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Abstract
Mutations in the DMD gene, encoding the dystrophin protein, are responsible for the
dystrophinopathies Duchenne Muscular Dystrophy (DMD), Becker Muscular Dystrophy (BMD),
and X-linked Dilated Cardiomyopathy (XLDC). Mutation analysis has traditionally been
challenging, due to the large gene size (79 exons over 2.2 Mb of genomic DNA). We report a very
large aggregate data set comprised of DMD mutations detected in samples from patients enrolled
in the United Dystrophinopathy Project, a multicenter research consortium, and in referral samples
submitted for mutation analysis with a diagnosis of dystrophinopathy. We report 1111 mutations
in the DMD gene, including 891 mutations with associated phenotypes. These results encompass
506 point mutations (including 294 nonsense mutations) and significantly expand the number of
mutations associated with the dystrophinopathies, highlighting the utility of modern diagnostic
techniques. Our data supports the uniform hypermutability of CGA>TGA mutations, establishes
the frequency of polymorphic muscle (Dp427m) protein isoforms and reveals unique genomic
haplotypes associated with `private' mutations. We note that 60% of these patients would be
predicted to benefit from skipping of a single DMD exon using antisense oligonucleotide therapy,
and 62% would be predicted to benefit from an inclusive multi-exon skipping approach directed
toward exons 45 through 55.

Keywords
dystrophinopathy; Duchenne Muscular Dystrophy; DMD; Becker Muscular Dystrophy; BMD;
mutation detection

Introduction
Mutation detection in the DMD gene (MIM# 300377) has historically been challenging, due
primarily to the large size of the gene. Early studies found that approximately two-thirds of
the mutations causing DMD were due to deletions of one or more exons, and the observation
that these exonic deletions cluster in hotspots led to the use of the multiplex polymerase
chain reaction (PCR) test as the standard method of diagnosis for nearly fifteen years
(Beggs, et al., 1990; Chamberlain, et al., 1990). This multiplex PCR detected up to ninety-
eight percent of deletions (Beggs, et al., 1990), but could not detect the approximately 5% of
DMD mutations due to exonic duplications. Detections of duplications require gene dosage
tests (which also detect deletions); these include Southern blot analysis (Curtis and
Haggerty, 2001; Den Dunnen, et al., 1989), dosimetric PCR-based methods (Abbs and
Bobrow, 1992; Frisso, et al., 2004), or techniques such as multiplex amplifiable probe
hybridization (MAPH) (White, et al., 2002) and multiplex ligation-dependent probe
amplification (MLPA) (Schwartz and Duno, 2004). None of these methods detect point
mutations, including premature stop codon (nonsense) mutations, subexonic insertions or
deletions, splice site mutations, and missense mutations.

The search for economical methods for point mutation detection led to a variety of
strategies, including multiplex single strand conformational polymorphism analysis (SSCP)
(Mendell, et al., 2001), denaturing high performance liquid phase chromatography (Bennett,
et al., 2001), denaturing gradient gel-electrophoresis (DGGE) (Dolinsky, et al., 2002;
Hofstra, et al., 2004). We have previously reported the development of a semi-automated
direct sequencing technique that provided for the economical and rapid sequencing of all of
the coding exons of the DMD gene, along with flanking intronic sequences, and promoters
(Flanigan, et al., 2003). This method, called single condition amplification/internal primer
(SCAIP) sequencing, detects deletions of all DMD exons, and has several advantages in the
detection of point mutations, including a higher sensitivity than screening methods based on
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conformational (SSCP) or heteroduplex (dHPLC) analysis. It has also been adapted to other
large multi-exon genes, including the three genes encoding collagen VI subunits, mutations
of which are associated with Ullrich Congenital Muscular Dystrophy and Bethlem
Myopathy (Lampe, et al., 2005).

Combined with dosimetric duplication analysis, SCAIP is a powerful tool, and direct
sequencing methodologies are now the gold standard for genomic point mutation detection.
We have previously reported the results of a survey of unselected clinic patients using these
modern diagnostic techniques (Dent, et al., 2005), and others have reported similar surveys
in referral patient sets (rather than unselected clinic survey populations) (Prior and
Bridgeman, 2005; Yan, et al., 2004).

Herein we report results using the SCAIP technique in combination with either MLPA or
MAPH testing in a very large sample population. This population is comprised of (1)
research subject samples evaluated through the United Dystrophinopathy Project (UDP), a
seven-center consortium consisting of a prospective longitudinal natural history study, a
genotype/phenotype database, and self-report patient registry (N = 858 samples tested), and
(2) specimens referred for molecular analysis outside of the UDP (N = 428 samples tested).
We report the spectrum of mutations detected by these techniques in 1111 subjects, and
discuss genotype/phenotype correlations in the subset of male patients (N = 794) with
definitive phenotypic information. We provide frequencies of polymorphisms within the
exons and flanking intronic regions of the DMD gene.

Using the frequencies of exonic polymorphisms, we have identified an idealized version of
coding region of the Dp427m transcript, in which each nucleotide position is represented by
the major allele; this idealized transcript is observed at a frequency of 9% in this population
and may prove useful as a reference sequence for the DMD gene. We propose the existence
of eight common protein variants of the dystrophin 427 kiloDalton (kDa) muscle isoform,
based upon amino acid polymorphism haplotypes, and suggest that the identification and
further study of these minor variants may shed light on variation in disease phenotype.
Lastly, we analyze point mutation spectra, and in contrast to previous analysis of smaller
DMD data sets we confirm that CpG codons are uniformly more likely to undergo
transitions to stop codons.

Methods
Patient ascertainment

Mutation results were derived from two cohorts. Patients in the UDP are selected by strict
diagnostic criteria that include either (1) clinical features consistent with DMD or BMD and
an X-linked family history; or (2) muscle biopsy showing alteration in dystrophin expression
by immunofluorescence, immunohistochemistry, or immunoblot; or (3) a mutation in the
DMD gene previously detected by clinical testing. After informed consent is obtained (under
IRB-approved protocols), blood samples are obtained for DNA analysis; patients are
examined; and data is extracted from clinical records for inclusion in the UDP database.

Phenotypes in the UDP data set are determined using the directive of “best clinical
diagnosis”. Neither mutation class nor protein expression alone can distinguish phenotype,
and in at least 1/3 of dystrophinopathy cases no family history is available to guide
prognosis (i.e., based on the clinical course of an affected maternal relative). Furthermore,
treatment with steroids may delay progression to a degree that makes a clinical distinction
between a steroid-responsive DMD and an untreated BMD patient difficult. Therefore, we
defined phenotypes based on the expert clinical opinion of trained neuromuscular physicians
at each tertiary center, combining available information regarding clinical presentation
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features, family history, protein expression, and mutation class. Under the UDP, we utilize
three diagnostic classes for male subjects, originally defined by age at loss of ambulation:
DMD (loss of ambulation at < age 12); intermediate muscular dystrophy (IMD; loss of
ambulation between age 12 and age 15); and BMD (loss of ambulation at > age 15). For
patients still walking, the UDP physician makes a “best clinical diagnosis” based on all
available data. As part of the UDP protocol, this diagnosis is reported to the central
coordinating center at the University of Utah. Patients who are enrolled in the UDP are
identified as such in Supp. Table S1 by the presence of a unique UDP identifier number in
the column headed “UDP ID”.

Samples sent for analysis in the clinical testing lab are from patients selected for testing by
referring clinical physicians, and diagnostic criteria are therefore outside of the control of
the authors. For clinical samples, we accepted the referring physician's clinical diagnosis,
and sought confirmatory diagnostic information from family history or muscle biopsy
criteria wherever possible. Wherever information regarding clinical phenotype was not
provided, we use the convention of “B/DMD” to signify phenotype (see Supp. Table S1, in
which patients identified via clinical referral have no associated UDP ID number). We have
excluded all B/DMD patients in the analysis of genotype/phenotype correlations presented
below.

Mutation Analysis
SCAIP testing was performed as previously described (Flanigan, et al., 2003). The presence
of single exon deletions, and the extent of multi-exon deletions, are confirmed using an
independent set of primers; and in non-deleted samples, SCAIP-generated nucleotide
sequence traces were analyzed using the base-calling sequence software described
previously (Flanigan, et al., 2003). In selected patients, mRNA was isolated from archived
muscle biopsy tissue, and reverse transcription PCR prior to cDNA sequencing, using
conditions and primers as published elsewhere (Roberts, et al., 1991). Nucleotide positions
were determined according to the standard reference DMD sequence used for mutation
analysis (GenBank accession number NM_004006.1). Nucleotide numbering reflects cDNA
numbering with +1 corresponding to the A of the ATG translation initiation codon in the
reference sequence NM_004006.1, according to journal guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1.

Duplication analysis was performed using Multiplex Ligation-dependent Probe
Amplification (Salsa MLPA kit P034/P035 DMD/Becker MLPA; MRC Holland, Inc.).
Some duplication mutations were previously reported as detected in a referral laboratory,
using methods published elsewhere (White, et al., 2006). Previously unreported duplications
were detected by use of the Salsa MLPA kit according to the manufacturer's instructions
with the following modifications: PCR volumes are decreased to one half, and injections are
made at twice the manufacturer's recommended injection duration during injection into the
ABI 3730 capillary sequencing machine.

Calculation of per nucleotide per generation rate of mutations of type x was estimated as: μx
= mnx/Ntx, where m is the disease incidence, n if the number of patients with mutation type
x, N is the total number of unrelated mutations, and t is the target size of mutation type x.
The disease incidence m (defined as the per generation rate) was assumed to be 1/3 * 1/3500
reflecting the estimated population incidence of DMD as 1:3,500 live male births. The
number of patients carrying a mutation of type x defined nx, and the target size for mutations
of type x defined tx (in nucleotides) based on muscle transcript isoform Dp427m
(NM_004006.1). In this study, N was assumed to be 967 unrelated patients, although
unknown patient ascertainment bias between the point mutation classes and deletion/
duplication classes will affect the relative magnitude these measures of μx.
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Single Nucleotide Polymorphism (SNP) frequency determination
SCAIP analysis results in sequencing of ~84.5 kilobases (kb) of sequence in each individual,
including exonic sequence (14.5 kb) and flanking intronic sequence (70 kb). SNP positions
were identified by high quality discrepancy analysis (Phrap score > 20) and confirmed by
manual inspection. Allele frequencies at each position were calculated using the number of
alleles from unrelated individuals with the high quality coverage depth in the resequenced
patient population as the denominator. Alignment to the March 2006 human reference
sequence (Hg18, NCBI Build 36.1) and the chimpanzee Mar. 2006 (panTro2) assembly was
used to identify known SNP positions and to infer the ancestral allele, respectively.
Polymorphism data was submitted to the Database of Single Nucleotide Polymorphisms
(dbSNP), National Center for Biotechnology Information, National Library of Medicine,
Bethesda, Maryland (dbSNP accession: ss102660140 – ss102660540).

Results
Mutations detected

Mutation results are summarized in Table 1 and Supp. Tables S1 and S2. Table 1 contains
the summary of all mutations found in both the UDP and clinic referral populations. The
clinical referral population includes patients in whom the specific clinical diagnosis could be
ascertained by review of submitted records and referring documents, and patients for whom
this information was incomplete (listed as B/DMD). A summary of the mutation distribution
found solely among research subjects within the UDP, whose clinical diagnoses were
recorded according to UDP prospectively defined criteria, are found in Supp. Table S1.

Mutations were detected in 1111 subjects, including 347 subjects who fall into 203 kindreds;
the remainder of the subjects are not known to be related. We have identified 967 apparently
unrelated mutations, which are listed in the online Supp. Table S1. Many of these are
represented, via our own reports or those of others, within the Leiden Database of DMD
mutations (www.dmd.nl). However, as summarized in Supp. Table S1, 187 mutations have
not previously been reported, either in publications or in the Leiden Database.

Deletions account for nearly 43% of all dystrophinopathy mutations in this data set. This
number is less than the approximately 65% usually reported (Dent, et al., 2005), but is likely
due to selection bias, as our patient population was enriched for point mutations during those
years when sequence analysis of the DMD gene was not widely available. All deletion
mutations are listed in Supp. Table S1; Supp. Figure S1 represents those deletions that are
either previously unreported, or associated with a phenotype that contradicts the reading
frame rule (see below). The overall sensitivity and specificity of reading frame in predicting
DMD is found in Table 2.

Duplications account for 11.0% of all patient mutations. Among patients with duplications,
one cannot make assumptions regarding the reading frame based upon the results of
genomic testing. Although tandem duplications are common (Hu, et al., 1991), other types
of non-tandem duplications may occur (White, et al., 2006), and determination of the
orientation of the duplicated fragment requires mRNA analysis. For this reason, we have not
included a prediction of reading frame among duplication patients. Consistent with results
reported elsewhere (White, et al., 2006), the most common duplication noted is a single
exon duplication of exon 2. We note a paucity of duplication mutations in the B/DMD
group, but ascribe this to selection bias, because for several years the non-UDP testing
protocol did not include duplication testing. Six subjects had complex duplication (or
duplication/triplication) mutations. Three of these have been previously reported (Dent, et
al., 2005; White, et al., 2006): patient 42391 (duplication exons 5–19, and duplication exons
38–41); patient 43000 (duplication exons 45–55, and duplication exons 65–79); and patient
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43067 (duplication exons 5–18, triplication exons 19–41, duplication exon 42, triplication
exons 43–44). Three others have not been previously reported: DR43699 (duplication exons
50–60, and duplication of exons 63–79); DC0111 (duplication exons 10–16 and 22–44); and
DRVH43882 (duplication of exon 29 and duplication exon 45).

Point mutations account for 46% of all mutations in our cohort. As expected from previous
reports, we did not find point mutation hotspots; point mutations were essentially evenly
distributed across the exons of the DMD gene (Figure 1). Generally, multiple instances of a
single point mutation are due to relatedness among subjects, with ascertainment bias thus
introduced by testing of affected relatives after identifying the point mutation in a proband.
Within our data set, however, there is one significant exception to this conclusion. We
identified the mutation c.9G>A (p.Trp3>X) in six independent families with BMD, and
from further genomic analysis have determined that it represents a true founder allele – the
first reported in the DMD gene (Flanigan et al, manuscript in submission).

Mutation spectra and per nucleotide mutation rates
The mutational spectrum, target size, and observed mutation rates per nucleotide for the 397
observed point mutations from unrelated patients are shown in Table 3. Unrelatedness was
determined by intragenic haplotype analysis of data derived from complete sequencing of
the gene. Single base-pair substitutions are 2.5-fold more prevalent than small insertions/
deletions that disrupt the reading frame or splice sites. The per nucleotide mutation rate of
15.1 × 10−9 (all substitutions) and 0.91 × 10−9 (all insertion/deletions) are similar to
previous estimates of 24.6 × 10−9 and 0.56 × 10−9, respectively, from a meta-analysis of
earlier DMD mutation studies (Kondrashov, 2003)

The mutable target size for nonsense mutations caused by single base-pair substitutions is
1500 sense codons contained in the NM_004006.1 isoform, and the target size per codon
and relative mutability for the 243 stop mutations from unrelated patients are shown in
Table 4. As expected, G:C>A:T transitions are the most prevalent stop mutation class
(68%), with 62 stop mutations (25%) due to C>T transitions at 23 of 29 CGA arginine
codons (Table 4 and Figure 1). A 7.7-fold elevation of the per nucleotide mutation rate for
transitions leading to stop codons at CpG versus non-CpG sites (204 × 10−9 versus 26.4 ×
10−9, Table 3) was observed, presumably due to the spontaneous deamination of 5-
methylcytosine to thymidine at methylated CpG dinucleotides (Cooper and Krawczak,
1989). This CpG versus non-CpG transition rate is directly comparable to and slightly lower
than a 10.4-fold elevation measured in a previous study of 46 independent DMD stop
codons (Buzin, et al., 2005). The per nucleotide mutation rates for CpG versus non-CpG
transitions are also similar between this survey (204 × 10−9 versus 26.4 × 10−9) and a
previous estimate (159 × 10−9 versus 15.3 × 10−9) (Buzin, et al., 2005).

The transition rate at individual CpG dinucleotides is dependent both on germ-line
methylation status and can be effected by local sequence context (Antonarakis, et al., 2000).
To examine whether the distribution of observed mutations at individual CGA codons was
sampled from a uniform CpG transition rate rather than different individual rates, mutation
spectrum decomposition by the Simulation, Expectation, Maximization (SEM) classification
approach as implemented in the CLUSTERM program was analyzed (Rogozin, et al., 2001).
No evidence for different classes of CGA codons was observed and no significant deviation
from the expected distribution was found. This observation contrasts with a previous report
(Buzin, et al., 2005) that the exon 59 c.8713C>T (p.R2905X) yielded a statistically
significant CpG hotspot, and this difference may be due to the larger sample size of
independent CpG stop mutations examined in this study (n=62) versus the earlier study
(n=16).
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The 243 observed stop mutations occur in 15 of the 18 classes of sense codons (Table 4),
with the three missing classes (TGC, TGT and TCG) representing transversions with the
three smallest target sizes. This includes the lack of observed CpG transversions at six TCG
serine codons and one TGC-G cysteine codon. The entire set of 243 stop mutations were
found at 185 individual sites out of 1500 potential sites (Supp. Table S3), and the
intersection of this set with other stop codon positions reported in the Leiden DMD mutation
database (342 out of 1500 sites) reveals an overlap of 84 sites, with 101 unique stop sites
observed here, and a total of 443 mutated sites out of 1500 potential sites observed in the
joint set.

Polymorphisms and an idealized DMD transcript
A detailed listing of exonic and flanking intronic polymorphisms in the DMD gene is
included in Supp. Table S4 (diallelic SNPs) and Supp. Table S5 (VNTRs). In the subset of
698 patients that were fully resequenced, we noted the number of segregating sites at 395,
including 51 coding region (31 nonsynonymous and 20 synonymous) polymorphisms, and
344 non-coding SNPs in flanking introns and UTRs. The 51 exonic SNPs were found in 157
cDNA haplotypes, and the 31 nonsynonymous SNPs (nsSNP) were found in 74 distinct
protein haplotypes. The 31 nsSNPs all occur within central rod domain exons (R1 through
R24, Figure 2A) and are predicted by PolyPhen analysis (Ramensky, et al., 2002) to be
neutral (21 SNPs), possibly (7 SNPs) or probably (3 SNPs) protein damaging by physical
and comparative considerations (Figure 2A). The most common nsSNP, exon 37
p.Arg1745His (rs1801187), has a minor allele frequency of 0.46 (p.His1745) in this study
and is prevalent in three of the four HapMap populations (CEU 0.43, CHB 0.74, JPT 0.53,
and YRI 0.01), although the p.Arg1745 allele appears to be ancestral in that it is found in all
other sequenced vertebrate dystrophins. The 10 most common nonsynonymous SNPs (> 5%
minor allele frequency) were observed as 45 distinct nonsynonymous haplotypes which
encode subtly different protein isoforms (Figure 2B). The four most common nsSNPs
(p.Gly882Asp, p.Arg1745His, p.Lys2366Gln and p.Gln2937Arg) define the eight most
common nsSNP haplotypes and were observed at frequencies ranging from 24.0%
(Dp427m1) through 2.1% (Dp427m8).

Our SNP analysis represents, to our knowledge, a unique data set. The depth of this set – the
number of patients resequenced – allows us to calculate the molecular diversity metrics
representative for this patient population. In comparison to the standard reference DMD
sequence (NM_004006.1) we noted that an exact coding region (CDS) match to
NM_004006.1 was only observed in 4.8% of patients that were fully sequenced. The mean
pairwise difference between two individuals (π) for the coding region is 2.5 SNPs and the
nucleotide diversity (averaged over CDS) is 2.24 × 10−4. Slightly higher diversity metrics
were observed in the flanking intronic regions, with π = 35.6 and nucleotide diversity = 4.85
× 10−4. We observed further that each individual kindred could be assigned a unique
genomic (exonic + intronic) SNP haplotype formed across the dystrophin gene. These
unique individual kindred genomic haplotypes are most likely a consequence of the high
recombination rate and high mean pairwise difference (π = 38 for CDS, UTRs and flanking
intron regions) across the 4 cM dystrophin gene. Within the Dp427m coding region, the
`idealized' DMD mRNA transcript in which each polymorphic nucleotide is represented by
the major allele was observed in 9.0% of patients, although for the coding region,
NM_004006.1 differs only by one nucleotide (c.7096A>Cp.Lys2366Gln) from this idealized
version. Although our resequencing patient set is not made up of normal, asymptomatic
individuals, it is reasonable to expect that the frequencies of these variants and haplotypes
are representative of the population from which our patients were drawn.

Flanigan et al. Page 7

Hum Mutat. Author manuscript; available in PMC 2012 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mono and Multiexon Skipping
Antisense-mediated exon skipping to produce in-frame dystrophin mRNA has shown
promise as a potential treatment for DMD patients (Aartsma-Rus, et al., 2003; Lu, et al.,
2003), with one successful proof-of-principle clinical trial for single exon 51 skipping
completed (van Deutekom, et al., 2007). To evaluate the number of patients in our study
who may benefit from this approach, we calculated the number of patients with truncating
mutations who would have their dystrophin frame restored by single exon skipping (mono-
skipping). Figure 3 shows the distribution by mutation class, including single exon
duplications, for a total of 864 patients with truncating mutations. Mono-skipping would
potentially restore the reading frame in 515 (59.6%) patients, with the largest single
fractions corresponding to the hotspot regions for deletions (exons 45–53) and duplications
(exon 2). The highest number of patients would benefit from skipping of exon 51 (71
patients; 8.2%), followed by exon 45 (54 patients; 6.3%); the mutation distribution for each
mono-exon skip is shown in Supp. Table S6. We note that these are the same exons
identified in a recent large review of the Leiden DMD databse, in which exon 51 skipping
was predicted to be of benefit for 13% of patients, and exon 45 for 8.1% (Aartsma-Rus, et
al., 2009); the difference in values may be due to methods of ascertainment in the two
groups. Recently it has been proposed that multi-exon skipping producing a “del45–55” (c.
6439-8217del) dystrophin would treat 63% of deletion patients with DMD (Beroud, et al.,
2007), and that a “del45–53” (c.6439-7872del) would treat 53.5% (Tuffery-Giraud, et al.,
2009). In our set of 364 out-of-frame deletion patients, we observed that a similar level of
patients would benefit from this multi-exon skipping approach (45 to 55 skipping = 62%, or
227 deletions, and 45 to 53 skipping = 53%, or 194 deletions) including 21 deletions not
restorable by single exon skipping. In addition, exon 45–55 skipping would be predicted to
benefit an additional 37 point mutation patients also not restorable by the single exon
skipping.

Discussion
Mutation distribution

The distribution of mutation classes seen in this report differs from that previously reported
in our own survey of unselected clinic patients (Dent, et al., 2005) and in other reports from
referral laboratories (Prior and Bridgeman, 2005; Yan, et al., 2004). This is likely due to
ascertainment bias. It is likely that our sample set has been particularly enriched by the
enrollment of research subjects or referral of patients for whom no mutations had been
detected using what was for many years the most commonly used diagnostic test, multiplex
PCR. We postulate that this ascertainment bias accounts for our relatively high numbers of
nonsense mutations (26.5%) and duplications (11.0%). This bias is likely shared with other
reports from referral laboratories, in that the patients reported do not represent a population
survey but represent only those patients who were sent for diagnostic purposes (Prior and
Bridgeman, 2005; Yan, et al., 2004). Nevertheless, this represents one of the largest surveys
to date on the mutational spectrum, and confirms the general distribution of mutation
frequency.

Diagnostic algorithm/Subjects with undetected mutations
Our current diagnostic algorithm consists of MLPA analysis, followed by SCAIP analysis in
a subset of patients. SCAIP is itself a two-step process. The first step in SCAIP is PCR
amplification and visualization of amplicons from all 79 DMD exons, with deletions
confirmed by PCR amplification using a second, independent set of primers. The second
step in SCAIP is reserved for patients without deletions, and consists of direct sequence
analysis of all 79 exons, and flanking intronic sequences. All samples without deletions or
duplications by MLPA undergo SCAIP analysis for the detection of point mutations.
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These modern methods of molecular diagnosis allow rapid and reliable detection of all
deletions, duplications, and point mutations (including those affecting splice acceptor and
splice donor sites at each exon). Among 858 patients in our UDP set were 51 asymptomatic
females who underwent testing for carrier status but ultimately were found to not carry
mutations from a related proband in their lymphocyte DNA. Among the remaining 807
patients – where enrollment was restricted to individuals with a presumably secure diagnosis
of dystrophinopathy – were 14 patients (1.7%) in whom genomic mutational analysis led to
reassessment of the phenotype, and reclassification as “not dystrophinopathy”. Of the
remaining 793 symptomatic patients, there were 40 (5.0%) in whom no known mutation was
detected by genomic analysis, consistent with earlier reports that found this range to be 4–
7% (Dent, et al., 2005; Yan, et al., 2004). This patient population represents a diagnostic
problem for clinicians. Improved molecular diagnostics were expected to obviate the need
for muscle biopsy (Flanigan, et al., 2003). However, it is increasingly apparent that certain
classes of mutations will continue to require mRNA analysis.

In 0.5% of patients, we identified pseudoexon mutations, an increasingly recognized
category of mutation (Gurvich, et al., 2007; Tuffery-Giraud, et al., 2003) in which a point
mutation within the introns results in the inclusion of intronic sequence in the final mRNA.
Unfortunately, in most of the cases for whom no mutation was detected by analysis of
genomic DNA from a blood sample, we were unable to obtain muscle for further analysis by
reverse transcriptase PCR (RT-PCR) based analysis of the DMD gene transcript. In all cases
except for one where we were able to obtain muscle for such analysis, a pseuodoexon
mutation was detected. The three patients in whom no mutation has yet been detected have
both clear X-linked histories of weakness consistent with DMD, and absent
immunofluorescent staining for dystrophin protein. For each boy, extended analysis of the
X-chromosome locus is underway, in a search for alterations in non-coding regions that may
account for his syndrome.

Genotype/phenotype
We can make several observations regarding correlation of genotype to phenotype, although
we are limited to some extent by the lack of standardized phenotypic information in the
referred sample cohort. For non-UDP patients the diagnostic criteria used by the referring
physician may differ, as opposed to the case in the UDP patients, where an agreed-upon
criteria for diagnosis of dystrophinopathy subtype is used. This difficulty, of course, is
inherent in interpreting the results from any large referral cohort.

The reading frame rule (Monaco, et al., 1988) states that BMD is due to mutations that
preserve an open reading frame through the 3' end of the gene such that a carboxy-terminal
encoding protein is translated, whereas DMD associated mutations result in an altered
reading frame such that translational termination occurs prior to the carboxy-terminus. As
noted in Table 2, among patients with deletions, truncating mutations result in DMD in 254
of 286 patients (89%), but non-truncating (in-frame) deletions result in BMD or IMD in 38
of 68 patients (56%). Adding point mutations (but excluding duplications, due to the
uncertainty of the reading frame) alters this only slightly: truncating mutations result in
DMD in 519 of 598 patients (87%), whereas non-truncating mutations result in BMD or
IMD in 63 of 100 (63%). In our cohort, exceptions to the reading frame rule can in large part
be explained by the effect of point mutations on exonic splicing control sequences
[(Aartsma-Rus, et al., 2006; Disset, et al., 2006), and Flanigan et al, manuscript in
preparation]. In patients with deletions, a low degree of baseline altered splicing, resulting in
in-frame mRNA, may account for exceptions to the rule. Among patients with deletions,
other molecular mechanisms underlying finer gradations in disease severity than those
denoted by the classification of BMD versus DMD are unclear, but are the subject of
ongoing research within the well-phenotyped UDP cohort. Possible influences include trans-
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acting polymorphisms (eg, within muscle performance genes, or within splicing factors), as
well as cis-acting polymorphisms within the DMD locus itself.

Our data confirm the presence of hotspots for both deletion and duplication mutations. The
increased frequency of exon 2 duplications has been reported previously (White, et al.,
2006). Similarly, complex duplications are increasingly recognized (Janssen, et al., 2005;
White, et al., 2006). Our point mutation data confirm the absence of a hotspot for point
mutations, and reiterate that point mutations are frequently “private” mutations, occurring
within families. The increased frequency of a handful of point mutations within our dataset
reflects the enrollment of patients with unusual alleles for further study in our group, and
disappears in our table of unique mutations. There is one exception to this: the c.9G>A (p.
3Trp>X) mutation, which we have previously reported (Flanigan, et al., 2003; Howard, et
al., 2004), was detected in six independent families. We have recently established this
mutation, associated with a BMD phenotype, as the first founder allele described in the
DMD gene (Flanigan et al, manuscript in submission).

These results serve as a reminder to the clinician that phenotype cannot be predicted from
genotype alone. Clinical laboratories should therefore be cautious in the inclusion of
language predicting phenotype in the interpretation section of mutation testing results.

Mutation rates and SNPs
Data on spontaneous nucleotide substitution mutation rates in humans derive mostly from
locus-specific mutations of dominantly inherited diseases which may be biased in their
mutational spectrum. Mutation rates more representative of the changes responsible for the
DNA sequence evolution seen in the bulk of the genome can be obtained from direct
measurements in X-linked recessive diseases (Kondrashov, 2003; Sommer, 1995), and our
dataset contributes substantially in this area.

If DMD nucleotide substitution rates are relatively unbiased, then the mutational spectrum
we observed has broader utility in extrapolating this direct measurement to the general rate
of germline mutation in the human population. Analogous, but indirect, estimations of
nucleotide substitution rates have been derived from DNA sequence comparisons between
human and chimpanzee, where genome-wide nucleotide divergence levels can be used to
estimate germline mutations given assumptions regarding divergence times and effective
population sizes. Both direct and indirect measurements suggest genome-wide mutation
rates of about 1–2 × 10−8 per nucleotide site; our observed measurement of an overall base
substitution rate of 1.51 × 10−8 is in close agreement with these estimates, and specifically
with a prior estimate of 1.78 × 10−8 from a meta-analysis averaged across 20 human disease
loci (Kondrashov, 2003), suggesting that the point mutation rate at DMD gene is a good
estimate of unbiased germline substitution rates.

Specific comparisons of our substitution rate (1.51 × 10−8) with a prior DMD meta-analysis
substitution rate (2.46 × 10−8) reveals a lower rate in our data that is primarily due to a lack
of observed transversions at CpG sites. As expected from transitions caused by spontaneous
deamination of methylated cytosines, the CpG to TpG transitions within CGA arginine
codons accounted for 25% of the observed nonsense mutations even though CGA codons
comprise only 2% of the target codons. Our observed CpG to non-CpG mutation ratio of 7.7
is in substantial agreement with measurements from human-chimpanzee divergence where
the mutation rate for bases in a CpG dinucleotide are 10-fold higher than for other bases
(Consortium, 2005). We also noted that there is no evidence for differential hypermutability
at CGA codons, as had been previously suggested (Buzin, et al., 2005), perhaps due to the
larger number of events (62 here, versus 16 mutations) that we observed. There were also no
apparent hotspots for small insertion/deletion mutations within the 11 kb Dp427m coding
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region, and deletions (average size = 4.2 nts) outnumbered insertions (average size = 2.8 nts)
by 2 to 1. The overall insertion/deletion substitution rate of 0.95 × 10−9 observed from our
set of 113 such mutations within the 11 kb coding region is also consistent with previous
direct estimates of insertion/deletion mutation rates excluding hotspots.

Our exonic-centric SNP data highlight the degree of variation across the very large DMD
locus. Just as our point mutation data show that essentially all point mutations are “private
mutations”, our haplotype data (using exonic and intronic SNPs) show that there are
essentially individual haplotypes in unrelated families across the locus. As is the case with
point mutations, shared background haplotypes have been only found in the case of related
individuals, and these unique genomic haplotypes are the result of the large size and high
recombination rate across the DMD gene. More limited diversity is observed with the
restricted number of haplotypes based on exonic SNPs. The identification of eight major
nsSNP haplotypes in Dp427m sub-isoforms provides the opportunity to begin to utilize them
in genotype/phenotype correlation studies to look for cis effects on dystrophin function, and
we therefore suggest that laboratories determine on which sub-isoform a given point
mutation is found.

On the basis of the `long-range haplotype' methods, it has been recently demonstrated that
the strongest positive selection signal in the genomes of the HapMap African sample (120
Yoruba people in Ibadan, Nigeria) resides within the LARGE gene, a glycosylase that post-
translationally modifies α-dystroglycan (Sabeti, et al., 2007). It was also noted that the
DMD rs80540 SNP, located 500 nucleotides 5'of exon 13, demonstrated a significant `long-
range haplotype' signal of selection in the Yoruba sample. Prior evidence from a sampling of
a 2.4 kb segment in DMD intron 7 indicated positive directional selection in a small set of
individuals (10) from Africa (Nachman and Crowell, 2000). α-dystroglycan is the cellular
receptor for Lassa fever virus and other arenaviruses, and the evidence for strong signatures
of recent selective pressure in populations where the virus is endemic may indicate that there
is joint selection for functional variation in LARGE and DMD that modulates α-
dystroglycan in these populations. The pattern of SNP allelic diversity observed in our
affected patient population should allow further examination of this viral-mediated selection
hypothesis and DMD functional variation by correlating the geographical distribution of the
selected DMD SNPs and haplotypes with arenavirus endemicity. As a caveat, the majority
of our population is North American and European, and the allele frequencies we report may
not be represented at the same frequency worldwide.

Summary
In addition to expanding the mutational spectrum of the dystrophinopathies, these results
establish improved SNP frequency data for the DMD gene and lead us to propose a novel
classification of sub-isoforms of the muscle isoforms of dystrophin. The significance of
these variants requires further study. Whether these variants play a role in phenotype
amelioration is a question amenable to study in our patient population, which also serves as
a catalogue of genotyped patients for future clinical trials.

Online Resources

We have established an online resource for public access to this data at the Utah Genome
Center website, using two sites that will be updated regularly
(http://www.genome.utah.edu/DMD/mutationtables, and
http://www.genome.utah.edu/DMD/dystrophysnps). In addition, the UDP has established
the UDP Online Duchenne and Becker Muscular Dystrophy Patient Registry
(http://www.dystrophin.org). At this site, patients can self-report a core set of
demographic and phenotypic information, which will allow further studies in genotype/
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phenotype correlation, and will further expand cohorts for clinical trials. This database is
open to individuals who have had genotyping at other laboratories, and curation of
outside genetic testing results are performed by staff of the UDP.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Exon distribution of nonsense, splice and small insertion/deletion (indel) mutations by exon
in unrelated kindreds. Exons containing CpG codons are marked by asterisks (exon 70
contains three CpG codons).
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Figure 2.
Dystrophin amino acid polymorphisms and nsSNP haplotypes. (A) Position of non-
synonymous variants based on the NM_004006.1 coding region is shown with exon number,
spectrin repeat domain (R1 though R24), one-letter amino acid code, minor allele frequency
and PolyPhen prediction indicated. (B) Protein haplotype structure for the nsSNPs from 698
fully resequenced patients sorted and scaled by haplotype frequency. Major and minor
alleles are shaded by light and dark grey, respectively. The Dp427m5 nsSNP haplotype
variant is identical to NM_004006.1 CDS and the four amino acid differences (p.G882D,
p.R1745H, p.K2366Q and pQ2937R) observed in the other eight major haplotypes
(Dp427m1-m8) are shown to the right of each nsSNP haplotype.
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Figure 3.
Suppression of truncating mutations by mono-exon skipping. The number of patients that
can have their truncating mutation bypassed by single exon skipping is shown for each exon.
The mutations found in each exon category are listed in Supp. Table S6.
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Table 2

The value of mutational reading frame in predicting a phenotype of Duchenne Muscular Dystrophy.

DMD I/BMD

Exonic deletions only

truncating (out-of-frame) mutations 254 32 88.8% Positive Predictive Value

non-truncating (in-frame) mutations 30 38 55.9% Negative Predictive Value

sensitivity 89.4% -

specificity - 54.3%

All mutations a

truncating mutations 519 79 86.8% Positive Predictive Value

non-truncating mutations 37 63 63.0% Negative Predictive Value

sensitivity 93.3%

specificity - 44.4%

“All mutations” includes exonic deletions as well as missense, nonsense, splice site, and pseudoexon mutations. The frame for splice site
mutations is based on the assumption that mutations affecting a splice donor or acceptor site result in the exclusion of that exon from the mRNA,
allowing prediction of the reading frame based on the surrounding exons. Duplications are excluded from this analysis, as discussed in the text.
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Table 3

Mutation rates per nucleotide and number of observations for different mutation classes.

Mutation Class # of mutations target size (nts.) μx mutation rate (× 10−9)

Single base substitutions 284 1,812 15.12

Splice site substitutions 41 312 12.54

Nonsense substitutions 243 1,500 15.46

transitions at CpG sites 62 29 204.03

transversions at CpG sites - 7 -

transitions at non-CpG sites 105 380 26.37

transversions at non-CpG sites 76 1,091 6.65

Small insertion/deletion 113 11,370 0.95

CDS insertion/deletion 104 11,058 0.90

Splice site insertion/deletion 9 312 0.92

Target size is the number of nucleotides (nts.) in NM_004006 for each class of CDS mutation, and the number of canonical splice acceptor and
donor nucleotides, flanking exon 1 (Dp427m) through exon 79. μx mutation rate is the per nucleotide per generation rate of mutations for a

mutation class

Hum Mutat. Author manuscript; available in PMC 2012 July 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Flanigan et al. Page 21

Ta
bl

e 
4

T
ar

ge
t s

iz
es

 a
nd

 s
in

gl
e 

ba
se

 s
ub

st
itu

tio
ns

 f
or

 n
on

se
ns

e 
m

ut
at

io
ns

.

Su
bs

ti
tu

ti
on

 (
se

ns
e 

> 
st

op
)

In
de

pe
nd

en
t 

m
ut

at
io

ns
M

ut
at

ed
 s

it
es

T
ot

al
 s

it
es

M
ut

ab
ili

ty
%

 T
ot

al
 S

to
p 

M
ut

at
io

ns
M

ut
at

io
n 

ty
pe

C
G

A
 >

 T
G

A
62

23
29

13
.2

0
25

.2
%

T
s 

G
C

:A
T

 a
t C

pG

C
A

G
 >

 T
A

G
50

44
17

4
1.

77
20

.3
%

T
s 

G
C

:A
T

C
A

A
 >

 T
A

A
28

25
13

4
1.

29
11

.8
%

T
s 

G
C

:A
T

T
G

G
>

ST
O

P
26

21
72

2.
23

10
.6

%
-

>
 T

G
A

17
-

-
1.

46
-

T
s 

G
C

:A
T

>
 T

A
G

9
-

-
0.

77
-

T
s 

G
C

:A
T

G
A

A
 >

 T
A

A
18

17
23

7
0.

47
7.

3%
T

v 
G

C
:T

A

G
A

G
 >

 T
A

G
15

14
15

0
0.

62
6.

5%
T

v 
G

C
:T

A

T
C

A
>

ST
O

P
12

10
51

1.
45

5.
3%

-

>
 T

G
A

8
-

-
0.

97
-

T
v 

G
C

:C
G

>
 T

A
A

4
-

-
0.

48
-

T
v 

G
C

:T
A

A
A

A
 >

 T
A

A
9

8
15

4
0.

36
3.

7%
T

v 
A

T
:T

A

T
A

C
>

ST
O

P
5

5
19

1.
62

2.
0%

-

>
 T

A
G

3
-

-
0.

97
-

T
v 

G
C

:C
G

>
 T

A
A

2
-

-
0.

65
-

T
v 

G
C

:T
A

T
T

A
>

ST
O

P
5

5
54

0.
57

2.
0%

-

>
 T

A
A

3
-

-
0.

34
-

T
v 

A
T

:T
A

>
 T

G
A

2
-

-
0.

23
-

T
v 

A
T

:C
G

A
A

G
 >

 T
A

G
5

5
13

9
0.

22
2.

0%
T

v 
A

T
:T

A

T
T

G
 >

 T
A

G
3

3
94

0.
20

1.
2%

T
v 

A
T

:T
A

T
A

T
 >

 T
A

A
2

2
43

0.
29

0.
8%

T
v 

A
T

:T
A

G
G

A
 >

 T
G

A
2

2
47

0.
26

0.
8%

T
v 

G
C

:T
A

A
G

A
 >

 T
G

A
1

1
61

0.
10

0.
4%

T
v 

A
T

:T
A

T
G

C
 >

 T
G

A
0

0
21

-
0.

0%
T

v 
G

C
:T

A

T
G

T
 >

 T
G

A
0

0
15

-
0.

0%
T

v 
A

T
:T

A

T
C

G
 >

 T
A

G
0

0
6

-
0.

0%
T

v 
G

C
:T

A
 a

t C
pG

T
ot

al
s:

24
3

18
5

1,
50

0

T
he

 t
ot

al
 s

it
es

 f
or

 e
ac

h 
tr

ip
le

t a
re

 b
as

ed
 o

n 
D

p4
27

m
 r

ef
er

en
ce

 s
eq

ue
nc

e 
fr

om
 N

M
_0

04
00

6,
 a

nd
 a

re
 th

e 
nu

m
be

r 
of

 c
od

on
s 

fo
r 

ea
ch

 tr
ip

le
t t

ha
t c

an
 b

e 
m

ut
at

ed
 to

 a
 n

on
se

ns
e 

co
do

n 
vi

a 
a 

si
ng

le
 b

as
e

su
bs

tit
ut

io
n.

Hum Mutat. Author manuscript; available in PMC 2012 July 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Flanigan et al. Page 22
T

he
 r

el
at

iv
e 

m
ut

ab
ili

ty
 o

f 
ea

ch
 s

en
se

 c
od

on
 is

 th
e 

ra
tio

 o
f 

th
e 

nu
m

be
r 

of
 in

de
pe

nd
en

t m
ut

at
io

ns
 to

 th
e 

ex
pe

ct
ed

 n
um

be
r 

of
 m

ut
at

io
ns

, a
 v

al
ue

 c
al

cu
la

te
d 

fr
om

 th
e 

pr
od

uc
t o

f 
th

e 
to

ta
l n

um
be

r 
of

 n
on

se
ns

e
m

ut
at

io
ns

 (
24

3)
 a

nd
 th

e 
ra

tio
 o

f 
to

ta
l t

ri
pl

et
 c

od
on

 s
ite

s 
to

 th
e 

to
ta

l n
on

se
ns

e 
ta

rg
et

 s
ite

s 
(1

,5
00

).

Hum Mutat. Author manuscript; available in PMC 2012 July 25.


