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Abstract

Introduction Duchenne muscular dystrophy (DMD) is induced by a wide spectrum of mutations such as exon deletions,
duplications and small mutations in the dystrophin gene. This is the first study on the mutational spectrum in a cohort of
DMD children from India, with an emphasis to compare the mutations in familial and sporadic forms.

Results Multiplex ligation-dependent probe amplification (MLPA) and next-generation sequencing (NGS) identified 525 and
70 cases of DMD, respectively, while 11 cases showed absent dystrophin staining with no mutations detected. Families with
two or more affected males contributed to 12% of the entire cohort. The mutations comprised of exonic deletions in 492/606
(81.2%), duplications in 33/606 (5.4%) and small mutations (point mutations and INDELSs) in 70/606 (11.5%) cases. MLPA
identified significantly more larger mutations in sporadic (88.2%) than in familial cases (75.3%). The mutations in NGS were:
[nonsense =40 (57.1%); frameshift=17 (24.3%); splice variant=12 (17.1%)]. Nonsense mutations were more common in
familial than in sporadic cases: 17.8% vs 10.7%. The familial group reported an earlier onset of disease (2.8 + 1.7 years) as
compared to sporadic cases (3.8 + 1.6 years).

Conclusion MLPA could identify mutations in a high percentage of our DMD children. The preponderance of small mutations
was noted to be distinctly higher in the familial group. Intriguingly, the familial form of DMD formed a small percentage
of the entire cohort. The reasons could be increasing awareness among parents and physicians with early identification of
DMD cases, genetic counseling and prenatal testing.
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Introduction

Duchenne muscular dystrophy (DMD) is a common X-linked
recessive neuromuscular disorder with an universal prevalence
of 1 in 3500 newborn boys [1]. Clinically, DMD is character-
ized by rapidly progressive limb girdle muscle weakness with
calf muscle hypertrophy with the diagnosis generally being
made before the age of 5 years. The dystrophin gene is the larg-
est human gene, comprising of 79 exons occupying a genomic
region of 2.3 Mb on X chromosome short arm [2]. DMD is
the severe form of Xp?' mutation disorder either from a shift
in the translational reading frame or a premature stop codon
resulting in loss of functional dystrophin [3, 4]. The majority
of DMD cases are caused by deletion (65%) or duplication (5%
to 8%) of single or multiple exons [5]. About 25-30% cases are
attributable to point mutations, and small insertion/deletions
(INDELS:) [4, 6].

Multiplex ligation-dependent probe amplification (MLPA)
is a proven diagnostic tool for detection of exon deletions and
duplications in DMD. MLPA is also extensively used in carrier
detection and for prenatal diagnosis [5, 7, 8]. However, smaller
mutations (point mutations and INDELSs) require either direct
Sanger sequencing of DMD gene or next-generation sequenc-
ing (NGS)-based testing [4]. Although mutations in DMD
have been compiled in worldwide databases and studied elab-
orately in a few large cohorts (> 500 patients), information
on mutational pattern in familial DMD is rarely described [1,
9-13]. Early genetic diagnosis and subsequent carrier analysis
and genetic counseling can play a key role in prevention of
new cases in the immediate family members and relatives.
Although there are simple, reliable and affordable genetic tests
available to diagnose DMD, the factors contributing to occur-
rence of familial forms need to be studied and measures to
reduce the societal disease burden is critical. We have previ-
ously reported on various aspects including mutational aspects
identified by multiplex polymerase chain reaction (mPCR) and
MLPA, genotype—phenotype correlation, muscle magnetic
resonance imaging (MRI) patterns, natural history and dis-
ease progression in hospital based studies of dystrophinopathy
(DMD and BMD) patients from India [14—18]. In the current
study, we have described and compared the pattern of muta-
tions in sporadic cases and those with positive family history
in a large cohort of 606 Indian DMD children who have under-
gone genetic testing by MLPA and NGS in a tertiary neurology
hospital from South India.

Materials and methods
This is a retrospective study where patients were selected

from the records of 804 suspected cases of dystrophinopa-
thy registered at the Neuromuscular disorders’ clinic at a

@ Springer

national referral center for neurological disorders. The study
period was between October 2012 and May 2018. The case
files contained detailed information on clinical history, neu-
rological findings with muscle strength scoring chart and
mutation data obtained by MLPA/NGS/muscle biopsy. The
first molecular assay that is undertaken for all suspected
cases of DMD is MLPA of the 79 DMD exons. If MLPA
fails to identify any mutation, the sample is taken for NGS
for genomic DNA-coding regions and/or muscle biopsy for
dystrophin staining.

MLPA methodology

Exon deletion and duplication detection was performed
using SALSA MLPA kit (MRC-Holland) with probe sets
P034 and P035 for 79 exons of DMD gene as per the man-
ufacturer protocol. Coffalyser MLPA analysis software
(MRC-Holland) was used for analysis of the data.

NGS methodology

Sequencing for MLPA negative cases was performed on
HiSeq and NextSeq 500 platforms (Illumina) following tar-
get capture with Sureselect XT method using custom DMD
probe design (Agilent). Raw data analysis with sequence
alignment and variant annotation was done using SureCall
(Agilent) software.

Results
Entire DMD cohort

Among the 804 suspected cases, DMD diagnosis was con-
firmed in 606 children based on clinical features, raised CK
level and a confirmatory genetic or immunohistochemi-
cal result. MLPA identified mutations in the DMD gene
in 525 (86.6%) samples and was negative in 81 (13.4%)
cases. The pattern of mutations was: exonic deletions in
492/606 (81.2%) cases with hot spot (45-54) region dele-
tions in 365/492 (74.2%). Duplications occurred in 33/606
(5.4%) cases (Fig. 1). Out-of-frame mutations were found in
481/525 (91.6%) and in-frame in 44/525 (8.4%). There were
150 different deletion/duplication patterns identified. While
exon 50 was most frequently deleted in 234/492 (47.6%), the
most common mutation in the overall group was deletion of
exon 45 in 38/525 (7.2%) cases. Single-exon deletions and
duplications were observed in 120/492 (24.4%) and 7/33
(21.2%) patients, respectively. NGS-confirmed small muta-
tions were seen in 70/606 (11.5%) [nonsense =40 (57.1%);
frameshift=17 (24.3%); splice variant=12 (17.1%)] cases
(Fig. 1). Only one DMD patient in our entire cohort had
a missense mutation. Small mutations showed random
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Fig. 1 Bar diagram showing the comparative mutational spectrum in
DMD cases

distribution with no hot spot predilection. Both MLPA
and NGS did not identify any mutation in coding regions
of DMD gene in eight patients (1.3%), and three patients
did not undergo NGS but biopsy showed loss of dystrophin
staining. Novel mutations were seen in 43/70 (61.4%) of
cases. No hotspot region for duplications or small mutations
was identified.

Familial group

Among the entire cohort of DMD cases, there were 73 fami-
lies with more than 1 affected child. According to the his-
tory, a total of 117 affected family members were reported/
identified: brothers of probands (n=33), maternal uncles
(n=55), nephews (n=7) cousins (n=14), grand maternal
uncles (n=28). The 73 probands of the familial group com-
prised of 12% (73/606) of our total DMD cohort. Among
this familial group, MLPA showed mutations in the DMD
gene in 55/73 (75.3%) samples, while it was negative in

Fig.2 Bar diagram representing
the deletion patterns in familial
DMD cases

5

18/73 (24.7%) cases. Deletions were noted in 48/73 (65.7%)
and duplications in 7/73 (9.6%) cases (Fig. 1). Thirty-three
different deletion patterns were found (Fig. 2) in this cohort.
Deletions in hot spot region were identified in 34/48 (70.8%)
(Fig. 3) cases. All seven duplications were unique and uni-
formly distributed along the DMD gene (Table 1). Exon 50
was the most frequently deleted exon (24/48 =50.0%) and
single-exon 50 deletion was the single most common muta-
tion occurring in 4/73 families. Single-exon deletion and
duplication was present in 11/48 (22.9%) and 1/7 (14.3%),
respectively. Out-of-frame mutations were present in 48/55
(87.3%) and in-frame in 7/55 (12.7%). NGS-confirmed
mutations in 13/73 (17.8%) (Fig. 1) cases. Novel mutations
occurred in 7/13 (53.8%) cases. Among the remaining five
cases, all showed absent dystrophin staining; all were MLPA
negative, two were NGS negative and three did not undergo
NGS testing. The mean age at presentation was 6.8 +£2.5
(2-12) years and age at onset was 2.8 + 1.7 (1-7) years.

Non-familial group

There were 533 non-familial cases and among this group
MLPA was positive for mutations in the DMD gene in
470 (88.2%) and was negative in 63 (11.8%) samples.
The pattern of mutation was: exonic deletions in 444/533
(83.3%) and exonic duplications in 26/533 (4.9%) cases
(Fig. 1). There were 110 different deletion patterns and 24
duplication patterns (Supplementary Table 1A and 1B).
One deletion (exons 1-29 and 40) and one duplication
(exons 45-55, 63) were of non-contiguous pattern. Hot
spot (45-54) deletions were present in 331/444 (74.5%),
while no significant hot spot regions were identified
for duplications (Fig. 4). Similar to the familial group,
the most common exon deleted was exon 50 in 210/444
(47.3%), while exon 45 deletion was the most commonly
repeated mutation (36 times). Single exon deletion and

Deletion patterns (Familial)
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Fig.3 Bar diagram depicting
the frequency of exon deletions
in hot spot regions in familial
DMD cases
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Table 1 List of exon

duplications in familial cases Exon 2

Exon 2-7
Exon 3-25
Exon 21-30
Exon 46-49
Exon 56-62
Exon 60-66

duplication was present in 109/444 (24.5%) and 6/26
(23.1%) cases, respectively. Out-of-frame mutations were
observed in 433/470 (92.1%) patients while 37/470 (7.9%)
had in-frame mutations. NGS-confirmed the presence of
small mutations in 57/533 (10.7%) and no mutation in 6
(1.1%) samples (Fig. 1). Novel mutations were seen in
36/57 (63.1%) cases. The mean age at presentation was

Fig.4 Bar diagram illustrating
the frequency of exon deletions
showing hot spot region in
sporadic DMD cases

Frequency of exon deletions (Familial)

Exons

7.6 +2.1 (3—14) years with onset of symptoms at 3.8+ 1.6
(1-8) years.

Discussion
Comparison of familial and sporadic cases (Table 2)

In the current comparative study, in a large cohort of
DMD children, we observed that identification of muta-
tion by MLPA technique was significantly higher in the
non-familial DMD group as compared to the familial
group (p=0.0025). Exonic deletions were significantly
more frequent among the sporadic cases (p =0.0003)
while the proportion of duplications were more in the
familial group. Subsequently, point mutations and
INDELSs identified by NGS were comparatively higher in

Frequency of exon deletions (Non-familial)
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Table 2 Comparison of findings in familial and non-familial DMD groups in a total of 596 cases (Where percentage is not applicable the expres-

sion is indicated beside the variable)

Variable Total group (n=606) Familial group (n=73)— Non-familial group p value (familial
12.05% (n=533)—87.95% vs non-familial)
MLPA positive 525 (86.63%) 55 (75.34%) 470 (88.18%) 0.0025
MLPA negative 81 (13.37%) 18 (24.66%) 63 (11.82%)
Deletions 492 (81.18%) 48 (65.75%) 444 (83.30%) 0.0003
Single-exon deletions 120 (24.39%) 11 (22.92%) 109 (24.55%) 0.8029
Deletion patterns 119 33 110
Non-contiguous deletions 1 0 1
Duplications 33 (5.44%) 7 (9.59%) 26 (4.88%) 0.0966
Single-exon duplications 7(21.21%) 1(14.28%) 6 (23.08%) 0.6186
Duplication patterns 31 7 24
Non-contiguous duplications 1 0 1
Out-of-frame 481 (91.61%) 48 (87.27%) 433 (92.13%) 0.2188
In-frame: 44 (8.39%) 7(12.73%) 37* (7.87%)
Most common exon deleted 50 (47.56%) 50 (50%) 50 (47.30%)
Most common mutation Del 45 (7.24%) Del 50 (7.27%) Del 45 (7.66%)
Hot spot region for deletions ~ 45-54 45-54 45-54 0.5762
365/492 (74.19%) 34/48 (70.83%) 331/444 (74.55%)

NGS-confirmed small muta- 70 (11.55%) 13 (17.81%) 57 (10.69%) 0.0745

tions 40 (Nonsense), 17 8 (Nonsense), 2 (frameshift), 32 (Nonsense) 15

(frameshift), 12 (splice vari- 3 (splice variant) (frameshift), 9 (splice vari-
ant), 1 (missense) ant), 1 (missense)

No mutation identified/ 11° (1.81%) 5 (6.85%) 6 (1.12%)

sequencing not performed
Biopsy confirmed in MLPA  58/81 (71.60%) 12/18 (66.66%) 46/63 (73%)

negative DMD
Age at onset 3.7+1.8 (1-8) 2.8+1.7(1-7) 3.8+1.6(1-8) <0.0001
CK (U/L) 14,256.8 +7148.7 14,165.7+8594.0 14,273.7+6576.8

*In three cases with in-frame deletions, there is a change in junctional codon resulting in premature stop codon in 1 case (2-19 deletion) and

amino acid change from alanine to valine in 2 cases (64 deletion) [9]

bSequencing not performed due to non-availability of DNA samples (blood) in three familial cases

the familial DMD group (~ 18%). This difference would
have been greater considering that three of our MLPA
negative familial cases with dystrophin loss on muscle
biopsy did not undergo NGS due to non-availability
of DNA samples. Point mutations are considered to be
derived during spermatogenesis resulting in increased
carrier frequency for these mutations in comparison to
large deletions (> 1 exon) which can be predominantly
de novo arising during oogenesis [19]. The large dele-
tion pattern, hot spot involvement and single-exon muta-
tions were comparable in both groups. The age at onset
and presentation were significantly earlier in the famil-
ial group (p <0.005) and could possibly be attributed to
parents/family members identifying the motor disabili-
ties at an early age, given the experience with previ-
ously affected family members. In comparison, the age
at presentation of our DMD children is later than that of
patients from western countries (4-5 years), and the delay
increases further among sporadic cases (mean 7.6 years)

[20, 21]. A common belief and also presumptions by the
parents/guardians/general practitioners that the delayed
motor milestones may be a normal variant, and leads to
delay in investigating such boys for muscle diseases. In
the current study, we found that positive family history
was present in 12% of our entire DMD cohort, which is
significantly less compared to the percentages of familial
cases in the two large cohort studies (n> 500) that have
reported the proportion of familial cases in DMD [11,
13]. Notably, comparative mutational spectrum in familial
cases is lacking even in global DMD mutation database
studies [1, 10]. Only an Italian study (n =184) has pre-
sented a comparable percentage of familial cases. Studies
from the USA and Asia mention percentages ranging from
21to 43% [11, 13, 22-24] (Table 3). A study (n=128)
from South China [23] and a small cohort (n=32) from
Taiwan [24] have reported high percentage of familial
forms of DMD, i.e., 31% and 43%, respectively. Yang
et al. have reported 27.5% of familial cases in a large

@ Springer
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Chinese cohort of 1053 patients, but their study includes
both DMD and BMD patients [13]. Our cohort comprised
of only DMD patients. BMD cases are considered to have
a higher positive family history due to transmission of
mutations from affected males to daughters resulting in
higher carrier frequency [19]. Yang et al. attributed the
high incidence of familial cases to the lack of knowl-
edge of DMD/BMD among primary care physicians,
insufficient scientific information, and minimal aware-
ness towards genetic counseling and prenatal testing in
families with an affected boy and particularly with small
DMD mutations [13]. In the western population, a study
from Italy reported 9.2% patients out of 184 probands
having a positive family history and this finding is similar
to our cohort [22]. Flanigan et al. from the USA reported
203 (21%) familial cases in a large cohort of 1111 dystro-
phinopathy cases (from 967 families) including all phe-
notypes. However, they reported a selection bias as the
study population was enriched with small mutations [11].

Our low percentage of familial cases might originate
from the following aspects. On the one hand it might be
caused by under-reporting because there might have been a
few families who for unknown reasons did not reveal about
other affected members. However, detailed, minimum
three-generation pedigree diagrams are part of the clini-
cal workup and missing out on familial forms is less likely.
On the other hand, we could surmise from our findings that
DMD cases were diagnosed early in our cohort and that
swift genetic counseling helped in preventing subsequent
cases in the same family. Also, as majority of our patients
are from joint families, grandparents tend to recognize
motor disability at a very early age and thus consult phy-
sicians while children are at a very young age. An earlier
study from India indicates that prenatal diagnostic testing
using mPCR method has been available since past 2 dec-
ades [25]. We are also aware that several centers in India
are utilizing MLPA for prenatal diagnosis (PND) since
it emerged as a routine screening tool for DMD patients
and carriers [15, 26]. Although NGS has been undertaken
for the last few years in India, its availability for DMD
diagnosis and prenatal testing for our patients has been
utilized form 2014 onwards. This could be considered as
one of the reasons for the apparently increased number of
point mutations in our familial cases. However, data on the
usage of various tests for PND in India under the current
scenario are lacking.

Other plausible factors that contributed to the low
number of familial cases in our cohort would include easy
accessibility to pediatricians and neurologists, as there is
no referral system in India to consult specialists. It is also
possible that our DMD cases may be more due to de novo
mutations without mothers being carriers. Unfortunately,
we could not perform carrier testing for this cohort.

Comparison with other large DMD cohorts (Table 3)

We have compared the mutational pattern of our entire DMD
cohort with ten other large published global/country-wide
studies and databases [1, 9-13, 22, 23, 27, 28] (Table 3).
TREAT-NMD and Leiden DMD mutation databases are the
largest global DMD registries with > 7000 and 4700 entries,
respectively [1, 10]. In our group, the percentage of large
deletions (81.2%) is higher, while duplications (5.4%) and
small mutations (11.5%) are much lower compared to all
other studies. Similar to the global registries and UMD data-
base of French DMD mutations, exon 45 deletion is the most
common exon deletion in our cohort [1, 9, 10]. In contrast,
our familial group has exon 50 deletion as the most common
mutation. The Remudy database from Japan [12], which
includes a significant number of BMD cases (n=295), has
reported an in-frame deletion of exons 45-47 as the most
common deletion while studies from Spain and Italy have
found exon 51 and exons 45-52 deletions as most frequent
mutations, respectively [12, 22, 28]. Deletion of exons 3—7 is
the most common proximal deletion in our patients and this
is similar to the French study [9]. While 74% of deletions
occurred in the distal hot spot region between exons 45-54,
we did not find any segregation of deletions and duplica-
tions in proximal exons as reported by previous studies [9,
10, 12]. Wang et al. have reported similar findings in 128
DMD patients from South China with no proximal hot spot
for large rearrangements, but a distal hot spot for deletions
at exons 45-54 was noted [23]. Exon 2 has been reported
as the single most common duplication pattern in most of
the databases available (Table 3). Interestingly, we did not
identify isolated exon 2 duplication in any of our patients
and only two patterns (duplication of exons 3—-6 and 8-9)
occurred more than once. The reading frame rule concord-
ance is considered to be present in ~90% of DMD mutations
[4]. In our entire cohort, out-of-frame mutations accounted
for 91.6% which decreased slightly to 87.3% in the familial
group. The significantly lower percentage of point mutations
as observed in our patients is difficult to explain. It may be
surmised that availability of NGS for the last 4 years only
may be one of the reasons for detection of lesser number of
point mutations. While the proportion of small mutations is
significantly low in our patients in comparison to other stud-
ies, nonsense mutations resulting in stop codon constituted
57.0% of point mutations which increased to 61.5% when
only familial cases were considered. Small INDELSs resulting
in frameshift accounted for 24.3% which decreased to 15.4%
(2 patients only) in familial cases. Nonsense and frameshift
mutations in previous large global studies accounted for
about ~50.0% and ~32-34% of small mutations, respec-
tively (Table 3). Truncating mutations in particular are con-
sidered to be more frequent in DMD than in BMD [9, 29].
The global mutational databases also include BMD cases
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Table 4 DMD patients with
mutations amenable for top

Exon 51 skipping

Exon 53 skipping Exon 45 skipping

three exon skipping strategies Mutation No Mutation No Mutation No
under clinical trials
Familial Del 45-50 3 Del 45-52 3 Del 44 1
Del 47-50 1 Del 17-52 1 Del 4647 1
Del 48-50 3 Del 48-52 3 Del 4649 1
Del 49-50 3 Del 46-51 1
Del 50 4
Sporadic Del 45-50 35 Del 45-52 31 Del 44 16
Del 47-50 1 Del 48-52 11 Del 4647 18
Del 48-50 24 Del 49-52 3 Del 4648 6
Del 49-50 20 Del 50-52 3 Del 4649 3
Del 50 15 Del 46-51 12
Del 52° 8 Del 46-53
Del 46-55 2
Total 117 55 62
Total % of
All Patients 19.31% 9.07% 10.23%
Deletions 23.78% 11.18% 12.6%

#Exon 52 deletion is amenable for treatment with skipping of either 51 or 53 exons. Hence, it is not
included in list of mutations eligible for exon 53 skipping to avoid repetition

which may explain the difference in the proportion of non-
sense mutations in comparison to our cohort. Flanigan et al.
have reported the highest proportion of nonsense mutations
(65.0%) in a biased sample study group from USA and the
lowest percentage (42.5%) was seen from a study from South
China [11, 23]. The prevalence of splice-site and missense
mutations seen in our cohort was comparable to previous
studies. We did not find any hot spot region for small muta-
tions unlike large deletions. Our overall mutation detection
rate was 98.2% (595/606) with combined MLPA and NGS.
In eight of our NGS negative cases, further data analysis
and RNA sequencing might be required to look for any deep
intronic mutations resulting in introduction of ‘pseudo-exon’
or other complex rearrangements/transpositions [9].

Novel therapeutic implications

An attempt was made to look for the number of DMD cases
in our cohort who may be eligible for novel mutation-based
therapies. While exon 51 skipping drug Eteplirsen has
received accelerated approval by USFDA for further con-
firmatory studies, skipping agents of exons 53 and 45 are
currently in phase 3 trials [30]. Skipping of single exons 51,
53 and 45 have been theoretically considered to be effective
in 13%, 8.1% and 7.7%, respectively [31]. We identified that
38.6% (234/606) of our DMD patients are amenable for the
top 3 single-exon skipping strategies (Table 4). Additionally,
40 patients (6.6%) with nonsense mutations resulting in stop
codons can benefit from nonsense suppression treatment by
compounds like Ataluren which enables read-through of
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premature stop codon [32]. This group of patients will be
considered for Ataluren phase 3 clinical trials in India [Clini-
caltrials.gov; CT/67/17-DCG(I)].

Conclusion

The results from this Indian single-center large cohort forms
one of the largest well-established mutation databases. The
current report is one among the very few reports in English
literature that has studied the prevalence of familial forms of
DMD and their mutation pattern. We have demonstrated dis-
tinct mutation pattern differences as compared to other Asian
and Western populations. Our findings may have important
implications in the genetic testing approach when familial
cases are encountered in the Indian sub-continent. Although
MLPA is considered to be the most powerful single technol-
ogy to identify mutations in the huge dystrophin gene, it
might be contemplated to use NGS as the first screening test
in familial forms of DMD because of the higher possibility
of obtaining a negative MLPA result when familial cases
are encountered.

We also suggest that disease awareness in general popu-
lation and primary physicians, introduction of new born
screening for DMD in India would lead to early identifica-
tion of sporadic cases with possibility of genetic counseling
and subsequent pre-natal testing. In the light of upcoming
novel therapies where early treatment is the key factor, early
mutational screening is the need of the hour in India.
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