay with mineral oil and heat to 94°C.
3. Add second mix, containing 0.5 µL buffer, 0.25 µL enzyme (see Note 5), and 4.25 µL H2O.
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4. Perform the following PCR conditions:

  1 cycle 94 °C for 2 min
10 cycles 94 °C for 15s, A for 30s, 72 °C for 90s
30 cycles 94 °C for 15s, A for 30s, 72 °C for 90s + 20s per cycle
  1 cycle 72 °C for 10 min

A = annealing temperature (see Table 1)

5. Store samples at –20 °C (see Notes 6 and 7).

3.4. In Vitro Transcription/Translation

1. Make up a master mix containing: 0.4 µL reaction buffer, 0.2 µL T7 RNA polymerase,
0.2 µL amino acid mix (minus methionine), 0.2 µL RNase inhibitor, 0.5 µL 35S-
methionine (see Note 8) and 1.5 µL H2O.

2. Aliquot 3 µL into each reaction tube, add 5 µL rabbit reticulocyte lysate and 2 µL cDNA
amplification product.

3. Incubate at 30°C for 90 min.
4. Store at –20°C.

3.5. SDS-PAGE

1. Clean gel plates using soap solution, rinse with H2O and wipe over with ethanol.
2. Assemble glass plates in BioRad pouring apparatus, ensuring the spacers are flush with

the base of the plates.
3. Separating gel mix (see Note 9) is made by combining 3.1 mL 30% acrylamide/bis

solution, 1.9 mL 4X separating buffer, 2.4 mL of H2O, 100 µL ammonium persulphate
and 5 µL TEMED.

4. Pour between the plates, leaving a gap of 2 cm at the top.
5. Cover the surface with a layer of 0.1% SDS and leave to polymerize for 45 min.
6. Remove the SDS layer and wash the surface of the gel with 4X stacking buffer.
7. The stacking gel contains 500 µL 30% acrylamide/bis solution, 750 µL 4X stacking buffer,

1.7 mL H2O, 30 µL ammonium persulphate, and 5 µL TEMED.
8. Pour onto the surface of the separating gel, filling the space to the top of the plate. Insert

the comb carefully, at an angle, before leveling to avoid bubbles at the base of the wells.
Leave to polymerise for 45 min.

9. Remove the comb and wash the wells with running buffer.
10. Dilute in vitro transcription/translation product 1 in 5 with loading buffer and denature at

99°C for 3 min. Place on ice.
11. Mix 5 µL Rainbow colored protein molecular weight marker with equal volume of load-

ing buffer containing 10% β-mercaptoethanol.
12. Load samples and marker and perform electrophoresis at constant current of 15 mA in the

stacking gel and 30 mA in the separating gel. Stop when the smallest molecular weight
marker (14.3 kDa) reaches the bottom of the gel.

13. Separate the plates and soak the gel in fixing solution for 30 min.
14. Transfer the gel to Whatman paper, cover with cling film, and dry on a vacuum gel dryer.
15. Expose to X-ray film overnight (see Notes 10 and 11).

4. Notes

1. Blood samples should be collected in EDTA tubes and stored at 4 °C or in freezer as soon
as possible. Delays in transit of a blood sample can cause decreased viability of lympho-
cytes and reduced fidelity in splice site selection (35). Cold shock to blood samples has
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been demonstrated to lead to the inclusion of a 31 bp cryptic exon between exons 4a and
4b of the NF1 mRNA (27).

2. To avoid contamination with RNases, all RNA work should be performed using gloves,
RNase-free eppendorf tubes and pipet tips.

3. The forward PTT primer possesses a bacteriophage T7 RNA polymerase promoter sequence
along with a translation start codon (ATG) in-frame to the gene-specific sequence. The
downstream primer is specific to the relevant coding region. The primer sequences used in
our laboratory (see Table 1) are taken from Heim et al. (23), and amplify the total coding
sequence of the NF1 gene in five overlapping fragments.

4. Park and Pivnick (24) used ten smaller overlapping fragments which may increase the
sensitivity of the technique. Also see Note 9.

5. Expand High Fidelity PCR system utilises an enzyme mix containing thermostable Taq

and Pwo DNA polymerases resulting in a high yield and low error rate. Two separate
mixes are set up to facilitate a ‘hot’ start, which prevents the enzyme mix from partially
degrading the primers and template.

6. We always check that the reverse transcription and PCR reactions have worked by per-
forming agarose gel electrophoresis of the PCR product.

7. After detecting a mutation within a cDNA fragment by PTT, it is not always easy to iden-
tify the change in genomic DNA. In general, the formation of a shorter protein product is
due to the presence of a new stop codon or by an alteration in the reading frame. In these
cases, the size of the protein product should provide the approximate location of the
sequence change (kDa × 9 × 3 = approximate position in bp). However, mutations causing
the loss of an exon can result in the maintenance of the reading frame. In the case of the
NF1 gene, 24 exons (excluding those known to be alternatively spliced) fit into this cat-
egory. The resulting shortened protein in these cases would not as it might appear indica-
tive of a mutation toward the 3' end of the screened cDNA, but rather of a change anywhere
within the fragment. Therefore the detection of aberrant exon splicing, exon skipping or
the deletion of genomic DNA encompassing an exon may be useful in characterizing the
pathological lesion. Separation of the cDNA amplification products on a 1.5% agarose gel
can detect these exon deletion events and aid the interpretation of the PTT result.

8. A nonradioactive alternative utilises a reticulocyte lysate that contains charged lysine-
tRNA labeled with biotin (Roche Diagnostics Ltd.). The resulting biotin-labeled protein is
then electrophoretically separated by SDS-polyacrylamide gel electrophoresis (PAGE),
blotted onto a PVDF membrane and subsequently detected with the BM chemilumines-
cence Western blotting kit (Biotin/Streptavidin). This methodology has been successfully
applied to mutation detection in the APC gene (36).

9. We normally use a 12.5% acrylamide separating gel. However, we feel that the maximum
resolution of the five overlapping NF1 fragments is probably achieved by running the
samples on two protein gels containing different amounts of acrylamide. An 8%
acrylamide gel would optimize separation of the larger protein fragments (45–66 kDa),
whereas the 15% gel would separate the small products (6.5–14.4 kDa).

10. Photographs of PTT autoradiograms showing positive results for each of the five NF1

fragments are shown in Fig. 2 (25).
11. The presence of a background of smaller translation products can complicate the detection

of a genuine truncated product. The background bands are usually derived from spurious
transcripts, initiated mostly from an internal translational initiation site. This problem can
be overcome by modifying the forward PTT primer to include a sequence encoding a
small known protein sequence, for example N-terminal C-myc tag (37). By using specific
antibodies against this protein tag, only the correctly initiated protein is detected using
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Western blotting or immunoprecipitation. However, in most cases, examination of the
relative intensity of bands within a sample lane compared to the equivalent bands for an
adjacent sample can identify the presence of a truncated product (e.g., sample R209 in
Fig. 2D).
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Application of the Protein Truncation Test (PTT)
for the Detection of Tuberosis Sclerosis Complex
Type 1 and 2 (TSC1 and TSC2) Mutations

Karin Mayer

1. Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder character-
ized by the development of widespread hamartomas affecting most organs including
the brain, heart, skin, kidney, lung, and eyes. Involvement of the brain is associated
with some of the most severe clinical problems of TSC, including epilepsy, intellec-
tual disability, and abnormal behavioral phenotypes. Inactivating mutations have been
identified in two disease-causing genes, TSC1 on chromosome 9q34 (MIM *191100)
(1) and TSC2 on chromosome 16p13 (MIM *191092) (2). TSC affects up to 1 in 6000
individuals with two-thirds representing sporadic cases, reflecting a high spontaneous
mutation rate. Both TSC genes cover about 50 kb and 40 kb of genomic DNA, respec-
tively. The TSC1 gene contains 23 exons with 21 exons coding for a 8.6 kb transcript
which is translated into the protein hamartin. The TSC2 gene product tuberin is encoded
by an mRNA of 5.5 kb consisting of 41 exons.

The C-terminal region of tuberin has homology to rap1GAPand has been shown to
interact with rabaptin5. Moreover this region exhibits GTPase activating properties
for the Ras-related proteins Rap1 and Rab5 (3,4). Its implication in neuronal differen-
tiation is discussed (5). Hamartin contains a stretch of hydrophobic amino acids as well
as two putative coiled coil domains. Its ability to interact with ezrin/ radixin/ moesin
(ERM) proteins and the capability to activate the GTPase Rho implicates a role in
cellular adhesion (6). Physical interaction of tuberin and hamartin via their coiled coil
domains and intracellular colocalization of both proteins in vivo support a common
function (7,8) and explains the observed indistinguishable clinical phenotype in TSC1
and TSC2 patients. Recent findings obtained with the Drosophila homologues of TSC1
and TSC2 suggest a common function of both proteins in the insulin signaling pathway
(9) with a phenotype characterized by increased cell size, cell number, and organ size
resulting from inactivating mutations in either of the two genes. LOH of TSC1 and
TSC2 loci in TSC-associated hamartomas as well as in sporadic tumors of non-TSC
patients support the tumor-suppressor function of both genes (10–12).
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Up to now more than 127 different TSC1 and 348 different TSC2 mutations have been
reported, of which less than 25% are recurrent and which are summarized in The Human
Gene Mutation Database, Cardiff (see Subheading 5.2.), and the TSC Varation Database
(see Subheading 5.3.). Large deletions and rearrangements as well as missense muta-
tions occur almost exclusively in TSC2 and account for approx 20% for each of the two
mutation types. Subtle mutations in both genes composed of nonsense mutations, small
deletions and insertions, and splice site changes, which all lead to a premature transla-
tional stop comprise 98% of all TSC1 mutations and about 60% of all TSC2 mutations.
The fact that these apparently inactivating mutations are scattered over the entire coding
region in both genes requires a comprehensive screening procedure represented by the
protein truncation test (PTT).

Application of the PTT in TSC has first been described for screening of the TSC2
gene in 1997 (13) and has been extended to the TSC1 gene in 1999 (14). We reported
the first RNA-based comprehensive mutation screening procedure for both TSC
genes applying the PTT in 1999 (15). All these initial descriptions are based on using
RNA extracted from EBV-transformed lymphocytes as starting material. The estab-
lishment and maintenance of lymphoblastoid cell lines requires a specialized cell
culture facility and is a time-consuming procedure. Therefore we tried to establish a
short term culture of T lymphocytes stimulated with phytohaemagglutinin (PHA) as
an alternative to EBV transformation in order to achieve biologically active and
undegraded RNA as starting material in contrast to RNA extracted directly from
blood lymphocytes, which is susceptible to nonsense mRNA decay (16). Subsequent
cDNA synthesis was performed in parallel with oligo (dT) and random hexanucle-
otides to enhance the amplification of different transcript lengths. Amplification of
the entire coding region of both TSC genes was performed in partially overlapping
fragments; four for TSC1 and six for TSC2, respectively. Overlapping sequences of
at least 400 bp in length (Table 1) have proved most suitable for the detection of
mutations located less than 150 bp apart from the fragment ends (Fig. 1). Careful
analysis of RT-PCR products prior to and in addition to the PTT analysis has proved
to be useful for the interpretation of splicing aberrations due to intronic mutations
(Fig. 2B). In vitro transcription/ translation of reverse transcriptase polymerase chain
reaction (RT-PCR) products was carried out in a TNT-coupled reticulocyte system in
the presence of 35S-methionone. Radiolabeled proteins were separeted through SDS-
PAGE in 10% or 12% denaturing gels, respectively, dependent on the size of the
wild-type protein.

In cases of aberrant migrating protein bands the approximate position of the puta-
tive mutation was estimated by comparing the molecular weights of the wild type
and the shortened polypeptide with a molecular-weight marker. In a first attempt to
identify the underlying mutation, amplification products generated from cDNA and
genomic DNA containing the putative mutation site were subjected to direct sequenc-
ing. Cases with suspected splicing aberrations recognized by size differences of tran-
scripts after agarose gel electrophoresis of RT-PCR products were investigated more
intensively to interpret the consequences of an underlying mutation: if RT-PCR frag-
ments representing different transcript lengths could be separated by agarose gel elec-
trophoresis they were cut out and either directly subjected to sequencing or cloned
into a T-cloning vector prior to sequence analysis of individual clones.
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Table 1
Primer Pairs Used for Amplification of RT-PCR Fragments Applied to PTT

TSC
specific Overlapping Polypeptide

PCR Forward Reverse TM fragment region size
fragment primer a primer b (°C) length (bp) (bp) (kD)

TSC1
exon 3–12 ATGGCCCAACAAGCAAATGTCGG CGTAGTCATCCGAATGACAGAGTG 63 1219 44.7

306
exon 10–15 GTGTGCTACTTCTACCCCTTACTC ACTTGTTCAGCTCCTTGCTGTGC 63 1085 40.0

544
exon 15–20 CTTTCTGAGATCACCACAGCAGAG GGTATCTGAGTGCTTGTTCTGCAG 63 1164 42.7

390
exon 18–23 GAGAAGGACATCCAGATGTGGAAG TGCATTCACACCTCCTGTTCTGTG 63 1329 46.6

TSC2
exon 1–11 CCACCATGGCCAAACCAACAAGC CCACCAGTTCAAAGTATCTCTCCTG 64/63 1239 45.3

362
exon 9–20 TGCTGAGAGGAGCCGTGTTTTTTG CCGCTCCAGTGTCTTTGGGCC 63/65 1376 50.5

408
exon 17–26 GCCTTTGACTTCCTGTTGCTGCTG CCGTGAAGTTGGAGAAGACGTATC 64/63 1279 46.8

475
exon 23–34 AATCAGTACATCGTGTGTCTGGCC CATTGGGCAGCAGGATTGGCTTG 63 1924 67.3

1269
exon 28–37 TGCATGTGAGACAGACCAAGGAG CCTTGATGGTGCCAAGCTTGAAG 64/63 1692 64.5

413
exon 33–41 GTCGTCCTCAGTCTCCAGCCAG TCACTGACAGGCAATACCGTCCAA 66/63 1510 54.0

T7 promoter
sequence GGATCCTAATACGACTCACTATAGGAACAGACCACCATG

M13 reverse
sequence CAGGAAACAGCTATGACC

aEach TSC specific forward primer was supplemented with a T7 promoter and translation initiation sequence (the partially overlapping region between T7 and
gene-specific sequences is underlined).

bEach TSC specific reverse primer was supplemented with a M13 reverse sequence for sequencing with fluorescence labeled primers.
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In the remaining cases in which the aforementioned procedures did not unravel the
disease-causing mutation RT-PCR products resulting in aberrant migrating polypep-
tides were cloned into a T-vector. Individual clones were subsequently subjected to a
second PTT reaction to separate wild-type and mutated alleles of a patients’ transcripts
(17) and then chosen for sequence analysis.

Each mutation identified on the transcript level was verified by direct sequencing
of a PCR product generated from genomic DNA and every putative splicing muta-
tion recognized on the genomic level was confirmed by the detection of aberrantly
spliced transcripts.

Fig. 1. Detection of a truncated polypeptide owing to a nonsense mutation in TSC1 exon 18 in
both overlapping fragments after PTT of (A) exon 15–20 and (B) exon 18–23. Due to the obser-
vation of a shortened protein band in both cases, the premature stop has to be positioned in the
overlapping region. The causative nonsense mutation 2577 C>T is located 900 bp downstream
of the 5' end of the exon 15–20 fragment which is translated into a 35 kD polypeptide (A).
Although the distance of the mutation to the 5' end of the exon 18–23 fragment is only 127 bp,
the resulting polypeptide of about 5 kD can be recognized in a 12% PAA gel (B), (see Notes 11

and 12).
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Applying this comprehensive RNA-based technique in 70 TSC patients that have
been prescreened for large TSC2 deletions we identified small truncating mutations in
13 TSC1 and 28 TSC2 cases that correspond to an efficiency of 55% without consider-
ing possible missense mutations in TSC2, which cannot be detected with this approach.
A high proportion of identified genetic alterations were splice defects, some inducing
complex splicing aberrations that mainly affect the TSC2 gene and therefore extending
the known diversity of small mutations in TSC. The PTT offers the advantage to test
several exons in one step compared to DNA based exon-scanning techniques. More-
over, the inclusion of intronic sequences and the demonstration of the effects of identi-
fied mutations on the transcript levels emphasize the significance of an RNA-based
screening method as PTT for a disease with a wide variety and complexity of disease-
causing mutations like TSC.

Fig. 2. Confirmation of aberrant splicing recognized by a shortened polypeptide band in
PTT by agarose gel electrophoresis of different transcripts. (A) PTT of RT-PCR fragments
spanning TSC2 exon 9–20 from two patients carrying different splicing mutations in intron 9.
The shortened band corresponds to a polypeptide with an in frame deletion of exon 10. A third
band expected from a transcript lacking the first 56 bp of exon 10 would terminate after 40
amino acids, which is too short to be visible in a 10% PAA gel used in this experiment (see

Notes 11 and 12). (B) The existence of aberrantly spliced transcripts in both patients could be
proven by separation of three RT-PCR in an 1% agarose gel (see Note 8). Products correspond
to 1376 bp wild-type transcript, and two shorter bands of 1320 bp lacking 56 bp exon 10 and
1232 bp lacking the entire exon 10.
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2. Materials

2.1. EBV Transformation of B Lymphocytes

1. RPMI 1640 media with L-glutamin (Seromed Biochrom, Berlin, Germany).
2. Fetal calf serum (FCS) (Seromed Biochrom) (inactivate at 56°C for 30 min before use).
3. Penicillin/Streptomycin (10.000 IE/10,000 µg/mL) (Seromed Biochrom).
4. Cyclosporin A 100 µg/µL.
5. Epstein Barr virus EB95-8.
6. Biocoll 1.077 g/mL (Seromed Biochrom).
7. Puromycin dihydrochloride (Sigma, St. Louis, MO, USA) 50 mg/mL in sterile water.
8. Phosphate-buffered saline (PBS) (Seromed Biochrom).
9. Nunclon TC tubes flat (Nunc).

2.2. PHA Stimulated Short Time Cultures of T Lymphocytes

1. RPMI 1640 media with L-glutamin (Seromed Biochrom).
2. Fetal calf serum (FCS) (Seromed Biochrom).
3. Phytohaemagglutinin (PHA) in H2O (Seromed Biochrom).
4. Puromycin dihydrochloride (Sigma) 50 mg/mL in sterile water.
5. Nunclon TC tubes flat (Nunc).

2.3. Extraction of Genomic DNA

1. Blood lysis: 15.5 mM NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA, pH 7.4
2. SE buffer: 75 mM NaCl, 24 mM Na2EDTA.
3. 20% SDS.
4. Pronase from streptomyces griseus (20 mg/mL).
5. 5 M NaCl.
6. Isopropanol.
7. Low TE: 10 mM Tris, 0.1 mM EDTA.

2.4. RNA Extraction

1. Tri reagent (Sigma).
2. Chloroform.
3. Isopropanol.
4. Ethanol (absolute and 70%).

2.5. cDNA Synthesis

1. Superscript II RNase H– reverse transcriptase (Life Technologies, Bethesda, MD, USA).
2. 5X First-strand buffer: 250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 mM MgCl,
3. Oligo (dT) (d(pT)15) (500 ng/µL) (Roche , Mannheim, Germany).
4. Random hexanucleotide mix 100 ng/µL (62.5 A260 /mL) (Roche).
5. dNTP mix: 20 mM of each dNTP (MBI Fermentas, Lithuania).
6. Ribonuclease inhibitor (40 U/µL) (MBI Fermentas, Lithuania).
7. Ribonuclease H (5 U/µL) (MBI Fermentas)
8. 0.1 M DTT.

2.6. PCR

1. Taq DNA polymerase, recombinant, 5 U/µL (Life Technologies).
2. 10X PCR buffer: 200 mM Tris-HCl, pH 8.0, 500 mM KCl,
3. dNTP mix: 20mM of each dNTP (MBI Fermentas),
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4. 50 mM MgCl2.
5. Primers for the amplification of RT-PCR fragments subjected to PTT, 10µM (Table 1)

6. Primers for the amplification of single exons from genomic DNA, 10 µM (published at
“The TSC Project” website, see Subheading 5.3.).

2.7. Agarose Gel Electrophoresis

1. Agarose (Life Technologies).
2. 10XTris borate (TBE) buffer: 1 M Tris, 0.83 M boric acid, 0.01 M Na2EDTA.
3. Ethidium bromide 1% (Sigma).
4. 6X gel loading buffer: 0.2% bromphenol blue, 0.2% xylene cyanol, 60% glycerol, 60 mM

EDTA.

2.8. In Vitro Transcription/ Translation

1. TNT-coupled reticulocyte lysate system (Promega, Madison, WI, USA): including TNT
rabbit reticulocyte lysate (thaw only once, aliquot, and store at –70°C for further use),
TNT reaction buffer, TNT T7 RNA Polymerase, amino acid mixture minus methionine

2. Ribonuclease inhibitor (40 U/µL) (MBI Fermentas).
3. [35S] methionine (1000 Ci/mmol at 10 mCi/mL) (consider appropriate precautions for

dealing with radioactive material).

2.9. SDS-PAGE

1. Rotiphorese Gel 40 (19:1): 38% Acrylamid, 2% Bisacrylamid (Roth, Karlsruhe, Germany)
(PAA is toxic; avoid inhalation and contact with skin).

2. Separating gel 4X buffer: 18.7 g Tris, 2 mL 20% SDS ad. 100 mL, pH 8.0, with HCl.
3. Stacking gel 4X buffer: 6.06 g Tris, 2 mL 20% SDS ad. 100 mL, pH 6.8, with HCl.
4. Ammoniumperoxodisulfate (APS) (Sigma) 10% in H2O.
5. N,N,N’N’-Tetramethylethylendiamine (TEMED) (Sigma).
6. 10X SDS running buffer: 30 g Tris, 144 g glycine, 50 mL 20% SDS ad. 1 L.
7. SDS sample buffer: 2.0 mL glycerol, 1.0 mL 20% SDS, 0.25 mg bromphenol blue, 2.5 mL

stacking gel 4X buffer, 0.5 mL β-mercaptoethanol (add the β-mercaptoethanol to the
sample buffer immediately before use).

8. SDS-7B molecular weight marker (Sigma).

2.10. Autoradiography

1. Fixing solution: 25% ethanol, 7% acetic acid.
2. 1 M sodium salicylate (Sigma) (avoid inhalation and contact with skin).
3. BioMax MR film (Eastman Kodak, Rochester, NY, USA).

2.11. Cloning of RT-PCR Products

1. Gel extraction kit (Qiagen, Hilden, Germany).
2. TA-cloning kit (Invitrogen, San Diego, CA, USA) including T-vector pCR2.1, T4 DNA

Ligase (4 Weiss U/µL; 10X ligation buffer (60 mM Tris-HCl, pH 7.5, 60 mM MgCl,
50 mM NaCl, 1 mg/mL BSA, 70 mM β-mercaptoethanol, 1 mM ATP, 20 mM DTT,
10 mM spermidine) ; 100mM DTT; E. coli INVαF-competent cells; SOC media.

3. LB media: 1% tryptone, 0.5% yeast extract, 1% NaCl.
4. Agar-agar (Merk, Darmstadt, Germany).
5. Ampicillin 50 mg/mL (Sigma).
6. X-gal (5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside) 40 mg/mL in dimethyl-

formamide (Sigma).
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2.12. Sequence Analysis

1. PCR purification kit (Qiagen).
2. Sequitherm EXCEL II cycle sequencing kit (EpiCentre, Madison, WI, USA) including

3.5X sequencing buffer, DNA polymerase, ddNTP mixes for A,C,G,T; Dimethylsulfoxid
(DMSO); IRD-700 labeled M13 universal sequencing primers corresponding to the 5' end
of the reverse primer used for RT-PCR (Note). Sequagel complete gel solutions (National
Diagnostics, Atlanta, GA, USA).

3. ABI Prism Big Dye Terminator cycle sequencing ready reaction kit (PE Biosystems, Fos-
ter City, CA, USA) including A-Dye terminator labeled with dichloro[R6G], C-Dye ter-
minator labeled with dichloro[ROX], G-Dye terminator labeled with dichloro[R110],
T-Dye terminator labeled with dichloro[TAMRA], deoxynucleoside triphosphates (dATP,
dCTP, dITP, dUTP), AmpliTaq DNA polymerase FS, MgCl2, Tris-HCl pH 9.0. DyeEx
Spin Kit (Qiagen)

3. Methods

3.1. EBV Transformation of B Lymphocytes

1. Dilute 1–5 mL heparinized blood with an equal amount of RPMI media.
2. To separate lymphocytes overlay three parts of biocoll with four parts of diluted blood and

centrifuge with 300g at room temperature for 40 min without brake.
3. Pull out the B lymphocytes inclosed in the fishy fraction and dilute it to 11 mL with

RPMI.
4. Centrifuge with 170g for 10 min and wash the B lymphocytes with RPMI by repeating

this step two times.
5. Resuspend the cell pellet in 0.5 mL RPMI media supplemented with 20% FCS, 0.3%

penicillin/streptomycin and 20 µL cyclosporin A and add 0.5 mL EB95–8 virus.
6. Cultivate the cells in Nunclon tubes at 37°C with 5% CO2 for 1 wk without changing the

media.
7. Change RPMI media supplemented with FCS and penicillin/streptomycin weekly and sub-

divide the cells into culture flasks if necessary.
8. Incubate the B lymphocytes for 12 h with 200 µg puromycin/ mL media prior to harvest to

prevent nonsense mRNA decay (see Note 1).
9. Harvest the cells by centrifugation at 500g and 4°C for 10 min and wash the pellet once

with icecold PBS.

3.2. PHA Stimulated Short Time Cultures of T Lymphocytes

1. Combine 4 mL RPMI media supplemented with 10% FCS and 0.3% penicillin/streptomy-
cin with 0.3% PHA and add six drops of heparinized blood (see Note 2).

2. Cultivate the blood cells in Nunclon tubes for 72 h at 37°C without CO2 and shake them
gently every 12 h.

3. Incubate the lymphocytes for 6 h with 200 µg puromycin/ mL media prior to harvest to
prevent nonsense mRNA decay (see Note 1).

4. For harvesting the lymphocytes add three volumes of icecold blood lysis and shake gently
on ice for 30 min. Centrifuge at 500g and 4°C for 10 min, remove the supernatant and
resuspend the pellet in 1 mL TRI reagent. Proceed to RNA extraction or store the cells at
–70°C for further use.

3.3. Extraction of Genomic DNA

1. Lyse the erythrocytes by combining 10 mL whole peripheral blood with 30 mL ice cold
blood lysis and incubate for 2 h at 4°C with recurrent mixing.
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2. Centrifuge at 2000 rpm and 4°C for 15 min and resuspend the pellet containing the
leucocytes in 10 mL ice-cold blood lysis. Centrifuge again at 500g and 4°C for
15 min and wash the leucocytes by repeating the last two steps until the pellet is clear.

3. Resuspend the leucocytes in 5 mL SE buffer and incubate with 125 µL 20% SDS and
100 µL Pronase over night at room temperature to release the DNA.

4. Add 1.5 mL 6 MNaCl and vortex 15 s. Centrifuge at 8000g and room temperature for 15
min to precipitate proteins.

5. Transfer the supernatant into a fresh tube and precipitate the DNA by mixing with an
equal amount of isopropanol.

6. Remove the high molecular genomic DNA with a glass heel, wash it once in 70% ethanol,
and dissolve it in 4000 µL low TE.

7. Typical yields of DNA isolated from 10 mL blood are 300–800 µg.
8. Determine the DNA concentration at 260nm in a UV spectrophotometer (1 A260 = 50 ng/µL

ds DNA).
9. Store concentrated DNA and 100 ng/µL working dilutions at 4°C.

3.4. RNA Extraction

1. Lyse the pellet obtained from 5–10 × 106 EBV transformed B lymphocytes, leukocytes
from 10 mL heparinized blood (see Subheading 3.2.), or a PHA culture of T lymphocytes
in 1 mL TRI reagent by repeated pipeting. Stand the samples for 5 min at room tempera-
ture to completely dissolve nucleoprotein complexes.

2. Add 0.2 mL chloroform per mL of TRI reagent, shake vigorously for 15 s and stand for
5 min at room temperature. Centrifuge at 12000g for 15 min at 4°C.

3. Transfer the colorless upper aqueous phase to a fresh tube (see Note 3) and add 0.5 mL
isopropanol per mL TRI reagent used in step 1 and mix. Stand the samples for 5 min at
room temperature. Centrifuge at 12000g for 10 min at 4°C.

4. Remove the supernatant and wash the RNA pellet with 1 mL 75% ethanol, vortex and
centrifuge again at 12000g for 10 min at 4°C.

5. Briefly dry the RNA pellet by air drying or under vacuum in a Speed-Vac concentrator.
Dissolve the RNA in 20 µL sterile RNase free water and incubate at 65°C for 10 min for
complete resuspension. Store RNA in H2O at –70°C (see Note 4).

6. Typical yields obtained from 5–10 ×106 EBV transformed B lymphocytes are 10–20 µg
RNA, from peripheral blood leukocytes about 5 µg, and from short term PHA cultures
1–5 µg RNA (Fig. 1).

7. RNA quantity and quality was always checked by agarose gel electrophoresis (see

Note 5).

3.5. cDNA Synthesis

1. Dilute 1–5 µg of total RNA with H2O to a final volume of 10.25 µL. Denature RNA at
90°C for 5 min and cool on ice.

2. Set up the following 20 µL reactions with: a) 0.5 µg oligo (dT) and b) 0.1 µg random
hexanucleotides (see Note 6): 10.25 µL RNA, 4 µL 5X first-strand buffer, 1 µL primer,
0.1 M DTT, 0.5 µL RNase inhibitor, 1 µL dNTP mix, 1.25 µL Superscript II.

3. Incubate at 37°C for 1 h.
4. Terminate the reaction by heating at 94°C for 3 min.
5. Degrade remaining RNA in DNA/ RNA hybrids by incubation with 0.5 µL RNaseH for

20 min at 37°C.
6. Store cDNA at –20°C.
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3.6. PCR

3.6.1. RT-PCR

1. Set up a 30 µL reaction containing the following components: 1 µL cDNA of the 20 µL
reaction, 3 µL 10X PCR buffer, 0.3 µL dNTP mix, 0.9 µL 50mM MgCl2, 0.6 µL of T7
promoter sequence coupled forward primer and M13 coupled reverse primer, 0.18 µL Taq

polymerase, 23.42 µL H2O.
2. PCR is carried out in a PTC 200 Thermocycler (MJ, Rockville, MA, USA) using the follow-

ing touch down conditions (see Note 7): initial denaturation: 95°C for 1 min; stage I
(6 cycles): denaturation at 95°C for 1 min (decreasing to 30 s minus 5 s per cycle), annealing
at 66°C to 63°C (annealing temperature was adapted to TM (Table 1) for 1 min, elongation
at 68°C for 2 min; stage II (21 cycles): denaturation at 95°C for 30 s (decreasing to 10 s
minus 1 s per cycle), annealing at 63°C for 1 min, elongation at 68°C for 2 min (increasing
3 s per cycle); stage III (11 cycles): denaturation at 95°C for 10 s, annealing at 63°C for 1
 min, elongation at 68°C for 3 min; final extension: 68°C for 7 min.

3. Store RT-PCR products at 4°C.

3.6.2. PCR of Genomic DNA

1. Set up a 30 µL reaction containing the following components: 1 µL genomic DNA (100 ng),
3 µL 10X PCR buffer, 0.3 µL dNTP mix, 0.9 µL 50mM MgCl2, 0.6 µL of intronic forward
and reverse primer, 0.18 µL Taq polymerase, 23.42 µL H2O.

2. PCR is carried out in a PTC 200 Thermocycler (MJ, Rockville, MA) using the following
conditions: initial denaturation: 95°C for 1 min; stage I (6 cycles): denaturation at 95°C
for 1 min (decreasing to 30 s minus 5 s per cycle), annealing at 60°C to 50°C (annealing
temperature was adapted to TM (published at “The TSC Project” website, see Subhead-

ing 5.3.) for 30 s, elongation at 68°C for 45 s; stage II (30 cycles): denaturation at 95°C
for 30 s, annealing according to TM for 30 s, elongation at 68°C for 45 s; final extension:
68°C for 4 min.

3.7. Agarose Gel Electrophoresis of DNA Fragments

1. Prepare 1% and 2% agarose gels for the separation of RT-PCR (Fig. 2B) and genomic
PCR products, respectively (see Note 8) by dissolving 1 g and 2 g agarose per 100 mL 1X
TBE buffer by heating in a microwave oven, cool to 55°C, add 2.5 µL 10% ethidium
bromide, and pour into gel tray.

2. An aliquot of the PCR product (10 µL for RT-PCR, 5 µL for genomic PCR) is mixed with
2 µL and 1 µL 6X gel loading buffer, respectively, and loaded into gel lanes.

3. Gel electrophoresis is carried out at 100 V constant voltage for 1–2 h depending on frag-
ment sizes.

4. PCR products are visualized by UV illumination and photographed using a video camera
(MWG Biotech, Ebersberg, Germany).

3.8. In Vitro Transcription/Translation

1. 100–200 ng of RT–PCR products were directly subjected to transcription and translation
in a 12.5 µL reaction volume (see Note 9). Prepare a mix composed of: 4 µL RT-PCR
product diluted in H2O, 0.5 µL TNT reaction buffer, 0.25 µL amino acid mixture minus
methionine , 0.25 µL TNT T7 RNA Polymerase, 0.25 µL Ribonuclease inhibitor, and add
it to 6.25 µL pre-cooled reticulocyte lysate aliquots (see Subheading 2.8.). Finally add
1 µL [35S] methionine (see Note 10).

2. Incubate at 30°C for 1 h.
3. Proceed immediately with SDS-PAGE or store the reaction at –20°C.
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3.9. SDS-PAGE

1. Prepare a 10 or 12% PAA vertical separating gel depending on the size of the expected pro-
teins (see Note 11). Mix the following components sufficient for a 1.0 mm thick, 11 × 11cm
vertical gel (30 mL) and fill it between the two glass plates avoiding air bubbles: 14.85 mL
H2O, 7.5 mL 40% PAA, 15 mL 4X separating gel buffer, 150 µL APS, 7.5 µL TEMED.

2. Overlay the separating gel with H2O prior to polymerization.
3. After polymerization pour off the H2O and rinse the surface with 20% SDS.
4. Prepare a 4% stacking gel by mixing the following components (7.5 mL) and fill it into the

remaining space between the two glass plates and insert the comb: 4.6 mL H2O, 0.94 mL
40% PAA, 1.88 mL 4X stacking gel buffer, 75 µL APS, 7.5 µL TEMED.

5. After polymerization remove the comb, mount the gel apparatus, fill the chamber with 1X
SDS running buffer, and rinse the wells with 1X SDS running buffer.

6. 12.5 µL in vitro transcription/ translation reactions are mixed with an equal volume of
SDS loading buffer and denatured at 95°C before loading.

7. Electrophoresis is carried out starting with 200 V and constant 25 mA with permanent
cooling at 10°C for 2.5 h until the blue dye has reached the end of the separating gel.

3.10. Autoradiography

1. Proteins are fixed by immersing the gel in ethanol/ acetic acid for 30 min, followed by a
20 min rinse with H2O.

2. Signals are amplified by incubating the gel in 1 M sodium salicylate for 30 min.
3. Gels are vacuum dried for 1 h and exposed with BioMax MR X-ray film for 1–3 d at –70°C.

3.11. Cloning of RT-PCR Products

1. Either “full length” RT-PCR products resulting in aberrant migrating proteins (Fig. 3) or
shorter RT-PCR fragments—which are suspected to containing the mutation—obtained
with different combinations of primers are separated on 1–2% agarose gels dependent on
size (see Note 12).

2. Bands were exercised with a scalpel and the DNA was extracted using gel extraction kit:
gel slices are weighed to calculate the necessary buffer volumes (100 mg ~ 100 µL); gel
slices are dissolved with 3 volumes of buffer QG at 50°C for 10 min with repeated
vortexing. Mix the dissolved gel slice with 1 volume isopropanol and load it onto the
column. Centrifuge at 10,000g for 1 min to bind the DNA to the membrane. Wash the
column once with 0.5 mL buffer QG to remove traces of agarose and re-centrifuge. Wash
the DNA on the column with 0.75 mL buffer PE and re-centrifuge. Remove traces of
ethanol contained in buffer PE by centrifuging an additional 1 min. Elute the DNA with
20 µL 10 mM Tris-HCl, pH 8.5, pipet onto the membrane, and re-centrifuge.

3. The amount of purified PCR product is checked by agarose gel electrophoresis.
4. 10 µL ligation reactions were set up as follows: 6 µL (5–20 ng, equimolar to the vector)

fresh purified PCR product diluted in H2O, 1 µL 10X ligation buffer, 1 µL (25 ng) pCR2.1
vector, 1 µL T4 DNA ligase, and incubated overnight at 14°C.

5. For bacterial transformation 50 µL competent cells are gently mixed with 2 µL β-ME. 2 µL
ligation reaction was added by pipetting and stirring gently. Incubate on ice for 30 min,
heat shock at 42°C for 30 s, and place on ice for 2 min.

6. Add 250 µL SOC media to bacterial cells and incubate at 37°C in a shaker with 225 rpm
for 1 h before plating different dilutions on agar plates.

7. Prepare agar plates by mixing equal volumes of 2X LB media with H2O containing 3 g
agar, both autoclaved and cooled down to 55°C. Add 100 µL ampicillin and 25 µL X-gal
per 100 mL and pour 25 mL per plate.
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8. Pellet bacterial cells by spinning at 12,000g for 30 s, pour off the supernatant and resus-
pend the pellet to a final volume of 100 µL. Spread aliquots of 10 µL and 90 µL bacterial
cell suspension per plate and incubate overnight at 37°C.

9. Pick several white colonies per plate and isolate it by spreading on a fresh plate followed
by incubation at 37°C.

10. Analyze transformants by amplifcation of the inserts with the same TSC specific primers
used for the first amplification. Place a single colony into the prepared PCR mix.

11. PCR products representing parts of specific transcripts were either directly subjected to
sequencing or tested in a sond PTT analysis (see Note 13; ref. 17).

Fig. 3. Identification of a truncating mutation in TSC1 exon 21 by separating the patient’s
alleles after cloning the corresponding RT-PCR products spanning exon 18–23 and identifica-
tion of the mutated transcripts in second PTT reaction. (A) PTT of RT-PCR products of exon
18–23 amplified from patients carrying different insertions in exon 21. Although the causative
mutations are 50 bp apart, translation stops in both cases at the same nucleotide at position
2929 in exon 21, which leads to a polypeptide of about 15 kD. The migration differences are
due to the different C termini of both truncated polypeptides (see Note 12). (B) The RT-PCR
fragment of the patient carrying the 2929insA mutation was cloned in pCR2.1 and individual
clones were tested in a second PTT reaction to separate wild-type and mutated transcripts,
leading to different protein sizes (see Note 13).
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3.12. Sequence Analysis

1. PCR products generated from cDNA, genomic DNA or bacterial clones were purified
using PCR purification kit: add 5 volumes buffer PB to 1 volume PCR product, mix, and
load it onto the column. Centrifuge at 10,000g for 1 min to bind the DNA to the mem-
brane. Wash the DNA on the column with 0.75 mL buffer PE and re-centrifuge. Remove
traces of ethanol contained in buffer PE by centrifuging an additional 1 min. Elute the
DNA with 20 µL 10 mM Tris-HCl pH, 8.5 pipetted onto the membrane and re-centrifuge.

2. The amount of purified PCR product is checked by agarose gel electrophoresis.
3. Purified PCR products were subjected to cycle sequencing reactions:

a. With IRD-700 labeled M13 universal sequencing primers binding to the target sequence
at the end of the chimera gene specific primer (see Table 1; Note 14) using Sequitherm
EXCEL II kit. Combine the following premix: 3.6 µL 3.5X sequencing buffer, 1 µL
(1 pmol) IRD-700 labeled M13 sequencing primer, 50 fmol DNA template diluted to
3.225 µL with H2O, 0.175 µL DMSO, 0.5 µL DNA polymerase. Prepare 1 µL of A, C,
G, and T termination mix placed on ice and add 2 µL of premix. Perform 30 cycles
using the following conditions: initial denaturation at 95°C for 5 min; stage I (10 cycles):
denaturation at 95°C for 30 s, annealing at 57°C for 15 s, elongation at 70°C for 1 min;
stage II (10 cycles): denaturation at 95°C for 30 s, annealing at 60°C for 15 s, elonga-
tion at 70°C for 1 min; stage III (10 cycles): denaturation at 95°C for 30 s, annealing at
63°C for 15 s, elongation at 70°C for 1 min. Add 2 µL stop loading buffer and proceed
with electrophoresis or store at –20 °C. For gel electrophoresis denature at 70°C for
2 min and place on ice. Load 1–2 µL onto a Sequagel sequencing gel containing 6%
PAA (length 41 cm, thickness 0.25 mm). Electrophoresis is carried out with 1X TBE
running buffer at 1500 V, 35 mA, 31.5 W, 50°C using a LI-COR automated sequencer
(MWG Biotech, Ebersberg, Germany).

b. With AmpliTaq FS BigDye Terminator sequencing kit using both amplification prim-
ers in separate reactions (see Note 15): 2.0 µL premix, DNA template (10–50 ng)
diluted to 7 µL with H2O, 1 µL (10 pmol) gene specific primer. Perform 25 cycles
with denaturation at 96°C for 10 s, annealing at 55°C for 10 s, elongation at 60°C for
2 min. To remove unincorporated BigDye terminators we use Dye Ex Spin Kit: resus-
pend the resin contained in the spin column and centrifuge at 750g for 3 min; pipet the
10 µL sequencing reaction directly onto the center of the slanted gel bed surface
and centrifuge at 750g for 3 min; the eluate contains the purified DNA. 4–6 µL of
purified sequencing reactions were diluted with 20 µL H2O, denatured at 90°C for
2 min and analyzed on an ABI 310 automated capillary sequencer.

4. Notes

1. Translational inhibitors like cycloheximide and puromycin have been shown to prevent
nonsense-mediated mRNA decay and have been used successfully in RNA based muta-
tion screening stratgies with several genes like COL1A1, COL6A1, MLH1, HNPCC, APC,
and BRCA1 (18).

2. PHA-stimulated short-term culture has been shown to reduce illegitimate splicing observed
in aged blood in the NF1 gene (19). Moreover, short-term culturing additionally offers the
possibility to prevent NMD by addition of puromycin compared to direct RNA isolation
from peripheral blood without treatment.

3. TRI reagent offers the possibility to simultaneously extract RNA, DNA, and protein. After
adding chloroform to the homogenized sample and centrifugation the mixture separates into
three phases with the aqueous phase containing the RNA, the interphase containing DNA,
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and an organic lower phase containing proteins. To isolate high-quality RNA, it is important
not to transfer any of the other phases before precipitation.

4. Alternatively RNA in H2O can be precipitated with 0.1 volumes 3 M sodium acetate and
2.5 volumes absolute ethanol and stored at –70°C without losing quality after repeated
thawing compared to RNA stored in aqueous solution.

5. For electrophoresis of whole RNA in a 1.2% agarose gel containing 6.3% formaldehyde
dissolve 0.6 g agarose in 36.5 mL H2O and 5 mL 10X MOPS (3-Morpholino-
propanesulfonic acid), heat in a microwave oven, cool down to 55°C, and add 8.5 mL
37% formaldehyde. 1.5 µL of the RNA sample is mixed with 1.5 µL H2O, 7.5µL
formamide, 1.5 µL 10X MOPS, 3.0 µL formaldehyde, and 0.5 µL ethidiumbromide
(0.2%). After denaturation at 65°C for 5 min the sample is mixed with 1.5 µL gel load-
ing dye, loaded into gel lanes and separated at constant 100V for 1 h with 1X MOPS as
running buffer. 28S and 18S rRNA bands are visualized by UV illumination. An
example is given in Fig. 4.

6. cDNA synthesis is performed in parallel with oligo(dT) and random hexanucleotides to
improve the amplification of RT-PCR fragments spread over the entire gene regions and
as an internal control to exclude the detection of illegitimate transcripts.

7. Touch down PCR conditions have additionally been optimized by decreasing denatur-
ation and increasing elongation time.

8. For separation of RT-PCR fragments longer than 1000 bp, we used 1% agarose gels with a
long separation time to achieve a high resolution (Fig. 2B). For shorter subdivided RT-PCR
fragments and genomic exons ranging from 200 bp to 1000 bp, we used 2% agarose gels.

Fig. 4. Extraction of whole RNA from different sources. RNA was extracted from 2 × 105

transformed B lymphocytes, from 10 mL heparinized blood, and from a PHA short term culture
of T lymphocytes with TRI reagent (see Note 2). 1.5 µL of a total of 20 µL isolated RNA was
separated by electrophoresis in an 1.2% agarose gel containing 6.3% formaldehyde (see Note 5).
Concentration of the B cell RNA was measured by UV absorption at 260nm (1 A260 = 40 µg/mL)
and adjusted to 1 µg/µL as a reference. Quality of RNA was checked according to the visibility of
the two bands representing 28S rRNA and 18S rRNA.
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9. Reaction volumes for in vitro transcription/ translation can be reduced to one fourth or
even one-eighth compared to the manufacturer’s protocol.

10. As an alternative to [35S] methionine, y other radiolabeled amino acids such as [3H] leu-
cine, [14C] leucine, or [35S] cysteine recommended by the manufacturer dependent on the
amino acid composition of your protein of interest. We do not have satisfactory experi-
ence with non-radioactive PTT.

11. If the expected size of the wild-type polypeptide extends 50 kD, we use 10% PAA; other-
wise we use 12% PAA gels (compare Fig. 2A with Figs. 1 and 3).

12. Depending on the size of the truncated protein band compared to the wild-type band, it is
possible to estimate the position of the premature stop codon and the position of the caus-
ative mutation, especially if a truncated band is visible in both of two adjacent overlap-
ping fragments (Fig. 1). Sometimes proteins show different migration patterns dependent
on the amino acid composition of the C terminus even if they end with the same premature
stop codon (Fig. 3A). Other exceptions are complex splicing mutations in which the trun-
cated band is misleading (Fig. 2A) and it is necessary to investigate the RT-PCR frag-
ments directly (Fig. 2B) or after cloning.

13. A reliable method to separate the normal and the mutated allele in a heterozygous patient
carrying a truncating mutation has been described in (17). The cloned RT-PCR fragments
are tested in a second PTT reaction in parallel to the directly amplified RT-PCR fragment
(Fig. 3B), and the so-identified clone harboring the mutation can be directly sequenced.

14. For sequencing directly amplified RT-PCR fragments we used fluorescence-labeled prim-
ers and the Sequitherm protocol in combination with a LiCOR sequencer. The more quan-
titative nature offers the possibility to detect transcripts present in a heterozygous patient
even in low amounts and the protocol has proved to be useful for sequencing fragments up
to 1000 bp.

15. For sequencing cloned RT-PCR products, and genomic PCR products we used the BigDye
terminator protocol in combination with an ABI 310 sequencer.

5. Electronic Database Information

Accession numbers and URLs for data in this article are as follows:

1. Online Mendelian Inheritance in Man:
see Website: http://www.ncbi.nlm.nih.gov/omim
For TSC1 [MIM 191100] and TSC2 [MIM 191092].

2. The Human Gene Mutation Data Base, Cardiff (HGMD):
see Website: http://www.uwcm.acuk/uwcm/mg
For TSC1 120735 and for TSC2 120466.

3. TSC Variation Database:
see Website: http://www.expmed.bwh.harvard.edu/projects/tsc_database
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Development and Characterization of Antibodies
that Immunoprecipitate the FMR1 Protein

Stephanie Ceman, Fuping Zhang,
Tamika Johnson, and Stephen T. Warren

1. Introduction

The ability to generate antibodies that recognize a given protein relies on that protein’s
“antigenicity”, i.e., its ability to appear foreign to the host immune system. Thus, proteins
that are highly conserved among species are often poor antigens when used for immuni-
zation (1). This lack of immunoreactivity is not owing to the inherent nature of the pro-
tein; rather, it is because of the mechanism of tolerance, which exists to minimize
autoimmune disease. Immunological tolerance occurs in an organism to prevent the
development of a destructive immune response to self-proteins. It operates by eliminat-
ing or inactivating immune cells that bear receptors that recognize and respond to autolo-
gous protein antigens (2). Thus, it is very difficult to generate an immune response in
mice to either murine (i.e., self) antigens or to highly conserved proteins (1).

One way to circumvent tolerance is to immunize mice in which the gene encoding
that protein has been inactivated or “knocked-out” (3). Such animals will no longer be
tolerized to that protein because it is not expressed and is therefore not involved in
lymphoid education. Such proteins, when used as an immunogen, will be viewed as
foreign by the host immune system. Thus, when knock-out animals are immunized, a
vigorous immune response will be elicited to that protein (4–6).

Our interest in this problem arose from initial, unsuccessful efforts to generate high-
affinity antibodies to the Fragile X Mental Retardation Protein (FMRP). The absence
of FMRP in individuals results in mild to moderate mental retardation; thus, FMRP is
thought to play a role in learning and memory (reviewed in ref. 7). Fragile X syndrome
is one of the most common forms of inherited mental retardation with an estimated
incidence of 1/4000 males and 1/8000 females (reviwed in ref. 8). Individuals with
fragile X syndrome have IQs in the range of 20–60, mildly abnormal facial features of
a prominent jaw and large ears, and macroorchidism in post-pubescent males. Many
patients also display subtle connective tissue abnormalities, hyperactivity, and atten-
tion deficit disorder, and autistic-like behavior (reviewed in 8).

FMRP is highly conserved among species: murine FMRP (Fmrp) is 97% identical by
amino acid sequence to human FMRP (9); chicken FMRP and Xenopus Laevis FMRP are
92% and 86% identical, respectively, to human FMRP (10,11). This high conservation of
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FMRP among species suggests that it plays an important function in many different
organisms, but also confounds the development of high-affinity antibodies.

Our goal was to generate monoclonal antibodies (MAbs) that had high enough affin-
ity to facilitate immunoprecipitation of both mouse and human FMRP. Such antibodies
would be used for biochemical characterization of FMRP, as well as for the develop-
ment of an enzyme-linked immunosorbent assay (ELISA) to be used for patient screen-
ing. Both polyclonal and monoclonal anti-FMRP antibodies had been developed in the
past (12); however, these antibodies have only been useful for intracellular staining
and for probing Western blots, they were not able to capture the native protein from
tissue. Toward this end, we have now developed two immunoprecipitating antibodies,
7G1-1 and 6G2 using the approach outlined in Fig. 1.

1.1. Immunization

1.1.1. Bleeds

Before undertaking any work in animals, the investigators need to have their experi-
mental protocol approved by the animal care committee at their specific institution.
The sera from the mice will be analyzed before and during the immunization protocol.
It is desirable to obtain a serum sample before immunization, which will be referred to
as the “pre-immune” bleed to determine the baseline antibody activity or background
levels in the screen.

1.1.2. Immunization with the Antigen

To elicit antibodies, the antigen first must be introduced in the presence of an adju-
vant that elicits a vigorous immune response (reviewed in [13]). Because of its efficacy
and low toxicity, we chose to use TiterMax® and have essentially followed the
manufacturer’s instructions. It is important to have milligram quantities of purified
protein for both the immunizations and screening.

1.2. Screening by ELISA for the Presence of Antibodies

It is critical that a reliable screen for antibody-detection is developed before the
immunizations begin. ELISAs are often used because large numbers of samples can
be screened quickly. The basic principle is shown in Fig. 2A. The wells of a plate are
coated with the immunizing protein antigen. The serum or supernatant to be tested is
added to the coated plate. The interaction between the coating protein and antibody is
visualized by adding an enzyme-conjugated second antibody that recognizes mouse
immunoglobulin. The assay is then developed with a colorimetric substrate, an example
of which is shown in Fig. 2B.

1.3. Fusion

Splenocytes, the B cells producing antibodies, are only viable for approx 7 d in
culture; thus, they are “immortalized” by fusion to a myeloma that has two important
characteristics: 1) it is deficient for an enzyme in the purine salvage pathway, HPRT;
and 2) it is unable to produce antibody (reviewed in [13]). After fusion, the unfused
tumor cells are killed in “HAT” medium, which is toxic for the HPRT-deficient cells.
The only cells able to survive after 7 d will be the hybridomas, because the B cells
provide HPRT and the tumors cells provide the genes for continuous cell division in
tissue culture.
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1.4. Single-Cell Cloning

Each well of the plated-out fusion will contain more than one hybridoma, many of
which may not be making any antibody. These “nonproducing” cells tend to grow faster
than the antibody-producing cells, thus, it is essential that wells that are positive in the
screen be subcloned immediately so that each well contains only one hybridoma. Poisson
statistics indicate that if < 22% of the wells have growing cells (which is the proportion
of positive wells one would expect if .3 cell per well were seeded with a 100% cloning
efficiency), then 88% of these wells have only one clone (14). Because hybridomas rarely
have 100% cloning efficiency, i.e., the ability to grow-up from a single cell, more cells
need to be seeded in each well to derive a reasonable number of growing clones.

Fig. 1. Time line for monoclonal antibody (MAb) production. Ideally, the procedure can
take approx 9–10 wk. The mice are immunized on d 0 and d 7 and the sera are screened for
antibody production on d 14. Sero-positive mice are boosted again on d 28 intraperitonealy and
on d 29 intravenously. On d 32, the splenocytes are harvested and fused to form hybridomas,
which are screened 7–10 d later. Positive wells must be subcloned by limiting dilution, which
will take an additional 3–4 wk.
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Fig. 2. Screen for antibody production. (A) Schematic of a capture ELISA where the pro-
tein of interest (FMRP) is bound to the well. The sample containing the antibody of interest
(α-FMRP antibody) is depicted bound to FMRP. This interaction is visualized by addition of
an antibody that recognizes murine antibodies, which is conjugated to an enzyme (alkaline
phosphatase �) able to form a colorimetric product, which is read at an absorbance of 405.
(B) Example of an ELISA. Each hybridoma supernatant is indicated on the left and was
tested in triplicate. The addition of hybridoma culture media alone is shown in the upper left-
hand triplicate. The degree of shading correlates with intensity of the interaction between
FMRP and the hybridoma supernatant, which was measured at an of absorbance 405. We
found that the most strongly reactive supernatants in the ELISA correlated with the ability to
immunoprecipitate. (C) An immunoprecipitation experiment with the candidate hybridoma
supernatants 7G1-1 and 67A, and the commerically available anti-Flag antibody (Sigma),
which recognizes an epitope tag engineered into the Fmr1 gene (17) immunoprecipitates
Flag-FMRP and was used as a positive control. Lanes 1, 3, and 5 show the immunoprecipita-
tion (IP) using the three antibodies. Lanes 2, 4, and 6 are the antibodies alone. The heavy
chain of the antibodies is indicated on the right (Ig heavy chain) as is the position of FMRP
and the undenatured antibody (Ig dimer). The presence of FMRP is visualized with the 1C3
antibody (12), which recognizes Fmrp in a Western blot.
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1.5. Immunoprecipitation

To test whether the antibodies are able to immunoprecipitate FMRP, the antibodies
are first captured from the supernatant by rotating with agarose beads coupled to pro-
tein G, a recombinant bacterial protein that binds the Fc portion of most immunoglobu-
lin molecules (reviewed in [15]). It is then determined whether FMRP can be captured
from cellular lysates by the antibody-coupled beads in a process referred to as immu-
noprecipitation. The success of this experiment is determined by Western blotting,
which requires a second antibody to FMRP (12). An example of this experiment is
shown in Fig. 2C.

2. Materials

Special equipment needed for this work include a laminar flow hood to create a sterile
work environment for the cell culture and a 5% CO2, humidified, 37°C incubator. For the
ELISAs, it is useful to have the Spectra MAX 340 plate reader from Molecular Devices
or comparable equipment and an attached computer with the SOFT MAX software.

2.1. Bleeds

1. Extract of wintergreen (local pharmacy).
2. Blood collection tubes (Microtainer Brand Serum Separator Tubes, Becton Dickinson).

2.2. Immunization

1. TiterMax adjuvant, 18 gauge double-hub emulsification needle, all-plastic syringes
(CytRx Corp., Norcross, GA, USA).

2. PBS: 137 mM NaCl, 2.7 mM KCl, 0.6 mM Na2HPO4, 1.5 mM KH2PO4.

2.3. ELISA

1. 96 well Nunc-immunosorb ELISA plates (Fisher, Pittsburgh, PA, USA).
2. 10% milk solution in PBS made with powdered milk purchased from a grocery store. We

use Carnation brand powdered milk.
3. Tween-20 (Fisher).
4. Rabbit anti-mouse antibody, conjugated to alkaline phosphatase (Zymed, San Francisco,

CA, USA).
5. Alkaline phosphatase substrate (BioRad, Hercules, CA, USA).

 2.4. Fusion

1. 4 push pins.
2. 150 mm and 100 mm petri dishes.
3. Teri towels.
4. 3cc syringes, 18 1/2 gauge needles and 27 1/2 gauge needles.
5. Styrofoam block (15-mL conical tube holder).
6. DMEM, sodium pyruvate, penicillin/streptomycin (Gibco-BRL, Rockville, MD, USA)

Grow all cell lines in DMEM, 10% fetal calf serum (FCS), 1 mM Na pyruvate,10 mM

HEPES, and 100 U/mL of penicillin/streptomycin.
7. DMEM with 10% FCS, 8-azaguanine (Sigma, St. Louis, MO, USA).
8. HAT medium: DMEM with 10% FCS, 0.01 mM hypoxanthine (Sigma), 0.4 µM aminop-

terin (Sigma), 16 µM thymidine (Sigma), and 3 µM glycine.
9. Multi-channel pipettor (Flow Laboratories, McLean, VA, USA).

10. PEG-4000 (ATCC, Gaithersburg, MD, USA).
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11. Fusion partner cell line, SP2/0Ag14 (ATCC).
12. Three sets of sterilized scissors and forceps.

2.5. Single-Cell Cloning

1. 96-well, flat-bottom plates.
2. HT medium: DMEM with 10% FCS, 0.01 µM hypoxanthine (Sigma), and 16 µM thymi-

dine (Sigma).

2.6. Immunoprecipitation

1. Protein G agarose (Roche, Indianapolis, IN, USA).

3. Methods

3.1. Immunization

3.1.1. Bleeds

1. Obtain 5–10 knock–out mice (16), approx 2 mo in age (see Note 1).
2. The underside of the tail is vaso-dialated by applying extract of wintergreen topically or

by heating with a lamp.
3. Nick the underside of the tail with a razor blade. Have a blood collection tube ready to

catch the drops of blood (50–100 µL). Tape a piece of gauze over the cut to stop the
bleeding, which is removed after 1 d.

4. Sera is prepared from the blood as described (13). First incubate the blood at 37°C for 1 h
with occasional flicking to dislodge the blood clot. The tube is then transferred to 4°C for
2–16 h and spun at 10,000g for 10 min at 4°C. The serum is removed from the pellet and
spun a second time for 10 min and stored at –20°C.

3.1.2. Immunization with the Antigen

1. Warm the adjuvant (TiterMax®) to room temperature and then vortex for 30 s.
2. Dissolve the immunizing protein in PBS.
3. Prepare an emulsion of adjuvant and antigen by first loading a syringe, which is all-plas-

tic, through an 18 gauge needle with 0.5 mL of adjuvant.
4. Load a second syringe with half of the total antigen volume: in this case, 0.25 mL.
5. Remove the needles and connect the two syringes by an 18-gauge double-hub emulsify-

ing needle.
6. Push the antigen into the adjuvant first, mixing the adjuvant with the antigen by forcing

the solution back and forth through the needle for approx 1 min. It is important to push the
antigen into the adjuvant first so that the aqueous phase enters the oil phase.

7. After 1 min, take the syringes apart and load the empty syringe with the remaining 0.25 mL
of antigen. Reconnect and emulsify for another min. It will become difficult to continue
mixing when the antigen-adjuvant is properly prepared, as it has the consistency of whipped
cream (see Note 2).

8. Load the antigen/adjuvant mixture into a 28-gauge hypodermic needle and deliver 25 µL
into two sites subcutaneously at the base of the tail (see Note 3).

9. The yield of antigen/adjuvant will be approx 30%, thus, this protocol gives enough to
immunize 6 mice.

10. Fourteen d later, repeat steps 1–10.
11. Twenty-one d later, collect serum from each animal and assay for the presence of antibod-

ies to the antigen of interest. Use the same assay that will be used to screen the hybridomas
by ELISA.
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12. Three to four wk after the last boost but 5 d before harvesting the spleen, inject the
animal previously identified as making antibody intraperitonealy with 20–100 µg of
soluble antigen (no adjuvant) (see Note 4). On the second d, immunize the animals
intravenously with soluble antigen (see Note 5). On the fifth d, harvest the splenocytes
for fusion.

3.2. Screening by ELISA for the Presence of Antibodies

1. Coat a 96-well immunosorb plate with 50 µL of 2.5–10 µg/mL of soluble protein antigen
in PBS overnight at 4°C. Dispense the protein with a multi-channel pipet.

2. The next d, remove the antigen and block the plate for 30 min at room temperature (RT)
with 10% milk in PBS.

3. Wash the plate 2× with 150 µL/well of PBS /0.2% Tween-20 and 1% milk,
4. Add 50 µL of the samples to be tested for the presence of antibodies to the wells. For

antisera, initially set up 1/5 dilutions; for hybridoma supernatants test them undiluted.
Incubate at room temperature for 2 h.

5. Wash the plate 2× with 150 µL/well of PBS/0.2% Tween-20 and 1% milk.
6. Add 50 µL of a rabbit a mouse antibody conjugated to alkaline phosphatase at a dilution of

1/1000. Incubate this reaction in the dark RT for 1–2 h.
7. Wash the plate 3× for 3 min each with 150 µL/well of PBS /0.2% Tween-20 and 1% milk.
8. Add 100 µL/ well of the alkaline phosphatase substrate.
9. Incubate at RT in the dark until a bright yellow color develops (2–60 min) (see Note 6).

10. Stop the reaction by adding 100 µL/ well of 0.4 M NaOH. Read the plate at 405–420 nm
using the plate reader.

3.3. Fusion

1. The mouse myeloma, SP2/0Ag14, is used as a fusion partner. To insure that it is still
HPRT-, culture it for a few wk in 20 µg/mL of 8 azo-guanine (see Note 7).

2. To prepare the spleen cells, the mouse is sacrificed by either cervical dislocation
or asphyxiation with CO2 outside of the tissue-culture area. Place the mouse in a
150-mm dish and douse with 70% ethanol. Place the mouse on its back on the styrofoam
block, which has been covered with a teri towel. Use the push pins to anchor all four
paws such that the abdomen of the mouse is clearly exposed. Place the mouse in the
laminar flow hood.

3. Use the first set of sterile instruments to snip the skin near the throat (not the underlying
musculature) and peel the skin down toward the tail, off of the abdomen. Wipe away any
hair with a sterile 70% ethanol swab. Use the second set of sterile instruments to open the
body cavity and locate the stomach on the left side of the mouse. The spleen is a dark red
long oval organ underneath the stomach. Use the third set of instruments to remove the
spleen to a sterile 100 mm petri dish. Dissect away the fat.

4. Add 5 mL of DMEM with no serum (wash medium) to the petri dish containing the spleen.
Cut off one end of the spleen. Fill a 3-cc syringe with an 18 1/2-gauge needle and then
change to a 27 1/2-gauge needle for the perfusions. While holding the spleen with the for-
ceps, perfuse the spleen with media, washing the splenocytes out the open end.

5. Repeat until the splenic capsule appears clear of splenocytes.
6. Finally, bend the 27 1/2-gauge needle on the bottom of the petri dish so that it is at a 90°

angle to the syringe and use it to massage any remaining splenocytes from the spleen.
7. Transfer the splenocytes to a 50-mL conical tube, increase the volume to 50 mL with wash

medium (DMEM without serum or additives) and count. Pellet the splenocytes at 400g for
5–10 min (see Note 8).
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8. Resuspend the splenocytes in wash medium and pellet. Simultaneously, melt the PEG-
4000 by placing it in a 50°C water bath. Once it is melted, place it at 37°C and add an
equal volume of DMEM, serum-free. Place this 50% solution at 37°C.

9. Resuspend the splenocytes and the fusion partner, SP2/0Ag14, which has been washed
once in wash media, at 108 cells/mL in wash medium.

10. Mix 108 SP2/0Ag14 with 2 × 108 splenocytes. Spin at 400g for 5 min and remove the
media. Wash again with wash media and pellet the cells. Remove the media.

11. Disrupt the cell pellet by tapping the tube.
12. Over a period of 1 min and with gentle mixing using the pipet tip, add 1 mL of a 50% PEG

4000 solution to the cells.
13. Continue stirring for an additional min.
14. Fill a 10-mL pipet with wash medium and add 1 mL to the cell suspension over the next

min, while continuing to stir with the end of the 10 mL pipet. Add the remaining 9 mL
over the next 2 min with stirring. Centrifuge the cells at 400g for 5 min.

15. Remove the supernatant and resuspend the cells in 12 mL of DMEM with 20% FCS,
pen/strep and HAT with glycine as described in the Methods section. Dispense 100 µL
of cells using a multi-channel pipetor into the wells of ten, 96-well, flat-bottom plates.
Place at 37°C in a CO2 incubator.

16. Clones should be visible by eye between d 7 and 10 (see Note 9).
17. Begin screening by ELISA between d 7 and 14 after fusion.

3.4. Single-Cell Cloning

1. Once a positive well is identified, it should be expanded into a single well of a 24-well
dish. At this time the hybridomas can also be weaned from the HAT media by growing
them in media containing only hypoxanthine and thymidine (HT medium).

2. Once the 24-well plate is confluent, count the number of cells using a hemacytometer.
3. Prepare 10 mL of cells at 50 cells/mL and 10 mL of cells at 5 cells/mL. Then seed a 96-well

plate at 200 µL/well, thus, the top half of the plate will contain 10 cells/ well and the
bottom half will contain 1 cell/well.

4. After 7–10 d, count the number of wells containing colonies—note whether they appear to
be single colonies or multiple colonies in one well. Use the screening assay (ELISA) to
check the supernatants of the wells for the presence of antibody.

5. Reclone the positive hybridoma clones by seeding two new 96-well plates at 0.3 cells/
well. Repeat the screening assay and expand the positive clones (see Note 10).

3.5. Immunoprecipitation

1. Couple 50 µL of 50% Protein G agarose solution to 1 mL of hybridoma supernatant by
rotating this solution for ≥ 0.5 h at 4°C.

2. Prepare a cellular lysate by washing in PBS approx 5 × 106 cells which express the protein
of interest. Alternatively, approx 300 µg of tissue extract can be used (see Note 11).

3. After a lysate is prepared, the antibody-coupled beads are spun down by briefly centrifug-
ing 3–5 s at 6000g. The supernatant is removed and the lysate is added.

4. Rotate mixture at 4°C for ≥ 2 h.
5. Pellet the antigen-antibody coupled sepharose and wash with 1 mL of lysis buffer.
6. Discard the supernatant and repeat the wash.
7. Resuspend the antigen-antibody coupled sepharose in SDS sample buffer, boil and resolve

the proteins on an SDS-PAGE gel and perform standard Western blotting procedures.
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4. Notes

1. Clearly identify each animal by ear punch, for example, animal #1 will have no punch, #2
will have a single punch in the left ear, and so on.

2. To test whether the adjuvant is sufficiently emulsified, it can be transferred to a 27-gauge
needle and expressed onto the surface of water. If it spreads and mixes with the water, it is
not sufficiently mixed. Reconnect the syringe to the double-hub needle and mix for another
min. If the emulsion is performed correctly, the mixture will remain separate from the
water and maintain its shape.

3. Subcutaneously is between the skin and the underlying musculature. It is most accessible
by tenting the skin first by pinching the skin with your fingers.

4. Intraperitonealy is in the abdomen. Scruff the mouse and flip it over so its belly is up.
Inject off of the midline.

5. Intravenously is often done through the tail vein. This is a difficult procedure and best
performed by a trained animal technician.

6. Place the plate in a drawer on a piece of white paper and check it every 2 min.
7. SP2/0Ag14 cells divide more than once every 24 h and must not be overgrown when used

for fusions. They should be in logarithmic growth phase for use.
8. Cells are usually pelleted in a clinical centrifuge which may not have a ‘g-force’ conver-

sion. Use 1000–1500 rpms.
9. Carefully hold the plate up to the light, looking up through the bottom of the wells. Take

care not to tip the plate, as media on the lid is a vector for contamination to enter the wells.
10. Many investigators add feeder cells (i.e., peritoneal wash-out cells, or splenocytes) to

produce conditioned media that seems to enhance hybridoma growth and cloning. How-
ever, the addition of cells can sometimes be a source of contamination, thus, as a source
of conditioned media, we have harvested the supernatants from cultured splenocytes,
filter-sterilized it, and used it to supplement the single-cell cloning experiments. The
following is a protocol for obtaining peritoneal wash-out cells. Peritoneal cells are
obtained from normal mice by flushing the peritoneal cavities with 3–4 mL of 0.34 M
sucrose that has been filter-sterilized. The mouse is sacrificed, dipped in 70% ethanol,
and laid on its back on toweling in a laminar flow hood. A snip is made in the skin
between the hind legs and the skin is peeled forward. A pair of forceps is used to hold up
the thin musculature over the abdomen and the sucrose can then be injected and with-
drawn. Be careful not to puncture the gut. The peritoneal washes are pooled and centri-
fuged and plated at approx 2 × 104 cells/well.

11. The amount of lysate will vary depending on how abundant the protein is and where in the
cell it is located, for example, nuclear proteins usually require 3 times as much lysate.
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Immunological Methods for the Analysis
of Protein Expression in Neuromuscular Diseases

Mariz Vainzof, Maria Rita Passos-Bueno, Mayana Zatz

1. Introduction

Protein studies are of utmost importance for enhancing our understanding of
genotype:phenotype correlations, as well as for diagnostic purposes. This is particu-
larly true for the study of neuromuscular diseases, where defects in protein expression
directly contribute to the ethiology of disease.

Different approaches have been used for studying proteins, including assays for spe-
cific biological activities and methods for the detection and localization of the whole or
part of a protein. The development of sensitive techniques to allow the measurement of
very small amounts of proteins are very important, and the use of antibodies that react
specifically with entire proteins or specific epitopes became the preferred used meth-
odologies (1).

Studies of protein on unfixed frozen sections represent a close approximation to the
situation in vivo, because they are in an almost native form. Immunohistochemical
analysis of proteins can provide us with information about their localization in tissues
or cell structures, and the presence or absence of specific epitopes. In contrast, assess-
ment of tissue proteins by Western blot analysis, allows one to study denatured pro-
teins. Through this methodology, it is possible to assess the presence of a specific
protein (band visible or not), its size (through migration distance) and approximate
amount (density of the band) (2).

1.1. The Muscular Dystrophies

Duchenne (DMD) and Becker (BMD) muscular dystrophies are allelic conditions
caused by mutations in the dystrophin gene, at Xp21 (3–5). The limb-girdle muscular
dystrophies (LGMDs) include a heterogeneous group of progressive disorders mainly
affecting the pelvic and shoulder girdle musculature. The inheritance may be autosomal
dominant (LGMD1) or recessive (LGMD2). Clinically, LGMD ranges from severe
forms with onset in the first decade and rapid progression, to milder forms with later
onset and slower progression (6). During the last decade, at least 15 LGMD genes, six
autosomal dominant (AD) and nine autosomal recessive (AR), have been mapped. The
AD forms are relatively rare and probably represent less than 10% of all LGMD (6,7).



356 Vainzof et al.

The six AD-LGMD forms are: LGMD1A at 5q22, coding for the protein myotilin (8,9),
LGMD1B at 1q11, coding for lamin A/C (10), LGMD1C at 3p25 coding for caveolin-3
(11–12), LGMD1D at 6q23 (13), LGMD1E at 7q (14) and LGMD1F at 5q31 (15).

Up to now, nine AR forms have been mapped and with the exception of LGMD2H
at 9q31-33 (16) and LGMD2I, at 19q13.3 (17), all the others have had their protein
products identified. Four of them, mapped at 17q21, 4q12, 13q12 and 5q33, encode
respectively for α-sarcoglycan (α-SG), β-SG, γ-SG and δ-SG, which are glycoproteins
of the sarcoglycan sub-complex of the dystrophin-glycoprotein complex (DGC)
(18,19). Mutations in these genes cause, respectively, LGMD2C, 2D, 2E and 2F and
constitute a distinct subgroup of LGMDs, the sarcoglycanopathies (20–33). The three
other identified forms are LGMD2A, at 15q15.1, coding for calpain 3 (34–35),
LGMD2B, at 2p31, coding for dysferlin (36–37) and LGMD2G, at 17q11-12, coding
for the sarcomeric telethonin (33,38) (Fig. 1).

Protein studies through the analyses of the expression of the proteins of the DGC
and of the sarcomere, are of utmost importance for the diagnosis and elucidation of the
physiopathology of these diseases. This chapter will focus on immunological methods
for the analysis of protein expression in neuromuscular diseases.

2. Materials

2.1. Antibodies for Neuromuscular Disorders

Most antibodies against muscle proteins are now commercially available. Novacastra
(Newcastle, UK) is offering the antibodies developed by Louise V.B. Anderson, from

Fig. 1. Schematic representation of proteins from the dystrophin-glycoprotein complex,
sarcolemmal, sarcomeric, and cytosolic proteins involved in the different forms of neuro-
muscular disorders. (See color plate 10 appearing in the insert following p. 82)
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Newcastle (UK). Dystrophin (3 different domains), the 4 sarcoglycans, β-dystroglycan,
calpain 3, dysferlin, α2-laminin, and emerin.

Additionally, Chemicon, Gibco (USA) has antibodies for the different domains of
merosin, while Transduction Laboratories (USA), antibodies for caveolin 3. Sigma
also commercializes some antibodies for dystrophin.

Secondary antibodies: for immunohistochemistry, a secondary antibody against the
immunoglobulin G (IgGs) of the species in which the primary antibody was raised
(anti-mouse, rabbit, sheep, goat) is used, conjugated to fluorochromes, such as fluores-
cein, rodamin, texas, CY3, and so on (see Note 1). For double reactions, it is important
to use fluorochromes that do not have overlapping wave lengths. For Western blotting,
the secondary antibodies can be conjugated to enzymes, such as peroxidase, or alkaline
phosphatase. All are commercially available.

2.2. Tissue Sample

 Immunological studies of proteins can be done on a wide range of different tissues
and cells. In neuromuscular disorders they are done in muscle samples usually obtained
through open biceps biopsies, under local anesthesia. Commonly, 3–5 small fragments
of 5 × 5 mm are incised. Three fragments, maintaining the orientation of the fibers, are
mounted on a cork, using OCT-tissue Tek as crio-protector, and frozen in liquid nitro-
gen. These fragments are used for morphologic and in situ studies on sections. The
other 2–3 fragments are quickly frozen in liquid nitrogen, and stored in an eppendorf
tube, for protein extract preparations.

The fragments can be stored both in liquid nitrogen or at –70°C until use. Muscle
biopsies stored up to 12 yr in our lab, have been maintained in good conditions.

A routine histological and histochemical analysis is done in all muscle samples (39).

2.3. Apparatus

The BioRad mini Protean II 16 cm system, with 1.5 mm spacers and 15-wells combs,
have been used for electrophoresis, while the mini-Transblot Western blotting system
from BioRad or other suppliers have been used for blotting.

For electrophoresis, as well as for electro-blotting, any power supply with 250V/ 500mA
is suitable.

Small additional facilities, such as a boiling water bath, microcentrifuge, gel dryer,
and rocking table, are also necessary.

For densitometric analysis, several densitometric softwares are commercially avail-
able. An Imaging Densitometer with software and SCSI card for use with a PC com-
puter is supplied by BioRad.

2.4. Solutions and Buffers

It is highly recommended all chemicals and reagents to be as pure as possible. Only
distilled deionized water should be used for preparing all reagents. Additional require-
ments are liquid nitrogen and Ponceau S (from Sigma). For nitrocellulose, we use the
hybond C-extra filter (Amersham, USA) .

1. Phosphate buffered saline (PBS)-S, pH 7.3: 137 mM NaCl, 2.7 mM KCl, 4.3 mM

Na2HPO4, 1.4 mM KH2PO4

2. Prepare fresh daily: 5% horse serum (Sigma) 0.05% Triton X-100.
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3. Solubilization solution (stock solution): 1% sodium dodecyl sulfate (SDS) (see Note 2),
10 mM EDTA, 0.1 M Tris, pH 8.0. Filter and store at room temperature

4.  1M DTT: Aliquot (1 mL eppendorf and store at –20°C)
5. Prepare fresh: 5 mL Solution 3 + 0.05 mL solution 4.
6. Sample buffer (2X): 0.130 M Tris , 20% glycerol, correct pH to 6.8 (HCl), 4% SDS,

2% β-mercaptoetanol, 1 mg bromophenol blue; aliquot and freeze (–20°C ).
7. Separating gel buffer (4X) : 1.5 M Tris, 0.4% SDS, pH 8.7 (correct with HCl). Filter and

store at room temperature.
8. Acrylamide stock (30%:0,8% cross linker) (see Note 3): 30% acrylamide, 0.8% bis-

acrilamide. Filter and store in a dark bottle in a refrigerator.
9. Ammonium persulfate 10%: prepare fresh daily.

10. Stacking gel buffer (4X): 0.5 M Tris , 0.4% SDS, pH 6.8. Filter and store at room temperature.
11. Electrophoresis buffer (5X): 0.125 M Tris, 0.96 M glycine, 0.5% SDS, pH 8.3.
12. Staining solution: 0.05% Coomassie blue, 25% mL isopropanol, 10% acetic acid. Filter

and store in a dark bottle at room temperature.
13. Destaining solution: 7.5% acetic acid , 5% methanol.
14. Transfer buffer (10X): 25 mM Tris, 250 mM glycine, 0.24% SDS.
15. Prepare freshely: 1X transfer buffer, 20% methanol.
16. Ponceau S (Sigma) 20%. It can be used several times.
17. TBS (10X): 150 mM NaCl, 10mM Tris, pH 7.5, filter, and autoclave.
18. Washing solution (TBS-Tween- TTBS): 1X TBS, 0.05% Tween 20.
19. Blocking solution: 5% non fat milk in TBS, filter, add 1% human (or horse) serum; aliquot

(5 mL) and freeze (–20°C).
20. Antibody buffer: Dilute the buffer-milk 5% to 1%, 1% of human serum (or horse serum),

0.05% Tween 20; aliquot (5 mL), and freeze (–20°C).
21. Alkaline Phosphatase (AP) buffer: 1M Tris, 1M NaCl, 1M MgCl2·6H2O, pH 9.5.
22. NBT-Nitro-blue-Tetrazolium : 33 mg/mL in DMF (N,N-Dimethylformamide) 70%.
23.  BCIP- 5-Bromo-4-Chloro-3-indolyl Phosphate: 16.5 mg/mL DMF 100%.
24. Reaction solution: 5 mL AP buffer + 0.5 mL NBT + 0.5 mL BCIP.

3. Methods

3.1. Immunohistochemistry

We use previously described routine methodologies (40, 41), with some small adap-
tations, as follows:

1. Muscle sections of 5– 6 mm thick are cut in a cryostat microtome and mounted in slides
coated with polylisine (see Note 4).

2. The sections can be stored and maintained at –70°C, wrapped in cling-film, until use.
3. Before use, slides are defrosted and allowed to air dry at room temperature for 1 h.
4. The sections are incubated with PBS-S for 10 min (see Note 5).
5. The PBS-S is removed, by inclining the slide and surrounding the section with a Kleenex

paper.

3.1.1. Incubation with the First Antibody

Dilution of primary antibodies: it depends on the specificity of each antibody (see

Note 6) (monoclonal antibodies [MAbs] can be diluted between 1/5 to 1/20 and
polyclonal antibody [PAb], between 1/100 to 1/2000) (see Note 7).

1. The dilution of the antibody is done in PBS-S in the previously tested concentration.
2. The antibody is quickly centrifuged (3 min, 18,000g)
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3. 20–30 µl of the antibody is applied to sections, which are covered with a cover-slide and
incubated for at least 1 h (see Note 8).

4. After incubation, the antibody is removed and the sections are washed 3–4 times for 10 min
with PBS-S.

5. Incubation with the second antibody, usually diluted 1/200, is done for 1 h.
6. The sections are washed again 3–4 times for 10 min with PBS-S
7. The sections are mounted with Vectashield mounting medium for fluorescence (Vector).
8. The slides can be stored at 4°C for several wk.
9. The analysis is done in a microscope with epi-fluorescence, using specific filters for each

fluorochrome.

3.1.2. Double Immunofluorescence Analysis

This methodology is adapted from the single immunofluorescence (IF) and has been
used routinely in our laboratory, when two different antibodies, made from different
animals, such as an N-terminal dystrophin antibody made in rabbit, and a C-terminal
made in mouse, are available (42). This procedure allows to detect the presence and
possible co-localization of two proteins, or two different epitopes of a specific protein
in exactly the same section.

1. Two primary antibodies are mixed, maintaining their original concentrations tested before
use (see Note 9).

2. The sections are incubated with the primary antibodies, during the period of time previ-
ously tested for single reactions.

3. The sections are washed 3 × 10 min with PBS-S.
4. The sections are incubated with a mixture of the 2 secondary antibodies, as for example,

anti-rabbit conjugated to fluorescein and anti-mouse conjugated to texas red or CY3 (1 µL
of each in 100 µL of PBS-S), for 1 h.

5. After 3 × 10 min washes, the sections are mounted in vectashield mounting medium.
analyzed under the fluorescent microscope, by changing filters: a green color is seen for
the N-terminal region of dystrophin, and a red color for the C-terminal region of
dystrophin. The results are illustrated in Fig. 2A.

For the control of the plasma membrane and basal lamina preservation, it is also
recommended to study dystrophin through a double reaction, with an antibody for a
muscle membrane protein, such as β-spectrin, and α2-laminin (41).

3.2. Western Blot Methodology

The most used analytic methodology is based on the SDS-Polyacrlyamide gel Elec-
trophoresis (SDS-PAGE) of proteins, with the methodology described by Laemmli
(43), and Western blotting according to Towbin et al. (44).

The electrophoresis of proteins is carried out in polyacrylamide gels under conditions
with strong anionic detergent SDS in combination with a reducing agent and heat, which
dissociates the proteins into their individual polypeptide subunits. The denatured
polypeptides bind SDS—proportionally to their molecular weight—become negatively
charged, and the complex migrates through polyacrylamide gels in accordance to the
size of the polypeptide (1).

The SDS-PAGE is carried out with a discontinuous buffer system, with different pH
and ionic strength in the buffer, in the reservoirs, and in the one used in gel. When an
electric current is passed between the electrodes, the applied proteins in the sample are
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separated according to their molecular weight (MW). The ability of discontinuous
buffer systems to concentrate all the complexes in the sample into a very small volume
greatly increases the resolution of SDS-PAGE (1).

Subsequently, the electrophoretically separated proteins are transferred from the gel
to a nitrocellulose filter, and are probed with antibodies. The bound antibody is detected
by one of several secondary immunological reagents, such as anti-immunoglobulin
coupled to horseradish peroxidase or alkaline phosphatase.

The technique is very sensitive and because electrophoretic separation of proteins is
almost always carried out under denaturing conditions, problems of solubilization,
aggregation, and co-precipitation of the target protein are minimized. On the other hand,
individual immunoglobulin may preferentially recognize a particular conformation of
its target epitope, and consequently, not all monoclonal antibodies [MAbs] are suitable
for use as probes in Western blots, where the target proteins are denatured (2).

Many different methodologies have been published, but the one used in our lab is
based on the methodologies described by Zubrzycka-Gaarn et al. and Bulman et al.
(45–46), with some modifications adapted from Ho-Kim et al. (47).

3.2.1. Preparation of the Sample

1. Small fragments of muscle tissue (~50 mg) are crashed, in a liquid nitrogen bath. The
frozen muscle powder is transferred to an eppendorf tube (always maintained frozen).

2. The sample is immediately homogenized with 100–200 µL of boiling solubilization solution.

Fig. 2. Dystrophin analysis through the use of N-terminal and C-terminal antibodies.
(A) Double imunohistochemical analysis in a normal control, and in DMD, BMD and LGMD
patients. Note the revertent positive fibres in the DMD patient, and the weaker pattern of
labeling in the BMD patient. (B) Western blot analysis in the same patients, showing no
427 kDA band in DMD, a double 400/250 band (with N-term antibody) in patient BMD1, who
has a deletion of exons 45–48, normal bands in a LGMD patient, a band with a smaller size
(410 kDa) in patient BMD2, and a weaker 427 kDa band in patient BMD3. (See color plate 10
appearing in the insert following p. 82)
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3. The sample is placed in boiling water for 2–5 min, vortexing and crashing the extract with
a small rod several times during the boiling process and spun in an eppendorf micro-
centrifuge for 15 min at 18,000g.

4. The supernatant is separated (muscle extract) and protein amounts are measured using
routine methodology for quantifying proteins.

5. The extract samples are aliquoted, pipeting 50 µg of proteins (in a volume up to 10 µL)
and adding the same volume of sample buffer (2X).

6. The samples are placed in boiling water-bath for 2 min just before applying.

3.2.2. Preparation of the Gel

1. The inner surfaces of glass plates should be well cleaned with alcohol, assembled in cas-
settes, and placed in casting stand.

2. The gel mixture is prepared, according to the size of the protein to be studied (see Table 1).
3. For 2 gels: 20 mL of the resolving gel and 5 mL for the stacking gels are used.
4. The resolving gel is poured into the cassette, avoiding bubbles and leaving about 4 cm on

the top for the stacking gel and combs.
5. About 2–3 mL of water across the top of the gel is pipeted gently.
6. The gel is placed in a vertical position at room temperature and allowed to set for ~1 h (see

Note 11) .
7. When ready, the water from the gel is poured, and drained with folded filter paper.
8. The stacking gel is prepared and poured in the cassettes (see Table 2).
9. The combs are gently inserted, avoiding bubbles.

10. The gel is placed in a vertical position at room temperature and allowed to set for ~45 min.
11. The combs are removed, and the wells are rinsed out with water.

Table 1
Gel Mixture Preparation

Gel concentration 6% 10% 13%

H2O 10.85 mL 8.3 mL 6.2 mL
Separating buffer (4X) 5 mL 5 mL 6 mL
Acrylamide 4 mL 6.7 mL 8.7 mL
TEMED 5 µL 5 µL 5 µL
APS 10% (see Note 10) 150 µL 150 µL 150 µL

      Use Dystrophin Multiplex Calpains Sarcoglycans

Table 2
Stacking Gel Mixture Preparation

Gel concentration Stacking 4%

H2O 3.175 mL
Stacking buffer (4X) 1.25 mL
Acrylamide 0.575 mL
TEMED 3.75 µL
APS 10% 6.25 µL
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3.2.3. Running the Gel

1. The cassettes are fit in the central core of the electrophoresis tank and the upper chamber
is filled with reservoir buffer, diluted 1/10.

2. 20 µL/lane of the samples are applied to the bottom of the wells.
3. A known molecular weight marker is also applied in the first lane of the gel.
4. The cassettes/upper tank unit is placed in the main tank, topped up with reservoir buffer,

and the lid is put on.
5. They are run at 70–80 V, for approx 2 h, until the samples reach the lower part of the gel.
6. When finished, the power supply is turned off, and the gel cassettes are removed and

processed for staining or blotting steps.

3.2.4. Staining/Destaining the Gel

For each new muscle sample, first stain the gel with Coomassie blue, to evaluate the
quality of the extract and the amount of muscle proteins, such as myosin.

1. The gel is put in a glass recipient, covered with Coomasie blue staining solution, and left
shaking for 1 h at room temperature.

2. The stain is removed (and can be saved for future use).
3. The gel is briefly washed with water.
4. Destaining solution is added, soaking the gel.
5. Three to four sheets of Kleenex paper are added (see Note 12), and the glass recipient is

covered with film and incubated under agitation, overnight.
6. All the color will be taken off, and the bands on the gel will be evident.

3.2.5. Western Blotting the Gel

1. The assembling of blotting is previously prepared as follows:
2. The nitrocellulose membrane is first immersed in the transfer buffer, for 1 h.
3. Each blotting “sandwich” is assembled, as follows, on the black negative side of the cassette:

a. Soaked Scotch Brite pad.
b. Soaked 3 sheets of Whatman filter paper.
c. Gel.
d. Soaked nitrocellulose filter.
e. Soaked 3 sheets of Whatman filter paper.
f. Soaked Scotch Brite pad.

4. The absence of air bubbles between the gel and the nitrocellulose is avoided by gently
rolling with the fingers over the last filter paper layer. The sandwich is closed.

5. The cassettes are inserted into the blotting tank, being careful with the negative (black)
and positive (red) terminal markers.

6. All the cube is inserted in a refrigerator (or cold-room) and connected to the power sup-
ply: 100 V - 250 mA for 1 h.

7. After 1 h, the power supply is switched off and the cassettes are opened.
8. With a pencil, the upper and bottom part of the blot are marked (this is important for

calculating the MW).
9. The nitrocellulose blots are removed and dried between paper towels, in a 37°C oven,

overnight. This step is very important for fixing the proteins on the membrane.

3.2.6. Pre-Staining the Blot

1. The blots can be stained with total protein reversible stain Ponceau S for evaluation of the
quality of the transfer.

2. The blots are immersed in the Ponceau S solution for 15 min, with gentle agitation.
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3. The Ponceau S is taken out and the blots are washed 3 times with water and dried between
two sheets of filter paper.

4. The lanes are identified and the blots are scanned or photographed.

3.2.7. Reacting the Blot with Antibodies

1. The blots are placed in well-sealed plastic bags.
2. All the next steps are done with the blots inside plastic bags, at room temperature and

gentle agitation.
3. The blots are first destained with TBST-washing solution, which removes the Ponceau S.
4. Unreacted binding sites on the nitrocellulose are blocked by incubation in blocking buffer

solution for 1 h, at room temperature.
5. The blocking solution is removed, and the blots are washed briefly with washing buffer

and incubated with the primary antibody.
6. The time of incubation depends on the quality of the antibody, varying between 1 h and 12 h.
7. The dilution of the antibodies also depends on their concentration and quality. MAbs are

usually diluted 1/10–1/20, whereas PAbs 1/100–1/1000.
8. The antibody is removed from the bag (see Note 13), and the blots are washed 3–4 times

for 15 min with TBST.
9. The blots are incubated for 1 h with the secondary antibody (anti-immunoglobulin accord-

ing to the animal in which the antibody was made, anti-mouse, anti-rabbit, anti-sheep).
10. Usually, the concentration is 1/1000, for alkaline-phosphatase conjugated antibodies.
11. The antibody is removed and the blots are washed 3–4 times for 15 min with TBST.

3.2.8. Revealing the Reaction on Blots

1. The blots are briefly washed with water and incubated with the staining reaction, shaking
it while the development of color occurs (1–5 min).

2. Bands of purple color will appear in the expected MW and are analyzed for presence of
the protein, its size, and its abundance.

3.2.9. Analysis of the Protein

According to the analyzed sample, the protein band may be normal, abnormal in size
or intensity, or absent.

3.2.9.1. ANALYSIS OF THE PROTEIN SIZE

The relative mobility of a protein is determined by measuring the distance from the
top of the resolving gel to the protein band and dividing by the distance from the top to
the bottom of the gel run. These measures are compared in a curve where the log10 of
the polypeptide molecular mass is plotted against the Rf obtained running a standard
serie of proteins of known size (2).

In some cases, when a small reduction on the MW of a protein should be confirmed,
the patients’ sample can be mixed with a normal control protein and blotted. In this
case, a double band should appear.

3.2.9.2. ANALYSIS OF THE PROTEIN ABUNDANCE

The blot is scanned and submitted to densitometric analysis, using commercial den-
sitometry packages. The amount of the pathological band must be compared to a nor-
mal control band run in the same blot.

Because pathological muscle can contain fat and connective tissue, a correction of
the true muscle proteins loaded must be done, routinely using the myosin heavy chain
on the Ponceau pre-stained blot.
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3.2.9.3. MULTIPLEX BLOT

The blot can be probed with a mix of several different antibodies, for proteins of
different MW, and reacted together. This methodology is very efficient for extensive
screening of muscle proteins deficiencies in large samples of muscle biopsies, as illus-
trated in Fig. 3.

3.3. Results

3.3.1. Xp21 Muscular Dystrophies

Dystrophin, the primary defect in Xp21 MD, is a large 427 kDa rod-shaped
subsarcolemmal protein, coded by a gene on chromosome X. The amino terminus of
dystrophin binds to actin, and the carboxyl terminus, which is rich in cysteine, links
dystrophin to a complex of glycoproteins in the sarcolemma (18,19,48). This
dystrophin-glycoprotein complex (DGC) is vital for normal muscle functioning.
Dystrophin deficiency causes the Duchenne/Becker muscular dystrophies (3,4).

The DGC forms a bridge across the muscle membrane, between the inner cytosquele-
ton (dystrophin) and the basal lamina (merosin). It is accepted that the DGC stabilizes
the sarcolemma and protects muscle fibers from long-term contraction-induced damage
and necrosis. The DGC comprises the dystroglycan (DG), the sarcoglycan (SG), and the
syntrophins/dystrobrevin subcomplexes (Fig. 1). In addition to the mechanical and struc-
tural function of the dystrophin- glycoprotein complex (DGC), it has been recently
shown that this complex might play a role in cellular communication (49), as well as
interacting with the sarcomeric network, through the binding of dystrophin to F-actin
(see revision in ref. (50)).

About two-thrids of the DMD patients have a detectable frame-shifting deletion in
the dystrophin gene, while the remaining have nonsense point mutations or small dele-

Fig. 3. Multiplex Western blot analysis for dystrophin (30 kDa antibody), dysferlin, and calpain
in a normal control and in patient with LGMD2A, 2B, BMD, and DMD. The arrows are indicat-
ing the altered proteins bands. (See color plate 10 appearing in the insert following p. 82)
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tions or rearrangements. All these mutations lead to the deficiency of the protein
dystrophin in the muscle (5).

Dystrophin double IF studies have been done in more than 400 DMD patients from
our laboratory. Almost all DMD patients are classified as dystrophin deficient using
the C-terminal antibody. However, a variable proportion (4 – 30%) of revertent
dystrophin positive isolated or grouped fibers are usually observed in the majority of
them, mainly with the N-terminal antibody (Fig. 2A). This small amount of dystrophin
is observed as faint bands on WB (Fig 2B), but with no correlation with the clinical
course (40,51). Counting of the number of native revertent fibers is very important, due
to the possibility in the future of therapeutic trials with the replacement of dystrophin
competent genes.

Patients with an intermediate clinical phenotype between DMD and BMD (outlier
patients) usually show the same dystrophin deficient pattern as typical DMD.

In 100 patients affected by BMD, IF showed a positive pattern in about 90% of the
cases, with a variable degree of patchiness (Fig 1C). However, some mildly affected
patients showed a significant deficiency of dystrophin, while some severely affected
patients showed high amount of the protein in the muscle (52) (Fig. 2). In addition,
BMD patients with mutations of exons 45–49 often present two bands of dystrophin,
using N-terminal antibodies (53).

3.3.2. Sarcoglycanopathies

The four known components of the SG complex include α-SG, β-SG, γ-SG, and
δ-SG. They are assembled in a complex that is inserted into the membrane. Mutations
in any one of the 4 SG proteins lead to sarcoglycanopathies: LGMD2C, 2D, 2F and 2E,
which are relatively common LGMD forms among the more severely affected patients
(54). Many different mutations have already been identified in all 4 sarcoglycan genes,
including missense, splicing, nonsense, small and large gene deletions are listed on the
Internet (see Website: http:// www.nl.dmd).

In the majority of muscle biopsies from patients with a primary sarcoglycanopathy,
the primary loss or deficiency of any one of the four sarcoglycans, in particular of
β- and δ-SG, leads to a secondary deficiency of the whole subcomplex (Fig. 4)

(7,49,55–58). However, exceptions may occur, such as the finding of a deficiency of
γ-SG with a partial preservation of the other three SG in LGMD2C (57) or the partial
deficiency of only α-SG with the retention of the other 3 in LGMD2A (56,59). These
findings also have important implications for diagnosis as they may indicate which
gene should be first screened for mutations.

An important observation is the secondary reduction in dystrophin amount that may
be seen in patients with primary sarcoglycan mutations, particularly in patients with
primary γ-SG deficiency, leading to the suggestion that γ-SG might interact more
directly with dystrophin (57). Therefore, dystrophin deficiency may occur in non
Becker MD, which should be taken in consideration for differential diagnosis.

3.3.3. Calpainopathy

Calpain 3, the calcium activated neutral protease 3, is the muscle-specific 94 kDa
enzyme that binds to titin. As a cysteine protease, it plays a part in the disassembly of
sarcomeric proteins, but it may also have a regulatory role in modulation of transcrip-
tion factors. The loss of its function leads to activation of other proteases.
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Mutations in the calpain 3 gene at 15q15 may cause deficiency of the protein and
LGMD2A (34). LGMD2A patients present a wide range of distinct pathogenic muta-
tions distributed along the entire length of the calpain 3 gene (35). Interestingly, screen-
ing of Brazilian LGMD2A patients showed some prevalent mutations concentrated in
three exons (60).

The study of calpain 3 protein in muscle can only be done through WB, because the
available antibodies do not react on sections. A first trial can be done through the mul-
tiplex WB analysis for dystrophin, dysferlin, and calpain (Fig. 3). If a reduction is
suspected, a new blot specific for calpain antibodies is done (13% gel), and the pres-
ence of the three possible bands is analyzed (Fig. 5 ). The analysis of calpain on blot is
not easy, since degradation of the muscle extract is frequently the cause of doubtful
results. Calpain in LGMD2A patients can show a total, partial, or no deficiency at all,
and no direct correlation has been observed between the amount of calpain and the
severity of the phenotype. Very low levels or no expression of calpain 3 was seen in
European and Brazilian patients with a clinical course varying from mild to severe
(61,62). LGMD2A patients with missense mutations may present faint 94kDA calpain
3 bands (61), suggesting that some mutations may affect the protein function, which is
not removed from muscle.

A normal amount of calpain was found in sarcoglycanopathies (61,62), as well as
normal SG proteins in LGMD2A (57), suggesting no direct relation between calpain 3
and the sarcoglycan complex. In addition, normal calpain bands in LGMD2G patients
suggest no correlation with telethonin as well (63).

However, an unexpected reduction of calpain 3 was observed in LGMD2B patients,
suggesting a possible association between calpain 3 and dysferlin, which requires further
studies (62,64).

3.3.4. Dysferlinopathies

Dysferlin, coded by a gene on 2p12-14, is an ubiquitously expressed 230 kDa mol-
ecule that is localized in the periphery of muscle fibers, linked to the sarcolemmal

Fig. 4. IF analysis for dystrophin and the 4 sarcoglycans proteins in a control, in one LGMD2C,
and one LGMD2E patients. (See color plate 10 appearing in the insert following p. 82)
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Fig. 5. Western blot analysis for calpain3, in a 13% gel, showing the three detectable calpain
bands in the controls, a total deficiency in the LGMD2A patient on the left, and a partial defi-
ciency in the LGMD2A patient on the right. (See color plate 11 appearing in the insert follow-
ing p. 82)

membrane. Two distinct phenotypes are associated with mutations in this gene: Miyoshi
myopathy, which is a predominantly distal muscle wasting (37), and LGMD2B, with a
proximal weakness (36). Only a few mutations have been identified, due to the large
size of the dysferlin gene (55 exons), and no apparent hot spot for mutations. There-
fore, muscle protein analysis is very helpful.

Protein analyses in LGMD2B have shown a total deficiency of dysferlin, both
through immunofluorescence and western blot (Fig. 6). Although a partial deficiency
has been reported in LGMD2B patients (65), dysferlin deficiency seems to be specific
to LGMD2B in our patients, and has not been seen as a secondary effect in other forms
of MD (66). Dysferlin is an ubiquitously expressed protein, and can be detected also in
the skin and in corionic villus biopsy (Fig. 6).

In DMD and sarcoglycanopathies, a normal localization and molecular weight (MW)
for this protein was found, suggesting no interaction between dysferlin and the DGC.

3.3.5. Telethoninopathy

The sarcomere is the unit of skeletal and cardiac muscle contraction. In the past few
years, there have been many studies focusing the role of skeletal and cardiac muscle
proteins (67,68). Mutations in several sarcomeric proteins such as telethonin (33),
myotilin (9), actin (69), tropomiosin 3 and 2 (70,71), nebulin (72), troponin T1 (73),
have been associated to human muscle diseases. We have recently detected one
nemaline myopathy affected patient, with a deficiency of only the SH3 domain of
nebulin, through Western blot analysis (74).
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The role of the majority of these proteins is still unknown. However, their presence
in affected patients with the aforementioned conditions suggests an essential role in the
constitution of the sarcomere, since total deficiencies are probably incompatible with
life. New methodologies to detect possible alterations in sarcomeric proteins have to be
developed to elucidate their role.

Telethonin is a sarcomeric protein of 19 kD, present in the Z disk of the sarcomere of
the striated and cardiac muscle (38). Mutations in the telethonin gene at 17q cause
LGMD2G (33). Telethonin was found to be one of the substrates of the serine kinase
domain of titin, that acts as a molecular ruler for the assembly of the sarcomere by
providing spatially defined binding sites for other sarcomeric proteins. The specific
function of telethonin and its interaction with the other proteins from the muscle is still
unknown.

Protein analysis in 6 LGMD2G Brazilian patients, from four unrelated families,
showed deficiency of telethonin in all of them (Fig. 7), associated with frameshifted
mutations in the LGMD2G gene. The possibility of other mutational mechanisms in
this sarcomeric gene associated with the presence of the protein in the muscle cannot
be ruled out yet.

Additional protein studies in these patients have shown normal expression for the
proteins dystrophin, sarcoglycans, dysferlin, calpain, and titin. Immunofluorescence
analysis for α-actinin-2 and myotilin showed a cross-striation pattern, suggesting that
at least part of the Z-line of the sarcomere is preserved. Ultra-structural analysis con-

Fig. 6. (A) Dysferlin through IF analysis showing the normal sarcolemmal pattern in the
control muscle, the positive labeling in the normal villus and in skin, the negative pattern in the
muscle from one LGMD-2B affected patient. (B) Multiplex Western blot analysis for dysferlin
(with dystrophin, at 427 kDa), showing the presence of the dysferlin 230 kDa band in the
normal villus sample, in the control, and in the LGMD-2A patient, and no dysferlin band in the
LGMD-2B patient. (See color plate 11 appearing in the insert following p. 82)
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firmed the maintenance of the integrity of the sarcomeric architecture. Therefore,
mutations in the telethonin gene do not seem to alter the sarcomere integrity (63).

Telethonin was clearly present in the rods, in muscle fibers from patients with
nemaline myopathy, confirming its localization in the Z-line of the sarcomere. The
analysis of telethonin on muscle biopsies from patients with LGMD2A, LGMD2B,
SGpathies, and DMD showed normal localization, suggesting that the deficiency of
calpain, dysferlin, sarcoglycans, and dystrophin does not seem to alter telethonin
expression (63).

3.3.6. Caveolin 3 Deficiency

Caveolin3 is the protein present in the Caveolae, small invaginations in the plasma
membrane that are present in most types of cells, and is probably involved in signal
transduction.

Mutations in the caveolin-3 gene (CAV-3) with a negative dominant effect and
reduction of the protein expression cause autosomal dominant LGMD1C muscular
dystrophy (11). It has been suggested that CAV-3 mutations might also cause the
AR-LGMD form (12). However, recent screening for mutations in the CAV-3 gene
in 61 Brazilian LGMD patients and 100 normal controls has not confirmed the exist-
ence of the AR caveolin deficiency (75).

3.3.7. Congenital MD with Merosin Deficiency

Laminin 2 is a constituent of the basal lamina, which links to dystroglycan and which
provides structural support in the extracellular matrix. It is composed by three chains:
α-2, β-1 and γ-1. Laminin α-2 deficiency due to mutations in the LAMA2 gene at 6q2
is the cause of the autosomal recessive Congenital MD (76,77). Laminin α2 is totally
deficient in muscle biopsies from patients with the severe typical congenital dystrophy
phenotype. However partial deficiencies have been described in patients with hetero-
geneity in the clinical picture (Fig. 8) (78,79). The protein is ubiquitously expressed,
and may be detected in skin biopsy (80) as well as in chorionic villus, which is a very
useful test for prenatal diagnosis (81,82) (Fig. 9).

We have studied 20 patients affected by the typical form of congenital MD, and
detected a total deficiency of laminin α2, using both the 80 kDa and 300 kDa antibod-
ies. In patients with partial deficiency, usually the 300 kDa antibody shows a more
deficient pattern (83). We also have recently detected a partial deficiency of only the
300 kDa α2-laminin antibody in 5 patients with the classical LGMD clinical course
(84–86). Screening for mutations in the LAMA2 gene will elucidate the primary or
secondary etiology of these deficiencies.

3.3.8. Protein Study for Differential Diagnosis

Testing for defective protein expression is a powerful tool for deciding where to
start the search for gene mutations (Fig. 9)

In adult MD forms, multiplex Western blot analysis for dystrophin, calpain, and
dysferlin has shown to be very useful for preliminary screening of muscular dystrophy.
With the exception of calpain 3, which may occur as a secondary effect of a dys-
ferlinopathy, dysferlin and telethonin deficiencies seem to be the consequence of their
respectively primary gene defect. Therefore the absence of dysferlin or telethonin on
muscle biopsy strongly suggests a diagnosis of LGMD2B or LGMD2G, respectively.
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Fig. 8. IF analysis for α2-Laminin with antibodies against the 80 kDa and 300 kDa frag-
ments showing the pattern in a normal control, the positive pattern in a normal villus, the total
deficiency, through the two antibodies in one CMD severely affected patient and one patient
with partial deficiency. (See color plate 11 appearing in the insert following p. 82)

Fig. 7. Double IF analysis for α-actinin 2 (a positive marker of Z-band of the sarcomere),
and telethonin in one control and one LGMD-2G patient. Note the sarcolemmal deficiency of
telethonin in the patient. Some unspecific reaction are commonly seen in the nucleus, which
requires further studies. (See color plate 11 appearing in the insert following p. 82)

If no protein or DNA alterations are found in patients with clinical diagnosis of
LGMD, the possibility of spinal muscular atrophy (SMA) should be considered, due to
the clinical overlap of these diseases.

Patients with suspected Xp21 dystrophy are first tested for deletions in the dystrophin
gene, a less invasive test. The identification of a molecular deletion will confirm the
diagnosis of DMD/BMD. If no deletion is detected (about 40% of the cases), muscle
proteins are analyzed in an attempt to elucidate the possible diagnosis.
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Dystrophin is the first protein to be tested, using N- and C-terminal epitopes anti-
bodies, in a double reaction. A significant deficiency of dystrophin is suggestive of
DMD or severe BMD. Complementary WB analysis will confirm the amount of present
protein, and a possible prognostic.

If dystrophin is present through IF analysis, an autosomal form is suspected and
complementary studies for α-SG and γ-SG in a double reaction with a N-terminal anti-
body for dystrophin is done. If a deficiency of any of the SG is detected, additional
studies for β-SG and δ-SG are done, to confirm a possible sarcoglycanopathy. For the
final diagnosis of a SGpathy, mutation screening should start with α-SG since this is
the most prevalent sarcoglycanopathy. If γ-SG is predominantly absent, a γ-sarcogly-
canopathy should be suspected first.

Additional IF study for α2-laminin, using the 300 kDa antibody, should be done in
more severely affected patients. A total or partial α2-laminin deficiency is comple-
mented with the study through additional antibody (80 kDa) against the N-terminal
region. The study of α2-laminin in a double reaction in all patients is also very useful
for the control of sarcolemmal integrity.

4. Notes

1. New fluorochromes, which are very bright and maintain the fluorescence for a longer
time, have been developed by the Alexis Company.

2. Use pure SDS (for electrophoresis) from only one manufacturer. Pattern of migration of
polypeptides may change quite drastically when SDS from different manufacturers is
used (1).

3. Acrylamide and bisacrylamide are potent neurotoxins, which are absorbed through the
skin. Their effect is accumulative and skin contact must be avoided.

4. Ready made slides are commercially available (FisherScientific, PA, USA).
5. The suggested time of incubation is the minimum required, but it can be longer, according

to the efficacy of the antibody.
6. Even if the dilution of the antibody is suggested, each laboratory must establish and adapt

its own methodology.
7. Dilutions of primary or secondary antibodies must be done freshly and the centrifuging

of the diluted antibody before use is highly recommended, which make the reaction
more specific.

8. Depending on the quality of the antibody, an overnight incubation is recommended.
9. It is also necessary to test the specificity of the mixture of the two antibodies, because

sometimes the double reaction may not work.
10. Polimerization will begin as soon as APS has been added. Therefore, swirl the mixture

rapidly and pour the solution into the gap between the glass plates.
11. When the gel is polymerized, the two layers become again visible.
12. This absorbs the stain as it leaks from the gel.
13. Primary antibodies can be frozen and re-used several times.
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