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Highlights 

 DMD complex structural variant molecular characterization by SNP-array and WGS 

 Familial study showed mutational timeline, ancestral duplication and de novo deletion 
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 Bioinformatic analysis at breakpoints detects Double Strand Breaks stimulator motifs  

 DNA “scars” as a clue to elucidate molecular mechanism underling structural variants 

 Manifesting DMD woman showed skewed X-chromosome inactivation 

Abstract 

This work describes a family with Duchenne Muscular Dystrophy (DMD) with a rare case of a 

symptomatic pregnant woman. The main aim was to perform prenatal molecular diagnosis to 

provide genetic counseling. The secondary aim was to suggest the molecular mechanisms causing 

the complex structural variant (cxSV) identified. To accomplish this, we used a multi-technique 

algorithm including segregation analysis, Multiplex Ligation-dependent Probe Amplification, PCR, 

X-chromosome inactivation studies, microarrays, whole genome sequencing and bioinformatics. 

We identified a duplication of exons 38-43 in the DMD gene in all affected and obligate carrier 

members, proving that this was the DMD-causing mutation. We also observed a skewed X-

chromosome inactivation in the symptomatic woman that explained her symptomatology. In 

addition, we identified a cxSV (duplication of exons 38-43 and deletion of exons 45-54) in the 

affected boy. The molecular characterization and bioinformatic analyses of the breakpoint junctions 

allowed us to identify Double Strand Breaks stimulator motifs and suggested the replication-

dependent Fork Stalling and Template Switching as the most probable mechanisms leading to the 

duplication. In addition, the de novo deletion might have been the result of a germline inter-

chromosome non-allelic recombination involving the Non-Homologous End Joining mechanism. In 

conclusion, the diagnostic strategy used allowed us to provide accurate molecular diagnosis and 

genetic counseling. In addition, the familial molecular diagnosis together with the in-depth 

characterization of the cxSV helped to determine the chronology of the molecular events, and 

propose and understand the molecular mechanisms involved in the generation of this complex 

rearrangement.  
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1. Introduction 

Dystrophinopathies are X-linked recessive diseases caused by pathogenic variants in the DMD 

gene (OMIM ID: 300377). Dystrophinopathies are characterized by mild to severe progressive 

degeneration and weakness of skeletal and cardiac muscles, and can be classified into: Duchenne 

Muscular Dystrophy (DMD), Becker Muscular Dystrophy (BMD) and DMD-associated Dilated 

Cardiomyopathy (DCM) [1,2]. DMD is the most prevalent pediatric form of muscular dystrophy, 

with an incidence of 1:3500-5000 male births [3]. The high rate of de novo mutations in the DMD 

gene (∼33%) might explain the high incidence of families without previous history of the disease 

[4]. DMD is mainly caused by a complete absence of the dystrophin protein, which produces early 

muscle degeneration, leading to increased levels of serum Creatine Kinase (CK) [5].  

Despite Dystrophinopathies are X-linked recessive diseases, some heterozygous female carriers 

develop symptoms, which may depend on X-chromosome inactivation patterns (XIP) [1]. Some 

reports have shown that most heterozygous females with skewed XIP develop signs of muscular 

dystrophy [6-9].  

Identification of the disease-causing variant is crucial because it allows providing patients with 

the optimal standard of care and personalized mutation-dependent treatments. In addition, the 

molecular diagnosis provides information for genetic counseling. DMD molecular alterations 

comprise mainly Structural Variants (SVs) such as deletions (∼68%) and duplications (∼11%) of 

one or more exons, and small mutations (∼20%) [10].   

SVs include inversions, translocations, insertions and deletions of large DNA regions caused by 

errors during: Double Strand Breaks (DSB) repair pathways independent of DNA synthesis such as 

Non-Homologous End Joining (NHEJ) or Microhomology-Mediated End Joining (MMEJ); 

exchanges between highly homologous sequences during meiosis or DSB repair by Non-Allelic 

Homologous Recombination (NAHR); replication-dependent DSB repair pathways such as Break-

Induced Replication (BIR) or Fork Stalling and Template Switching (FoSTeS); and retroposition of 

mobile elements [11–17]. 
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The analysis of the sequences surrounding SV breakpoints, i.e. screening of DNA instability and 

DSB stimulators motifs, provide evidence about which molecular mechanism might have caused 

the SVs. Several heterogeneous motifs have been described in the literature: i) repetitive elements 

such as Alu, Long Terminal Repeats (LTRs) and Long Interspersed Nuclear Elements (LINEs), 

which stimulate DSB to initiate their transposition into elsewhere on the genome [18–21]; ii) Non-B 

DNA, such as tetraplex DNA, cruciform DNA, bent DNA, Z-DNA, and all sort of secondary 

structures [22,23]; iii) Short Tandem Repeats (STRs), which were found enriched at DSBs and in 

DMD intron breakpoint hotspots [24,25]; and iv) Alu/LINE specific retro-transposition target 

sequences [26–29]. 

Here, we present a familial case of DMD with a symptomatic pregnant woman and her affected 

nephew. Our main aim was to perform the prenatal molecular diagnosis of the unborn child. In 

addition, we undertook a thorough multi-technique molecular algorithm in order to identify the 

molecular mechanisms causing the complex SV (cxSV) found in this family. 

 

2. Materials and methods 

2.1. Patients 

A familial DMD case was referred to our laboratory in 2005 (figure 1A). The index case was a 

35-year-old symptomatic pregnant woman (II1) seeking prenatal diagnosis. She referred difficulties 

in walking and climbing stairs since she was 21 year-old. Laboratory results were: 3100 IU/l CK 

levels, normal female karyotype (46, XX) and a muscle biopsy compatible with DMD.  

She had a family history of DMD with two relatives clinically diagnosed with the disease: a dead 

brother (II2) and a 17-year-old nephew (III4). The latter had undergone molecular diagnosis by end-

point multiplex-PCR in 2005 that revealed a deletion of exons 45 to 54 in the DMD gene, resulting 

in a frame-shift mutation.  

 

2.2. Samples 
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Whole blood was drawn by venipuncture in 5% ethylene-diamine tetraacetic acid (EDTA) as 

anticoagulant from the index case (II1), her sister (II3) and her affected nephew (III4) (Figure 1A). 

Genomic DNA (gDNA) was isolated using the cetyl-trimethyl-ammonium bromide (CTAB) 

method [30]. We also isolated gDNA from the fetus (III1, Figure 1A) Chorionic Villus Sample 

(CVS) using the QIAGEN DNeasy Blood and tissue kit [Redwood City, California 

(www.qiagen.com)]. DNA concentration and quality were measured by absorbance at 260nm and 

the ratios A260nm/A280nm and A260nm/A230nm, respectively.  

The protocol was approved by the Institutional Review Board. Informed consent was obtained 

for all study subjects prior to the molecular studies. 

 

2.3. Haplotype Assay  

STRs analyses were designed in order to perform intrafamilial deletion segregation and to 

analyze CVS contamination with maternal blood. We selected and amplified STRs within (STR45 

and STR49) and flanking (DYSII, STR44 and STR62) the deletion found in III4 [31–33]. The 

amplicons were labeled using 6-FAM-primers and PCR was performed as previously described, 

with minor modifications [34]. Primer sequences were obtained from the Leiden Muscular 

Dystrophy website [www.dmd.nl]. All PCR reactions were performed in a thermal cycler [Veriti; 

Applied Biosystems, Foster City, California]. The PCR products were analyzed using a fragment 

analyzer sequencer [ABI 3730XL; Applied Biosystems, Foster City, California] and data analysis 

was performed using the PeakScanner software [Applied Biosystems, Foster City, California]. 

 

2.4. Multiplex Ligation-dependent Probe Amplification (MLPA)  

We used the MLPA kit for DMD (Salsas PO34-PO35) to detect deletions and duplications [35–

37]. Reactions were performed according to the manufacturer's recommendations [MRC-Holland, 

Amsterdam, The Netherlands (www.mlpa.com)]. Products were analyzed using a fragment analyzer 

sequencer [ABI 3730XL; Applied Biosystems, Foster City, California] including the 500Liz size 
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standard. Data analysis was performed using Coffalyser [MRC-Holland, Amsterdam, The 

Netherlands] and GeneMarker V2.2.0 [Softgenetics, State College, Pennsylvania] softwares. Wild-

type, deleted, and duplicated controls were included.  

 

2.5. Human Androgen Receptor Assay (HUMARA)  

This assay is based on a methylation-sensitive enzyme digestion followed by a PCR of an 

(CAG)n in the androgen receptor gene (AR, Xq12), and allows to study X-chromosome Inactivation 

Patterns (XIP). The protocol was performed as described by Allen et al [38]. AR allele profiles and 

areas under the curve were obtained from capillary electrophoresis analysis of PCR products using 

GeneMarker V2.2.0 software [Softgenetics, State College, Pennsylvania]. 

 

2.6. High density SNP-array 

We conducted a genome‐wide scan of 850,000 tag SNPs on III4 using Illumina CytoSNP‐850k 

BeadChip. We quantified the DNA using PicoGreen [Invitrogen Corporation, Carlsbad, United 

States], and processed and hybridized the DNA to the chip according to manufacturer's 

specifications [Illumina, San Diego, United States]. Chip Image was processed and analyzed using 

the Chromosome Viewer tool in Genome Studio [Illumina, San Diego, United States]. Genotyping 

was estimated using the log2R where R is the ratio of the observed normalized R-value for a SNP 

divided by the expected normalized R-value. GenCall scores <0.15 at any locus were considered as 

"no-calls". In addition, allele frequency was calculated for all SNPs. Genomic positions correspond 

to the Reference Genome GRCh37. 

 

2.7. Whole genome sequencing (WGS) analysis  

We sequenced the genome of III4 in a NovaSeq 6000 System [Illumina, San Diego, United 

States] by Macrogen services [Republic of Korea]. Bioinformatics analyses included a quality 

control with FASTX-toolkit (v.0.0.13.2), reads alignment to the Reference Genome (GRCh38.p12) 
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with Burrows-Wheeler Aligner tool (BWA v.0.7.15) and visualization of results with the Integrative 

Genomics Viewer software (IGV v.2.80).  

 

2.8. Deletion Long Range-PCR (LR-PCR)  

LR-PCR primers were designed flanking the 5’ and 3’ breakpoints of the deletion identified by 

the SNP-array (Supplementary table 1). Amplification products ranged between 2.0 Kb and 3.5 Kb. 

Reactions were performed following the recommendations of the enzyme’s manufacturer [KAPA 

Biosystem, Wilmington, United States] in a BIOER thermal cycler [Hangzhou Bioer Technology, 

China]. PCR products were sequenced by Sanger reaction. 

 

2.9. PCR amplification of duplication breakpoints 

PCR amplification for the duplication breakpoints were based on the hypothesis of head-to-tail 

segmental fusion and adjusted by WGS results (primers described in Supplementary table 1). 

Reactions were performed following the recommendations of the enzyme’s manufacturer [Promega, 

Madison, United States] in a thermal cycler [Biometra, Germany]. PCR products were sequenced 

by Sanger reaction. 

 

2.10. Deletion and duplication breakpoints bioinformatic analysis   

DNA intervals ranging between 10 bp and 50 bp centered on each 5’ and 3’ breakpoint of 

deletion and duplication were in silico screened for homologies, repetitive elements, non-B DNA, 

secondary structures and recombinogenic DNA motifs. These elements constitute a heterogeneous 

group of sequences that may act as stimulators for DSB, triggering an incorrect DNA repair/DNA 

replication leading to non-allelic recombination. The study was performed using the Human 

Reference Genome GRCh38 [NC_000023.11: 31641233-32372273 downloaded 5-Sep-2018 from 

the NCBI website, www.ncbi.nlm.nih.gov/] and was based on a recently reported strategy [39]. For 

this analysis, DSB stimulation motifs that showed significant Expected values (E-values <0.05) in 
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random points from the referred study were considered [39]. Bioinformatic analysis was mainly 

achieved using SeqBuilder and MegAlign programs [LaserGene DNA Star], ClustalW algorithm 

[www.ebi.ac.uk/Tools/msa/clustalw2/] and BLAST algorithm [blast.ncbi.nlm.nih.gov/Blast.cgi]. 

The RepeatMasker algorithm and Dfam [www.dfam.org/] were used to identify repetitive elements. 

Analysis of non-B DNA sequences was achieved by the non-B DNA motif search tool (nBMST) 

[nonb-abcc.ncifcrf.gov/apps/nBMST/default/] and confirmed by RepeatAround 

[portugene.com/repeataround.html] and QGRS mapper 

[bioinformatics.ramapo.edu/QGRS/analyze.php]. Secondary structure modelling was depicted using 

mfold [unafold.rna.albany.edu/?q=mfold]. Finally, among the recombinogenic motifs screened 

using SeqBuilder [LaserGene DNA Star], are included Scaffold Attachment Region (SAR), Ig 

heavy chain switch and hexanucleotide motifs targeted by the endonuclease/retro-transcriptase of 

mammalian retroposons (Jurka motifs) [29]. 

 

3. Results 

3.1. Haplotype Assay  

We performed STRs segregation analysis with the aims to confirm the absence of maternal blood 

contamination in the CVS and to identify the at-risk haplotype within this family. Haplotype 

analysis (figure 1A) allowed confirming the absence of maternal blood contamination since we 

detected only one maternal X-chromosome in the CVS. We were also able to identify two X-

chromosomes in the CVS (one maternal and one paternal) suggesting a female fetus. Noteworthy, 

we also observed a 1-repeat retraction of STR49 in the fetus. In addition, as expected because of the 

previously detected deletion by multiplex-PCR, we observed amplification failure of STR45 and 

STR49 in III4 (figure 1A). We identified two alleles for STR49 in II1, II3 and III1; therefore, we 

concluded that they did not carry the deletion found in III4. Of note, they all share the 5’-end 

(STRDYSII: 222 and STR44: 191) of the at-risk haplotype (222/191/del/del/160). In addition, we 
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identified different paternal haplotypes for sisters II1 and II3. Finally, this analysis allowed us to 

detect a recombinant X-chromosome in III4 with a breakpoint between STR44 and STR62.  

 

3.2. MLPA 

Since, the STRs segregation results showed that the symptomatic female (II1) and the obligate 

carrier (II3) did not share the deletion of STR45 and STR49 with III4, we performed MLPA 

analysis in order to further characterize the molecular alteration in this family. Surprisingly, this 

analysis revealed a cxSV in III4. In addition to the deletion of exons 45-54 previously detected 

[NM_004006.3:c.(6382_6538)_(7909_8069)del], this analysis showed a duplication of exons 38-43 

[NM_004006.3:c.(5290_5406)_(6196_6382)dup] (Figure 1B). The same duplication was also found 

in II1, II3 and III1 (data not shown). These results are in concordance with the haplotype assay 

described above. 

 

3.3. HUMARA Assay  

We studied XIP on II1 and II3. It is expected that, in average, ~50% of each X-chromosome is 

methylated (random inactivation) in females. Interestingly, we observed a skewed XIP of 96% in 

II1 (allele 21: digested/active, and allele 25: undigested/inactive), and random XIP of 65% in II3 

(alleles 20/23). In addition, of note, sisters II1 and II3 did not share the maternal AR alleles (Figure 

1C), suggesting another recombination event between AR and DMD. Also, we could corroborate the 

results of STRs analyses showing different paternal X-chromosomes. 

 

3.4. Molecular characterization of the deletion by SNP-array, LR-PCR and WGS 

The SNP-array analysis on III4 enabled us to estimate the 5’ deletion breakpoint between 

rs1950112 (NC_00023.11:g.32095444) and rs1795577 (NC_00023.11:g.32092321), and the 3’ 

breakpoint between rs2030002 (NC_00023.11:g.31646698) and rs5972426 

(NC_00023.11:g.31646233) (Figure 2A). Therefore, the deletion spanned approximately 450 Kb.  
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In order to determine the exact points of rupture, we designed a LR-PCR to amplify and 

sequence the loci containing the breakpoints (Figure 2A). The primer pair AF1 and AR1 failed to 

amplify, suggesting that AR1 mapped within the deletion (Figure 2A). Then, we used a second 

reverse primer (AR2) that mapped 3’ of AR1 which amplified a PCR product of approximately 

2,435 bp (Figure 2A). The sequence of this amplicon allowed us to delimit the deletion that spanned 

446,477 bp (NM_004006.3:c.6438+123812_8027+11362del).  

Although the WGS was performed with the aim of characterizing the duplication (see below), it 

also allowed us to confirm the deletion breakpoints detected by LR-PCR, observed as several 

aligned chimeric reads (reads that did not align entirely on the reference sequence, such as ID6762, 

ID9251, ID26052) (Figure 2B, Supplementary Figure 1A).  

Lastly, the analyses of the sequences showed a single-T microhomology between introns 44 and 

54 (Figure 2C, Table 1).  

 

3.5. Molecular characterization of the duplication by SNP-array and WGS 

As shown above, the MLPA analysis revealed a duplication of exons 38-43 on III4. This 

duplication was also observed in the SNP-array. We were able to determine that the 5’ breakpoint 

was between rs12856332 (NC_00023.11:g.32367273) and rs1801187 (NC_00023.11:g.32362879), 

and the 3’ breakpoint between rs111931446 (NC_00023.11:g.32229089) and rs143786489 

(NC_00023.11:g.32227327) (Figure 2A); spanning ~124 Kb. Because the distances between these 

pairs of SNPs were ~4 Kb and ~2 Kb, for the 5’and 3’breakpoints respectively, we were not able to 

design primers for PCR amplification and characterization of the breakpoints; not even under the 

head-to-tail fusion hypothesis (Figure 2A). Therefore, we performed a WGS with the aim to better 

identify the duplication breakpoints.  

We observed chimeric reads comprised by sequences from introns 37 and 43, which mapped in 

the boundaries of a double depth-coverage region (e.g. ID22075, ID17613, ID18803, ID15702; 

Figure 2B). These results were consistent with a head-to-tail tandem duplication (Figure 2B, 

                  



 

11 

Supplementary Figure 1B). Of note, we observed two discordances between SNP-array and WGS 

results. The SNP-array results showed a single copy of rs143786489 and double copy of rs1801187 

(Figure 2A). However, the WGS results showed that rs143786489 was within and rs1801187 

flanking the duplication (Figure 2B). 

The sequence of the chimeric reads allowed us to design a duplication-specific head-to-tail PCR 

of 366 bp with the aim to confirm the duplication breakpoints by Sanger sequencing (Figure 2C). 

The size of the duplicated region was 131,284 bp.  

Altogether, these data showed a 7 bp inverted insertion and a direct insertion of 11 bp, both 

insertions with intron 43 sequence identity (NM_004006.3:c.6291-5371_6291-

5370ins[TAAAATGCAATTTCATTT;5326-5188_6291-5370]). This complex rearrangement 

suggests three events of template switching (TS) with microhomology of 1 bp “T” at first TS and a 

microhomology of 2 bp “TC” at third TS (Figure 2C, Table 1).       

 

3.6. Bioinformatics analysis of SV breakpoints 

The sequencing results described above allowed us to identify DSB stimulator motifs at all 

deletion and duplication breakpoints. The DNA motifs identified around each breakpoint are shown 

in Table 1. We found repetitive elements in 4/8 breakpoint junctions: one LTR and three LINE L1 

(Table 1). In addition, 1/8 breakpoints presented a non-B DNA structure, a cruciform DNA motif 

found in the last 3’ breakpoint of the duplication (Table 1).  

We used the mfold algorithm to predict the folding of the DNA sequences surrounding each 

breakpoint junction. All sequences were predicted to fold into different secondary DNA structures 

with ∆G values ranging from -5.01 to -0.27, with an average of -1.77 Kcal (Figure 3). However, 

only 7/8 breakpoints were within the secondary DNA structure (Table 1, Figure 3).  

Based on the hypothesis that the deletion resulted from a non-allelic non-homologous inter-

chromosomal recombination assisted by events of ectopic synapsis between repeats, we further into 

the analysis of the breakpoint junctions with Dfam using a 5 Kb sequence.  The Dfam algorithm 
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detected at least 8 partial- and full-length repetitive elements (LINEs, Alus, LTRs, MIRs, etc.) that 

might be involved in the formation of the ectopic synapsis (Figure 4). Furthermore, two in-tandem 

(TG)n and (T)n repeats were found, which might act as DNA breaks stimulators (Figure 4).    

 

4. Discussion 

Duchenne Muscular Dystrophy (DMD) is one of the most prevalent of the rare diseases [3]. It is 

caused by mutations in DMD, which is the largest gene of the human genome and maps in a 

genomic region with high recombination rates. These characteristics make DMD highly susceptible 

to mutation [40]. The current work presents the study of a family with DMD that included a rare 

case of a symptomatic female. We studied this family with the primary aim of providing molecular 

diagnosis and genetic counseling. Since we found a complex structural variant (cxSV) in one 

affected boy, we pursued the secondary aim of fully characterizing the cxSV and proposing the 

molecular mechanisms leading to this alteration. To accomplish these aims, we used a multi-

technique and bioinformatic approach.       

The index case was a DMD symptomatic pregnant woman seeking prenatal diagnosis (II1) with 

a nephew (III4, alive) and a brother (II2, dead) diagnosed with DMD. In 2005, we first did the 

molecular diagnosis of the DMD boy (III4) and we detected a deletion of exons 45-54 in DMD by 

end-point multiplex-PCRs. The deletion was later confirmed by STR and MLPA analyses. 

For the prenatal diagnosis, in order to determine whether the CVS was contaminated with 

maternal cells, we performed a haplotype segregation study using STRs. This would allow us to 

analyze CVS contamination and, at the same time, corroborate the deletion in all studied family 

members. In this family, the STRs analysis allowed us to: 1) corroborate the delet ion in III4; 2) 

detect heterozygosity of STR45 and STR49 in II1 and II3; 3) identify a recombination event in the 

DMD gene between STR44 and STR62 in III4; 4) identify a retraction of STR49 in III1; 5) identify 

different paternal X-chromosomes in II1 and II3; 6) confirm no-contamination of CVS with 

maternal cells; and 7) determine the genetic female gender of the fetus. The results presented here 
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remark that the analysis of intrafamilial STRs segregation, although a rather old molecular 

technique, is still a very useful tool. 

Since this was a case of familial DMD, we had expected to find the deletion of exons 45-54 in 

II1 (symptomatic woman) and II3 (obligate carrier). However, the STR analyses failed to detect this 

deletion; therefore, we performed a MLPA analysis to further characterize the molecular alteration. 

Surprisingly, STR and MLPA analyses did not reveal the deletion in II1 and II3. However, the 

MLPA identified a second SV in the family, a duplication of exons 38-43. This duplication was 

found in all family members, proving that the duplication was the inherited disease-causing 

mutation. Therefore, the deletion initially found in III4 was re-categorized as a second mutational 

event. This second de novo alteration might have occurred during the early embryonic development 

of III4 or in his mother (II3) gametes (germline mosaicism). These results highlight the importance 

of retesting patients with DMD deletions originally diagnosed by end-point multiplex PCR using 

other complementary more sensitive techniques before including them in mutation-specific therapy 

protocols. Altogether, these methodologies might help to determine more precisely the deletion 

boundaries and/or to identify other SVs not detected by end-point multiplex PCR. The finding of 

other SVs would affect the patient eligibility and effectiveness of the mutation-specific therapies.  

Since the family analyzed here presented with a rare case of a DMD-symptomatic woman, we 

wanted to look into the mechanism responsible for this phenotype. With the hypothesis that this 

woman had a skewed X-chromosome inactivation, we studied XIP by HUMARA. As expected, we 

observed a skewed XIP, suggesting that the active X-chromosome should be the chromosome 

carrying the duplication. In addition, also as expected, the asymptomatic woman (II3) showed a 

random XIP. Altogether, these results supported the hypothesis that the duplication and the skewed 

XIP were responsible for the DMD symptoms in II1. Moreover, as mentioned above, because the 

STRs analysis revealed that II1 and II3 had different paternal X-chromosomes we were able to 

identify the maternal X-chromosome as the one carrying the duplication. Of note, HUMARA 
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results showed that II1 and II3 did not share any AR allele. This confirmed the double paternity and 

suggested another recombination event between the mutated DMD (Xp21.2-p21.1) and AR (Xq12).  

Although HUMARA has been recently validated on amniotic fluid for the prenatal risk 

prediction of DMD symptomatology in females [41], there are conflicting reports in the literature 

about the heritability of the XIP [9,42]. We proposed the parents to test for XIP in the fetus; 

however, as this study required a new amniocentesis procedure, they did not consent for this test. 

Therefore, we advised the parents to undergo XIP studies if III1 shows any clinical symptoms of 

DMD.   

The molecular diagnosis of this family revealed a rare cxSV. In our laboratory, we have 

performed DMD molecular diagnosis in 437 patients and estimated a cxSV rate of 1.4% (6/437 

DMD patients). The cxSVs found included: deletions-duplications, non-contiguous duplications and 

a large deletion with a 20 bp insertion. These results are similar to those reported by other authors 

where the occurrence of non-contiguous rearrangements within the same DMD allele had 

frequencies up to 2% [43].  

Because molecular diagnosis usually involves the study of index cases without familial analysis, 

the molecular alterations identified are a picture of the final rearrangement at the time of diagnosis 

in the index case. The lack of familial genetic information is especially important when two or more 

mutational events (cxSVs) are detected. With this final picture, it is almost impossible to determine 

which of the mutations occurred first, and in which familial generation. The family studied herein is 

a clear example of how familial molecular diagnosis of two generations allowed us to determine a 

mutational timeline where the first mutational event was the duplication of exons 38-43 and the 

second event was the deletion of exons 45-54. The determination of the chronological order of these 

cxSVs might help to unravel molecular mechanisms where the first alteration becomes a 

predisposing factor for the second. This led us to the secondary aim of the study of proposing a 

molecular mechanism resulting in the observed cxSV. 
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First, we used a multi-technique approach (SNP-array, WGS and custom PCRs) to determine the 

breakpoints of the duplication and deletion. Once the breakpoints were identified, we performed a 

bioinformatic analysis of the sequences surrounding the SVs to seek DNA DSB stimulator motifs. 

These motifs have been found at breakpoint junctions more frequently than expected by chance 

according to Abelleyro et al [39]. 

The SNP-array allowed us to clearly identify the loci where the deletion breakpoints were 

located. This was particularly straightforward because patient III4 has one X-chromosome, and we 

were readily able to discriminate between no-signal/signal (deletion/single copy of DMD). The 

characterization of the deletion breakpoints was further confirmed with LR-PCR and Sanger 

sequencing. However, the identification of the duplication breakpoints was challenging because the 

SNP-array did not clearly differentiate between one and two gene copies. Therefore, we undertook a 

WGS approach to fully characterize the duplication breakpoints. The presence of chimeric reads 

allowed us to identify the breakpoints junctions (NM_004006.3:c.[6291-5371_6291-

5370ins[TAAAATGCAATTTCATTT; 5326-5188_6291-5370];6438+123812_8027+11362del] - 

Leiden Open Variation Database (LOVD) v.3.0 URL: 

https://databases.lovd.nl/shared/individuals/00302913). Altogether, these results remark the 

importance of validating the SVs using several complementary methodologies.   

After gathering all the detailed molecular information about the cxSV, we aimed to propose the 

molecular events that led to this cxSV. The tandem segmental duplication identified as the first 

mutational event, might have resulted from errors during MMBIR (Microhomology-Mediated 

Break-Induced Replication) or FoSTeS, both mechanisms involving de novo DNA synthesis. 

However, FoSTeS seemed to be more probable than MMBIR. This conclusion was based on the 

principle of maximum parsimony and the complexity of the event, characterized by at least three 

strand invasions preceded by replication fork collapses and facilitated by microhomologies 

(Supplementary Figure 2A). In addition, DNA strand break collapses that occur during these 

mechanisms might have been stimulated by the presence of Jurka hexa-nucleotides, secondary 
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structures and repetitive elements at relevant locations [44]. Furthermore, our recombination 

hypothesis relies on the presence of repetitive elements relatively near both deletion breakpoints, 

supporting a putative inter-chromosome non-allelic pairing structure or ectopic synapsis suitable for 

a localized recombination (Figure 4) [45]. Altogether, these proposed molecular mechanisms 

implied that II3 carries the DMD duplication in her germline DNA. This duplication resulted in a 

chimeric X-chromosome from both progenitors (I1 and I2) with an in-phase SV. 

The second molecular event (deletion) that led to this cxSV might have occurred de novo during 

a meiotic recombination event. The maternal (II3) homologous X-chromosomes might have 

undergone recombination resulting in STRs alleles swap. The most likely scenario suggests that 

these two concomitant molecular events might had originated from a single inter-chromosomal 

recombination event that might had occurred either in II3’s oocyte meiosis or in II3´s oogonia 

mitosis, making the deletion inheritable. The detailed analysis of the deletion junction suggested a 

classical NHEJ because it did not have any molecular characteristic associated with a DNA 

replication dependent mechanism. We only identified a single-thymine of microhomology, which 

did not provide sufficient evidence to sub-classify the event as MMEJ (Supplementary figure 2B). 

In addition, also in support of the classical NHEJ model, we found DNA DSB stimulating motifs 

such as Jurka hexa-nucleotides and SAR at the 5’ breakpoint and a Ig heavy chain switch region at 

the 3’ breakpoint [29,46,47]. We also found other stimulators for DSB that might have been 

involved in the deletion (LTRs, STRs and highly stable secondary structures). In particular, long 

STRs might form non-B-DNA structures and make DNA susceptible to DSB. 

Finally, we identified DNA secondary structures in 7/8 breakpoints. This finding highlights the 

important role of DNA secondary structures in the formation of DSB and SVs. This statement is 

supported by the fact that if we randomly select 50 bp of the genome it is very likely that they form 

secondary structures. However, if we simulate random breakpoints and analyze 25 bp sequences on 

each side, the chances of finding secondary structures are greatly reduced [39]. 
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Overall, we were able to determine the chronology of the molecular events involved in the cxSV 

found in the studied family. We propose that the duplication might have aided to stabilize an 

unequal pairing between the duplicated X-chromosome and the non-duplicated homologue, and 

allowing for the approach of the regions involved in the deletion. This theory supports both 

previously mentioned hypotheses for the origin of the deletion. On one hand, the duplication could 

have helped the previously mentioned repetitive elements in the formation of the ectopic synapsis 

during female gametogenesis. While, it could have also been implicated in the unequal pairing that 

resulted in NHEJ mechanism.  

In conclusion, the diagnostic strategy implemented in the present work allowed us to provide 

accurate molecular diagnosis and genetic counseling, aiding in the early diagnosis and selection of 

the appropriate standard-of-care and mutation-specific treatments. Finally, the exhaustive 

characterization of the SV breakpoints helped to propose and understand the molecular mechanisms 

involved in the generation of the cxSV. 
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Figure 1. Multi-technique molecular diagnosis of the studied family A. Familial pedigree and 

STRs segregation analysis. Family tree was drawn based on the information provided by the family 

during the anamnesis. “del”: deletion; “-”: STR not analyzed; “dashed line square”: alleles found to 

have 1-repeat retraction in III1. B. The upper figure shows a schema of the DMD cxSV found in 

III4. The lower figure depicts the MLPA results, the deletion is shown with a dashed-line rectangle 

and the duplication with a dotted-line rectangle. C. HUMARA electropherograms and XIP for II1 

and II3. “Mock”: Non-digested DNA; “HpaII”: HpaII-digested DNA; “n”: AR exon 1 STR alleles; 

“AUC”: Area under the curve.  

 

Figure 2. Molecular characterization of the cxSV in III4 A. The figure shows the SNP-array 

results for the DMD locus. The deletion and duplication breakpoints are marked with rectangles 

(lower panel) and zoomed in (upper panel) to show the SNPs reference sequence (rs). “BAF”: B-

allele frequency; “LRR”: Log R ratio; “+”: single-copy SNP; “-”: null genotype; “++”: double-copy 

SNP; “triangles”: LR-PCR primers (AF1, AR1 and AR2). B. The figure shows the IGV screenshot 

for DMD WGS. The upper figure shows the sequencing depth-coverage for the cxSV locus, the 

absence of black bars denote a region that was not sequenced (deletion) and higher black bars 

represent the duplicated loci. This figure also shows the SNP analyzed in the array and the circles 

mark the cxSV breakpoints. The middle panel depicts a zoom in the breakpoint loci, and the 

chimeric reads are denoted with circles. The bottom panel, shows a detailed schema of the chimeric 

reads with their identification number, black spots delimit the sequence that mapped on each side of 

the breakpoint junction. “+”:single-copy SNP; “-”:null genotype; “++”:double-copy SNP; “black 

triangles”: PCR primers (DUP_F and DUP_R). C. Sanger sequencing of the breakpoint junctions 

from deletion (upper panel) and duplication (bottom panel). DNA sequences were aligned to DMD 

Reference Sequence NG_012232.1, GRCh38.p13. The deletion presented a 1 “T” microhomology 

(bolded), and the duplication showed an 18 bp insertion at the specific head-to-tail fusion (bolded).  
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Figure 3. Analysis of secondary structures at SV breakpoints  The figure shows the DNA 

secondary structures predicted by Mfold. We used a 50 bp sequence of the reference genome 

(GRCh38.p13) surrounding the SV breakpoints (grey boxes) of the deletion (A) and the duplication 

(B). The sites of directed or inverted insertions of the duplication were also included in the analysis. 

“∆G”: Gibbs free energy [kcal/mol] associated with each secondary structure. 

 

Figure 4. Schematic model of the suggested recombination mechanism leading to the deletion 

A. Schema of DMD gene showing the orientation towards the telomere (Xp tel). B. The panel 

depicts the Paternal and Maternal Homologous X-chromosomes. “Black rectangles”: maternal 

DMD exons; “White rectangles”: paternal DMD exons; STR”n”: where number indicate intronic 

location (introns 44, 45, 49 and 62); “STRs in bold”: Maternal alleles; “STRs underlined”: Paternal 

alleles; “Black zigzag lines”: eventual crossover breakpoints; “Chevrons”: Repetitive elements 

detected by Dfam algorithm (“Vertical lines”: LINEs, “Dotted”: LTRs, “Black”: MIRs, “White”: 

Alus, “Horizontal lines”: others); “Up-pointing black triangle”: Other relevant tandem repeats 

possibly involved in DNA ruptures as breakpoint stimulators [(TG)n and (T)n]. C. Unequal inter-

chromosome recombination model. Schematic representation of a non-allelic non-homologous 

recombination event explaining both the origin of the deletion and the recombination between 

STR44 and STR62.  D. Resulting III4´s chimeric X-chromosome structure, showing the deletion as 

the absence of STR45 and STR49. 

Table 1: DNA motifs surrounding the breakpoints junctions 

SV 
Microhomologies at 

breakpoints 

Repetitive 

elements 
Non-B DNA 

Secondary 

structures 

Recombinogenic 

DNA motifs 

5ˈ 3ˈ 5ˈ 3ˈ 5ˈ 3ˈ 5ˈ 3ˈ 

Del T - LTR - - Yes Yes 
Jurka, 

SAR 

Ig heavy 

chain 

switch 

Du

p 
T, -, AG 

LINE 

L1, -, 

LINE 

L1 

-, 

LINE 

L1, - 

-, -, - 

-, -, 

cruciform 

motif 

Yes, 

Yes, 

Yes 

Yes, 

Yes, No 

Jurka, 

Jurka, 

Jurka 

Jurka, 

Jurka, 

Jurka 

LTR: long terminal repeats; Jurka: hexanucleotide motifs targeted by the endonuclease/retro-transcriptase of mammalian 

retroposons; SAR: scaffold attachment region; LINE: long interspersed nuclear elements.  

                  


