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ABSTRACT

Objective: To correlate time to loss of ambulation (LoA) and different truncating DMD gene muta-
tions in a large, prospective natural history study of Duchenne muscular dystrophy (DMD), with
particular attention to mutations amenable to emerging molecular treatments.

Methods: We analyzed data from the Cooperative International Neuromuscular Research Group
Duchenne Natural History Study for participants with DMD single- or multi-exon deletions or
duplications with defined exon boundaries (n = 186), or small mutations identified by sequencing
(n = 26, including 16 nonsense point mutations). We performed a time-to-event analysis of LoA,
a strong indicator of overall disease severity, adjusting for glucocorticoid treatment and genetic
modifiers.

Results: Participants with deletions amenable to skipping of exon 44 had later LoA (median 14.8
years, hazard ratio 0.31, 95% confidence interval 0.14-0.69, p = 0.004). Age at LoA did not
differ significantly in participants with deletions amenable to exon 45, 51, and 53 skipping,
duplications, and small rearrangements. Nonsense mutation DMD also showed a typical median
age at LoA (11.1 years), with a few outliers (ambulatory around or after 16 years of age) carrying
stop codons within in-frame exons, more often situated in the rod domain.

Conclusions: As exon 44 skipping-amenable DMD has a later LoA, mutation-specific randomiza-
tion and selection of placebo groups are essential for the success of clinical trials. Neurology®
2016;87:401-409

GLOSSARY

AON = antisense oligonucleotide; BMD = Becker muscular dystrophy; Cl = confidence interval; CINRG-DNHS = Cooper-
ative International Neuromuscular Research Group Duchenne Natural History Study; DMD = Duchenne muscular dystrophy;
EMA = European Medicines Agency; HR = hazard ratio; IHC = immunohistochemistry; LoA = loss of ambulation; MLPA =
multiplex ligation-dependent probe amplification; SNP = single nucleotide polymorphism; WB = Western blot.

Duchenne muscular dystrophy (DMD) is caused by truncating DMD gene mutations leading
to absent dystrophin." The typical DMD phenotype encompasses muscle weakness and
wasting presenting in early childhood, and loss of independent ambulation (LoA) by age
13 years,” while the mild allelic form Becker muscular dystrophy (BMD) is defined by
nontruncating mutations® and LoA after 16 years.” Daily glucocorticoid treatment and
improved standards of care,“> however, have shifted the median age at LoA in DMD to
around 14 years,*” with a wide variability attributed to different treatment regimens®’ and
genetic modifiers.'*"'

Another potential source of clinical variability is the rescue of small amounts of dystrophin,
despite frame-shifting mutations. Possible mechanisms include translation reinitiation down-

15-18 19-21 EVCH

stream of N-terminal domain mutations,"”™® or low-rate splicing out of specific exons.
very small quantities of dystrophin, hardly detectable by immunohistochemistry (IHC) or West-
ern blot (WB), might ameliorate the disease and delay LoA by several years. This is particularly

relevant for the development of dystrophin-restoring treatments, such as exon skipping by
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antisense oligonucleotides (AONs)**~° and stop
codon readthrough,” = as variation in baseline
levels of dystrophin may confound evaluations
of efficacy in clinical trials.

We aimed to analyze correlations between
different truncating DMD mutations and age
at LoA in the Cooperative International Neuro-
muscular Research Group Duchenne Natural
History Study (CINRG-DNHS), a large pro-
spective DMD natural history study,®” with par-
ticular attention to mutation groups amenable
to emerging molecular treatments (i.c., out-of-
frame deletions eligible for the skipping of exons
44,45, 51, and 53, and nonsense mutations).

METHODS CINRG-DNHS inclusion criteria. Partici-
pants in the parent CINRG-DNHS (distinguished from an
added cohort of DMD participants aged 4 to <8 years old,
NCT00468832) were recruited between 2006 and 2009, and
inclusion criteria have been described.® Importantly, patients were
excluded if they had a proximal (before exon 25) out-of-frame
mutation and a BMD phenotype (because of frequent violations
to the reading frame rule in this region"). Participants could be
included with an in-frame DMD mutation, or no demonstrated
DMD mutation but a typical DMD phenotype manifesting by 5
years of age (e.g., progressive proximal weakness, characteristic gait,
positive Gowers sign, and calf pseudohypertrophy) and abnormal
dystrophin THC or WB. The average follow-up period for the

parent cohort was 4 years.

Additional inclusion criteria. In order to group participants
by DMD mutation type and amenability to molecular thera-
pies, we further selected participants with available evidence of
a DMD genetic mutation and the following characteristics:
single- or multi-exon out-of-frame deletion with univocally
defined exon boundaries (multiplex ligation-dependent probe
amplification [MLPA] or multiplex PCR with amplification of
immediately flanking exons); single- or multi-exon out-of-
frame duplication confirmed by MLPA; small out-of-frame
DMD mutation (insertion, deletion); nonsense mutation;

splicing mutation.

DMD mutation studies. Diagnostic genetic testing for causa-
tive DMD mutations was performed at local institutions as part of
the standard diagnostic workup, and reviewed by a central CINRG
genetic counselor, who reviewed rearrangement exon boundaries
and unified mutation nomenclature (following HGVS recommen-
dations) and reference sequences (genomic NG_012232.1, tran-

script NM_004006.2).

Grouping of DMD mutations. The grouping rationale was to
describe the natural history of LoA in groups of participants with
typical vs atypical phenotypes or amenability to mutation-specific
molecular therapies. We defined the following categories: out-of-
frame deletions amenable to skipping of (1) exon 44, (2) exon 45,
(3) exon 51, (4) exon 53, (5) deletion of exons 3—7; (6) out-of-
frame deletions not amenable to skipping of exons 44, 45, 51, or
53; (7) out-of-frame duplications; (8) nonsense mutations; and

(9) out-of-frame small insertions or deletions.

Genetic modifier genotyping. The parent CINRG-DNHS
cohort showed significant effects of 2 known genetic modifiers

of ambulation in DMD': the single nucleotide polymorphisms
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(SNPs) 1528357094 in the promoter of the SPPI gene, encoding
Secreted PhosphoProtein 1 or osteopontin,'®'" and rs10880 in
the coding portion of the L7BP4 (latent transforming growth
factor B binding protein 4) gene.'” Genotyping and grouping

by inheritance models was described previously.'*

Loss of ambulation. We defined LoA as participant- or
caregiver-reported age at continuous wheelchair use, approximated
to the nearest month, and verified by a CINRG-trained clinical
evaluator with the inability to perform the 10 m run/walk

assessment.

Statistical analysis. We performed a time-to-event analysis of
LoA with age (years) as time variable and LoA as event.
Median age at LoA and corresponding 95% confidence
intervals (Cls) were estimated by plotting empirical Kaplan-
Meier curves for participant groups defined by mutation (as
described above), and by GC treatment administered while
ambulatory, with the following grouping: untreated (or short
treatment of <1 year), prednisone or prednisolone, and deflazacort.
Participants ~ switching between  prednisone/prednisolone  and
deflazacort were grouped accordingly to the drug administered for
the longest time. We used Cox proportional hazard models to
estimate and compare age-related risks of LoA. Covariates included
DMD mutations as described above and time-varying GC drug
(prednisone/prednisolone or deflazacort) and weight-adjusted dose
as previously described.” Note that GC treatment as a time-varying
covariate in the Cox proportional hazard analysis is independent of the
grouping of individual participants, used for the empirical Kaplan-
Meier estimation of median age at LoA. The same analyses were
repeated adding covariates for SPPI and L7BP4 genotype; this was
performed separately, because DNA for genotyping of both SNPs was
not available in 41 participants (largely due to regulatory issues in
some countries that did not allow DNA shipping). Statistical
significance was set at p << 0.05. All analyses were performed with
the survival package in R, version 3.2.1.

RESULTS Selected cohort. Inclusion criteria described
in Methods led to the selection of 212/340 (62.3%)
participants to the parent CINRG-DNHS (figure 1).
Their distribution by mutation and exon-skipping
amenability is described in table 1. Of note, there
were 49/212 participants (23.1%) with deletions
amenable to skipping of exon 51, 31/212 (14.6%) of
exon 45, 20/212 (9.4%) of exon 44, 16/212 (7.5%)
of exon 53, and 16/212 (7.5%) with nonsense
mutations. Detailed frequencies of single- or muld-
exon rearrangements are summarized in table e-1 on

the Neurology® Web site at Neurology.org.

Age at LoA by mutation group. Median age at LoA with
95% Cls by mutation group is shown in table 1 and
Kaplan-Meier plots of LoA by age and mutation group
are shown in figure 2. The largest group (n = 51,
24%), comprising participants with out-of-frame
deletions not amenable to skipping of exons 44, 45,
51, and 53, showed a median age at LoA of 12.7 years
(95% CI 11-14 years). Groups with later median LoA
included deletion of exons 3—7 (n = 5, median age at
LoA 15.2 years, 95% CI 9-undetermined) and
deletions amenable to exon 44 skipping (n = 20,
median 14.8 years, 95% CI 12—undetermined). Age
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[ Figure 1 Study flow chart
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Selected for this study

Participant selection from the parent (i.e., not including a currently recruiting extension) Cooperative International Neuro-
muscular Research Group Duchenne Natural History Study (CINRG-DNHS), identifying subgroups analyzed in this article.

at LoA for GC-treated participants only within each
mutation group is shown in table 2.

Cox regression analysis of LoA. Cox regression analysis
including GC treatment covariates showed that the
delay of LoA was statistically significant in both the
group with deletion of exons 3-7 (hazard ratio
[HR] 0.24, 95% CI 0.07-0.82, p = 0.02) and the
group with deletions amenable to skipping of exon
44 (HR 0.34, 95% CI 0.15-0.74, p = 0.007).
Cox regression parameters for all other DAMD muta-
tions did not differ significantly from the reference
group (table 1). As previously described in the
whole CINRG-DNHS population,” treatment with
prednisone/prednisolone or deflazacort were strongly
associated with later LoA, with a lower HR (i.e., later
LoA) for deflazacort (HR 0.34 and 0.22, respectively,
2 < 0.0001 for both), while there was no significant
independent effect of GC dose in this population. In
171/212 participants with available modifier genotypes,
amenability to skipping of exon 44 remained
significanty associated with later LoA (HR 0.24, 95%
CI 0.10-0.61, p = 0.000), and so was deletion of exons
3-7 (HR 0.21, 95% CI 0.05-0.92, p = 0.01), after
adjusting for SPPI and LTBP4 genotypes as additional
covariates. Modifier genotype effects were in the same
direction as previously described, but not statistically

significant in this multivariate model in this population
(table e-2).

DISCUSSION In the present study, we describe sig-
nificant differences in age at LoA between DMD par-
ticipants with different DMD mutations. LoA is
a clinically meaningful natural history milestone in
DMD and a reliable overall indicator of the severity
of disease progression.®” It is strongly correlated with
the longitudinal changes of functional measures com-
monly adopted as clinical trial endpoints,¢ but
compared to these, it is less influenced by motiva-
tional factors. Furthermore, LoA predicts other major
discase milestones such as the need for ventilatory
support and survival.>%

We observed an approximately 2-year delay of
median LoA in 20 participants who had mutations
amenable to exon 44 skipping. Similar results were
observed in a retrospective genotype—phenotype asso-
ciadon study carried out in the Netherlands.*® Most
exon 44 skippable participants carried the relatively
frequent single-exon deletion of exon 45: 60% in
our cohort and 66% in the Dutch cohort.?® This muta-
tion has long been known to induce endogenous skip-
ping of the adjacent exon 44, resulting in traces of
dystrophin expression.”” Recently, a Japanese research
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[ Table 1 Participant distribution, median age at loss of ambulation (LoA), and Cox regression parameters for the time-to-event analysis of LoA ]

Cox regression
factor

DMD mutation

GC drug®

GC dose

Total

Median age, y,

Level of factor No. (%) at LoA (95% ClI) HR (95% CI) p Value
Exon 44 skipping amenable deletion 20 (9) 14.8 (12-x) 0.34 (0.15-0.74) 0.007°
Exon 45 skipping amenable deletion 31(15) 12.0 (11.0-13.5) 1.16 (0.66-2.06) NS
Exon 51 skipping amenable deletion 49 (23) 11.6 (10.4-12) 0.84 (0.51-1.40) NS
Exon 53 skipping amenable deletion 16 (8) 14.0 (9.0-15.0) 0.79 (0.39-1.57) NS
Deletion of exons 3-7 5(2) 15.2 (9.0-«) 0.24 (0.07-0.82) 0.022
Other out-of-frame deletion 51 (24) 12.7 (11.0-14.0) i —
Out-of-frame duplication 14 (7) 12.7 (8.0-x) 1.10 (0.50-2.41) 0.65
Nonsense mutation 16 (8) 11.1 (10.0-18.1) 0.64 (0.32-1.27) NS
Other frameshifting small mutation 10 (5) 14.0 (9.7-) 0.76 (0.29-1.97) NS
Untreated (or treated <1 year) 55 (26) 9.7 (9.0-11.0) A1 —
Prednisone or prednisolone® 63 (30) 12.0 (11.3-14.0) 0.34 (0.20-0.57) <0.00012
Deflazacort® 94 (44) 14.0 (13.7-15.0) 0.22 (0.12-0.40) <0.0001*

— — 1.12(0.77-1.63) NS

212 (100) 12.0 (11.5-13.0) — —

Abbreviations: « = Upper confidence interval undetermined because of low numerosity; Cl = confidence interval; DMD = dystrophin gene; GC =
glucocorticoid corticosteroid; HR = hazard ratio; NS = not significant.

2 Significant.

® A HR of 1 is given for factor levels that are taken as reference in the Cox regression model.

°For the calculation of median LoA, participants are grouped in treated less than 1 year, treated at least 1 year, and >50% of the time with prednisone or
prednisolone, and treated at least 1 year and >50% of the time with deflazacort, while HRs are calculated for time-varying covariates, independent of the
grouping of individual participants.
9Including participants switching between drugs who were >50% of the time on prednisone or prednisolone while ambulatory.
¢Including participants switching between drugs who were >50% of the time on deflazacort while ambulatory.

404

group studied a patient with DMD carrying the exon
45 deletion, and demonstrated a splicing silencer effect
of the junction sequence between introns 44 and 45,
which promoted the skipping of exon 44.%

Traces of dystrophin were reported in 3/6 exon 44
skipping eligible DNHS participants by IHC and 0/4
by WB. Although these findings were from retrospec-
tive laboratory reports and were not performed using
some of the quantitation techniques recommended in
clinical trials,®! it can be inferred that limited amounts
of dystrophin, only detectable by a sensitive tech-
nique such as IHC, may be sufficient to prolong
ambulation. This is in keeping with observations in
the dystrophin/utrophin double knockout mouse, an
animal model of severe dystrophinopathy, in which
re-expression of small amounts of dystrophin im-
proves muscle pathology and function.®

Although most exon 44 skippable participants
carry the deletion of exon 45, some carry different
deletions upstream of exon 44. Interestingly, we
observed an intermediate DMD/BMD phenotype
in 2 participants carrying deletions of exons 10-43
and 38-43. These 2 GC-treated participants were
still ambulant at ages 21 and 16 years, suggesting
a different molecular mechanism for dystrophin res-
cue than that described for exon 45 deletion.® One
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of the 2 participants had traces of dystrophin iden-
tified by IHC, but not WB.

A distinct, albeit small group of participants with
a milder phenotype in the CINRG-DNHS is repre-
sented by 5 participants with DMD carrying the dele-
tion of exons 3-7, previously described as an
exception to the reading frame rule.'*'* THC showed
traces of dystrophin in 1/3 participants with this
mutation and WB in 0/3 (the 3 participants who
underwent IHC and the 3 who underwent WB are
not the same). However, the one participant with
reported dystrophin traces lost ambulation at age 9
years, despite high-dose weekend prednisone since
age 4. A 5 internally deleted dystrophin protein
might be less efficient in rescuing the phenotype
because of the disruption of the functionally relevant
N-terminal actin-binding domain, and other genetic
and environmental confounders may influence the
clinical outcome. Larger case series are needed to fully
understand the phenotypes associated with the dele-
tion of exons 3-7. Notably, some intermediate
DMD/BMD cases with this deletion might have been
excluded from the CINRG-DNHS due to inclusion
criteria (see Methods).

These findings have several potential repercussions
for clinical trials. First, some patients eligible for exon



[ Figure 2 Kaplan-Meier plots of loss of ambulation by mutation group ]
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Neurology 87 July 26, 2016 405



Table 2

Median age at loss of ambulation (LoA) by mutation group in
glucocorticoid corticosteroid (GC)-treated participants only

Median age, y,

DMD mutation No. (%) at LoA (95% CI)
Exon 44 skipping amenable deletion 16 (10) NA (11.5-x)
Exon 45 skipping amenable deletion 27 (17) 12.0 (11.2-14.0)
Exon 51 skipping amenable deletion 32 (20) 13.0 (11.5-13.5)
Exon 53 skipping amenable deletion 12 (8) 14.0 (9.0-17.2)
Deletion of exons 3-7 3(2) 18.0 (9.0-)
Other out-of-frame deletion 38 (24) 13.8 (11.9-14.0)
Out-of-frame duplication 10 (6) 14.0 (7.3-=)
Nonsense mutation 10 (6) 14.9 (9.3-)
Other frameshifting small mutation 9 (6) 14.0 (9.7-x)

Abbreviations: « = Upper confidence interval undetermined because of low numerosity;
Cl = confidence interval; DMD = dystrophin gene; NA = median value for LoA in the GC-
treated exon 44 skipping amenable participants is not available because only 4/16 (less
than 50%) had lost ambulation at last follow-up.
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44 skipping might show stabilized function even in
the placebo group, especially in short studies, making
small drug effects challenging to identify. Second,
among patients with DMD with the same exon-
skipping eligibility, there might be some who activate
endogenous exon-skipping mechanisms, and some
who do not. Therefore, accurate quantitation of base-
line dystrophin for each patient participating in
dystrophin-restoring trials is of paramount impor-
tance. Third, we provide data on age at LoA for
GC-treated DMD subcohorts with specific exon-
skipping eligibility that may be useful as a natural his-
tory control cohort to compare to current and future
cohorts treated with exon-skipping drugs. For
instance, age at LoA for GC-treated participants with
exon 51 skipping eligibility does not appear to be sig-
nificantly different from non-exon-skipping-eligible
deletions.

Our data did not confirm reports that patients
with DMD with deletions amenable to exon 53 skip-
ping might present earlier LoA,”® as these patients
appeared to be positioned in the average range for
age at LoA in DMD. In order to reproduce the meth-
odology of the cited French study,”® we calculated
mean age at LoA in nonambulatory patients only,
which was 11.4 years in 10 nonambulatory
CINRG-DNHS participants amenable to exon 53
skipping, vs 8.9 years in 13 patients in the cited
study. A higher rate of GC treatment in CINRG-
DNHS participants likely plays a relevant role in this
difference. Further studies on longitudinal functional
measures may confirm the tendency to reduced upper
limb function described by the French group.

The DMD population described by the Italian
DMD network?' also showed a more rapid deteriora-
tion of ambulation-related functional measures, such
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as 6-minutes walk test and North Star Ambulatory
Assessment, in the exon 45 skipping and exon 53
skipping amenable subgroups, which are not con-
firmed by our LoA data. Again, studies of longitudi-
nal functional measures in the CINRG cohort are
warranted to further investigate this correlation.

Ten CINRG-DNHS participants carried a single-
exon deletion of exon 52, which could be theoreti-
cally amenable to both exon 51 and 53 skipping.
Here, we grouped these participants together with de-
letions amenable to exon 51 skipping, a therapeutic
approach that has reached more advanced stages of
clinical trials. Interestingly, these exon 52-deleted
participants had early LoA, median age being 10.0
vs 11.9 years in all other exon 51 skipping—eligible
participants (log-rank p = 0.016). This genotype—
phenotype association needs independent validation,
but if confirmed, could be relevant for the interpre-
tation of the results of AON clinical trials targeting
exons 51 and 53.

A different group of participants amenable to
molecular treatment were 16 participants carrying
nonsense mutations. This group is important as ambu-
latory patients with DMD older than 5 years are cur-
rently being prescribed Ataluren (Translarna; PTC
Therapeutics, South Plainfield, NJ) in several Euro-
pean countries under the provisional approval of the
European Medicines Agency (EMA). While the
median age at LoA in this group was similar to the ref-
erence population carrying non-exon-skipping-cligible
mutations, there were 5 outlier cases showing pro-
longed ambulation (close to or beyond age 16 years),
consistent with intermediate DMD/BMD, as shown
by a rightward shift of the third and fourth quartiles
of the Kaplan-Meier plot (figure 2G). DMD nonsense
mutations have previously been described in associa-
tion with intermediate phenotypes. Furthermore, it
has been shown that exons where intermediate non-
sense mutations occur are usually in-frame, situated in
the functionally dispensable rod domain, and defined
by weaker splice signals, explaining easier induction of
endogenous exon skipping.'” In fact, of 5 intermediate
DMD/BMD participants with nonsense mutations in
the CINRG-DNHS, 3 carried stop codons within in-
frame exons (14, 29, and 30). On the other hand, 2
cartied stop codons in out-of-frame exon 45, again
suggesting alternative splicing in this region, and exon
69, suggesting escape from mRNA nonsense-mediated
decay with a distally located mutation, which may give
rise to a C-terminal truncated protein. Interestingly,
another participant lost ambulation at 10 years, despite
carrying a proximal nonsense mutation (c.9 G>T,
p.Ttp3*) with a described founder effect in North
America. This is in contrast with the previously
described association of this mutation with a mild

BMD phenotype,** caused probably by dystrophin



rescue by downstream translation reinitiation.”® Pa-
tients with a definitely mild BMD phenotype would
not have been included in the DNHS because of clin-
ical exclusion criteria; nevertheless, it could be relevant
to stratify nonsense mutation patients with DMD by
stop codon position (in-frame or out-of-frame exon) in
clinical trials. Currently, Ataluren is approved by the
EMA for nonsense-mediated DMD only, but cases
such as those described here show that the distinction
with nonsense-mediated BMD might be blurry and
hard to define.

A limitation of this natural history study is the use
of DNA mutation data derived from clinical records.
Although all CINRG clinical sites actively pursue
adherence to the modern standards of care in DMD
diagnosis, the identification of the causative mutation
(especially those identified by sequencing) was not
possible in some cases. As single-exon or multi-exon
deletions are easier to identify, the proportions of
patients with DMD amenable to skipping of individ-
ual exons might be slightly inflated in this report.
Future studies including full DMD sequencing at
the genomic or RNA level, as well as next-generation
sequencing studies of intronic deletion/duplication
breakpoints in selected cases, might further refine
genotype—phenotype correlations. Another limitation
was the lack of an evaluation of other relevant DMD
natural history milestones, e.g., scoliosis and survival.
Different from LoA, it was not possible for patients
who had already developed severe scoliosis (e.g., Cobb
angle >40") to recall the age at which this criterion was
met, making a time-to-event analysis challenging
to design. As for survival, this endpoint is better
analyzed from historical retrospective population stud-
ies than in an active follow-up population like the
CINRG-DNHS cohort. However, both scoliosis and
survival have shown strong correlations with LoA.”®
Genotype—phenotype correlations for cardiac and respi-
ratory endpoints in the CINRG-DNHS will be the
object of separate studies.

This study provides mutation-specific natural his-
tory data regarding LoA in DMD, carefully adjusting
for the effect of other disease-modifying variables.
This is relevant for the design and interpretation of
clinical trials for innovative therapeutics in DMD.
Importantly, patients with DMD with deletions ame-
nable to exon 44 skipping, exon 3-7 deletion, and
point mutations within in-frame exons should be
excluded from natural history—derived placebo
groups for the evaluation of AONs targeting rare
deletions, and their distribution in treated/placebo
groups should be carefully balanced in clinical trials
of non-dystrophin-restoring treatments. Age at LoA
in other exon-skipping eligible groups is not signif-
icantly different from non-exon-skipping eligible
deletions.
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