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ABSTRACT: Introduction: We carried out a population-based study of dystrophin mutations in patients followed by members of the
Canadian Paediatric Neuromuscular Group (CPNG) over a ten-year period. Objectives: We aimed to describe the changes in diagnostic
testing for dystrophinopathy and to determine the frequency of dystrophin mutations from 2000 to 2009. Methods: De-identified data
containing the clinical phenotypes, diagnostic methods, and mutational reports from dystrophinopathy patients followed by CPNG
centres from January 2000 to December 2009 were analyzed using descriptive statistics. Results: 773 patients had a confirmed diagnosis
of dystrophinopathy based on genetic testing (97%), muscle biopsy (2%), or family history (1%). 573 (74%) had complete
deletion/duplication analysis of all 79 exons or whole gene sequencing, resulting in 366 (64%) deletions, 64 (11%) duplications, and
143 (25%) point mutations. The percentage of patients who were diagnosed using currently accepted genetic testing methods varied
across Canada, with a mean of 63% (SD 23). 246 (43%) mutations involved exons 45 to 53. The top ten deletions (n=147, 26%) were
exons 45-47, 45-48, 45, 45-50, 45-55, 51, 45-49, 45-52, 49-50, and 46-47. 169 (29%) mutations involved exons 2 to 20. The most
common duplications (n=29, 5.1%) were exons 2,2-7,2-17,3-7,8-11, 10, 10-11, and 12. Conclusion: This is the most comprehensive
report of dystrophin mutations in Canada. Consensus guidelines regarding the diagnostic approach to dystrophinopathy will hopefully
reduce the geographical variation in mutation detection rates in the coming decade.

RESUME: Etude de population sur les mutations de la dystrophine au Canada. Contexte : Nous avons effectué une étude de population sur les
mutations du géne de la dystrophine chez des patients suivis par des membres du Canadian Paediatric Neuromuscular Group (CPNG) au cours d’une
période de 10 ans. Objectifs : Notre but était de décrire I’évolution des tests diagnostiques des dystrophinopathies et de déterminer la fréquence des
mutations du gene de la dystrophine de 2000 a 2009. Méthode : Nous avons analysé par des méthodes statistiques descriptives des données
anomymisées, soit le phénotype clinique, les méthodes diagnostiques et I’identification de la mutation, chez des patients atteints de dystrophinopathies
suivis dans des centres du CPNG de janvier 2000 a décembre 2009. Résultats : Un diagnostic de dystrophinopathie, confirmé par un test génétique
(97%), une biopsie musculaire (2%) ou une histoire familiale (1%), a été posé chez 773 patients. Chez 573 patients (74%) une analyse complete des
délétions/duplications des 79 exons ou un séquencage complet du géne a été effectué. Nous avons identifié des délétions chez 366 (64%) patients, des
duplications chez 64 (11%) et des mutations ponctuelles chez 143 (25%). Le pourcentage de patients chez qui le diagnostic de la maladie a été posé au
moyen d’un test génétique dont la méthode de laboratoire est actuellement reconnue, était variable a travers le Canada, soit chez 63% des patients (ET
23). Deux cent quarante-six (43%) des mutations étaient situées dans les exons 45 a 53. Les 10 délétions les plus fréquentes (n = 147), soit 26%, étaient
situées dans les exons 45-47, 45-48, 45, 45-50, 45-55, 51, 45-49, 45-52, 49-50 et 46-47. Cent soixante-neuf mutations (29%) étaient situées dans les
exons 2 a 20. Les duplications les plus fréquentes (n = 29), soit 5,1% étaient situées dans les exons 2, 2-7,2-17, 3-7, 8-11, 10, 10-11 et 12. Conclusion
: Il s’agit du compte rendu le plus complet sur les mutations du géne de la dystrophine au Canada. D’ici une dizaine d’années, des lignes directrices de
consensus concernant 1’approche diagnostique des dystrophinopathies réduiront sans doute les disparités géographiques dans le taux de détection des
mutations du gene de la dystrophine.
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Duchenne and Becker muscular dystrophy (DBMD) are X-
linked recessive allelic disorders caused by mutations of the
dystrophin gene on Xp2l. Duchenne muscular dystrophy
(OMIM #310200) is the most common form of muscular
dystrophy in childhood, with an incidence of 1 in 3,500 boys'.
The absence or alteration of the dystrophin protein leads to calf
pseudohypertrophy, muscle weakness, joint contractures, and
cardiorespiratory dysfunction. Motor developmental delay,
proximal weakness, and a variable degree of cognitive
impairment are common presenting complaints. Duchenne
muscular dystrophy (DMD) is associated with a severe
phenotype, whereas Becker muscular dystrophy (BMD, OMIM
#300376) is a generally milder and more variable form of
muscular dystrophy. Among individuals with DMD, progressive
muscle necrosis leads to loss of independent ambulation by early
adolescence, scoliosis, cardiomyopathy, respiratory insuf-
ficiency, and premature death as early as the third decade of life.
The diagnosis of dystrophinopathy is usually considered after
careful review of the clinical features, family history, laboratory
evidence of markedly elevated serum creatine kinase (CK), and
confirmed by investigations including muscle biopsy or
molecular genetic testing.

The dystrophin gene contains 79 exons, which includes an
actin-binding domain at the N-terminus, 24 spectrin-like repeat
units, a cysteine-rich dystroglycan binding site, and a C-terminal
domain®3. Two-thirds of dystrophin mutations are inherited; the
remaining one-third occurs as de novo mutations*. The extremely
large size of the dystrophin gene (2.4 Mb) results in a complex
mutational spectrum (>5000 different reported mutations in the
Leiden muscular dystrophy database, available via www.dmd.nl)
as well as a high spontaneous mutation rate’. The primary
objective of this study was to describe the changes in diagnostic
testing for dystrophinopathy from 2000 to 2009 and to determine
the frequency of dystrophin gene mutations among patients
followed at participating Canadian Paediatric Neuromuscular
Group (CPNG) centers during the same period.
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METHODS

The CPNG includes neurologists, physiatrists, geneticists,
and paediatricians across Canada who follow children with
neuromuscular diseases in a tertiary care paediatric hospital or
rehabilitative centre. The CPNG was established in 2005 as a
collaborative effort to promote research and to enhance the
clinical care of children with neuromuscular diseases. Informed
consent was obtained for molecular genetic analysis, and the
study was approved by the University of Calgary Conjoint
Health Research and Ethics Board. De-identified data consisting
of the clinical phenotypes, diagnostic methods, and molecular
genetic reports from DBMD patients followed by participating
CPNG centres from January 2000 to December 2009 were
collected and verified at the Hospital for Sick Children in
Toronto. The Molecular Genetics Laboratory at The Hospital for
Sick Children is the only accredited laboratory in Canada for
dystrophin DNA sequencing. Results were summarized using
descriptive statistics and analyzed using Stata version 9.0
(StataCorp, College Station, TX) statistical software.
Categorical variables were expressed as frequencies and
percentages. Continuous variables were reported as means with
standard deviations (SD) or as medians with interquartile ranges
if the data were skewed. Bivariate comparisons were made using
Pearson’s chi-square or Fisher’s exact tests for categorical
variables and unpaired Student’s t-tests or one-way analyses of
variance for continuous variables. All tests were two-tailed, and
p values less than 0.05 were considered to be statistically
significant.

RESULTS

a. Phenotypic presentation

There were 773 individuals with dystrophinopathy, including
529 (68%) with DMD and 137 (18%) with BMD phenotype.

Figure 1: Total number of dystrophinopathy cases across Canada from
2000 to 2009.
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Figure 2: Estimated prevalence of dystrophinopathy per 10,000 males
across Canada.


https://doi.org/10.1017/S0317167100011896

One hundred and seven (14%) had an unspecified phenotype due
to young age at time of diagnosis, lack of follow-up, and/or
insufficient clinical details to allow differentiation between
DMD and BMD. Most (97%) of the 773 patients had a
confirmed diagnosis of dystrophinopathy based on molecular
genetic testing, including multiplex ligation-dependent probe
amplification (MLPA) in 439 (57%) cases, multiplex polymerase
chain reaction (PCR) in 168 (22%) cases, and sequencing of the
entire dystrophin gene in 142 (18%). The remaining 24 cases
were confirmed based on muscle biopsy (2%) or positive family
history in the setting of typical clinical features for DMD or
BMD (1%) and a markedly elevated serum CK.

b. Distribution of cases and estimated prevalence

The average number of DBMD cases was 72 per year (SD:
25) (see Figure 1). There was a gradual increase in the number of
reported DBMD cases over time, with a significant difference
between year 2000-2004 (mean 53, SD 9) and year 2005-2009
(mean 91, SD 20, unpaired Student’s T-test p = 0.009). Using the
Canadian 2006 census data of 31,612,897 people (including
15,475,970 males and 16,136,927 females) as the mean
population for the ten year period from 2000 to 2009, the
estimated prevalence of dystrophinopathy across Canada was
773/5,000,555, or 1.5 per 10,000 males between the ages of 0 to
24 years (95% confidence interval, CI, 1.2 - 1.9). The estimated
prevalence for each province is summarized in Figure 2. There
was no significant difference in the prevalence of
dystrophinopathy among the provinces.
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c. Common mutation sites

Five hundred and seventy three (74%) subjects including 377
DMD, 105 BMD, and 91 with unspecified phenotype had
complete analysis of all 79 exons or whole gene sequencing,
resulting in 366 (64%) deletions, 64 (11%) duplications, and 143
(25%) point mutations. Seven out of the ten most common
deletions from this study were identical to those reported by
White et al from the Leiden DMD mutation database®; in
contrast, only three out of the top ten duplications were shared
by the Leiden database (see Supplementary Table 1).

Among the 366 individuals with confirmed deletions
involving one or more exons, a major mutational hotspot around
exons 45 to 55 was found. The ten most common deletions (147
out of 366, approximately 40%) reported in this study were
exons 45 — 47 (n=27,7%), 45 — 48 (n=17, 5%), 45 (n=15, 4%),
45 -50 (n=15,4%),45 - 55 (n=14,4%), 51 (n=12,3%), 45 — 49
(n=12, 3%), 45 — 52 (n=12, 3%), 49 — 50 (n=12, 3%), and 46 —
47 (n=11, 3%) (see Figure 3).

Among the 64 individuals with confirmed duplications
involving one or more exons, a minor mutational hotspot around
exons 2 to 20 was noted (see Figure 4). The most common
duplications (29 out of 64, approximately 45%) were exons 2
(n=13,20%),2 -7 (n=2,3%),2 - 17 (n=2,3%),3 -7 (n=2,3%),
8 — 11 (n=2, 3%), 10 (n=2, 3%), 10 — 11 (n=2, 3%), 12 (n=2,
3%), 63 — 69 (n=2, 3%), and 64 — 67 (n=2, 3%). The reason for
the increased mutageneic susceptibility around the major (exons
45 — 55) and minor (exons 2 — 20) hotspot regions remains
unclear.

Supplementary Table 1: Most common deletions and duplications across Canada,

as compared with White et al [2006]*

AN (cugzlnet“sot:dy) (w?nei::ﬂe(:nan)
1 45-47 45-47
2 45-48 as
3 4s 48-50
4 45-50 45-48
5 45-55 45-50
6 51 51
7 45-49 44
8 45-52 49-50
9 49-50 3-7
10 46-47 45-52

Duplication Duplication
(current study) (White et al)
2 2
2-7 2-7
2-17 8-9
3-7 3-7
8-11 51
10 3-4
10-11 44
12 8-13
63-69 2-11
64-67 3-11

*Common mutations are highlighted in bold
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Figure 3: Confirmed deletions of the dystrophin gene among CPNG centers
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Among the 143 cases with point mutations, 67 (47%) had
nonsense mutations, 43 (30%) had point deletions, and 33 (23%)
had small substitutions, duplications and insertions. In contrast
to deletions or duplications involving one or more exons, point
mutations were detected throughout the dystrophin gene, with no
specific regions prone to increased mutation rates (see
Supplementary Table 2).

d. Correlation with clinical phenotypes

We examined cases with confirmed boundaries of deletions or
duplications to determine if the changes resulted in either an out-
of-frame or in-frame mutation. According to the reading frame
rule, an out-of-frame mutation is associated with a DMD
phenotype, with inability to walk unsupported by 12 to 14 years-
of-age and/or evidence of absent dystrophin on muscle biopsy.
An in-frame mutation is associated with a milder BMD
phenotype, with ability to walk unassisted beyond 16 years-of-
age and/or reduced dystrophin by immunohistochemistry. We
found that a number of identical deletions or duplications
involving one or more exons were reportedly associated with
both a severe DMD as well as a milder BMD phenotype. These
deletions and effects of the mutations using the Leiden DMD

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

gene reading frame checker (www.dmd.nl/index.html) were:
exons 3 — 7, an out-of-frame deletion (4 DMD, 4 BMD); 3 - 11,
an out-of-frame deletion (1 DMD, 1 BMD); 45 — 47, an in-frame
deletion (5 DMD, 21 BMD); 45 — 49, an in-frame deletion (5
DMD, 6 BMD); 45 — 51, an in-frame deletion (1 DMD, 1 BMD);
45 — 53, an in-frame deletion (1 DMD, 6 BMD); and 45 — 55, an
in-frame deletion (1 DMD, 12 BMD) (see Supplementary Table
3). The only duplication reportedly associated with 10 DMD as
well as 1 BMD phenotype was exon 2, an out-of-frame mutation
(see Supplementary Table 4). In total, at least 13 DMD cases had
an in-frame deletion, whereas six BMD cases possessed an out-
of-frame deletion. The variable phenotypes may be related in
part to known exceptions to the reading frame rule, which has
been reported in up 10% of dystrophin gene mutations with
either deletions or duplications’.

The majority of the 67 cases with nonsense mutations were
reportedly associated with a DMD phenotype, except for a
premature stop codon mutation in exon 38 (c.5404C>T
(Q1802X)) in two subjects that was associated with a milder
BMD phenotype (see Supplementary Table 2). Only one
nonsense mutation involving exon 60 (c.8944C>T (p.R2982X))
was reportedly shared by two brothers.
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Figure 4: Confirmed duplications of the dystrophin gene among CPNG centers

Volume 38, No. 3 — May 2011

https://doi.org/10.1017/S0317167100011896 Published online by Cambridge University Press

469


https://doi.org/10.1017/S0317167100011896

THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

Supplementary Table 2: Confirmed point mutations among Canadian sites*

Exon Type Report Phenotype Exon Type Report Phenotype
2 Pt-del c.53delA (p.Lys18Argfs) BMD 20 Pt-stop ¢.2440G>T (p.Glug14X) MD

6 Pt-del ¢.367_368delGT MD 21 Pt-stop €2665C>T (p.Arg889X) DMD
8 Pt-del ¢.676_678delAAG (p.K226del) BMD 21 Pt-stop ¢.2677C>T (p.GIn893X) DMD
10 Pt-del c.1134delG DMD 23 Pt-stop ¢3151C>T (p.Argl051X) DMD
12 Pt-del ¢.1390delC DMD 24 Pt-stop €.3256A>T (p.K1086X) DMD
14 Pt-del ¢.1666delG MD 25 Pt-stop c.3414G>A (p.Trp1138X) DMD
15 Pt-del c.1784_1788del (p.Glu595fs) DMD 27 Pt-stop €.3625C>T (p.GIn1209X) DMD
15 Pt-del ¢.1784_1788delAAATG (p.Glu595fs) MD 32 Pt-stop ¢.4375C>T (p.R1459X) DMD
16 Pt-del ¢.1943delC DMD 32 Pt-stop ¢.4483C>T (p.GIn1495X) DMD
18 Pt-del ¢.2183_2184delTA (p.1le728fs) DMD 33 Pt-stop ¢.4666G>T (p.Gly1556X) DMD
18 Pt-del ¢.2183_2184delTA (p.11e728fs) DMD 34 Pt-stop ¢4729C>T (p.Argl577X) DMD
18 Pt-del ¢.2281_2285del (p.Glu761fs) MD 34 Pt-stop c.4814G>T (p.Q1536X) DMD
18 Pt-del ¢.2281_2285del (p.Glu761fs) DMD 36 Pt-stop ¢.5131C>T (p.GIn1711X) DMD
20 Pt-del ¢.2384delG MD 36 Pt-stop ¢5131C>T (p.GIn1711X) DMD
21 Pt-del €.2636_2654del (p.Arg879fs) DMD 37 Pt-stop ¢.5159T>G (p.Leul 720X) DMD
24 Pt-del ¢.3179delT (p.Leul060fs) DMD 38 Pt-stop €.5404C>T(p.Q1802X) BMD
26 Pt-del €.3347_3350delAGAA DMD 38 Pt-stop €.5404C>T(p.Q1802X) BMD
27 Pt-del ¢.3737_3743del (p.Asn1246fs) DMD 39 Pt-stop ¢5521G>T (p.Glu1841X) BMD
29 Pt-del ¢.3963delT (p.Asnl1321fs) MD 39 Pt-stop ¢.5495C->T (p.R1763X) MD
30 Pt-del ¢.4156delC (p.Leul386fs) DMD 41 Pt-stop ¢.5878G>T (p.Glu1960X) MD
35 Pt-del ¢4876_4887del (p.Vall625_Lys1629del) BMD 41 Pt-stop ¢.5878G>T (p.Glu1960X) DMD
35 Pt-del ¢.4876_4887del (p.Vall625_Lys1629del) BMD 41 Pt-stop ¢.5878G>T (p.Glu1960X) DMD
36 Pt-del ¢.5118_5119delGA (p.Lys1708GlufsX9) DMD 42 Pt-stop ¢.5938G>T (p.Glu1980X) DMD
38 Pt-del ¢.5401_5402delAT DMD 43 Pt-stop ¢.6250C>T (p.GIn2084X) MD
38 Pt-del €.5447delT (p.Met1812fs) MD 45 Pt-stop ¢.6460C>T (p.GIn2154X) DMD
39 Pt-del ¢.5475delA DMD 47 Pt-stop ¢.6905G>A (p.Trp2303X) DMD
47 Pt-del ¢.6804_6807del DMD 52 Pt-stop ¢.7561G>T (p.E2521X) DMD
47 Pt-del ¢.6809del4bp DMD 54 Pt-stop ¢.8009G>A (p.W2670X) DMD
50 Pt-del €.7292_7296del DMD 55 Pt-stop ¢.8161A>T (p.Lys2721X) DMD
55 Pt-del c.8167delA DMD 55 Pt-stop ¢.8214G>A (p.W2738X) DMD
57 Pt-del ¢.8542delC (p.His2848fs) DMD 57 Pt-stop ¢.8464C>T (p.GIn2822X) DMD
58 Pt-del ¢.8605_8606del (p.Val2869fs) DMD 57 Pt-stop ¢.8483T>G (p.L2828X) DMD
59 Pt-del ¢.8912_8913del (p.Leu2971fs) DMD 60 Pt-stop ¢.8944C>T (p.R2982X) DMD
65 Pt-del ¢.9556del; 9562_9563+13del DMD 60 Pt-stop €.8944C>T (p.R2982X) DMD
66 Pt-del €.9596_9597delTT MD 60 Pt-stop €.9001C>T (p.GIn3002X) DMD
68 Pt-del ¢.9854_9863del (p.Leu3329X) DMD 61 Pt-stop ¢.9100C>T (p.Arg3034X) DMD
70 Pt-del ¢.10101_10103del (p.Glu3367del) DMD 61 Pt-stop ¢.9100C>T (p.Arg3034X) DMD
74 Pt-del ¢.10441delC (p.GIn3481fs) DMD 61 Pt-stop ¢.9100C>T (p.Arg3034X) DMD
74 Pt-del ¢.10454delT (p.Leu3485Argfs) DMD 63 Pt-stop €.9276C>A (p.Y3092X) DMD
74 Pt-del ¢.10454delT (p.Leu3485fs) MD 67 Pt-stop €.9661C>T (p.GIn3221X) MD
74 Pt-del ¢.10454delT (p.Leu3485fs) MD 68 Pt-stop ¢.9851G>A (p.W3284X) DMD
74 Pt-del ¢.10454delT (p.Leu3485fs) DMD 70 Pt-stop c.10108C>T (p.Arg3370X) DMD
75 Pt-del ¢.10744delC (p.His3582fs) DMD 70 Pt-stop ¢.10108C>T (R3370X) DMD
26 Pt-delins ¢.3494_3497delATCTinsCCTTCGTGC DMD 70 Pt-stop ¢.10171C>T (R3391X) DMD
66 Pt-delins €.9564-1_9564delinsTT [r.(spl?)] DMD 70 Pt-stop ¢.10171C>T (R3391X) DMD
17 Pt-dup ©.2044dupA DMD 5 Pt-sub €.265-1G>C DMD
27 Pt-dup ¢.3713dupA (p.Glu1239fs) MD 5 Pt-sub ¢.265-2A>G DMD
63 Pt-dup €.9260_9278dup DMD 5 Pt-sub ¢.357+1G>T [r.(spl)] MD
27 Pt-inser ¢.3705_3706ins11 MD 6 Pt-sub ¢.511G>C (p.Alal71Pro) BMD
62 Pt-inser ¢.9221_9222insAT DMD 7 Pt-sub ¢.649+1G>T DMD
43 Pt-inser €.6290_6291ins80bp DMD 7 Pt-sub ¢.649+1G>T DMD
5 Pt-stop ¢.355C>T(p.Q119X) DMD 7 Pt-sub ¢.531-1G>C DMD
6 Pt-stop ¢433C>T (p.R145X) DMD 7 Ptosub €.6494+2T>C DMD
8 Pt-stop ¢.783dupT (p.Lys262X) DMD 9 Pt-sub €961-1G>A [r.(spl?)] DMD
8 Pt-stop ¢.829C>T (p.GIn277X) DMD 13 Pt-sub ¢.1483-2A>C BMD
8 Pt-stop ¢.799C>T (p.Q267X) DMD 13 Pt-sub .1483-1G>C BMD
11 Pt-stop c.1292G>A (p.Trp431X) DMD 16 Pt-sub ¢.199242T>G DMD
11 Pt-stop ¢.1207G>T (p.Gly403X) DMD 18 Pt-sub €.229242T>C DMD
12 Pt-stop ¢.1357C>T (p.GInd53X) DMD 2 Ptosub €3603+3A>T BMD
14 Pt-stop ¢.1615C>T (p.Arg539X) DMD 26 Pt-sub €3603+3A>T BMD
14 Pt-stop ¢.1637G>A (p.Trp546X) MD 48 Pt-sub ¢.7096A>C (p.K2366Q) DMD
14 Pt-stop ¢.1637G>A (p.Trp546X) DMD 52 Pt-sub ¢.7571G>A (p.Arg2524His) MD
14 Pt-stop ¢.1702C>T (p.Q568X) DMD 56 Pt-sub c.8218-2A>G DMD
16 Pt-stop ¢.1990C>T (p.GIn664X) DMD 56 Pt-sub ¢.8218-2A>G DMD
18 Pt-stop ©€.2276_2292+70delins40bp DMD 59 Pt-sub ¢.8729A>T (p.Glu2910Val); ¢.8734A>G (p.Asn2912Asp) DMD
18 Pt-stop €.2276_2292+70delins40bp DMD 64 Pt-sub c.9361+1G>A DMD
19 Pt-stop €2302C>T(p.R798X) DMD 68 Pt-sub €.9974+3A>T BMD
19 Pt-stop €.2302C>T (p.Arg768X) DMD 68 Pt-sub ¢.9937T>G (p.C3313G) MD
19 Pt-stop ¢.2353C>T (p.GIn785X) DMD 69 Pt-sub ¢.9975-2A>G DMD
19 Pt-stop ¢.2332C>T (p.GIn778X) DMD 69 Pt-sub ¢.9975-2 A>G MD
19 Pt-stop ¢.2332C>T (p.GIn778X) DMD

* Identical mutations shared by two or more individuals are highlighted in grey; DMD refers to Duchenne muscular dystrophy, BMD refers to

Becker muscular dystrophy, and MD denotes an unspecifed phenotype.

e. Change in diagnostic approaches over time

Only 13 (2%) of all dystrophinopathy cases were diagnosed
based on muscle biopsy alone, and they were performed at or
before the year 2000. The muscle biopsy criteria for the
diagnosis of DBMD was based on the pathological features of a
dystrophic process with diffuse variation in fiber size, necrosis,
and fibrosis, plus either absent (DMD) or reduced (BMD)
dystrophin by immunohistochemistry. As seen in Figure 5, there
was a noticeable change in the molecular diagnostic methods
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over time. Multiplex polymerase chain reactions (PCR) of a
subset of exons was the most common diagnostic test initially
(up to 98% of cases) in 2000, but it was gradually replaced by
MLPA and other molecular genetic tests that interrogated all 79
exons. Overall, MLPA confirmed the mutations in 431 (75%)
cases. Complete gene sequencing was introduced in 2002, and it
was used in 142 cases (25%) between 2002 to 2009 if MLPA
failed to detect a deletion or duplication in the dystrophin gene.
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Supplementary Table 3: Confirmed deletions among CPNG sites*

Exons Frequency Phenotypes Exons Frequency Phenotypes
T 4 DMD (2), MD (2) 5 4 DMD
2-7 4 BMD
44 10 DMD (9), MD (1
3-4 6 BMD (5), MD (1) 4451 I DMD( ) O
3-7 8 DMD (4), BMD (4) 4452 ] DMD
39 ! MD 45 15 DMD
3-11 3 DMD (1), BMD (1), MD (1)
3-13 4 DMD (3), MD (1) 45-46 1 DMD
17 3 DMD 45-47 27 BMD (21), DMD (5), MD (1)
319 1 DMD 45-48 17 BMD (15), MD (2)
343 2 MD 45-49 12 BMD (6), DMD (5), MD (1)
344 ) DMD 45-50 15 DMD (11), MD (4)
4 1 BMD 45-51 2 BMD (1), DMD (1)
47 1 BMD 45-52 12 DMD (10), MD (2)
5 I BMD 45-53 10 BMD (6), DMD (1), MD (3)
45-55 14 BMD (12), DMD (1), MD (1)
5-9 1 MD
5-13 2 DMD 46 3 DMD
5-16 1 BMD 46-47 11 DMD (9), MD (2)
46-48 3 DMD (2), MD (1)
5-19 1 DMD
614 1 DMD 46-49 2 DMD
641 | DMD 46-50 3 DMD (1), MD (2)
7 ; DMD 46-51 5 DMD (4), MD (1)
8 1 DMD 46-52 6 DMD (5), MD (1)
8.9 ] DMD 46-53 1 DMD
) 46-55 2 DMD
8-11 2 DMD
47-48 1 BMD
8-12 1 DMD
47-50 1 DMD
8-37 1 MD
842 I DMD 48 3 DMD
847 1 MD 48-49 4 BMD (2), MD (2)
48-50 7 DMD (2), MD (5)
10-11 2 DMD
48-51 1 BMD
10-17 1 DMD
12-13 1 DMD 48-52 4 DMD
1221 1 DMD 49-50 12 DMD (10), MD (2)
1229 I DMD 49-51 2 DMD (1), MD (1)
12 49-52 5 DMD (3), MD (2)
34 1 DMD
49-54 1 DMD
13-17 1 DMD <0 ) DMD
13-43 ! DMD 50-52 1 DMD
};:g } ]\DAI\DAD 51 12 DMD (10), MD (2)
14-19 2 DMD (1), MD (1) ;Zi ? gxg (1), MD (1)
14-39 ! BMD 51_55 1 DMD
14-40 1 BMD 52' 9 DMD
14-41 2 BMD (1), MD (1) 5 s DMD
17 ! DMD 53-54 2 DMD
1743 ! DMD 53-55 4 DMD
}g } ?AI\SD 53-57 1 DMD
55 1 DMD
19-51 1 DMD 56 ) DMD
21 ! DMD 56-62 1 DMD
22 1 DMD ol ) DMD
22-23 1 DMD €378 5 DMD
2224 ! MD 63-79 2 DMD
22-26 1 DMD 0167 ) MD
22-34 1 DMD 64'78 . DMD
22-38 1 DMD 65:67 . DMD
30-50 1 MD 6870 . MD
31-43 1 DMD 68'71 . DMD
34-44 1 DMD T t 1 366
35-43 1 DMD o
36-43 1 DMD
38-43 2 DMD
42-43 4 DMD (3), MD (1)

* Identical mutations with both Duchenne (DMD) and Becker (BMD) muscular dystrophy phenotypes are highlighted in grey; MD denotes an

unspecifed phenotype.

[f. Variability in access to complete genetic testing across the
provinces

Patients were considered to have had complete genetic testing
if all 79 exons of the dystrophin gene were examined and if this
was negative, complete sequencing of the gene was performed.
Diagnosis made solely by muscle biopsy or multiplex PCR
analysis of a subset of exons was considered incomplete genetic
testing. The national mean percentage of dystrophinopathy cases
diagnosed by complete genetic testing was 63% (SD 23). Alberta
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(AB) and Newfoundland (NL) were close to the national mean,
with complete genetic testing rates of 63% and 61% respectively
(see Supplementary Figure 1). There was a significant difference
among the provinces, with the lowest rates (mean 42, SD 6) of
complete genetic testing reported in Nova Scotia (NS), Manitoba
(MB), and British Columbia (BC). In contrast, the provinces of
Ontario (ON), Saskatchewan (SK) and Quebec (QC) had the
highest completion rates (mean 83, SD 7, t-test p=0.0018).
Provinces with the lowest rates of complete genetic testing (NS,
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Figure 5: Change in diagnostic methods for dystrophinopathy from 2000

to 2009. PCR denotes multiplex polymerase chain reaction of subset of

exons, MLPA refers to multiple ligation-probe amplification of all 79
exons, and SEQUENCE represents dystrophin gene sequencing.

MB, BC) had relied more on multiplex PCR analysis for a subset
of exons (61%, 59%, and 47%) and less on complete gene
sequencing (17%, 15%, and 7.2% respectively) for diagnosis.
Overall, close to one-quarter (168/773 cases, 22%) of Canadian
dystro-phinopathy patients were diagnosed based on multiplex
PCR analysis of the dystrophin gene without supplementary
testing. Among the 200 cases with incomplete genetic testing,
the phenotypes included 153 DMD, 32 BMD, and 15 cases of
unspecified dystrophinopathy.

DiscuUsSION

We found an estimated prevalence of dystrophinopathy of 1.5
per 10,000 males in Canada. According to Emery, the incidence
of DMD was 2.9 per 10,000, while BMD was 0.5 per 10,000'. In
other reports, the incidence of DMD ranged from 1 in 7,730 (1.3
per 10,000) to 1 in 3,871 (2.6 per 10,000) by newborn screening
in the United Kingdom’, and 1 per 4,700 (2.1 per 10,000)
through a regional clinic in Nova Scotia®. A 2007 survey in the
United States showed an overall prevalence of 1.3 to 1.8 per
10,000°. Results from our population-based study of the
prevalence of dystrophinopathy in Canada appeared to be similar
to these published reports. Consistent with two previous
Canadian studies of smaller sample sizes'®!!, deletions of one or
more exons accounted for the majority (n=366, 64%) of the
mutations. Another 63 (11%) individuals had duplications and
144 (25%) had point mutations. The proportion of deletions,
duplications, and point mutations was similar to other recent
reports on dystrophinopathy®!2:13,

Over the past decade, there have been considerable advances
in the diagnostic approach to dystrophinopathy. Until 1988, the
diagnosis usually required an open muscle biopsy, which is an
invasive procedure that can be associated with bleeding,
infection, and other potentially serious complications. In the
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Figure 6: Recommended diagnostic approach to dystrophinopathy in
Canada.

early 1990s, multiplex polymerase chain reaction provided a
simple, rapid, and efficient alternative to identify common
deletions occurring at one of two regions or mutational “hot-
spots” such as exons 2 — 20 and 44 — 534, Additional multiplex
primer sets were added to extend the previously untested
regions'>17. Although common deletions can be detected using
multiplex PCR, only selective exons are examined, and precise
deletion borders cannot be confirmed. In addition, duplications
and small mutations will be missed. Therefore, diagnostic
methods such as Southern blotting, Multiplex Amplifiable Probe
Hybridization (MAPH)'®, Multiplex Ligation-dependent Probe
Amplification'®, other quantitative multiplex PCR assays'!,
whole gene sequencing, and more recently Comparative
Genomic Hybridization (CGH) microarray’® are employed to
detect deletions and duplications in all 79 exons.
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Supplementary Figure 1: Percentage of dystrophin mutation completion
rates across eight Canadian provinces. NS, Nova Scotia; MB, Manitoba;
BC, British Columbia; NL, Newfoundland; AB, Alberta; QC, Quebec;
SK, Saskatchewan; ON, Ontario.
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Supplementary Table 4: Confirmed duplications among
Canadian sites*

Exons Frequency Phenotypes

1-7 1 DMD

2 13 DMD (10), BMD (1), MD (2)
2-3 MD (1)

2-7 BMD

2-13 DMD

DMD (1), MD (1)

MD

[S)
-

BMD
DMD

DMD

DMD

DMD

BMD

DMD

DMD

DMD

BMD

DMD (1), MD (1)
MD

MD

MD

DMD
DMD
DMD
DMD
DMD
MD

DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD
DMD

o
T
BN e e e e s e e e R R RN — e e R e e R N — N

a

*Identical mutation with both Duchenne (DMD) and Becker (BMD)
muscular dystrophy phenotypes is highlighted in grey; MD denotes an
unspecifed phenotype.

Currently MLPA is the initial diagnostic method that is
widely available across Canada for individuals with suspected
dystrophinopathy. Those with negative MLPA or other
quantitative PCR assays should have whole gene sequencing to
identify point mutations and sequence variations in the
dystrophin gene (see Figure 6)>'. Approximately 1 to 2% of
individuals with dystrophinopathy will not have an identifiable
mutation based on gene sequencing. Muscle biopsy can then be
performed to confirm the diagnosis by immunohistochemistry
and/or Western blot analysis to detect the absence or alteration in
the dystrophin protein. Dystrophin messenger ribonucleic acid
(mRNA) can also be extracted from the muscle biopsy to
determine the precise copy deoxyribonucleic acid (cDNA)
sequence, including those with “identical” deletion or
duplication that can occasionally produce either a DMD or a
BMD phenotype due to different intronic breakpoints that affect
gene splicing. Using all available diagnostic methods, it is
possible to identify the dystrophin mutations and confirm the
clinical phenotypes in nearly all patients with dystro-
phinopathy?>23.
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Identification of a specific dystrophin mutation is important
for accurate diagnosis, prognosis, and treatment for patients with
DBMD, as well as genetic counseling for their families, which is
routinely offered at all CPNG centers?*. According to our study,
only 74% of Canadian patients were diagnosed by currently
acceptable genetic testing methods, and the same mutation
completion rate (74%) was reported by the Muscular Dystrophy
Surveillance Tracking and Research Network in the United
States last year?. Potential reasons for the variability in rates of
diagnosis based on complete genetic testing across Canada
include: a) lack of availability of dystrophin gene sequencing in
most provinces; b) challenges related to obtaining funding
approval to pay for out-of-province genetic testing, including
dystrophin gene sequencing; c) lack of awareness regarding the
potential benefits of precise mutation analysis by patients,
families, or health care professionals; and d) reliance on
multiplex PCR or muscle biopsy for diagnosis instead of
dystrophin gene sequencing to detect point mutations by the
treating physicians. This is an area that will require further
investigation and is beyond the scope of our study. Other
potential limitations of this study included an inability to include
full clinical information due to privacy restrictions when
reviewing genetic database, and the clinical phenotypes were
determined by retrospective chart reviews but were not verified
over time. As well, since not all CPNG members participated in
this study, there may be additional patients with dystro-
phinopathy who were not included as they were either: a) seen
elsewhere in Canada, including BMD patients followed in adult
centers; b) had genetic testing through facilities in the United
States or other private clinics, c) lost to follow-up, or d) died
during the study period.

CONCLUSIONS

Recent scientific advances have led to potentially novel
treatments for dystrophinopathy that are highly genotype
specific, including: a) nonsense suppression therapy with small
molecule drugs such as PTC124 or gentamicin which aims to
increase ribosomal read through of premature stop codon during
translation to produce a modified dystrophin protein?®?7; and b)
exon-skipping with synthetic antisense oligonucleotide
sequences to correct the reading frame shift by ‘skipping over’
specific exons and producing an internally truncated protein®®2°.
Most upcoming clinical trials for dystrophinopathy will require
precise genetic and phenotypic confirmation prior to study
enrollment. Dystrophin gene sequencing should therefore be
readily available to all patients across Canada when MLPA
testing has been uninformative. The success of novel therapeutic
strategies for DBMD will ultimately depend on accurate clinical
assessment and mutational analysis in potential subjects, the
creation of a national or global disease-specific patient registries
for comprehensive diagnosis and clinical trials readiness, and
on-going interdisciplinary collaboration among academic
centers to ensure that all Canadians with dystrophinopathy are
eligible to receive optimal care and gain access to mutation-
specific therapies.
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