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ABSTRACT
The purpose of this study was to develop a SNaPshot® assay to simultaneously
discriminate between the dystrophic and wild type (wt) alleles in mdx mice. The mdx
mouse is an animal model for Duchenne muscular dystrophy (DMD), a severe and fatal
muscle wasting disease. To evaluate possible treatments and to carry out genetic studies,
it is essential to distinguish between mice that carry the mutant dystrophic or wt allele(s).
The current Amplification-Resistant Mutation System (ARMS) assay used to genotype
mdx mice is labor intensive and sometimes fails to yield typing results, which reduce its
efficiency as a screening tool. An alternative assay based on single nucleotide
polymorphism (SNP) extension technology (i.e., SNaPshot®) would be advantageous
because its specificity and capability to be automated would reduce the labor involved
and increase the fidelity of each assay. A SNaPshot® assay has been developed that
provides a robust and potentially automatable assay that discriminates between the wt and
dystrophic alleles. The assay has been optimized to use: an undiluted DNA in the PCR, a
0.1 µM PCR primer concentration, a full PCR product for the SNP extension reaction, a
50ºC annealing temperature for the SNP extension in accordance with standard
SNaPshot® conditions, and a 0.4 µM concentration of the SNP extension primer. The
advantages of the resultant SNaPshot® assay over the ARMS assay include higher
fidelity, robustness, and more consistent performance within and among laboratories, and
reduced risk of human error.
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CHAPTER 1: INTRODUCTION
Introduction
Duchenne muscular dystrophy (DMD) is a severe and fatal muscle wasting
disease, which is the result of the loss of a key membrane associated protein known as
dystrophin. Determination of disease mechanisms and efficacy of treatments is not
readily accomplished using human subjects with DMD. Instead, dystrophic animal
models, such as mdx mice, are used. Similar to human DMD, the mdx mouse lacks
dystrophin. The first mdx mutant was characterized by its increased level of serum
creatine kinase (CK) [1]. Overt disease onset occurs at ~21 days of age [2]. The disease is
characterized by centralized nuclei, cyclic degeneration and regeneration of muscle
fibers, and an increase of inflammatory markers [3]. This phase of the disease mimics the
pathology of DMD. Mdx skeletal muscles, including the diaphragm, are more susceptible
to contraction-induced injury than wild type (wt) muscles [4]. Though the mdx
phenotype does not exactly mimic the human dystrophic phenotype, the cost, size, ease of
husbandry and genetic tractability of the mdx mouse makes it an indispensable tool in the
study of DMD [5]. Therefore, the mdx mouse is the most widely used model of DMD [6]
[1]. The mdx genotype, or allelic makeup, results from a naturally occurring single point
mutation in exon 23 of the dystrophin gene of C57Bl/10 mice [7]. An allele is a different
or alternative form of a gene. In mdx mice the phenotype, or set of observable physical
characteristics, is less severe than in human DMD, and therefore presence of the disease
is not easily detected by visual inspection of affected mice. For this reason, the mice must
be genotyped to discriminate the dystrophic and the wt alleles.
The Amplification Refractory Mutation System (ARMS) assay has been used to
genetically type the mutation in the dystrophin gene in an mdx mouse. However, it is a
manual process that requires multiple reactions and can only be run under a limited range
of conditions. Often, the more manual manipulations an assay has the greater is the
variation in quality of results within and among laboratories that use the assay, and the
chance for human error increases with the degree of manipulations. The ARMS assay
requires primers specific for each allele with mismatches at the penultimate base at the 3′

1

end of the primer, which inherently reduces robustness. The assay traditionally uses
agarose gel electrophoresis for the identification of allelic variation. The preparation and
sample loading of the gels are both done manually, which may contribute to the
variability in quality of the results. The ARMS assay requires that both the wt and
mutant primers must be used in separate amplification reactions for each sample [8]. The
amplified products for each sample are then run in separate wells. As a result, the ARMS
assay may not be cost-effective or efficient to screen large numbers of samples. The
manual nature of the ARMS assay makes it better suited for low-to-moderate throughput. Overall, based on personal experience, the ARMS assay is more susceptible to
performance variation than more current molecular biology techniques.
Primer extension or mini-sequencing [9] is one method that can reduce some of
the limitations of the ARMS assay discussed above, which include quality consistency,
specificity, and lack of automation. A commercially available kit, SNaPshot® (Applied
Biosystems, Foster City, CA), provides the reagents necessary to carry out a primer
extension assay. The extended SNP primer is detected by laser-induced fluorescence
while electrophoretically migrating through a capillary [10]. Multiple SNPs can be
assayed simultaneously by using different wavelength (i.e., color) fluorophores and
different length SNP extension primers to distinguish various SNP sites [11]. The ability
to use capillary electrophoresis with SNaPshot® and its multiplex nature make primer
extension a potentially high-throughput assay.
Automation allows for a greater number of samples to be screened at a given
time. SNaPshot® can be used to type up to ten SNPs, or point mutations, at once [11].
An additional advantage of the SNaPshot® assay is its robustness, leaving it less
susceptible to variation in performance than the ARMS assay. Automation also allows
for a more consistent quality of analysis as it reduces human skill and performance
variability from the process. Additionally, by minimizing human intervention the
potential for typing errors can be reduced.

Statement of Problem
Over the past two and half years I have genotyped over 1000 mice from our
colony at Virginia Tech using the ARMS assay. Other graduate students who have
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performed the ARMS assay and I have witnessed non-specific binding of primers and
failure to obtain results on a regular basis. In an academic setting, students are constantly
cycling in and out of laboratories. Whenever new and potentially inexperienced people
take on the responsibility of performing an assay their skill level will vary, often being
lower, with respect to the students or lab technicians who performed the same assay
before them.
If a laboratory relies on the ARMS assay to correctly genotype mice, it can take
time to train new people to perform the assay. If the assay fails due to a lack of
robustness, research time could be lost. The quality of data might also be called into
question. The reanalysis of samples due to genotyping errors or assay failures results in
the use of more reagents and requires additional labor. If mouse lines are incorrectly
genotyped the purchase of new breeder pairs may be necessary. All of these potential
problems could increase the cost of genotyping both in time and expense. For more
information on the cost analysis of the ARMS assay compared to the SNaPshot® assay,
see appendix A.
The SNaPshot® assay has several advantages over the ARMS assay. SNaPshot®
can be run under a wider range of conditions, which include different annealing
temperatures, DNA concentrations, primers and varying primer concentrations, yet still
yield viable results. The ARMS assay is more sensitive to variation in analytical
conditions, which leaves it more susceptible to performance variation. The SNaPshot®
assay has been used to detect a number of different SNPs, and has been shown to provide
a consistent and reliable genotyping assay [12] [13] [14] [15].
As a result of the robust nature of the SNaPshot® assay, the study described
herein was to develop a method to discriminate between the dystrophic and wt alleles in
mdx mice. A novel SNaPshot® assay was optimized to detect the wt allele in normal
mice and the dystrophic allele in mdx mice. The assay is based on the C to T mutation at
position 572 in exon 23 of the murine dystrophin gene.

3

Hypotheses
1. The ARMS assay has inherent limitations which can lead to
performance variability that could result in possible genotyping errors.
2. The commercially available SNaPshot® kit (Applied Biosystems) can be
used to develop a potentially more robust assay than the current ARMS
assay, which can then be used to genotype mdx and wt mice based on the
mutation present in the dystrophin gene in mdx mice.
The quick and accurate identification of the mutant allele in the dystrophic model,
mdx mice, is needed for their use in DMD research. Research completed with this model
may help in the discovery of cures and/or treatments to alleviate the symptoms of this
debilitating disease.
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CHAPTER 2: REVIEW OF LITERATURE
Duchenne Muscular Dystrophy
Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disease in
humans affecting one in 3500 live male births [16], and is the most severe of the
muscular dystrophies [17]. DMD was first described in 1852 by an English physician,
Edward Meryon, and then later named after a French neurologist, Guillaume Duchenne,
after he published a series of articles describing the disease [18]. Clinical onset of DMD
occurs at two years of age [19]. Boys experience difficulties with rising to a standing
position. To stand, they use Gower’s maneuver, where they walk their hands up their legs
to straighten their torso [20]. Boys also experience trouble with running and are often
wheelchair bound by the age of 12 [21].
Cardiac, smooth, and skeletal muscles are all affected in DMD, though skeletal
muscle is affected most severely. Skeletal muscles are susceptible to contraction-induced
injury and go through cycles of degeneration and regeneration.

Dystrophic muscle

satellite cells have a defect in their capacity to proliferate and eventually the population
of satellite cells in dystrophic muscle is exhausted [22]. The defect in muscle satellite
cells eventually results in deposition of fibrous and adipose tissue that replaces skeletal
muscle tissue [23].
Though muscle wasting is the most striking aspect of DMD, the retinas and brains
of DMD patients may also lack dystrophin. Though visual acuity is not affected in
dystrophic boys, the electrical response of light-sensitive cells in the eye can be affected
[24]. The absence of dystrophin from the cerebral cortex and cerebellum in DMD patients
[25] can result in severe to no mental retardation. The severity is thought to depend on
which of the dystrophin promoters is affected by mutation at the DMD gene locus that
encodes the dystrophin protein [24] [26]. Although there are many tissues affected by the
absence of dystrophin, the limb, diaphragm and cardiac muscles all progressively
atrophy. Death often occurs in the early twenties due to respiratory or cardiac failure.
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The role of Dystrophin at the sarcolemmal membrane
The dystrophin isoform in skeletal muscle is a 427 kDa protein comprised of 3685
amino acids [27]. It is localized near the cytoplasmic face of the sarcolemmal membrane
[28] where it is associated with the dystrophin glycoprotein complex (DGC) [29]. The
DGC is a multi-protein complex which links the actin cytoskeleton to the extracellular
matrix (ECM) [29]. Besides dystrophin, additional proteins in the DGC include the
sarcoglycans, dystroglycans, dystobrevins, syntrophin, sarcospan, caveolin-3 and nitric
oxide (NO) synthase [30]. The DGC, in conjunction with costameres, is believed to be
involved in maintaining structural integrity of the cell and is also thought to participate in
multiple signaling pathways [31] [32] [33]. Whenever the dystrophin protein is absent
from the cell, as in DMD or mdx muscles, the other DGC proteins are also absent (Figure
1). This suggests dystrophin anchors the DGC proteins to their normal location in and
surrounding the membrane [34].

Figure 1. Dystrophin stabilizes the membrane. Dystrophin, attaches to the actin cytoskeleton, to
provide a link to the extracellular matrix via its association with β-dystroglycan. β-dystroglycan
binds to α-dystroglycan in the membrane which then binds to a laminin receptor (merosin) in the
extracellular matrix. The loss of dystrophin leads to the loss of other members of the DGC.
Additional proteins in the DGC that are absent in DMD patients and mdx mice include dystrobrevin,
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the sarcoglycans, the syntrophins, and the dystroglycans. neuronal Nitric Oxide Synthase (nNOS),
dystrobrevin (DB) [34].

Dystrophin
Gene
Dystrophin is the largest gene identified in the human genome with 79 exons that
encode a 14-kb mRNA product [30] [35]. It is located on the X chromosome at Xp21
where it spans over 2.4 MB [30]. Its location on the X chromosome makes DMD an Xlinked, or sex-linked, disorder, meaning the gene affected is found on a sex chromosome.
There are two sex chromosomes, the X chromosome and the Y chromosome. Females
have two X chromosomes while males have an X and a Y chromosome. The Y
chromosome contains little genetic information, while the X chromosome contains many
genes [36]. This is the reason why only males are affected with DMD and women are
carriers. Female carriers of DMD have an alternative X chromosome with a functional
dystrophin gene, which can compensate for the mutated dystrophin gene. Due to gene
inactivation in certain cells, females can still present with minor symptoms. Males do not
have an alternative, compensatory dystrophin gene.
Dystrophin is composed of 79 exons [37]. The large size of the dystrophin gene
is thought to be the primary reason for the high incidence of DMD, because mutations
can occur at multiple locations within the gene [35]. However, the utrophin gene, a
homologue to dystrophin, while only a third of the size of dystrophin, is a still a very
large gene [38]. Yet, naturally occurring mutations have not been observed in the
utrophin gene (for more information on utrophin see Appendix C). This indicates that
another factor besides gene size may be at least partially responsible for the high
mutation rate.
The large size of the gene also allows for alternative splicing to take place;
creating different isoforms of the dystrophin protein (Figure 2). There are seven
different promoters in the dystrophin gene which give rise to seven protein isoforms,
which are tissue specific. These include Purkinje, retina, Schwann, general, brain and
muscle isoforms [37], [39]. Three promoters give rise to the full-length isoforms of the
protein found in the brain, muscle and Purkinje fibers. Four internal promoters give rise
7

to shorter dystrophin proteins, which lack the actin-binding terminusnormally present in
the full length product and skeletal muscle isoforms. The shorter isoforms include
Dp260, Dp140, Dp116, and Dp71. Dp260 is expressed in the retina, along with the brain
and muscle isoforms. Dp140 is also expressed in the brain and retina, but also in the
kidneys. Dp116 is expressed in peripheral nerves, and Dp71 is detected in almost all
tissues but skeletal muscle [24]. The structural and functional role of the shortened
isoforms has not been completely characterized [40].

Figure 2. The dystrophin gene gives rise to seven separate isoforms. There are three full length
isoforms: brain, muscle, and Purkinje, and four shorter isoforms (as noted), which arise from
internal promoters. Brain (B), Muscle (M), Purkinje (P), Retina (R), Brain3 (B3), Schwann (S),
General (G), Dystrophin protein (Dp). The numbers after DP indicate the size of the protein in
kilodaltons [24] . Used with permission of Elsevier publishing.

Mutations in the dystrophin gene leading to DMD result from duplications and
deletions, with deletions being the most common [41]. These mutations can occur
anywhere in the gene, but occur more readily in specific regions called hotspots. One
hotspot exists at the 5′ end of the gene and includes exons 2-19. The other hotspot is
8

found in the middle of the gene and includes exons 45-55 [42] [24]. The sites of these
hotspots are similar to regions of meiotic recombination in the dystrophin gene of healthy
individuals. Based on the length of the dystrophin gene, recombination events occur four
times more frequently than would be expected. This suggests the mechanisms of both
recombination events in the dystrophin gene of healthy individuals and deletions in
dystrophin gene of dystrophic individuals may be related [42].
A direct correlation with the number of bases affected by a mutation and the
severity of the disease has not been found. The reading-frame hypothesis provides a
rationale for why some mutations in the dystrophin gene result in DMD while others
result in Becker’s Muscular Dystrophy (BMD). BMD is a less severe myopathy affecting
only one in 30,000 males in which truncated forms of the dystrophin protein, which are at
least partially functional, are still produced [24]. The hypothesis suggests severity of the
myopathy is dependent on the deletion, or duplication, disrupting the reading frame. The
reading frame is the series of non-overlapping triplet codons in the DNA sequence, which
are translated into amino acids. Disruption of the reading frame could lead to premature
stop codons and nonsensical protein products. Keonig et al. analyzed 258 deletions in the
dystrophin gene and found the mutation correlated to the phenotype in accordance with
the reading-frame hypothesis 92% of the time [41]. One possible reason for exceptions
to the reading-frame hypothesis is exon-skipping in which exons with the mutation are
skipped during transcription. The result of exon-skipping can be a partially functional
dystrophin protein [43].

Protein
The isoform of the dystrophin protein found in the muscle, which is expressed in
skeletal, cardiac, and smooth muscles and the brain, belongs to the spectrin superfamily
[44] [41]. The rod shaped dystrophin protein has four domains: an amino terminal
domain, a rod-domain, a cysteine-rich domain, and a carboxy terminal domain [45]. The
N-terminal contains an actin-binding region. The rod-domain is made up of 24
homologous repeats, consisting of an average of 109 amino acid residues in each repeat
[46]. The cysteine-rich domain contains an EF-hand motif [47]. The carboxyl terminal
contains a syntrophin-binding region. Spectrin family proteins are structural proteins,
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originally identified as components of a membrane cytoskeleton, which share three main
motifs: the spectrin repeat, EF-hands, and a calponin homology (CH) domain, which
contains an actin-binding site [48]. Spectrin family proteins also have smaller motifs
and structural features, such as pleckstrin homology (PH), which recognize ligands which
contain phosphotyrosine, Src homology 3 (SH3), which mediate interactions between
proteins, WW domains, which are also involved in interactions between proteins
(particularly β-dsytroglycan-binding in dystrophin), and ZZ domains [48]. The ZZ
domain, which contains a zinc-finger motif, stabilizes the EF hands and WW domains
[49]. For additional information on the dystrophin protein and other members of the
spectrin superfamily, see the review by Broderick and Winder [48].

Potential mechanisms of dystrophic onset and progression
The mechanical hypothesis
Dystrophin is normally present in costameres, which are “rib-like” sarcolemmal
protein arrays, composed of longitudinal strands and transverse elements overlying Z and
M lines [50] [51]. Costameres allow the sarcolemma to move with the Z and M lines.
Therefore, the intercostameric regions provide firm connections between the sarcolemma
and the contractile apparatus of the cell [51]. When dystrophin is absent, costameric as
well as intercostameric stiffness of the membrane is reduced [52]. This may cause the
membrane to become destabilized, which could lead to an increased risk of mechanical
damage [50]. Membrane damage and the reduction in membrane stiffness may be agedependent, with older mdx mice being more affected than younger mdx mice [53].
As early as 1959, it was noted that DMD patients have increased serum levels of
muscle creatine kinase (CK) [54] [55]. This is evident even in newborn infants [56]. The
muscle isoform of CK is an enzyme that catalyzes the reversible conversion of creatine to
phosphocreatine, consuming ATP and producing ADP. It is normally found in the
cytosol in the skeletal muscle fiber. Serum concentrations of muscle CK are normally
very low (~150U/L) [57]. Thus, it is generally thought that if serum CK concentrations
rise, it is because the sarcolemmal membrane is compromised from lack of dystrophin
and the DGC [54] so that muscle CK can leak from the muscle fiber into the
10

bloodstream. In DMD patients, CK levels are ~3000 U/L [57]. This outcome has led to
the idea that membrane destabilization is responsible for disease onset and progression in
DMD patients. Measurement of serum CK levels has become a prominent biochemical
test for DMD, including identification of DMD carriers as originally developed by
Okinaka et al. and then targeted for DMD by Emery et al. [57] [55].
As young mice do not display greatly reduced muscle stiffness or greatly
increased muscle damage, the mechanical hypothesis of disease progression may only be
partially correct [53]. Dystrophin has been linked to several signaling molecules. The
lack of dystrophin and the DGC in dystrophic muscle may also lead to altered signaling
pathways in muscle cells [58].

The signaling hypothesis
Many different pathways are thought to be altered due to the lack of dystrophin
expression. These include: neuronal nitric oxide synthase (nNOS), which results in an
associated decrease in NO signaling pathways [31]; activation of the PI3K/Akt pathway
which is significantly higher in mdx mice compared to control mice [59]; and α7β1integrin dependent pathways, as α7β1-integrin content is increased in skeletal muscle of
mdx mice and DMD patients [60]. NF-κB (a transcription factor involved in the immune
response, inflammation, and proliferation of cells) regulates many genes including proinflammatory cytokines like tumor necrosis factor-α (TNF-α), chemokines, and enzymes
like NOS and cellular adhesion molecule (CAM) [61]. NF-κB has been shown to be
activated in DMD [62]. TNF-α can induce the expression of inflammatory genes by
activating NF-κB [63] which may lead to a potential feedback loop between TNF-α and
NF-κB in DMD [64].
Although there are several potential signaling pathways that could contribute to
the onset and progression of DMD, it has been suggested that deregulated calcium
homeostasis may be responsible for muscle degeneration in DMD [65]. Intracellular
calcium concentration in the muscle cell is tightly regulated due to its role in the
activation of contraction. Leijendekker et al. showed that resting cytosolic concentrations
of calcium in mdx myotubes and wt myotubes are similar (35 ± 9 nM and 38 ± 11 nM,
respectively). When high levels of extracellular calcium (40 mM) were added to the
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culture, the concentration of cytosolic calcium in mdx myotubes was considerably
elevated when compared to normal myotubes (84 ± 29 nM and 49 ±7 nM, respectively)
[66]. Muscle biopsies from DMD patients show higher intracellular concentrations of
calcium than normal muscle [67]. Calcium concentrations in the sarcoplasmic reticulum
(SR) and subsarcolemmal space of mdx muscle cells are 3x higher than those in normal
muscle cells [68, 69]. Tears in the membrane, resulting from destabilization due to a lack
of dystrophin, could result in calcium leakage into the myofiber from the sarcoplasmic
reticulum. The deregulation of calcium homeostasis may be responsible for protein
degradation due to calcium-activated proteases, calpains, or through the production of
reactive oxygen species (ROS) [70] [71]. Activation of calpains and increased levels of
ROS could result in both protein and membrane damage [69].
The mdx mouse is a potential model to further elucidate these and other signaling
pathways, which may be at least partially responsible for the onset and progression of
DMD. To use the mdx mouse, confirmation that each mouse has the genetic variation in
the dystrophin gene is needed. The accurate identification of variations in the dystrophin
gene ensures the mouse lacks the dystrophin protein, which is the necessary parameter
when conducting studies with this mouse model. Although there are current methods to
determine genotype, advances in molecular biology demonstrate there may be simpler
approaches, with higher specificity, that could be adapted to discriminate the wt and mdx
alleles. One method is known as SNaPshot®. Both the ARMS assay and SNaPshot®
rely on PCR.

Genotyping Methods
Polymerase Chain Reaction (PCR)
In 1993, Kary Mullis won the Nobel Prize in Chemistry for inventing PCR, an
in vitro enzymatic method to amplify DNA [72]. In PCR, template DNA, synthetic
oligonucleotide primers composed of a sequence that is complementary to known base
sequences on the target DNA, DNA polymerase (the enzyme that synthesizes DNA), and
dNTPs are used to generate large numbers of copies of a specific target sequence of DNA
[36].
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PCR is a cycle consisting of three separate steps in which a specific region of
target DNA is copied (Figure 3). The three steps are denaturation, annealing, and
extension. The target sequence that is amplified depends on the primer sequences. The
primers (designated as forward and reverse primers) are designed so that the sequence
they flank is amplified. In the first step (i.e., denaturation) the DNA is heated to ~95°C to
disrupt the hydrogen bonds that hold the DNA strands together. The double stranded
DNA is denatured, or melted, into single stranded DNA. In the second step, the DNA is
cooled for a short amount of time (< 1min) to ~50°C, to allow the primers to anneal (or
bind) to the targeted region of the template single-stranded DNA. Because the primers are
short in length and in much higher concentration, they will bind preferentially to the
single-stranded template DNA over the original complementary strand. During the third
step, the DNA is heated to a temperature appropriate (~72°C) for Taq DNA polymerase
to synthesize a new DNA strand by adding nucleotides to the 3′-OH end of the primers
(DNA polymerase can only initiate synthesis when a 3′-OH is available for the addition
of nucleotides). This step is known as extension. The length of the newly synthesized
strand in the first cycle of PCR is determined by the length of the template, the efficiency
of Taq polymerase and the duration of the step. In the following cycle, the DNA
(composed of the original strand and a newly synthesized strand) is denatured, the
primers anneal, and these primers are extended to generate additional strands. However,
the lengths of the newly synthesized strands that are generated using synthesized
templates from the previous PCR cycle are limited by the position of the primers. The
length of a PCR product is determined by the length of the primers plus the region they
flank; this PCR product is called an amplicon. In theory, the amount of target DNA
doubles after each cycle, so after 30 cycles, a billion copies of the target DNA can be
produced [36].
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Figure 3. Schematic of PCR. The forward and reverse primers are designed to flank either side of
the target DNA sequence, so the target sequence can be amplified. The reaction has three steps. 1)
Denaturation: a double-stranded DNA molecule will be separated into single strands by heating at
high temperatures, ~ 95°C. 2) Annealing: primers flanking the target sequence of DNA anneal to the
single-stranded DNA at temperatures ~ 50°C. 3) Extension: DNA complementary to the single
strands is synthesized at temperatures ~ 72°C suitable for Taq DNA polymerase to add nucleotides to
the free OH at the 3′ end of each primer. The reaction cycle, comprised of the three steps, is then
repeated. In subsequent cycles, the synthesized DNA will also serve as a template for primers to bind
and for synthesis of a new strand. The length of the amplicon generated is dictated by the position of
the primers. The amplicon will only be as large as the forward and reverse primer and the sequence
in between them (i.e., the target sequence). For the rest of the cycles the template and generated
product are the small-sized amplicon; it is this product that is assayed for the polymorphism of
interest.

PCR uses a DNA polymerase that is stable at high temperatures. The reason
for this was that the typical DNA polymerases, such as the DNA polymerase klenow
from E. coli, are inactivated during the high temperature denaturation step in the reaction.
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Taq polymerase was isolated from Thermus aquaticus, a thermophilic bacterium. It is
stable at temperatures as high as 95°C and thus, able to maintain its activity after the first
step in the PCR cycle.
Despite the tremendous utility of PCR, there are a few limitations. For PCR to be
effective, the primer sequences need to be complementary to the flanking sequence. The
DNA target sequence cannot be copied (amplified) unless the flanking sequences are
already known. Because PCR can amplify from very small quantities of DNA,
contamination may also be a problem. So scientists have to be meticulous in their
laboratory practices to reduce the chance of residual DNA carry-over from analysis-toanalysis. Any DNA molecules to which the primers bind non-specifically could also be
amplified along with the target sequence [36], thus creating artifacts and also reducing
product yield of the desired target. This could have a deleterious effect on the assay for
which the amplified DNA would be used. For example, if the DNA is amplified to
subsequently determine the sequence of the target DNA, the wrong sequence might be
obtained from an unintended DNA region. Thus, it is important to test out primers and
assay conditions prior to implementation of any PCR-based assay.
Taq polymerase could potentially cause problems with the assay, because it does
not proofread, or self-correct incorrect (or non-complementary) bases inserted into the
synthesized strand. Taq incorporates an incorrect nucleotide approximately every 20,000
bp of synthesized DNA. For many PCR applications, however, this does not pose a
significant problem. Taq cannot amplify DNA templates larger than 2000 bp, and as long
as more than a few template molecules are added into the PCR reaction, incorrect
nucleotide incorporation is so low that is at or below background noise levels. Other
polymerases can be used to overcome some of these obstacles [36]. Though, some of
these “obstacles” can prove useful, as described below.
PCR is one of the most commonly used molecular assays. One possible
adaptation of PCR has been it use in genotype determination. An example of this
adaptation is the ARMS assay.
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ARMS Assay
The ARMS assay is a PCR-based assay that was developed for analyzing SNPs in
DNA to distinguish between heterozygous or homozygous wt and mutant genotypes [73].
The ARMS assay requires that the terminal 3'-nucleotide of a PCR primer be allele
specific and exactly complementary to the diagnostic SNP of interest. Three primers are
needed for the assay. Two different forward primers are synthesized: one for the wt and
one for the mutant allele, and a common reverse primer, though two reverse primers and
one forward primer can also be used. Primer design is dependent upon the sequence and
the personal preference of the designer. Typically, the next to the last, or penultimate,
base of the two forward primers is designed to be a mismatch (as in Figure 4), so the
cross-reactivity of the mismatched primer is further reduced. Cross reactivity is the
unwanted annealing of the primers to other sequences of DNA instead of the target
sequence and particularly for the ARMS assay it is an allele specific primer binding to
the wrong allele. If not for the mismatched penultimate base, the wt primer could
possibly bind to the mutant DNA and mutant primer could bind to the wt DNA. Thus,
incorrect typing may occur. The use of Taq polymerase, which lacks 3-5' exonuclease, or
proofreading, activity, allows the mismatch at the 3' terminus to remain intact [8, 73]. If
Taq did not lack proofreading activity, it could edit out the mismatch and thus the allele
specific primers could cross react with the wrong allele.
Amalfitano and Chamberlain (1996) developed an mdx ARMS assay, though they
called their assay an Amplification Resistant Mutation System. This ARMS assay is used
to distinguish between the mutant and wt allele of the murine dystrophin gene [74]. The
diagnostic SNP is a C to T mutation at position 572 in exon 23 of the dystrophin gene.
Amalfitano and Chamberlain designed a common forward primer and two reverse
primers (one mutant and one wt). The following figure shows how they designed their
mdx and wt primers for the mdx ARMS assay (Figure 4).
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Figure 4. Primer design for mdx-ARMS assay. The three primers are in red. The two reverse
primers sit directly on the C to T mutation. The penultimate (next to last) base is a mismatch. This
mismatch is supposed to prevent hybridization of the primer which does not match the allele in the
sample of interest [74].
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Though the mdx AMRS assay can discriminate the wt and mdx allleles, it has
limitations. It is a manual process and sensitive to changes in assay conditions.
Advances in molecular biology have given way to techniques that are more robust than
the ARMS assay and are semi-automated, which reduces the time and effort needed for
each genetic screen when compared to the ARMS assay. One of these, SNaPshot®, is a
robust, semi-automated method which could supplement, or even replace, the ARMS
assay in molecular biology labs that type wt and mdx mice.

SNaPshot® - genotyping
SNPs are the most abundant class of polymorphisms and account for ~90% of
sequence variation in the human genome with approximately 1SNP/kb [8] [11] [75] [76].
SNPs vary between individuals and therefore methods to identify SNPs have been very
important in clinical diagnostics and forensic identification. These same methods can be
used to genotype any SNP for analytical purposes. SNaPshot® is a mini-sequencing
assay based on Sanger sequencing technology and was developed to diagnose the
presence or absence of SNPs.

Sanger Sequencing
The Sanger chain-termination method of sequencing, developed by Frederick
Sanger, is a commonly used method for sequencing DNA. The basis of Sanger
sequencing involves the termination of DNA strand extension by a polymerase following
the incorporation of a 2', 3'-dideoxynucleotide triphosphate (ddNTP) instead of the
natural analogues dinucleotide triphosphates (dNTPs) (Figure 5). The ddNTPs lack the
3'hydroxyl group necessary for the formation of a phosphodiester bond, thereby
preventing the two nucleotides from joining together to elongate the DNA chain; thus,
synthesis is terminated [77] [78].
To determine a sequence using the Sanger method, a DNA template strand, a
short oligonucleotide primer sequence (~20 bases) [79], DNA polymerase and dNTPs are
added into four separate sequencing reactions. To each reaction a specific ddNTP
(ddATP in one reaction, ddGTP in another reaction, etc.) with a radioactive label attached
to the α-phosphate of the nucleotide is added. The ddNTP is at a lesser concentration
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than the dNTPs in a reaction. The greater quantity of dNTPs present in the reaction
allows synthesis of the complementary strand and with only occasional incorporation of
the ddNTPs terminating a subset of synthesized strands. This creates DNA fragments of
different lengths which after denaturation, can be separated by size using polyacrylamide
gel electrophoresis (PAGE). Since the radiolabel is within the incorporated ddNTP, each
of the fragments can be visualized. Thus, the length of a fragment in a reaction is
indicative of the position the particular ddNTP was incorporated. For example, if a
generated fragment is 30 bases long and at the next site (the 31st base), a ddATP was
added, then at position 31 of the sequence of the original template strand is the
complement of the A (i.e., T). The base order can be read in a stepwise fashion from
bottom to top of the gel [78].
Limitations with the original Sanger sequencing reaction included the following:
(1) it was a cumbersome process because four synthesis reactions were needed to obtain
the whole sequence; (2) more than 10% of the bases could not be identified correctly or
were not identified at all; (3) it could only be used to sequence relatively small lengths of
DNA (~50-200bp); (4) it was laborious and time-consuming because the gel
electrophoresis took approximately 12 hours, the autoradiography took about 12 hours,
and then it took substantially longer times to decipher the sequence from the gel [79];
and, (5) it used radioactive material [80] [78].
Automation and fluorescent detection have overcome these problems with DNA
sequencing reactions [81]. To improve safety with the handling of this method and to
decrease the running time involved with this assay, ddNTPs were fluorescently- labeled
rather than radioactively- labeled (Figure 5) [82]. An additional advantage, besides
safety, for the fluorescent labels was that each ddNTP could be labeled with a different
fluorophore, thus having a different emission wavelength to easily discriminate each base
from the other three. This difference in flourophore wavelengths allowed the four
separate sequencing reactions to be combined into a single reaction and then be analyzed
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as a single sample, reducing the number of reactions for sequencing.

Figure 5. Nucleotide triphosphates. A) dNTPS have a OH group in the 3′ position to which a new
base can be added to the DNA chain. B) ddNTPs lack a OH group in the 3′ position where a
phosphodiester bond is typically formed when a base is added to the DNA chain by DNA polymerase.
The absence of the 3′ OH prevents further addition of dNTPs, and therefore DNA elongation is
terminated. ddNTP’s can be radioactively-labeled at the α-phosphate or fluorescently-labeled at an
amine group in the base.

The sequence reaction products are separated by size via electrophoresis. One
method that is used commonly today is capillary electrophoresis (CE) [83]. CE is a
process by which a capillary tube is filled with an electrolyte and sieving medium so that
as charged molecules travel through the capillary tube they can be separated based on
their size and charge-to-mass ratio (Figure 6) [84].
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Figure 6. Process of capillary electrophoresis. The sample is introduced into the capillary tube by
submersion of the capillary inlet in the sample mixed with a loading buffer. Voltage is applied
causing the analytes to migrate through the capillary. DNA, which has a negative charge, will
migrate toward the positively charged cathode. The analytes are separated in the capillary by use of
a polymer, or sieving medium. Larger pieces of DNA will become entangled in the polymer, causing
them to migrate more slowly than the small pieces of DNA. During migration, the fluorophore on the
DNA is excited by an Argon Ion Laser. The emitted light from the fluorophore is captured by a
detector, which distinguishes the emission wavelength from the excited fluorescent tag. The
information is then analyzed by a software program which distinguishes the different fluorophores
by their emission wavelength and expresses the data in relative fluorescent units (RFUs) [84].

The fragments migrate through the capillary when an electric field is introduced
from a power supply. During capillary electrophoresis, the fluorescently-labeled ddNTPs
are excited by a laser and detected in real time as the fragments, increasing in size by one
base, pass through a window in the capillary. A charged-coupled device (CCD) camera
detects the emission wavelength of the fluorescent tag attached to the sample. The
detectors collect the data and send it to a computer where software programs can be used
for analysis of the sequence data [80]. This process greatly increased the accuracy of the
sequencing reaction, the length of the fragment that can be read, and greatly reduced the
time involved. Applied Biosystems (Foster City, CA) commercialized automated
sequencing technology in 1987.
Instead of carrying out a Sanger sequencing reaction that identifies all bases in a
fragment, the reaction can be modified so only one specified base position can be
22

analyzed. Thus, only one fragment length is generated. This is accomplished by carrying
out the same Sanger sequencing reaction but instead omitting dNTPs in the reaction. In
this mini-sequencing, or primer extension, reaction, the primer (also known as a SNP
primer) can only extend by one base, because there are only ddNTPs available for
incorporation. Applied Biosystems designed a commercially available mini-sequencing
kit known as the SNaPshot® kit based on the Sanger sequencing technology. In
SNaPshot®, the particular gene or region of interest is amplified by PCR [76]. A SNP
extension primer is annealed directly adjacent to the SNP within the amplified PCR
product. Using DNA polymerase, the primer is extended only by a single nucleotide
because a fluorescently labeled ddNTP is the only nucleotide that can be incorporated,
and thus terminates any further extension of the DNA fragment. The ddNTP is easily
determined because each one has a unique color tag: ddCTPs are labeled yellow (but
appear black for easy distinction in software packages), ddTTPs are labeled red, ddATPs
are labeled with a green tag, and ddGTPs are labeled with a blue tag. The extended
labeled primer is subjected to capillary electrophoresis. The SNP and its allelic state are
identified by the base corresponding to the labeled ddNTP [75] [11]. Multiplex reactions
can be developed using spatial separation of the mini-sequencing products by adding
varying lengths of tails to the 5' end of the SNP extension primers [75] [85].

Murine models of DMD
Mdx mice
The mdx mouse is a naturally occurring X-linked mutant that arose originally
from an inbred C57BL/10 colony. The mdx mouse was suggested as a muscular
dystrophy model due to increased serum CK levels and histological lesions on skeletal
muscles that were similar to those found in human DMD patients [1]. The genetic
disorders were confirmed as homologous when it was found that the muscle tissue from
DMD boys and mdx mice both lacked the dystrophin protein [86]. A nonsense mutation
occurs at base 572 in exon 23, as a C to a T substitution in the dystrophin gene transcript
that results in termination of translation within the exon [7], and therefore a non
functional protein product.
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Mdx mice display a mild phenotype compared to dystrophic boys. Utrophin, a
dystrophin homologue, is thought to partially compensate for dystrophin deficiency.
Although utrophin is usually localized in the neuromuscular junction in muscle from wt
mice, it is more widely distributed over the sarcolemma in muscle from mdx mice. When
utrophin null mice were created to see the effect of utrophin deletion on the development
of the neuromuscular junction, it was seen that the phenotype of utrophin null mice is not
different from that of wt mice [87]. To test the hypothesis that utrophin partially
compensates for dystrophin in DMD and to potentially create a more representative
phenotypic model of DMD, an mdx-utrophin null (mdx:utr-/-) mouse model was created
[87] [88].

Mdx:utr-/- mice
Utrophin may partially compensate functionally for the lack of dystrophin after it
was determined that utrophin levels are increased at the periphery of all myofibers in mdx
mice one week post-natal, and in the soleus muscle after the third and fourth week [89].
Matsumura et al. also saw a slight increase in utrophin levels (1.3-fold) in mdx quadricep
muscles [90]. Grady et al., created a mdx:utr-/- mouse by causing a deletion in the
coding part of the utrophin transcript resulting in a stop codon at amino acid 2884 [87].
The altered gene transcribes a truncated utrophin protein lacking the cysteine-rich region
and the carboxyl terminal. The mdx:utr-/- exhibit more severe muscular dystrophy than
the mdx mice suggesting the less severe phenotype of mdx mice is due, at least in part, to
a compensatory effect of utrophin. Mdx:utr-/- mice have a phenotype that more closely
mimics the phenotype of DMD boys when compared to mdx mice. They exhibit
weakness, kyphosis, fibrosis of the muscles, reduced growth, and a reduction in mobility.
The lifespan of mdx:utr-/- mice is also significantly reduced when compared to mdx mice
[87]. As with mdx mice, DMD patients have increased levels of utrophin expression.
However, in DMD patients utrophin was not able to completely compensate for the lack
of dystrophin expression [91].
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Summary
DMD is a severely debilitating and ultimately fatal disease. Unfortunately, at
present there are no effective treatments for DMD. Animal models provide a means to
develop and test new and experimental treatments. These models are useful in attempting
to understand the complex mechanisms of disease onset and progression. Dystrophic
mouse models are especially useful due to their ease of husbandry, small size, good
classical genetics, and well-developed research infrastructure. To ensure these mouse
models are dystrophic, the mdx and mdx:utr-/- mice must be reliably genotyped. The mdx
ARMS assay is currently being used to discriminate between the wt and mdx allele in
both mdx and mdx:utr-/- mice. However, the ARMS assay has several limitations.
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CHAPTER 3: LIMITATIONS OF THE MDX-ARMS ASSAY
In the original paper describing the mdx-ARMS assay by Amalfitano and
Chamberlain[74], the authors acknowledge that primer annealing temperature is the most
critical aspect of the assay. The authors say that the annealing temperature used in the
ARMS assay must be optimized for each individual thermal cycler. Even similar
machines within a laboratory may have different heating/cooling profiles.

Lack of

consistent temperature performance can be exacerbated between machines in different
laboratories. Because of the concern of performance of thermal cyclers, the authors
cautioned that the reliability of the ARMS assay could be impacted. Wt primers were
noted to be more susceptible to performance variation than the mdx primers, though they
did not provide supporting data in their paper. To assess the possible susceptibility of
both the wt and mdx primers to changes in annealing temperature, the ARMS assay was
tested over a range of annealing temperatures.

Variation of Annealing Temperatures
The ARMS assay was run on a single mdx DNA sample using a Thermo PX2
gradient thermal cycler (Electron Corporation). . Wt and mdx primers were used
separately for amplification in reactions with annealing temperatures ranging from 50°C
to 62°C. PCR conditions consisted of a 94°C hot start for 5 min followed by 40 cycles
with a denaturing step at 94°C for 25 sec, an annealing step at a single temperature
between50°C to 62°C for 25 sec and an extension step at 72°C for 25 sec. At the
completion of the 40 cycles, a final extension step was carried out at 72°C for 5 min and
thereafter the samples were held at 4°C in the thermal cycler until removed by the
operator. The PCR products were visualized on a 2% agarose gel (Figure 7).
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Figure 7. Annealing Temperature Variation. PCR products were run on a 2% agarose gel.
Annealing temperatures ranged from 50-62ºC. The same mdx DNA sample was subjected to a PCR
reaction with final primer concentrations of 0.4 µM. Wt or mdx primers were used in separate
reactions at 50°C, 54°C, 56°C, 58°C, 60°C, and 62°C. An annealing temperature of 52°C was not
carried out as it is similar to the 53°C annealing temperature currently used in our laboratory to
perform the ARMS assay. A 100, 300, 600, and 800 bp ladder was used. Wt primers (w) Mdx
primers (m) Ladder (L.)

The expected amplicon size was 105 bp and should appear only for the mdx
primers, as only an mdx DNA sample was used. There should be no band in the lanes
with the wt primers. Nevertheless, as shown in Figure 7, non-specific binding for the mdx
sample is evident with the wt primers. For example, a clear band (or amplicon) at ~275
bp is seen with the wt primers at annealing temperatures below 60°C. Faint amplicons are
present in the lanes represented by wt primers at ~775, 575, and 50 bp at annealing
temperatures below 58°C. Although non-specific binding is greatly reduced at higher
annealing temperatures, faint bands at 105 bp for the wt primers can be seen at higher
temperatures.
The appearance of a band equivalent to 105 bp in length in the lanes with wt
primers could be problematic and suggests that it may be possible under some conditions
to achieve an incorrect typing result. Based on this observation and the recommendation
of the developers of the ARMS assay for wt and mdx allele typing, running the assay
under optimal conditions is necessary. However, because thermal cyclers can vary in
performance and performance can drift over time, the temperature of the ARMS assay
may not be what is intended for the assay to yield reliable results. Proper calibration and
maintenance of such laboratory equipment is essential. An easy to read assay that could
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be run under less-than-optimal conditions and still provide high fidelity, such as
SNaPshot®, would allow for a more consistent quality of analysis. For this reason, a
SNaPshot® assay was developed to discriminate between the mdx and wt type alleles in
mdx mice.
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Abstract
The mdx mouse is an animal model for Duchenne Muscular Dystrophy (DMD). In order
to evaluate possible treatments and to carry out genetic studies, it is essential to
distinguish between mice that carry the dystrophic (mutant) or wild type (wt) allele(s).
The current Amplification-Resistant Mutation System (ARMS) assay is labor intensive
and yields false negatives, which reduce its efficiency as a screening tool. An alternate
assay based on single nucleotide polymorphism (SNP) primer extension technology (i.e.,
SNaPshot®) is described. The SNaPshot® assay has been optimized to identify both
wild type and mutant alleles, providing a robust, potentially automatable assay for highthroughput analysis.
Key Words: ARMS, DMD, mdx, Mini-sequencing, SNaPshot®
Abbreviations: Duchenne Muscular Dystrophy (DMD), Amplification-Resistant
Mutation System (ARMS), Single Nucleotide Polymorphism (SNP), (Dystrophin
Glycoprotein Complex (DGC), dideoxy nucleotide triphosphate (ddNTP), wild type (wt),
deoxyribonucleic acid (DNA), Polymerase Chain Reaction (PCR)

Introduction
Duchenne Muscular Dystrophy (DMD) is a severe degenerative skeletal muscle
disease in humans caused by a mutation or deletion in the X chromosome at Xp21 [92]
[93]. The disease is characterized by the absence of dystrophin, a 427 kDa protein located
near the cytosolic side of the sarcolemma of skeletal muscle cells, which links the
cytoskeleton to laminin in the extracellular matrix. Dystrophin forms a multiglycoprotein complex (DGC) that mediates interactions between the extracellular matrix,
membrane, and cytoskeleton, which is disrupted in individuals with the disease [30].
Both dystrophin and the DGC are believed to play roles in membrane structural strength,
force transduction, and signaling in skeletal muscle [30] [94]. In individuals with DMD, a
disruption of the DGC may leave skeletal muscle cells susceptible to necrosis [34].

30

One animal model for DMD is the mdx mouse. The mdx genotype is due to a
spontaneous mutation from a C to a T in the murine dystrophin gene on the X
chromosome at position 572 in exon 23 (U56724) [1] [95] [7]. The mutation creates a
premature stop codon, resulting in a non-functional shortened protein. The mdx mouse
also exhibits reduced dystrophin RNA levels [7]. Unlike DMD patients, mdx mice do not
display obvious clinical signs [86]. For this reason, as well as genetic characterization of
the line, mice must be genotyped to confirm that they carry the mutant allele.
Currently, the Amplification Resistant Mutation System (ARMS), a PCR-based
assay, is used to detect the mutant allele in mdx mice [74]. Although anecdotal and not
quantified, in our hands, we find the ARMS assay is prone to false negatives which
reduces its efficiency as a screening tool. The assay also uses an agarose gel which must
be poured and loaded manually, and the amplified DNA is visualized post-electrophoresis
by incubation with an intercalating dye. These features potentially limit the automation
of the assay. Burkin et al. (2001) modified the assay by using a primer that produced a
larger PCR amplicon for mutant allele typing. The modification enabled easier
discrimination of the dystrophin band in comparison to the wild type (wt) band, but it
does not overcome the potential limitations noted above.
Because the current ARMS assay is a manual process, it is a low throughput
assay. Although any PCR-based assay is potentially automatable, recent advances in
molecular biology diagnostic tools used for genotyping suggest a more robust assay that
lends itself more readily to automation can be selected.
A SNaPshot® assay (Applied Biosystems, Foster City, CA) has been developed
to detect the mdx and wt alleles. Syvanen et al. (1990) first developed this minisequencing reaction to detect single nucleotide polymorphisms (SNPs) based on the
Sanger sequencing method [78]. In the mini-sequencing reaction, a SNP extension
primer is annealed to a denatured single-stranded amplicon at a position where the SNP is
immediately 3'- to the primer binding site. DNA synthesis is catalyzed by DNA
polymerases without proofreading abilities to avoid 3-5'- degradation of the primer. The
primer is extended at this site by incorporation of a fluorescent labeled dideoxyNTP
(ddNTP). Each of the four ddNTPs has a different color fluorescent tag so each is readily
differentiated. The SNP primer with the incorporated fluorescent tag is subjected to
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capillary electrophoresis to identify the incorporated tag [96] [11]. The SNaPshot®
Multiplex System is a commercially available kit that provides the reagents necessary for
the method described by Syvanen et al. (1990). This method is a robust assay available
to most molecular biology laboratories currently performing sequencing.

Materials and Methods
Mice
Wt (C57BL/6) and mdx mice were obtained from Jackson Laboratories (Bar
Harbor, Maine). The mice used in the present study were obtained from our colony at
Virginia Tech. Males and females were bred to be homozygous for the mutant allele.
The institutional animal care committee approved all procedures used in this study.

Sample Preparation
Tail snips, 1-2 mm in length, were taken from wt and mdx mice as described
previously [53]. The snips were placed in 300 µl of 50 mM NaOH and incubated at 95°C
for 1 hour. Twenty-five µl of 1 M Tris buffer were added. The samples were briefly
subjected to centrifugation in a Marathon 16 km (Fisher Scientific, Pittsburgh, PA) at
3000 rpm for 5 minutes and the supernatant containing the DNA was removed. The
DNA samples were diluted 1:20 in deionized water. The quantity of DNA was
determined by spectrophotometer [97].

PCR
Primer design
Four possible primer pairs were designed using three publicly available software
design programs. Each primer pair flanks the C/T SNP at position 572 in exon 23 on the
X chromosome (Genbank, NM_007868). The requirements for the primer design were a
Tm of ~58-60°C and a forward primer that was complementary to a region within intron
22 to minimize cross-reactivity with any dystrophin cDNA-derived trans-genes. [74] The
first primer set, primers 1 and 2 (5'- TGAAACTCATCAAATATGCGTGTTAG-3' and
5'- CCTCAATCTCTTCAAATTCTGACAGA-3', respectively) were designed using the
Primer Express Design Program (Applied Biosystems). The second primer set,
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designated primers 3 and 4 (5'- TGCGTGTTAGTGTAAATGAACTTCT-3' and 5'GTGCCCCTCAATCTCTTCAA-3', respectively) were designed using the Primer 3
Design program (Applied Biosystems). Primer set 7 and 8 (-5'
AAATATGCGTGTTAGTGTAAATGAAC-3' and 5'- TTTCTTGGCCATCTCCTTC-3',
respectively), and primer set 9 and 10 (5'- ATGCGTGTTAGTGTAAATGAACTTC-3'
and 5'- GCCATCTCCTTCACAGTGTC-3', respectively) were designed using
Autoprimer (Beckman Coulter, Inc, Brea, CA) (Figure 1). BLAST searches were
performed with each of the primer sequences to ensure little or no non-specific binding of
the primers. Primers and extension primers were kindly provided by Lori Hennessey at
Applied Biosystems.
A.
TTGATATGAATGAAACTCATCAAATATGCGTGTTAGTGTAAATGAACTTCTAT
TTAATTTTGAGGCTCTGCAAAGTTCTTTGAAAGAGCAA[C/T]AAAATGGCTT
CAACTATCTGAGTGACACTGTGAAGGAGATGGCCAAGAAAGCACCTTCAGAA
ATATGC
B.
TTGATATGAATGAAACTCATCAAATATGCGTGTTAGTGTAAATGAACTTCTAT
TTAATTTTGAGGCTCTGCAAAGTTCTTTGAAAGAGCAA[C/T]AAAATGGCTT
CAACTATCTGAGTGACACTGTGAAGGAGATGGCCAAGAAAGCACCTTCAGAA
ATATGC
Figure 8. Sequence of portion of exons 22 and 23 from the murine dystrophin gene containing the C
to T mutation A) Location of primers 7 and 8 (underlined) in relation to the SNP extension primer
(bold) in the dystrophin sequence B) Location of primers 9 and 10 (underlined) in relation to the SNP
extension primer (bold) in the dystrophin sequence

PCR conditions- master mix reagents, cycling conditions
PCR was performed in 25 µl reaction volumes that contained 2.5 µl 10xPCR
buffer, 2 mM MgCl2, 0.4 µM dNTPs, 0.1 µM of each primer, and 1.25 U AmpliTaq
Gold DNA polymerase (Applied Biosystems). DNA (5 ng/µl or an unquantified amount)
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was added to the PCR mix. PCR conditions consisted of a 95°C hotstart for 11 min
followed by 32 cycles of 95°C denature for 10 sec, 61°C anneal for 30 sec and 72°C
extension for 30 sec, with a final 72°C extension for 10 min followed by a 4°C hold. The
PCRs were run on the GeneAMP® PCR system 9700 (Applied Biosystems). PCR
products were purified enzymatically using 5 µl ExoSAP-IT® (USB Corp.).
Unincorporated dNTPs were inactivated and primers digested for 30 min at 37°C
followed by enzyme deactivation at 80°C for 15 min.

SNaPshot®
A commercially available SNaPshot® Multiplex Kit (Applied Biosystems) was
used for the mini-sequencing reactions. The SNP extension primer (5'TCTGCAAAGTTCTTTGAAAGAGCAA-3') was designed using Autoprimer (Beckman
Coulter, Inc, Brea, CA) (Figure 1). Primer extension was performed on the GeneAMP®
PCR system 9700 (Applied Biosystems) for 25 cycles at 96°C for 10 seconds, 50°C for 5
seconds, and 60°C for 30 seconds followed by a 4°C hold. Unincorporated ddNTPs were
dephosphorylated enzymatically by incubating samples with 1U Shrimp Alkaline
Phosphatase (SAP, USB Corp.) for 1 hour at 37°C, followed by enzyme deactivation at
75°C for 15 min.

Capillary Electrophoresis
0.5 µl of the purified products were mixed with 0.125 µl of GeneScan™ 120
Liz™ internal size standard (Applied Biosystems) and 10µl of Hi-DiTM formamide
(Applied Biosystems). Samples were heated at 95°C for 5 minutes and placed on ice for
5 minutes. After denaturation, the samples were run on the ABI PRISM™ 310 Genetic
Analyzer (Applied Biosystems) using Pop4™ polymer (Applied Biosystems). Samples
were injected for 5 sec and electrophoresed at 15 kV for 18 min at 60°C. The samples
were analyzed using GeneScan® version 3.7software (Applied Biosystems).

ARMS assay
A modified ARMS assay [98] for the mdx and wt alleles was run according to the
methods of Amalfitano et al., (1996) as a control.
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Results
DNA Concentration
To simplify the assay, it would be advantageous to not quantify the template DNA
required for the PCR. A range of quantities of template DNA were tested to determine if
valid results could be obtained. Samples were initially run with an input of 5 ng of DNA.
This quantity was sufficient to generate amplicons and yield sufficient detectable SNP
extension products (around 300 to 500 relative fluorescent units (RFUs) for wt samples
and around 2000-5000 RFUs for mdx samples) in the SNaPshot® profile. Lower
amounts of input DNA gave reliable results, but the peak heights were reduced as
expected. To reduce the amount of preparation needed per sample, 1 µl of non-quantified
DNA samples were tested to determine if they would yield reliable results. The mdx
sample contained 116 ng/µl of DNA and the wt sample contained 86.4 ng/µl of DNA.
Peaks at approximately 7000 RFUs and 7200 RFUs were seen for the wt and mdx alleles,
respectively. Both the 1 µl of non-quantified DNA and the 5 ng/µl of DNA samples
yielded valid results; therefore a wide range of input DNA can be used in the assay, and
reliable results can be obtained. For the remainder of the experiments, 5 ng/µl of DNA
were used, because the peak heights for this template amount are in the linear portion of
the fluorescent detection of the capillary electrophoresis instrument.

PCR Primer Set Selection
Four primer sets were assessed to select the pair that would be most effective for
use in the SNaPshot® procedure. The criterion was based on amplicon yield. Each
primer set was used in a PCR with both wt and mdx positive DNA samples. PCR
products were loaded onto a 1% agarose gel and visualized in the presence of ethidium
bromide and UV light. Primer sets 7, 8 and 9, 10 yielded the most PCR product
consistent with their smaller size compared with primers 1, 2 and 3, 4. Smaller
amplicons are desirable, because they allow for rapid thermocycling conditions and
generally yield more product than samples with larger sized amplicons [99] [100]. Primer
set 7, 8 was used in the experiments that follow.
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PCR Primer Concentration
PCR primer sets were prepared as 20µM stock solution. The primers were diluted
to determine optimal performance. Primers 7 and 8 were diluted to solutions of 10 µM, 5
µM, and 2 µM concentrations and used in 25µl reactions. PCR products could be seen on
an agarose gel with 0.2 µM and 0.1 µM stock solutions, but there were no detectable
products with 0.04 µM of primers (Figure 2). Thus primer set 7 and 8 can be used in the
PCR at a final concentration as low as 0.1 µM. In subsequent analyses both primers 7
and 8 were used at a concentration of 0.1 µM.

Figure 9. Gel of primer dilution with primers 7, 8. The primers were diluted to 0.2 µM (sample in
second lane), 0.1 µM (sample in third lane) and 0.04 µM (sample in fourth lane). The 121 base band
drops out at 0.04 µM indicating the primers can be diluted as low as 0.1 µM. Lane 1 is a 100 base
pair molecular weight ladder.

PCR Product and SNaPshot® Primer Concentration
For optimization of the genotyping portion of the assay, the amount of PCR
product was varied versus SNaPshot® primer concentrations. The concentration of the
SNP extension primer was tested with DNA from one mdx and one wt sample at 0.8 µM,
0.4 µM, 0.2 µM, 0.1 µM, 0.05 µM and 0.025 µM concentrations. The samples at each
SNP extension primer concentration were run at neat, a 1:2 dilution, a 1:4 dilution and a
1:8 dilution of the PCR product. Both DNA types showed positive results at all
concentrations of both the SNP extension primer and PCR product (Figure 3). The
undiluted PCR product was chosen for the operational assay so less manipulation was
required. In addition, the undiluted amount of PCR products yielded ~ 6500 RFUs.
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Therefore, when unknown amounts of DNA are used for the PCR, as would occur for
non-quantified DNA extracts, the peak heights can vary substantially but still yield
reliable results. The final SNP extension primer concentration chosen was 0.4 µM in
reaction.

Figure 10. Results obtained from a SNaPshot® A) peak of a wt sample to which the ddCTP was
added to the chain (Note- this peak appears black when analyzed using GeneScan® version
3.7software (Applied Biosystems). B) Peak of a mutant sample to which the ddTTP was added to the
chain (note-this peak appears red when analyzed using the GeneScan® version 3.7software (Applied
Biosystems). This correlates to the C to T mutation in the mdx mouse. These samples were run at
50°C annealing temperature for the PCR in accordance with standard SNaPshot® conditions, 0.1
µM primer, concentration using primer 7, 8, 0.4 µM concentration of the SNP extension primer, and
full PCR product.

Discussion
A simple, robust mini-sequencing assay has been developed for simultaneously
typing the mdx and wt alleles in mice. The SNP-based assay uses the commercially
available SNaPshot® Multiplex System. Optimal PCR conditions include a DNA input of
5 ng, using primer pair 7, 8 at a final concentration of 0.1 µM for each primer, and an
annealing temperature of 61ºC. Optimal SNaPshot® conditions consist of 1 μL undiluted
PCR product and 0.4 µM SNP extension primer in a 10 μL reaction volume.
The SNaPshot® assay is robust and desirable for several reasons. Foremost,
results can be obtained over a range of conditions, and a kit is commercially available to
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reduce assay development requirements. Capillary electrophoresis reduces the labor in
analysis, as the process is semi-automatable, ensuring more consistent results across
laboratories than gel-based assays. It also requires very little sample because of its
detection sensitivity [97]. The assay readily resolves heterozygous peaks (Figure 4a).
The assay was developed for 5 ng of input DNA to yield peaks of around 1000 (or
greater) RFUs. Since DNA quantitation is imprecise, the peak heights can vary
substantially and still yield reliable results [101]. In this assay, an extra peak in the
SNaPshot® results was observed for each allele (Figure 4b and c). Extra peaks always
matched the allelic peak they corresponded with and did not affect the outcome of the
procedure. Extra peaks in our reactions could be due to incomplete primer purification or
incomplete removal of dNTPs in the PCR [102]. Regardless, these extra peaks have no
impact on obtaining reliable results, because the results were reproducible and always
consistent with the known types previously determined by the ARMS assay. Sixteen
samples were typed under various conditions, and all gave consistent results between the
SNaPshot® and ARMS assay. Future studies will involve sequencing these extra peaks
and developing a multiplex assay for wt/mdx alleles and the deletion in the utrophin gene
[103].
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Figure 11. Example of heterozygote sample containing both the wt and mdx alleles, the left and right
peaks, respectively (note-wt peaks appear black and mdx peaks appear red when analyzed using
GeneScan® version 3.7 software (Applied Biosystems). B) SNaPshot® results from a wt sample with
1 µl of unquantified DNA containing an extra black peak concomitant (indicated by circle) with the
wt peak. C) SNaPshot® results from a red mutant sample with 1 µL of unquantified DNA containing
an extra peak (indicated by circle) concomitant with the mutant peak. These extra peaks also exist in
Figure 3 but are less visible because of the lower RFU scale.
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CHAPTER 5: DISCUSSION
Motivation
Mdx mice are a widely used model of DMD. To effectively study the
pathophysiology of DMD and, in particular, to develop and refine potential treatments for
DMD, they must be genotyped to confirm they carry the desired C to T mutation at
position 572 in exon 23. The mdx SNaPshot® assay, as described herein, is a simple and
robust assay for discriminating the wt and mdx alleles. The SNaPshot® assay is
preferable to the ARMS assay because it is easy to read, robust and semi-automated.
Automation also provides more consistent performance of the assay among users and
reduces the possibility of human error.
Distinguishing between heterozygotes and homozygotes is easier using the
SNaPshot® assay. In the ARMS assay, nonspecific binding of the wt primers resulted in
extra bands over a range of annealing temperatures as previously demonstrated. Under
some conditions wt primers also bind to mutant DNA in the ARMS assay, creating faint
amplicons of the correct size. This could make the sample appear to be a heterozygote
and potentially lead to incorrect typing results. In contrast, the results of the SNaPshot®
assay show either the black peak of the wt allele, the red peak of the mdx allele, and both
the black and red peaks for a heterozygote sample. Genotypes are therefore easier to
distinguish. See appendix B for more information on the interpretation of SNaPshot®
data.
Another advantage of the SNaPshot® over the ARMS assay is that small
variations in reagent concentrations do not affect the accuracy of SNaPshot® reactions
[104]. With SNaPshot®, it is possible to vary PCR primer concentration, PCR product
concentration, and SNP extension primer concentration and still achieve viable and easyto-read results. The heating/cooling profiles of thermal cyclers might vary between
laboratories, or the temperature could vary if a thermal cycler is not properly calibrated or
maintained. When using the ARMS assay these variables may affect the outcome of the
assay. This is of particular importance when an assay is being run in different
laboratories and the data are being shared by multiple users. The robustness and reduced
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manipulations of the SNaPshot® assay also makes it more likely that new laboratory
personnel with less training will still be able to perform the assay without failure.
The SNaPshot® assay is already semi-automated due to capillary electrophoresis
while the ARMS assay currently requires the use of agarose gels for amplicon separation
and sizing. After electrophoresis, the amplified DNA is visualized by incubation in an
intercalating dye. Though any PCR-based assay is potentially automatable, agarose gel
electrophoresis for amplicon separation and use of an intercalating dye for visualization
of the PCR product limit, or at least increase the difficulty of automation. Because
capillary electrophoresis is used to analyze the fluorescently-labeled ddNTP added in the
SNaPshot® reaction, the use of agarose gels has been eliminated. Though the mdx
SNaPshot® assay reported herein is not currently fully automated, it is reasonably simple
to do so. Further automation of SNaPshot® using robotics to complete the initial steps in
the assay would make it a high-throughput method. Automation reduces the amount of
time physically needed to perform the assay. The reduction in the number of steps in
SNaPshot® completed manually should decrease the risk for human error.
The ease of reading, robustness and semi-automation all make SNaPshot® an
attractive genotyping assay, especially for molecular biology laboratories already
performing sequencing reactions. With methods described herein the SNaPshot® assay
could replace, or at least supplement the mdx ARMS assay.

Conclusions
1. Variation of annealing temperatures in the ARMS assay could potentially lead to an
incorrect determination of genotype. At higher annealing temperatures ( > 58°C)
diagnostic amplicons appear when using wt primers though no wt DNA is present.
2. The commercially available SNaPshot® kit (Applied Biosystems) was used to
genotype mdx and wt mice based on the single C to T mutation at position 572 in exon 23
present in the dystrophin gene in mdx mice. The optimal conditions for the assay were:
an undiluted amount of DNA, a 0.1 µM primer concentration using Autoprimer PCR
primers, full PCR product used in the SNP extension reaction, a 0.4 µM concentration of
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the SNP extension Autoprimer primer, and a 50ºC annealing temperature for the PCR in
accordance with standard SNaPshot® conditions.

Future Directions
The SNaPshot® assay can be adapted to distinguish other genetic variations
besides SNPs, such as deletions (Jarvela et al. 1996, Pastinen et al. 1997). Therefore, a
SNaPshot® assay could be developed to detect the deletion in the utrophin sequence in
mdx:utr-/- mice. The deletion in the utrophin gene corresponds to bases 8624-8787 in the
cDNA [87]. The author already has designed primers based on the cDNA sequence,
which is complementary to the mRNA sequence (GenBank ID: NM 011682) using the
publically available Primer 3 Design and Autoprimer primer design programs (Figure 8).
A wt reverse primer will sit in the site where the deletion will occur. Thus, the primer
will bind and amplify the wt product only if the deletion has not occurred. A mutant
primer sits downstream of the deletion and will amplify both wt and the deletion, but the
size of the amplicons will be different. A common forward primer sits upstream of the
deletion. SNP extension primers were designed so the single base extension of the wt
versus the knockout alleles will be distinguishable. If the first base in the deletion site
area and the first base immediately following the deletion are the same, the SNP primer
would not distinguish the deletion from the wt. However, the SNP primer can modified
by adding an additional base to its 3’ end so that the single base extension would result in
the incorporation of bases that would differ depending on whether or not the deletion is
present (Figure 8).
A.
Gccctctcaggcagggcctccgtgctcctcacgcgctcctccaaggtgttcaaccacgtggtctccaggtccagatagtgaag
cagctccacccagcaagaccagacctcctccagtgtgtggcacttccctcgaattctattgcacagaagctggtagctctccagc
acctcgttgaattccgacgtcaactcctggccaccagagggcaccttggcagccaccagcttgatgctgtccttcagaattttcac
cctcacctccttctgcagcacctcctcttttgccctcttcatttcctccaccgcactctcgagttcttctggagatttgtactcgaagt
ccctctccaggtagtcctcttcagcctgtgccatcc
B.
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cctccaaggtgttcaaccacgtggtctccaggtccagatagtgaagcagctccacccagcaagaccagacctcctccagtg
tgtggcact[t]ccctcgaattctattgcacagaagctggtagctctccagcacctcgttgaattccgacgtcaactcctggcc
accagagggcaccttggcagccaccagcttgatgctgtccttcagaattttcaccctcacctccttctgcagcacctcctct
tttgccctcttcatttcctccaccgcactctcgagttcttctggagatttgtactcgaagtccctctccaggtagtcctcttcagc
ctgtgccatccac
Figure 12. PCR and SNP primer design to detect the target cDNA sequence containing the utrophin
deletion. A) Location of PCR primers (bold and underlined) designed with the Primer3 Design
program in relation to the deletion (highlighted in green), and two possible SNP extension primers
(highlighted in red). The pink highlighted portion (two bases, ct) represents the overlap between the
SNP extension primer and the deletion sequence, so the ddNTP that will be added is different
between the wt and knockout alleles. B) Location of PCR primers (bold and underlined) designed
using the Autoprimer design program in relation to the utrophin deletion (highlighted in green). The
same SNP extension primers can be used.

Although primers have already been designed using the mRNA because the exact
location of the deletion is known in this sequence, it would be better to design primers
based on the utrophin genomic DNA sequence (GenBank ID: 22288) as introns are
excluded in the mRNA. This complicates prediction of the size of the amplicon. Not
knowing the expected size of the product could make design of an efficient assay
difficult. PCR is more efficient with small sized amplicons. If the deletion spans several
kilobases, then amplification of the entire region for the wt may not be possible. An
alternate, more complex design of primers would have to be considered.. Unfortunately,
the exact location of the deletion in the genomic DNA has not yet been made public. To
determine the location of the deletions the wt PCR product and the utrophin mutant PCR
product would have to be sequenced and then aligned. A comparison of the aligned
sequences would allow identification of the deleted bases in utrophin gene in mdx:utr-/mice.
Once the utrophin deletion site is known, PCR primers can be designed which
flank the deletion site and produce small amplicons. The current utrophin PCR-based
assay produces amplicons at 460 bases for the mutant and 640 amplicons for the wt DNA
(Grange et al. 2002). As smaller pieces of DNA are easier to amplify than larger ones
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[36], smaller amplicons for both sets of primers would make amplification more efficient
and would therefore, increase the robustness of the assay.
Once the primers are correctly designed and tested, the conditions for an utrophin
SNaPshot® assay would be optimized. These conditions include the (1) range of DNA
needed for the initial PCR, (2) the optimal concentrations for (a) the PCR primers, (b) the
PCR product used in the SNaPshot® reaction, and (c) the SNP extension primer. The
ultimate goal of developing an utrophin SNaPshot® assay would be to multiplex it with
the mdx SNaPshot®, so that both the dystrophic and the utrophin alleles could be
identified in a single reaction. The peaks from the utrophin and mdx ARMS assay could
be differentiated even if the same nucleotides are involved in the single base extension
reactions by using different sized primers. The primer plus the ddNTPs would then
migrate at different rates through the capillary during electrophoresis. This approach
would reduce the amount of time, cost, and effort required to genotype mdx:utr-/- mice.
The optimal conditions would be determined with the same methodology as described
above for the mdx ARMS assay [104].
If the optimization of the utrophin SNaPshot® assay results in different operating
conditions it may still be possible to multiplex the two SNaPshot® assays as the mdx
SNaPshot® is very robust and could be somewhat modified to accommodate different
assay conditions. Therefore, the multiplex could be run at conditions that are less than
optimal for the mdx SNaPshot® but that are optimal for the utrophin SNaPshot® and still
produce viable and reliable results. This would reduce the number of reactions down
from three separate ones for mdx:utr-/- to two reactions.
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APPENDIX A: COST ANALYSIS
REAGENT COST
ARMS Assay with Analysis on a 2% Agarose
Mini-Gel
Reagent

HotStart-IT (Enzyme &
PCR Buffer)
2.5 mM dNTP mix
Forward Primer
Wild Type Reverse
Primer
Mutant Reverse Primer
Agarose
5X TBE
Ethidium Bromide
100 bp Sizing Ladder

Reactions

List Price

Cost
per

per Pkg

per Pkg

Unit

Cost
per
12
Samples
*

USB
USB
ABI

5,000
500
2,500

$2,250.00
$151.00
$52.40

$0.45
$0.30
$0.02

$12.60
$8.40
$0.56

ABI
ABI
Invitrogen
USB
USB
Qiagen

2,500
2,500
83 gels
1,923
10,000
100 lanes

$52.40
$52.40
$124.00
$22.00
$12.00
$118.00

$0.02
$0.02
$1.49
$0.01
$0.01
$1.18

$0.28
$0.28
$1.49
$0.01
$0.01
$2.36

Supplier

Total Cost per 12
Samples

$25.99

Reagent Cost per DNA sample when 12 samples run with current ARMS
Assay

$2.17

Reagent Cost when only a single sample is run with current ARMs Assay

$7.43

SNaPshot® Assay with Analysis by Capillary Electrophoresis
Reagent

HotStart-IT (Enzyme &
PCR Buffer)
2.5 mM dNTP mix
Forward Primer

Supplier

USB
USB
ABI

Reactions

List Price

Cost
per

per Pkg

Per Pkg

Unit

Cost
per
12
Samples
*

5,000
500
2,500

$2,250.00
$151.00
$52.40

$0.45
$0.30
$0.02

$6.30
$4.20
$0.28
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Reverse Primer
SNP Extension Primer
ExoSap®
Shrimp Alkaline
Phosphatase (SAP)
SNaPsho®t Multiplex
kit

ABI
ABI
USB

2,500
2,500
5,000

$52.40
$52.40
$2,704.00

$0.02
$0.02
$0.54

$0.28
$0.28
$7.56

USB

5,000

$395.00

$0.40

$5.60

ABI

$12,250.00

$2.45

$34.30

POP-4 polymer
Hi-Di™ formamide
GeneScan™ 120 LIZ™
Size Std

ABI
ABI

5,000
500
injections
1,000

$227.00
$30.00

$0.45
$0.03

$0.45
$0.42

ABI

800

$340.00

$0.43

$6.02

Total Cost per 12
Samples

$65.69

Reagent Cost per DNA sample when 12 samples run with SNaPshot® Assay
Reagent Cost when only a single sample is run with SNaPshot® Assay

$5.47
$14.43

Table 1. Reagent Cost Analysis. The SNaPshot® assay is more expensive than the ARMS assay but is
easier to perform.

The reagent cost analysis was calculated on the basis of processing a single
unknown DNA sample obtained from a mouse using the current ARMS assay and the
newly developed SNaPshot® assay (Table 1). The analysis was completed under the
assumption that both assays utilized HPLC purified primers.

Reagent Cost for Current ARMS Assay
The analysis of the amplification products generated by the ARMS assay is
performed on a 2% agarose mini-gel, which can be prepared using two rows, with each
row containing 15 lanes. For maximum efficiency one mini-gel can be used to analyze a
total of 12 unknown mouse DNA samples. The maximum number of samples per minigel was determined based upon the following parameters. Each sample including a
positive control (DNA obtained from a heterozygous mouse), a negative control, and the
unknown DNA samples from test mice must have two separate amplification reactions
(forward + wt reverse primer, and forward+ mutant reverse primer). Each amplification
reaction must be run in a separate well on the agarose gel. In addition, each row of 15
wells must have a base pair ladder to confirm the size of the amplified products.
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Therefore, the top row can contain a positive control, a negative control, and five
unknown samples. The bottom row can contain a maximum of seven unknown samples.
Control samples need only be run once per gel assuming that all of the samples were
amplified using the same PCR master mixes (one master mix is prepared for the forward
+ wt reverse primer and a second master mix for the forward + mutant reverse primer).
An entire gel must be run even if only one sample is typed (typing of a single sample
must include the cost of both a positive, negative control, and one lane containing the
base pair ladder). To maximize cost efficiency a total of 12 samples would be run per
mini-gel. The total reagent cost per unknown DNA sample using the current ARMS
assay is $2.17. However, if the analysis of a single mouse sample must be accomplished
quickly, then the cost associated with running a gel and the appropriate controls must be
included for that one sample. The total cost of running the controls and one sample on a
2% agarose min-gel is $7.43. If only a single sample must be run, the cost per sample
with the current ARMS assay is nearly 3.5 times more expensive.

Reagent Cost for new SNaPshot® Assay
The analysis of the extension products generated following PCR amplification
with the SNaPshot® assay is performed on an Applied Biosystems 3130xl Genetic
Analyzer by capillary electrophoresis. The initial cost to purchase an Applied
Biosystems 3130xl Genetic Analyzer is substantial (approximately $160,000.00) in
comparison with the cost of a gel box, power supply and UV Photo documentation
system. However, the throughput capability of the 3130xl Genetic Analyzer is
substantial (in addition the instrument can be used for many other molecular biology
tasks such as sequencing). I have estimated that a single instrument could perform more
than 1,000 genotyping assays per day if necessary. The reagent cost analysis of the new
SNaPshot® assay also was calculated based upon the analysis of 12 unknown DNA
samples plus 1 positive control DNA sample (heterozygous control DNA) and 1 negative
control. For each sample analyzed with the new SNaPshot® assay, only a single PCR
amplification is required. Additional cleanup steps are required including incubation with
ExoSAP-IT® and SAP. A substantial cost of the new SNaPshot® assay is from the
purchase of the SNaPshot® Multiplex kit from Applied Biosystems, with the list price of
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$2.45 per reaction. Loading of the 3130xl Genetic Analyzer is automated once a tray of
samples is placed on the instrument. The instrument can inject automatically 16 samples
simultaneously. Because of the instrument’s ability to distinguish multiple fluorescent
dyes concurrently, a sample is only injected one time. The allele designations and data
analysis are also automated by the software that comes with the instrument. The total
reagent cost per unknown DNA sample using the new SNaPshot® assay is $5.47.
However, if the analysis of a single mouse sample must be accomplished quickly, then
the cost associated with running the 3130xl Genetic Analyzer with the appropriate
controls is $14.43. If only a single sample must be run, the cost per sample with the new
SNaPshot® assay is approximately 2.6 times more expensive.
At maximum efficiency the reagent cost associated with the current ARMS assay
is approximately 2.5 fold less expensive than new SNaPshot® assay. If only a single
sample and controls must be run quickly the new SNaPshot® assay is only 2 times more
expensive. However, in my experience at least one sample in every two or three gels
typed using the current ARMS assay must be re-analyzed because the results were
unclear. Thus, the cost for using the ARMS assay to obtain a reliable result will increase
substantially. Depending on the number of samples that require re-analysis using the
ARMS assay, the reagent cost associated with the SNaPshot® assay could be less on a
per sample basis. Lastly, if a large number of samples need to be run, the cost of the
SNaPshot® assay and ARMS assay become comparable and eventually favor the
SNaPshot® assay. The labor requirements for the ARMS assay are prohibitive for large
batches of samples. The exact costs were not estimated, only the trend is indicated herein.

Analysis Time and Labor Component of the current ARMS assay and the
SNaPshot® assay
The overall time to obtain a genotyping result using the new SNaPshot® assay is
comparable with that of the current ARMS assay. However the current ARMS assay
requires approximately two times more hands on labor to perform the assay as compared
to the new SNaPshot® assay, 101 minutes vs. 52 minutes (Table 2). A number of the
steps in the SNaPshot® assay involve the addition of a single master mix followed by the
incubation in a thermal cycler. This allows a graduate student or lab technician to carry
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out other tasks while the analysis is underway, thereby increasing productivity. Agarose
gels, like the ones used in the ARMS assay, must be mixed, poured, and loaded by hand.
When samples are loaded onto agarose gels, they must be watched to ensure the samples
do not pass through the entire gel and are then lost into the running buffer, or if multiple
rows of samples are run on one gel, into the next row. Gels also must be imaged soon
after electrophoresis is completed. This limits what other projects a graduate student or
laboratory technician can do while running an ARMS assay. Each mini-gel can only run
a total of 12 unknown samples. Multiple gels must be poured and loaded if a significant
number of samples must be analyzed.
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Analytical
Procedure
Samples Processed

ARMS Assay

SNaPshot® Assay

12 unknown DNA samples
plus 1 Positive and 1
Negative Control
60 minutes
90 minutes
N/A

12 unknown DNA samples plus
1 Positive and 1 Negative
Control
30 minutes
90 minutes
50 minutes (5 min set-up, 45 min
incubation)

70 minutes (10 minute setup, 60 minutes to
polymerize)
N/A

N/A

Shrimp Alkaline
Phospatase

N/A

80 minutes (5 minute set-up, 75
minute incubation)

Electrophoresis
Sample Preparation
and Loading

15 minutes set-up and gel
loading

15 minutes (5 minute set-up, 10
minute heating, cooling, and
auto injection)

Electrophoresis
Stain Gel

30 minutes
31 minutes (1 minute set-up,
30 minute incubation)

20 minutes
N/A

Visualize and
Photograph Gel

10 minutes

N/A

Data Interpretation
Total Analysis
Time
Total Hands on
Labor Component

5 minutes
311 minutes

2 minutes
322 minutes

101 minutes

52 minutes

PCR set-up
PCR Amplification
ExoSAP-IT®
Preparation
Agarose Gels
SNapshot®
Extension reactions

35 minutes (5 minute set-up and
25 minute extension reaction)

Table 2. Analysis Time and Hands on Labor Component. The total analytical time for both assays is
comparable, however the new SNaPshot® assay requires about 2 fold less labor. The robustness of
the SNaPshot® assay also decreases the likelihood of re-runs. N/A = Not Applicable.

The ARMS assay is more sensitive to variations in analytical conditions than the
SNaPshot®. Unclear results, or samples that need to be re-run, are more likely to occur
with the ARMS assay. When running 12 reactions, even if only one of those samples
must be re-run, the entire process must be repeated. This costs more time and effort from
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a graduate student or laboratory technician and further reduces their overall productivity.
The SNaPshot® assay is easier to read than the ARMS assay, further reducing the
amount of time spent typing a sample. With SNaPshot® the samples are imaged
automatically during CE. CE greatly reduces the amount of time physically spent
performing the assay.
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APPENDIX B: DATA
The following data are the outputs from GeneScan® version 3.7 software
(Applied Biosystems) from SNaPshot® assays performed in Dr. Arthur J. Eisenberg’s
laboratory at the University of North Texas Health Science Center. Optimization of the
mdx ARMS assay was also completed in this laboratory. Red peaks indicate the sample
contains the C to T mutation in the murine dystrophin gene. Black peaks indicate the
sample is a wt, with no C to T mutation.
The left axis shows relative fluorescent units (RFUs). RFUs are a measurement
used in detection of electrophoretically-separated fluorescently-labeled DNA molecules.
When the samples pass a window during capillary electrophoresis, the fluorescent tags
are excited by a laser. The emitted wavelengths of the excited fluorophores are captured
by a detector. The software interprets the results and expresses them based on the
wavelength and intensity. Each ddNTP was labeled with a different fluorescent tag as
shown in Table 1.
ddNTP

Dye Label

Peak Color

Emission
Wavelength(nm)

G

dR110

Blue

490-500

A

dR6G

Green

540-560

T

dROX™

Red

580-600

C

dTAMRA™

Yellow (Shown as Black in Genescan

620-640

version 3.7® Software from Applied
Biosystems)
Table 3. Fluorescent tags. Fluorescent tags with different emission wavelengths allow for easy
discrimination of the correct genotype.

The intensity is expressed quantitatively by peak height, and area. The
fluorescent tags detected and their quantity in RFUs appear in the Dye/Sample Peak
column. Other peaks besides the one involved in the SNaPshot® reaction are also
detected in very small amounts. However, these have little impact on interpretation. The
SNP peak can be distinguished as the intensity of that is peak is much greater than the
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others. For example, in figure 9 the red peak has a peak area of over 100,000 RFUs
while the other peaks have areas that do not exceed 16,000 RFUs.

Figure 13. Dystrophic sample 1 distinguished by the red color of the fluorescent tag on the ddTTP.
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Figure 14. Dystrophic sample 2 distinguished by the red color of the fluorescent tag on the ddTTP.

Figure 15. Dystrophic sample 3 distinguished by the red color of the fluorescent tag of the ddTTP.
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Figure 16. Dystrophic sample 4 distinguished by the red color of the fluorescent tag on the ddTTP.

Figure 17. Dystrophic sample 5 distinguished by the red color of the fluorescent tag on the ddTTP.
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Figure 18. Dystrophic sample 6 distinguished by the red color of the fluorescent tag on the ddTTP.

Figure 19. Dystrophic sample 7 distinguished by the red color of the fluorescent tag on the ddTTP.
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Figure 20. Dystrophic sample 8 distinguished by the red color of the fluorescent tag on the ddTTP.

Figure 21. WT sample 1 distinguished by the black color of the fluorescent tag on the ddCTP.
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Figure 22. WT sample 2 distinguished by the black color of the fluorescent tag on the ddCTP.

Figure 23. WT sample 3 distinguished by the black color of the fluorescent tag on the ddCTP.
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Figure 24. WT sample 4 distinguished by the black color of the fluorescent tag on the ddCTP.
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APPENDIX C: UTROPHIN
The information in this appendix relates to utrophin, a homologue to dystrophin.
A utrophin SNaPshot® assay would be as equally advantageous for genotyping mdx:utr-/mice, as it was for genotyping mdx mice.

Utrophin
The utrophin gene is located on chromosome 6 in humans and chromosome 10 in
mice [105]. It has two separate and independently regulated promoters, utrophin A and B
which both give rise to the same 13-kb mRNA [106]. The utrophin A promoter, located
in the CpG island, a location rich in C and G bases, at the 5′ end of the utrophin locus, is
a 155bp sequence with an N-box motif. The N-box consensus sequence, TTCCGG, is
responsible for synaptic expression of utrophin [107]. The utrophin B promoter is
located in intron 2 of the utrophin genes, 50 kb from exon 2. This promoter drives
transcription of a first exon that then gives rise to a 13-kb mRNA. The N-box motif is
not found in utrophin B promoter [106].
The 395 kDa utrophin protein, like the dystrophin protein, is expressed in skeletal,
cardiac, and smooth muscle and the brain but is also found in vascular endothelia, retinal
glial cells, platelets, Schwann cells of peripheral nerves, spleen, liver, lung and kidneys
[44] [108] [109]. In mature muscle fibers, utrophin is found at the cytoplasmic face of
the neuromuscular and myotendinous junctions, while in developing and regenerating
muscle fibers, utrophin is found along the sarcolemma expressed in higher levels than in
mature fibers [109] [110].
Utrophin was originally discovered as a 13kb autosomal transcript in skeletal
muscle through cross-hybridization to dystrophin cDNA clones [105]. Originally named
dystrophin-related protein, it was later named utrophin for ubiquitously expressed
dystrophin [111] [39].
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Homology of Dystrophin and Utrophin
Utrophin is an autosomal paralogue of dystrophin [105]. Dystrophin and utrophin
have high structural similarity with higher sequence similarity in the C and N-terminal
regions. The utrophin gene is a third as long as the dystrophin gene at 900kb [112] [113].
The actin binding domain and the C terminus of utrophin protein share a 73% identity
with dystrophin. The rod domain, however, shares less than 30% identity with dystrophin
[113]. The utrophin rod domain lacks two hinge regions and repeats [114] (Figure 21).

Figure 25. Dystrophin and utrophin are part of the spectrin superfamily. They share significant
identity in the N-terminal, the cysteine-rich region, and the C-terminal. As part of the spectrin
family, both dystrophin and utrophin have calponin homology (CH) domains in the N-terminal,
depicted as CH1 and CH2, which form the actin-binding region. They also both have EF-hands[48].

The carboxyl terminal of utrophin is homologous to the carboxyl terminal of
dystrophin. Utrophin also has the characteristic spectrin repeats and the EF-hand region.
The crystal structure of the CH region of utrophin, determined by Keep et al. in 1998 and
then followed by the entire actin binding region in 1999, showed that utrophin, like
dystrophin, has a CH2 domain [115]. Both the utrophin and dystrophin actin-binding
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domains have two CH domains which dimerize when crystallized but form monomers in
solution [116] [48].
Although utrophin null mice did not display an altered phenotype when compared
to wt mice [87], the possibility that the combined absence of dystrophin and utrophin
might yield a dystrophic phenotype similar to DMD, led to the development of mdx:utr-/mice. Grady et al. developed a PCR-based assay to detect the utrophin deletion. In DMD
patients and mdx mice, utrophin is found along the cytoplasmic face of the sarcolemma,
suggesting that it can compensate, at least partially, for the lack of dystrophin [117].

Utrophin Assay
The utrophin assay is a PCR-based assay developed to detect the utrophin deletion
in utrophin null mice [87]. A 486 bp wt fragment was shortened to a 349 bp mutant
fragment [87]. According to Grady et al. the deletion corresponded to bp 8624-8787 of
the utrophin cDNA. The following primers are currently used to discriminate between the
wt and mutant alleles: mutant forward primer: 5_TGCCAAGTTCTAATTCCATCAGAAGCTG-3, wt forward primer: 5_TGCAGTGTCTCCCAATAAGGTATGAAC-3, and the common reverse primer: 5_CTGAGTCAAACAGCTTGGAAGCCTCC-3 [53]. They produce a 640 bp wt band and
a 460 bp mutant band. The wt forward primer sits directly on the deletion so that if the
mutant allele is present the primer will not extend and amplify the DNA.
In young DMD patients, utrophin levels at the sarcolemma are low and then
increase as the disease progresses [118]. Over-expression of utrophin in mdx mice
prevents any disease pathology [112]. Microarray analysis of mdx mice with an overexpression of utrophin reveals a gene profile similar to that of wt mice [119]. Gene
therapy, in the form of utrophin up-regulation may prove beneficial for DMD patients in
the future. Mdx and mdx:utr-/- mice have made these genetic studies possible, again
highlighting the need to correctly genotype them.
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