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Abstract: Duplications are the main type of dystrophin gene (DMD) variants, which typically cause
dystrophinopathies such as Duchenne muscular dystrophy and Becker muscular dystrophy. Mater-
nally inherited exon duplication in DMD in fetuses is a relatively common finding of genetic screen-
ing in clinical practice. However, there is no standard strategy for interpretation of the pathogenicity
of DMD duplications during prenatal screening, especially for male fetuses, in which maternally
inherited pathogenic DMD variants more frequently cause dystrophinopathies. Here, we report
three non-contiguous DMD duplications identified in a woman and her male fetus during prenatal
screening. Multiplex ligation probe amplification and long-read sequencing were performed on the
woman and her family members to verify the presence of DMD duplications. Structural rearrange-
ments in the DMD gene were mapped by long-read sequencing, and the breakpoint junction se-
quences were validated using Sanger sequencing. The woman and her father carried three non-
contiguous DMD duplications. Long-read and Sanger sequencing revealed that the woman’s father
carried an intact DMD copy and a complex structural rearrangement of the DMD gene. Therefore,
we reclassified these three non-contiguous DMD duplications, one of which is listed as pathogenic,
as benign. We postulate that breakpoint analysis should be performed on identified DMD duplica-
tion variants, and the pathogenicity of the duplications found during prenatal screening should be
interpreted cautiously for clinical prediction and genetic/reproductive counseling.
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1. Introduction

Dystrophinopathies are a group of severe and incurable muscle disorders, including
Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD), with an
estimated incidence ranging from 1 in 3802 to 1 in 62911 in newborn males [1-3]. DMD
and BMD are characterized by progressive proximal muscle weakness and degeneration,
resulting in wheelchair dependency and death due to respiratory failure [1]. Dystro-
phinopathies are X-linked recessive inherited disorders resulting from various pathogenic
mutations in the dystrophin gene (DMD) [4]. However, there is currently no effective
therapy available that can permanently restore dystrophin expression and improve the
clinical phenotype [5].
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The DMD gene is the largest known gene in humans, spanning approximately 2.4 Mb
on chromosome Xp21.1 comprising of 79 exons [6]. As of 31 May 2022, more than 7100
DMD mutations, including exon deletions, exon duplications, and point mutations, have
been described in the Leiden Open Variation Database (LOVD) and the UMD-DMD
France Database. Exon duplication is the most common mutation, accounting for approx-
imately 7% of all DMD pathogenic mutations [7,8]. Approximately 1 in 5224 fetuses carry
maternally inherited exon duplications of the DMD gene [9]. However, not all maternal
DMD duplications, including those reported as pathogenic variants in the above database,
are pathogenic. Nevertheless, there is currently no standard strategy for the interpretation
of the pathogenicity of DMD duplications in prenatal screening, especially for male fe-
tuses.

Herein, we report a case of three non-contiguous maternally inherited DMD dupli-
cations identified in a male fetus during prenatal screening, which were subject to a series
of molecular genetic analyses to classify the pathogenicity. This study thus provides a
basis for genetic counseling and family planning for the woman and her family members,
while offering an example for the appropriate strategic interpretation of DMD duplica-
tions in prenatal screening.

2. Materials and Methods
2.1. Patients

A 30-year-old woman (II-1) from a Chinese non-consanguineous family was the pro-
band of our study. The patient had been diagnosed with hereditary neuropathy with lia-
bility to pressure palsies (HNPP) caused by a microdeletion in chromosome 17p12, which
includes the peripheral myelin protein 22 gene (PMP22) and limits her ability to lift both
of her upper limbs.

The proband became pregnant at the age of 29 years, and non-invasive prenatal
screening (NIPS) performed at a local hospital identified a 1.42-Mb deletion of chromo-
some 17p12 in her male fetus (III-1). Chromosome microarray analysis confirmed the mi-
crodeletion of 17p12 and identified two duplications of Xp21 (containing the DMD gene)
using amniocytes. Additionally, multiplex ligation dependent probe amplification
(MLPA) confirmed that two non-contiguous DMD duplications (exons 51-53 and exons
64-79) of the male fetus were inherited from the proband (II-1). The identified DMD du-
plication of exons 64-79 is documented as a pathogenic variant in the LOVD database [10].
No member of this family has received a diagnosis of DMD. After genetic counseling at
the local hospital, the couple chose termination of the pregnancy considering the proba-
bility of dystrophinopathies rather than HNPP in the male fetus. Therefore, the couple
came to our hospital for assisted reproduction and genetic counseling.

Peripheral blood was collected from the proband (II-1), her husband (II-2), and her
parents (I-1 and I-2) using EDTA-K: anticoagulation tubes. Written informed consent was
obtained from all participants. This study was approved by the Institutional Ethics Com-
mittee of the Reproductive and Genetic Hospital of CITIC Xiangya.

2.2. MLPA and Quantitative Polymerase Chain Reaction (qPCR)

Genomic DNA (gDNA) was extracted from the peripheral blood samples using a
QIAamp DNA Blood Midi Kit (Qiagen, Hilden, Germany), according to the manufac-
turer’s instructions. MLPA was performed to analyze copies of the DMD gene in the pro-
band (II-1) and her parents (I-1 and 1I-2) using a SALSA P034/P035 DMD Kit (MRC Hol-
land, Amsterdam, Netherlands). Creatine kinase and creatine kinase isoenzyme levels in
the peripheral blood were determined in cases where DMD variations were detected in
the males of the family.

In addition, g-PCR was used to quantify the copy number of the PMP22 gene in the
proband (II-1) and her parents (I-1 and I-2) using an ABI 7500 instrument (Applied Bio-
systems, Carlsbad, CA, USA). Primers for the PMP22 gene were designed using Primer3
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(http://bioinfo.ut.ee/primer3-0.4.0/primer3/, accessed on 5 May 2022). The housekeeping
gene ALB on chromosome 4 was used as a control. The primers used are listed in Supple-
mentary Table S1.

2.3. DMD Sequencing and Analysis by Bionano Saphyr™

Bionano Saphyr™ optical mapping technology, performed on GrandOmics Biosci-
ences (Beijing, China), was used to detect structural variations in the DMD gene in the
proband (II-1) and her father (I-1). Peripheral blood samples were lysed using an RBC
lysis solution, followed by treatment with protease K and lysis buffer to release DNA. The
DNA was bound to nanobind disks and washed with wash buffer to remove impurities
and excess reagent. After isolation from the disks, DNA was quantified using a Qubit
dsDNA assay kit (Thermo Fisher Scientific, Waltham, MA, USA) [11,12].

Eligible DNA was labeled with DL-Green fluorophores using Direct Labeling En-
zyme 1 (DLE-1). The labeled DNA was then stained with DNA stain to dye the backbone
blue and quantified using the Qubit dsSDNA HS assay kit (Thermo Fisher Scientific) [11-
13]. The labeled and stained DNA was loaded onto a Saphyr Chip (Bionano Genomics,
San Diego, CA, USA), and then loaded into the Saphyr instrument (Bionano Genomics)
for optical genome mapping. Genome data were analyzed using the Bionano Solve v3.6.1
software (Bionano Genomics). Based on the de novo assembly of single molecules, DMD-
related structural variations in the samples were determined by identifying the differ-
ences between the sample genome assembly and the reference genome assembly (hg38)
[11-13].

2.4. Breakpoint Analysis and Sanger Sequencing

We analyzed the chromosome fragments and flanking sequences of the breakpoints
from the structural variation analysis of the DMD gene. The breakpoints were confirmed
using PCR and Sanger sequencing. The primers used for the PCR were designed using
Primer3 and are listed in Supplementary Table S1. The mechanism underlying this chro-
mosomal rearrangement was determined by analyzing the sequences near the break-
points.

3. Results
3.1. MLPA and gq-PCR Analysis

We first conducted a pedigree analysis in the family and evaluated the presence of
duplications in the DMD gene in the woman (II-1) and her parents (I-1 and I-2) by MLPA.
We identified two non-contiguous DMD duplications (four copies of exons 51-53 and 64—
79) in the woman that were inherited from her father (I-1) (three copies of both exons 51—
53 and 64-79). The copy number of the DMD gene was normal in the proband’s mother
(I-2) (Figure 1, Supplementary Figure S1). Her father showed no symptoms related to
DMD/BMD such as myasthenia, amyotrophia, and pseudohypertrophy of the gas-
trocnemius muscle, and he had normal serum creatine kinase (118 IU/L, reference range:
38-182 IU/L) and creatine kinase isozyme (16 IU/L, reference range: 0-24 IU/L) concentra-
tions.
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Figure 1. Pedigree and genotypes of a Chinese family with DMD duplications and PMP22 deletion.
I-1, II-1 (proband), and III-1 of the family showed heterozygous deletion in the PMP22 gene and
three discontinuous duplications in the DMD gene (exons 51-53, exons 64-79, and intron 55). The
black-filled symbol represents individuals with PMP22 deletion. The gray-filled symbol represents
individuals with DMD duplications. The half-black and half-gray symbols represent heterozygous
PMP22 and DMD mutation carriers. The open symbols represent individuals free of PMP22 and
DMD variation. The arrow represents the proband (P). The slash represents the termination of preg-
nancy. Dup is duplication.

Additionally, g-PCR revealed that the proband (II-1) and her father (I-1) carried two
PMP?22 deletions encompassing exons 1-5 and exons 4-5, respectively. The copy number
of the PMP22 gene in the proband’s mother (I-2) was normal (Figure 1).

3.2. Long-Read Sequencing and Breakpoint Analysis

Given the normal levels of creatine kinase and creatine kinase isoenzyme in the pro-
band’s father (I-1), we suspected that the discontinuous DMD duplications (exons 51-53
and 64-79) in the family to be benign variants. To further verify the pathogenicity of these
duplications, optical genome mapping technology was used to determine the complex
structural variations of the DMD gene in the proband’s father (I-1).

Long-read sequencing identified three non-contiguous DMD duplications (exons 51—
53, exons 64-79, and intron 55) in both the proband (II-1) and her father (I-1). The father
(I-1) carried three copies of DMD exons 51-53, three copies of DMD exons 6479, and two
copies of DMD intron 55, and the proband carried these same duplications along with
another copy of the maternally inherited DMD gene. Optical genome mapping in com-
parison with the human reference genome (hg38) revealed that the proband’s father (I-1)
carried an intact DMD gene copy (including one copy each of exons 51-53 and 64-79, and
one copy of intron 55) and a complex structural rearrangement of the other DMD copy
(Figure 2a). The complex rearrangement contained two copies of exon 64-79, one copy of
intron 55, and one copy of exon 51-53, which formed three breakpoint junctions (Figure
2a,b). Unfortunately, the location of the other copy of exon 51-53 was unclear.
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Figure 2. Long-read sequencing and breakpoint analysis of the DMD gene. (a) The DMD gene struc-
ture detected by Bionano SaphyrTM optical genome mapping. Compared with the human reference
genome (hg38), the intact DMD gene is marked by a red border, and the rearrangement region of
the DMD gene is marked by a yellow border. Gray vertical lines represent matching sequences be-
tween the sample DMD gene and the reference genome. The region between orange, black, and
green lines represent DMD duplications in exons 79-64, intron 55, and exons 53-51, respectively.
(b) The pattern of rearrangement in the DMD gene and the breakpoint structures. The orange- and
green-filled boxes represent the exons. The black horizontal line represents introns. The black hori-
zontal dashed line represents contiguous exons and introns of the DMD gene. The red vertical
dashed line represents the breakpoint site. The blue dashed frame represents the magnified break-
point structure, and “in” represents intron. (c¢) PCR verification of the breakpoint junction sequence
and normal sequence of the DMD gene using gDNA from the proband (II-1) and her parents (I-1
and I-2): “ab” and “cd”, “ef” and “gh”, and “ij” and “kl” represent flanking sequence of the DMD
gene breakpoint 1, 2, and 3, respectively; “ad”, “he”, and “li” represent DMD junction sequences of
breakpoint 1, 2, and 3, respectively.

Breakpoint analysis showed that breakpoint 1 occurred between intron 53 and intron
63, breakpoint 2 occurred between intron 50 and intron 55, and breakpoint 3 occurred
between intron 55 and the downstream region (3’ end) of the DMD gene (adjacent to the
TAB3 gene) (Figure 2b). PCR was used for the verification of the breakpoints for the com-
plex structural rearrangements of the DMD gene in the proband (II-1) and her father (I-1).
A normal structure of the DMD gene associated with the breakpoint regions was detected
in both the proband (II-1) and her father (I-1), which is consistent with the genome map-
ping results (Figure 2c).

The sequences of the breakpoint junctions were analyzed to determine the mecha-
nism of duplication. Sanger sequencing revealed that the junction sequences of break-
points 1, 2, and 3 were TAATGAAAAGIGTTTTGTTTT, CAACAACAGAICATTTA-
GATG, and AATATTTTTAITCTTTGAAGC, respectively (Table 1, Supplementary Figure
52). Microhomologies were found near breakpoint 1 and 2, indicating that the rearrange-
ment was caused by microhomology-mediated replication-dependent recombination
(MMRDR). Rearrangement in breakpoint 3 was due to a non-homologous end-joining
(NHE]) repair. The breakpoint sites and regions of these three breakpoints are listed in
Table 1. The presence of an intact DMD gene in the proband’s father (I-1) was confirmed
by long-read sequencing; however, the precise structure of the gene with complex struc-
tural rearrangement remains unclear as the location of the duplication encompassing ex-
ons 51-53 could not be confirmed.




Genes 2022, 13, 1972 6 of 10

Table 1. Characteristics of DMD breakpoint junction sequences.

int5° Breakpoint 5’ Se- Breakpoint 3’ Breakpoint 3’ Se-
Breakpoint 5 reakpoint 5’ Se Breakpoint 5' Site reakpoint 3 reakpoint 3’ Se

ID Breakpoi i -3
reakpoint Junction Sequence (5’-3") Region quence Region quence

Breakpoint 3’ Site

Breakpoint 1 TAATGAAAAGIGTTTTGTTIT Intron 53 TAATGAAAAG ChrX: 31,674,049 Intron 63 GTTTTGTTIT ChrX: 31,260,251
Breakpoint 2 CAACAACAGAICATTTAGATG Intron 55 CAACAACAGA ChrX: 31,513,138 Intron 50 CATTTAGATG ChrX: 31,811,202
Breakpoint 3 AATATTTTTAITCTTTGAAGC DMD3' AATATTTITA ChrX: 30,880,778 Intron 55 TCTTTGAAGC ChrX: 31,570,889




Genes 2022, 13, 1972

7 of 10

4. Discussion

In this study, MLPA, Sanger sequencing, and long-read sequencing were employed
to interpret and classify the pathogenicity of three non-contiguous DMD duplications (ex-
ons 51-53, exons 64-79, and intron 55). Although the DMD duplication at exons 64-79 is
reported as a pathogenic variant in the LOVD database [14], we reclassified the three non-
contiguous DMD duplications identified in this study as benign variants because the
DMD gene remains intact. To the best of our knowledge, this is the first report to classify
the three non-contiguous DMD duplications identified in this study as benign.

Exon duplication is a common type of DMD pathogenic mutation that occurs at a
frequency of up to 8.28% in Chinese patients with DMD/BMD [7]. In the majority of these
cases, the extra copy is located within the DMD gene, resulting in disruption of its func-
tion; thus, exon duplication in the DMD gene is usually pathogenic [15]. However, the
location of the duplication breakpoints differs among affected families; therefore, the
same duplication may be pathogenic in one family but benign in another [16,17]. In a pre-
vious study, fluorescent multiplex qPCR and MLPA identified three non-contiguous du-
plications of exons 44-48, 51-59, and 6479 in a patient with DMD, which were classified
as pathogenic [14]. However, breakpoint analysis was not performed to confirm whether
the DMD duplications were within the DMD gene. In the present study, the proband and
her father carried three non-contiguous DMD duplications in exons 51-53, exons 64-79,
and intron 55. As the father did not exhibit any symptoms related to DMD/BMD, we used
long-read sequencing and breakpoint analysis, showing a complex structural rearrange-
ment of the DMD gene and an intact DMD gene, and all extra copies were outside the
DMD gene region. Thus, the non-contiguous DMD duplications may be benign in this
family. Therefore, we suggest that any extra copy duplications identified in screening
should be mapped along with breakpoint analysis for individuals without a family history
of DMD or BMD to assess variant pathogenicity.

Several studies have analyzed the molecular characterization of DMD complex rear-
rangements in patients with DMD. Baskin et al. [18] used a combination of MLPA, mRNA
transcript analysis, array comparative hybridization arrays, and breakpoint sequence
analysis to analyze the structure rearrangements and breakpoints of the DMD gene. Luce
et al. [19] used a multi-technique algorithm, including MLPA, microarrays, and next-gen-
eration whole-genome sequencing for the molecular characterization of complex struc-
tural variants in the DMD gene. Recently, long-read sequencing and Sanger sequencing
revealed that the duplication of exons 56-61 in the DMD gene was a tandem repeat in a
patient with DMD and that duplication occurred outside the DMD gene in an asympto-
matic male [16]. We used long-read sequencing and breakpoint analysis to illustrate the
molecular characteristics of three non-contiguous DMD duplications, which proved to be
benign. Therefore, we suggest that interpretation of the pathogenicity of complex struc-
tural variations should be based on assessments using different technologies in different
laboratories.

Segregation analysis is widely used to determine whether a given variant underlies
the distribution of a disease in a family. According to the American College of Medical
Genetics and Genomics standards and guidelines for the interpretation of variants, segre-
gation data provide important evidence for variant classification [20]. In our study, non-
contiguous DMD duplications were identified in the woman and her male fetus with a
negative family history of DMD. Unfortunately, the proband initially refused segregation
analysis and decided to terminate the pregnancy at a local hospital. However, pedigree
analysis and MLPA performed at our hospital for subsequent genetic and reproductive
counseling revealed that non-contiguous DMD duplications found in the male fetus were
also present in an asymptomatic male (I-1) in the family (the proband’s father), indicating
that the variants in question may be benign. Thus, segregation analysis should ideally be
conducted to assess the pathogenicity of variants identified in genetic screening, espe-
cially in prenatal testing and carrier screening.
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At least five mechanisms have been reported to be involved in genomic recombina-
tion: (1) homologous recombination, (2) NHE], (3) MMRDR, (4) telomere healing, and (5)
long interspersed element-1-mediated retrotransposition [21,22]. NHE] and MMRDR are
the main mechanisms of DMD recombination [22,23]. In our study, three definite break-
points and rearrangements were identified by long-read sequencing. Analysis of the junc-
tion sequence of the breakpoints revealed that microhomologies were in two rearrange-
ments (breakpoint 1 and breakpoint 2), indicating that MMRDR is responsible for the re-
arrangements. The other rearrangement was due to NHE]. In addition, the three break-
points occurred in intron regions, in accordance with previously reported results [22].
Therefore, we postulate that both NHE] and MMRDR are important mechanisms under-
lying DMD rearrangements and that breakpoints are usually located in intron regions.

NIPS is an effective method for detecting aneuploidies, and expanded NIPS panels
and fetal fraction amplification within NIPS can detect 1-Mb deletions and 2-Mb duplica-
tions [24,25]. Chromosomal copy number variations (CNVs) are frequently detected in
fetuses during prenatal screening and can be inherited from a parent who is unaffected,
has mild clinical symptoms, or may also occur de novo [26]. In our study, 1.42-Mb deletion
of 17p12 was identified in a male fetus using NIPS, and two additional duplications of
Xp21 were found by invasive prenatal diagnosis. The deletion encompasses the PMP22
gene, which is responsible for HNPP in the proband [27], and the duplications encompass
the DMD gene. Furthermore, CNVs in these two genes are the main pathogenic muta-
tions, among which, the deletion in the PMP22 gene and one DMD duplication have been
reported as pathogenic variants. HNPP resulting from PMP22 gene deletion is a clinical
disorder with mild symptoms and generally does not affect the carrier’s quality of life
[28], as in the case of the proband in our study; however, the proband decided to abort the
male fetus considering the potential risk of dystrophinopathies. Subsequently, segrega-
tion analysis and long-read sequencing showed that the DMD duplications identified in
this family were benign variants, suggesting that the aborted fetus was not likely to have
suffered from dystrophinopathies. Therefore, CNVs, particularly duplications identified
during prenatal screening, should be treated with caution.

5. Conclusions

In conclusion, this is the first report of the reclassification of three non-contiguous
DMD duplications identified in prenatal screening as benign variants in a Chinese family,
with one of the duplications being recorded as pathogenic in the LOVD database. There-
fore, we suggest that breakpoint analysis should be performed on identified DMD dupli-
cation variants, and the pathogenicity of DMD duplications identified in prenatal screen-
ing should be cautiously interpreted for clinical outcome prediction. This study also high-
lights the importance of clinical evaluation and precise molecular genetic analyses for clin-
ical prediction by variant classification.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/genes13111972/s1, Figure S1: Duplications of exons 51-53
and 6479 in DMD were confirmed by MLPA analysis in proband and her parents; Figure S2: Three
breakpoints of DMD were verified by Sanger sequencing; Table S1: Primers used in quantitative
real-time PCR and breakpoint analysis.
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