
The mdx mouse is a murine genetic equivalent of the human X-linked lethal 
disorder, Duchenne muscular dystrophy (DMD). A number of studies utiliz- 
ing the mdx mouse have demonstrated the feasibility of gene therapy for this 
disorder. Many such studies require the ability to determine rapidly the mdx 
genotype of experimental animals. Previous methods described to identify 
the mdx allele require multiple manipulations which are technically demand- 
ing. We now describe a simple and rapid method to detect the mdx and 
wild-type alleles in crude mouse DNA samples, by the mdx-amplification- 
resistant mutation system (ARMS) assay. With this system we correctly 
identified the mdx status of various transgene-containing animak in a rapid 
and simple fashion. We discuss the utility of this system for many other 
studies utilizing the mdx mouse as a model system. 0 1996 John Wiley & 
Sons, Inc. 
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THE mdx-AMPLIFICATION-RESISTANT 
MUTATION SYSTEM ASSAY, A SIMPLE 
AND RAPID POLYMERASE CHAIN 

mdx ALLELE 
REACTlON-BASED DETECTION OF THE 

ANDREA AMALFITANO, DO, PhD, and JEFFREY S. CHAMBERLAIN, PhD 

T h e  mdx mouse is a murine genetic equivalent of 
the human X-linked lethal disease Duchenne mus- 
cular dystrophy (DMD) . Originally, the mdx mouse 
was detected based upon elevated serum levels of the 
muscle isoform of the enzyme pyruvate kinase.’ Sub- 
sequently, with the breeding of the affected mice, 
the elevated pyruvate kinase levels were found to 
segregate as an X-linked recessive phenotype. Af- 
fected mice were also found to have degeneration 
and regeneration of the limb musculature of the 
mice, along with an extensive and progressive fibro- 
sis of the diaphragm m u ~ c l e . ~ ~ ~ , ~ ” ~  Physiologic analy- 
sis of the mdx mouse demonstrated that the force- 
and power-generating capabilities of their skeletal 
muscles are significantly decreased when compared 
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to wild-type animals.6,9 Following the cloning of the 
human gene responsible for DMD, dystrophin, the 
mutation in the mdx mouse was found to be a C to 
T transition in exon 23 of the murine dystrophin 
gene, creating a nonsense codon resulting in prema- 
ture termination of translation.” The expected trun- 
cated protein is not detectably expressed, in skeletal 
muscle, likely due to instability of the mRNA and the 
truncated protein.*” Thus, the mdx mutation is in 
essence an X-linked recessive null mutation. 

The nature of the mdx mutation has allowed our 
group to utilize transgenic mdx mice expressing full 
length or truncated forms of the dystrophin gene to 
study the feasibility of gene therapy for DMD.6,9 
Since the transgenes are usually injected into wild- 
type embryos, they must subsequently be bred onto 
the genetic background of mdx mice. To facilitate 
the transfer of newer versions of the dystrophin- 
expressing transgenes onto the mdx background, 
one must determine the genotype of an animal that 
has inherited the transgene construct. Previously we 
have described an allele-specific oligonucleotide 
(AS0)-based hybridization method to detect the 
mdx Other methods available include 
those utilizing polymerase chain reaction (PCR) am- 
plification of the region encompassing the rndx mu- 
tation, and either directly sequencing the PCR prod- 
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ucts or utilizing primers that incorporate a unique 
restriction site into the PCR product only if the wild- 
type allele is For this latter strategy the 
PCR products must be purified and digested with the 
appropriate restriction enzyme, and the small diag- 
nostic restriction products must be separated by 
polyacrylamide gel electrophoresis. Each of the 
above methods either requires multiple manipula- 
tions, the use of nonconvenient electrophoresis sys- 
tems, carefully controlled hybridization conditions, 
and/or radiolabeled nucleotides. We now describe a 
simple PCR-based method to detect either the mdx 
or wild-type murine dystrophin alleles in crude 
mouse-tail DNA extracts. This method is based on 
the amplification-resistant mutation system (ARMS), 
a system previously utilized to detect point mutations 
in a number of other genes including alleles of the 
alpha-1-antitrypsin gene, and the various apolipopro- 
tein E  allele^.^-"^'^ Utilizing the mdx-ARMS assay, 
we have been routinely able to genotype the rndx 
status of crude mouse-tail DNA preparations rapidly 
after DNA isolation. We discuss the potential use of 
this assay system to facilitate future studies of DMD 
which utilize the mdx mouse as a model system. 

MATERIALS AND METHODS 

Mice. Wild-type C57/BL10 and mdx mice were 
originally obtained from the Jackson Laboratories, 
and have been maintained in our facilities in accor- 
dance with University of Michigan laboratory animal 
usage guidelines. All mdx animals utilized in our 
studies are maintained as a breeder colony of mdx 
males and homozygous mdx/mdx females. The rndx 
status of these mice are routinely confirmed by AS0 
screening, phenotypic analysis, and by the appropri- 
ate homozygous breedings. Transgenes were initially 
injected into heterozygous mdx/wild-type embryos 
at the University of Michigan Transgenic Animal 
Core Facility. 

5'-ttgatatgaa 

intron exon 
22 1 23 
tgaGGCTCTG 

Design of the mdx-ARMS Oligonucleotides. We 
have previously sequenced the 3'-region of murine 
dystrophin intron 22 immediately 5' of exon 23.' 
The mdx mutation is a C to T transition within exon 
2311 at position 3203 relative to the full-length mu- 
rine dystrophin cDNA sequence that we previoudy 
submitted to Genbank (See Fig. l ) . 3  The sense 
primer p9427 (5'-AACTCATC&4TATGCGTGT- 
TAGTG-3') was designed to be complimentan; to 
sequences located within intron 22: therefore it will 
hybridize only with mouse genomic DNA sequences, 
and not with any dystrophin cDNA-derived trans- 
genes. There are two reverse primers utilized in the 
mdx-ARMS assay. The first primer, p259E (5'- 
GTCACTCAGATAGTTGAAGCCATTTAA-3'), was 
designed such that its 3' nucleotide is complimen- 
tary only to the corresponding mdx nucleotide, 
and is therefore a mismatch for the corresponding 
wild-type nucleotide at that position, while the 3' 
nucleotide of the reverse primer p260E (5'- 
GTCACTCAGATAGTTGAAGCCATTTAG-3') is 
complimentary only to the wild-type sequence and is 
mismatched for the mdx allele. To further prevent 
incorrect extension by Tuq polymerase when the 
mdx primer has incorrectly annealed with the wild- 
type sequence, a second destabiliiing mismatch im- 
mediately 5' to the 3' mismatche4 was introduced 
into both reverse primers. This additional mismatch 
is especially important since the A-C (purine/ 
pyrimidine) mismatch is expected to be more likely 
to allow inappropriate primer extension by the Ihq  
polymerase than other types of mismatches.x The 
introduced second mismatch, however, does not in- 
terfere with extension when a correct annealing has 
occurred at the 3' terminus of the primers (see Re- 
sults). 

PCR Reactions. Individual 0.5-in. mouse-tail 
samples were digested at 55°C in 600 pL of 10 

tga'aactcat caaatatgcg tgt tagtgta aatgaac ttc tatttaat tt 

T=mdx allele 
4 

CAAAGTTCTT TGMGAGCA ACAAAATGGC TTCAACTATC TGAGTGACAC-3' 
3'-AATTTACCG AAGTTGATAG ACTCACTG-5' =p259E 
3'-GATTTACCG AAGTTGATAG ACTCACTG-5' =p260E 

FIGURE 1. The sequence of the 3' end of rnurine dystrophin intron 22 (Genbank accession #: U56724) and the 5' end of exon 23 of the 
rnurine dystrophin gene are di~played.~,~ The location of the forward primer, p9427, and the reverse primers p259E and p260E are 
depicted. Note the location of the intron 22/exon 23 border in relation to the forward and reverse primers. The location of the C to T 
transition responsible for the mdx phenotype is noted and is located at position 3203 of the full-length murine dystrophin cDNA se- 
q~ence .~~"  The sequences of p9427, p259E, and p260E are also shown. 
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mmol/L Tris-C1 (pH 7.5), 400 mmol/L NaC1, 100 
mmol/L ethylenediaminetetraacetic acid (EDTA) , 
0.6% sodium dodecyl sulfate (SDS), and proteinase 
K at 0.6 mg/mL. A saturated NaCl solution (167 pL) 
was added and mixed thoroughly, followed by cen- 
trifugation in a minifuge at full speed for 10 min at 
room temperature. One volume of cold 95% ethanol 
was mixed with the supernatant and minifuged at 
room temperature for 20 min. The pelleted DNA 
was rinsed with 70% ethanol, air dried, and resus- 
pended in 200 pL of 10 mmol/L Tris-C1 (pH 8.0), 1 
mmol/L EDTA. Approximately 50-200 ng of crude 
tail DNA extract was used in each set of 15yL PCR 
reactions. The PCR reaction mixture included 2 ng/ 
mL of each of the appropriate forward and reverse 
primers, 10 mmol/L Tris-HC1 (pH 8.3), 50 mmol/L 
KC1, 1.5 mmol/L MgCl,, 0.001% gelatin, 1 unit of 
Tuq DNA polymerase, and 0.34 mmol/L of each of 
the four deoxynucleotide triphosphates (dNTPs) . A 
Perkin-Elmer 9600 thermocycler was programmed 
with the following cycling parameters: initial dena- 
turation at 94°C for 3 min, followed by 35 cycles of 
denaturation at 94°C for 30 s, annealing at 53-57°C 
for 30 s,  and Tuqpolymerase extension at 72°C for 20 
s .  A final extension for 10 min at 72°C was followed 
by storage at 4°C. The 105-bp DNA products of the 
PCR reactions were electrophoresed through 4% 
agarose gels (3 parts NuSieve agarose: 1 part conven- 
tional agarose) and photographed after ethidium 
bromide staining. 

RESULTS 

The ARMS assay is based on the principle that a 
single nucleotide change can be discriminated dur- 

53% 55% 

ing a simple PCR reaction.8 By designing oligo- 
nucleotide primers which differ only by a single 3' 
nucleotide, single nucleotide changes in the compli- 
mentary position of a DNA sample can be rapidly 
identified.8,'2214 This discrimination is facilitated by 
the fact that the Tuq polymerase does not have a 
3'-exonucleolytic proofreading activity. Our labora- 
tory has previously described and modified AS0 hy- 
bridizations to genotype the mdx status of animals 
carrying various dystrophin-expressing trans gene^.^,^ 
We now demonstrate the ability to determine the 
mdx genotype of transgene-bearing animals utilizing 
a simple set of PCR reactions. For each DNA sample 
to be analyzed, two sets of PCRs are utilized. One 
PCR set utilizes oligonucleotide primers p9426 and 
p259E as forward and reverse primers, which only 
allow amplification of the mdx allele; the other PCR 
utilizes the forward primer p9426 and reverse primer 
p260E to amplify only the wild-type allele. With each 
set of PCRs performed, appropriate positive and 
negative control samples must always be analyzed 
simultaneously, so as to be sure that both sets of PCRs 
proceeded correctly. Without positive and negative 
controls, false-negative results may be assigned incor- 
rectly to those reactions with no evidence of ampli- 
fication products. To analyze the specificity of the 
oligonucleotide primers for allowing amplification 
of only the mdx or wild-type alleles, mdx-ARMS as- 
says were performed using a range of annealing tem- 
peratures (see Fig. 2). Utilizing crude mouse-tail 
DNA samples isolated from animals of known geno- 
type, we demonstrated that the mdx-ARMS assay 
correctly identified the mdx allele status in each of 
the control animals. Note the lack of amplification of 

57% 

.4- mdx 

- w.t. 

FIGURE 2. Samples of previously genotyped mouse-tail DNA were analyzed by the mdx-ARMS assay as described in the text. The top 
row shows the PCR amplification products produced with the mdx-specific reverse primer p259E and p9427 after electrophoresis through 
a 4% agarose gel. The bottom row displays the PCR amplification products generated by the wild-type (w.t.) specific reverse primer p260E 
and p9427. Each set of mouse DNA samples was analyzed using the indicated annealing temperature. The diagnostic 105-bp PCR 
products are indicated by arrows. Symbols: box = male, circle = female, shading indicates presence of an mdx allele. 
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the 105-bp product from any of the negative control 
samples, even when utilizing annealing tempera- 
tures that varied between 53 and 57°C (see Fig. 2).  
The mdx allele-specific primers allowed amplifica- 
tion of the mdx allele at even lower temperatures 
(i.e., as low as 49°C); however the wild-type specific 
primers Failed to allow consistent amplification of 
the wild-type allele at lower temperatures (data not 
shown). While we have never had a false-positive re- 
sult in over 100 mdx-ARMS attempts, we have noted 
that the annealing temperature is the most critical 
aspect of this assay. It is critical to determine the 
optimum annealing temperature on each individual 
thermocycler used for this type of assay; similar ma- 
chines have slightly different heating/cooling pro- 
files, which may impact upon the reliability of the 
system. 

As an example of the utility of the mdx-ARMS 
assay, we have used the system to ascertain the mdx 
status of mice that have integrated into their ge- 
nomes various transgenes we have previously con- 
structed."'" Figure 3 demonstrates the ability of the 
mdx-ARMS assay to identifjr the genotype of trans- 
genic offspring. In this example a female mouse 
known to be heterozygous for the mdx and wild-type 
alleles was mated to a previously genotyped mdx 
male mouse. The first mating produced 7 transgenic 
offspring of which 2 females were found by mdx- 
ARMS to be homozygous for the mdx mutation; sub- 

sequent breeding of the offspring and histopatho- 
logic examination confirmed the assigned genotypes 
(data not shown). In the second mating, 2 female 
transgenic offspring were isolated and identified as 
mdx/mdx homozygotes by the nidx-ARhlS assay. 
The latter result demonstrated another useful fea- 
ture of the mdx-ARMS assay: the transgene that in- 
tegrated into the genomes of those mice contained a 
full-length dystrophin cDNA molecule, but since the 
forward PCR primer is complimentary to intronic 
DNA sequences, no amplification products from the 
integrated dystrophin cDNA were generated. 

DISCUSSION 

Use of the mdx mouse as an animA model For the 
human disease DMD has been infduable, riot only 
enabling investigation of the pathogenesis of the dis- 
ease, but also for testing the potential for gcne 
therapy of this lethal disorder. We and others have 
demonstrated that many of the chancteristics of the 
mdx mouse are consistently obscr-ced and can be 
reliably measured. These same parameters can be 
analyzed to determine if a mode of intervention has 
had any effect on the mdx phenotype.6." One cery 
useful form of investigation includrs the idation of 
mdx mice that express transgenes encoding the full- 
length and truncated forms of thr dystrophin gene 
itself (or other proteins) to ascertain their impact on 
the mdx phenotype. We have debeloped the rndx- 

h m d x  male L m  ~, . . . . . . , y., ... dx male 
controls 

t + + +  t + +  

f- rndx 

c- w.t. 

FIGURE 3. Crude samples of mouse DNA isolated from transgenic mice analyzed by the mdx-ARMS assay. The genotypes of offspring 
derived from matings between transgenic heterozygous mddwild-type (w.t.) females with mdx males is depicted. In the first mating pair, 
2 of the 7 transgenic offspring were found to be mddmdx homozygotes; in the second mating pair, both transgenic offspring are mdx/mdx 
homozygous females. Control reactions are also included in both sets of mdx-ARMS reactions. The diagnostic 105-bp PCR products are 
indicated by the arrows (note the presence of dimerized primers in some of the lanes: utilizing 4% NuSeive agarose gels allows resolution 
of these products away from the diagnostic 105-bp PCR products). Symbols: box = male, circle = female, shading indicates presence of 
an mdx allele. 
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ARMS assay as a rapid and simple method to deter- 
mine the mdx genotype of the transgenic mice. 

New strains of mice with targeted knockouts of 
genes encoding proteins known to interact with dys- 
trophin are being isolated by several labs. It will be of 
interest to breed such knockout lines onto the mdx 
background, to ascertain how the lack of the various 
genes impact upon the mdx phenotype. In addition, 
breeding the mdx allele onto mouse strains deficient 
for various components of the immune system may 
also be helpful in elucidating the role of the differ- 
ent arms of the immune response in the pathogen- 
esis of the mdx phenotype. The mdx-ARMS assay 
will be very useful in the rapid identification of these 
new mouse strains. Finally, discrimination between 
the wild-type and mdx alleles could be useful in stud- 
ies of myoblast transfer into mdx mice; i.e., detection 
of the wild-type allele present in the donor myo- 
blasts. Other methods have been designed to iden- 
tify the mdx allele, including the AS0 hybridization 
analysis as well as a PCR-based method requiring 
PCR product purification, restriction enzyme diges- 
tion, and polyacrylamide gel e l e c t r o p h o r e ~ i s . ~ ~ ~ ~ ~ ~  
Both methods require multiple steps that can be 
technically challenging and time-consuming. We 
have successfully utilized the mdx-ARMS assay for 
rapid genotyping of the mdx and wild-type alleles of 
the murine dystrophin gene in a simple PCR-based 
method utilizing conventional gel electrophoresis, 
without the need for extensive sample DNA purifi- 
cation, organic extraction, differential hybridization, 
or enzyme digestion. 
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