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Background: Neuromuscular disorders (NMD), many of which are hereditary, affect muscular function. Due to advances in high-throughput sequencing technologies, the diagnosis of hereditary NMDs has dramatically improved in recent years.

Methods and Results: In this study, we report an family with two siblings exhibiting two different NMD, Miyoshi muscular dystrophy (MMD) and early onset primary dystonia (EOPD). Whole exome sequencing (WES) identified a novel monoallelic frameshift deletion mutation (dysferlin: c.4404delC/p.I1469Sfs∗17) in the Dysferlin gene in the index patient who suffered from MMD. This deletion was inherited from his unaffected father and was carried by his younger sister with EOPD. However, immunostaining staining revealed an absence of dysferlin expression in the proband’s muscle tissue and thus suggested the presence of the second underlying mutant allele in dysferlin. Using integrated RNA sequencing (RNA-seq) and whole genome sequencing (WGS) of muscle tissue, a novel deep intronic mutation in dysferlin (dysferlin: c.5341-415A > G) was discovered in the index patient. This mutation caused aberrant mRNA splicing and inclusion of an additional pseudoexon (PE) which we termed PE48.1. This PE was inherited from his unaffected mother. PE48.1 inclusion altered the Dysferlin sequence, causing premature termination of translation.

Conclusion: Using integrated genome and transcriptome sequencing, we discovered hereditary MMD and EOPD affecting two siblings of same family. Our results added further weight to the combined use of RNA-seq and WGS as an important method for detection of deep intronic gene mutations, and suggest that integrated sequencing assays are an effective strategy for the diagnosis of hereditary NMDs.
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INTRODUCTION

Neuromuscular disorders (NMD) are a general term for a group of conditions that result in impaired muscle function, either directly due to pathology of voluntary muscles or indirectly due to pathology of the peripheral nervous system or neuromuscular connections. Several NMDs are caused by hereditary mutations and result in progressive muscle degeneration and weakness.

Early onset primary dystonia (EOPD) is an autosomal dominant genetic NMD caused by a number of mutations (Bressman et al., 2009). It usually manifests with weakness in the legs or arms and over time progresses to the trunk and other limbs. Systemic dystonia can disable sufferers and limit their mobility and independence. The first dystonia gene, TOR1A (also known as DYT1 or DQ2), which causes systemic dystonia with average age of onset at 13, was discovered in 1997 (Ozelius et al., 1997; Cheng et al., 2014). Due to a lack of specific imaging or laboratory manifestations of EOPD, clinical diagnosis cannot be made via by imaging or routine laboratory tests and genetic testing is thus critical for diagnosis.

Miyoshi muscular dystrophy (MMD) is an autosomal recessive genetic NMD caused by mutation of the dysferlin gene located on chromosome 2 (Bashir et al., 1998). dysferlin encodes the Dysferlin protein which is located in the membrane and cytoplasmic vesicles of muscle cells and is involved in membrane fusion and repair. The clinical manifestations of the MMD are diverse, with several types of electromyogram (EMG) potentially highlighting myogenic lesions. As the clinical symptoms of dystrophy are not unique, skeletal muscle pathology, molecular pathology, molecular genetics and other diagnostic techniques are required for clinical diagnosis of MMD.

Traditional gene mapping via construction of genetic linkage maps is complicated, time-consuming and labor-intensive, and in many cases inadequate for clinical diagnosis as disease modulating variants for many diseases are still largely unknown. Whole exome sequencing (WES) represents a significant technical advance that has greatly improved genetic diagnostics. Nonetheless, there remains a large group of patients for whom underlying genetic causes of their diseases have not been uncovered despite through investigation with either of these modalities. One potential and underexplored source of mutations are variants which alter RNA expression and/or processing. Such mutations may occur at exon/intron boundaries (and thus be captured by WES), or occur outside of the standard exome, such as in deep intronic and intergenic regions, and would not be captured using WES. Whole genome sequencing (WGS) offers advantages over WES for detection of such intronic or intergenic mutations, but only few genetic disorders are caused by intron sequence mutations and WGS is thus not always first choice for genetic analyses. Approximately 15% of mutations listed in the Human Gene Mutation Database are described at splice-site junctions (Gonorazky et al., 2016). RNA sequencing (RNA-seq) has become an essential tool for the assessment of differential gene expression and mRNA splicing at the whole transcriptome level (Oshlack et al., 2010; Kukurba and Montgomery, 2015). It helps to understand the full range of RNA biology, including transcriptional alterations, splice variants, and molecular interactions. Current state-of-art of sequencing technologies such as WES, WGS, and RNA-seq, can thus elucidate the whole spectrum of variants in a given individual which may stimulate the discovery of novel genetic causes.

Here, we report on the analysis of mutation profiles using high-throughput genome and transcriptome sequencing in a family with two siblings with two different NMD, EOPD and MMD. Our study emphasizes that integrated sequencing assays are an effective modality for the genetic diagnosis of clinical rare genetic diseases.



SUBJECTS AND METHODS


Clinical Evaluations

The Ethical Committee of the Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, reviewed and approved our study protocol. All participants provided written informed consent. The family was identified after the evaluation of motor symptoms in one male index patient (II-1, Figure 1). All available family members (I-2, II-1, and II-2) underwent a neurological examination, EMG, magnetic resonance imaging (MRI) for skeletal muscle and brain, and donated a blood sample for further molecular analysis.
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FIGURE 1. Pedigree and Sanger sequencing chromatograms of the identified disease-causing variants. (A) Two different disease phenotypes were found within the same family, namely Miyoshi muscular dystrophy, which affected II-1, and dystonia, which affected II-2. II-1 harbored compound heterozygous variants in the DYSF gene (c.4404delC/p.I1469Sfs*17 and c.5341-415 A > G), derived separately from his parents. II-2 harbored the c.907_909del/p.303_303del variant in the TOR1A gene and the c.4404delC/p.I1469Sfs*17 variant in the DYSF gene, both of which were inherited from her mother. (B) Sanger sequencing chromatograms of the c.907_909del/p.303_303del variant in the TOR1A and the c.4404delC/p.I1469Sfs*17 and c.5341-415 A > G variants in the DYSF gene.




High-Throughput Sequencing

For WES and WGS, genomic DNA was prepared from peripheral blood samples by using TIANamp Blood DNA Kit (Tiangen, China). WES was performed for identification of disease-causing mutations in the protein-coding regions of the genome. Genomic DNA from each individual was used for the initial enzymatic digestion and the whole exome was captured using the xGen® Exome Research Panel v1.0 (IDT, United States). The quality and quantity of WES libraries was assessed on the Agilent 2100 bioanalyzer (Agilent, United States). WES was performed on the NovaSeq 6000 platform (Illumina, United States) using 150-bp paired-end reads. WGS was carried out for identification of structural or non-coding variants related to disease phenotype. Extracted genomic DNA from peripheral blood samples was sheared to the target size (250 bp) using the Q800R sonicator (Covaris, United States) and the size of sheared genomic DNA fragments was assessed with a Agilent 2100 bioanalyzer (Agilent, United States). WGS libraries were constructed and sequencing was performed on the NovaSeq 6000 platform (Illumina, United States) using 75-bp single-end reads. To detect the alternative RNA splicing variants associated with disease phenotype, RNA sequencing was performed on muscle biopsy samples. Total RNA was extracted with Trizol (Invitrogen, United States). Quantity and quality of the extracted RNA was assessed with the Agilent 2100 bioanalyzer (Agilent, United States). Poly(A) mRNAs was enriched using oligo-dT magnetic beads (Invitrogen, United States) according to the manufacturer’s instructions and cDNA libraries were then prepared using the TruSeq Stranded mRNA library kit (Illumina, United States). Sequencing was performed on the Illumina NovaSeq6000 (Illumina, United States) using 150-bp paired-end reads.



Bioinformatics Data Analysis

To identify disease mutations, sequencing data was analyzed and annotated using an in-house pipeline. Briefly, reads of WES and WGS were mapped to the GRCh37/hg19 reference sequences using the Burrows-Wheeler Aligner (Pertea et al., 2016). For analysis of WES data, the SAM tools pipeline as well as ANNOVAR and several prediction tools were used to call single nucleotide variants (SNVs) and indels (<50 bp) (Shigemizu et al., 2013; Yang and Wang, 2015). Notably, each variant was compared against two public databases, the 1,000 genomes project1 and Exome Aggregation Consortium2. Based on the variant annotations, a series of filtering strategies were applied to screen candidate variants associated with the disease phenotype, as described previously (Requena et al., 2017). Variants which fulfilled the following criteria were considered for further analysis: (1) variants were not outside exonic and splicing regions; (2) variants were not synonymous; (3) variants did not exhibit a minor allele frequency more than 1% based on public databases; (4) variants were not non-conservative, with score ≤2 based on to GERP++ conservation prediction; and (5) variants did not cause protein function loss as predicted by SIFT, Polyphen-2, LRT, or MutationTaster. The remaining data formed a list of candidate variants and related genes. To prioritize the most likely candidate disease-causing genes, all candidate genes were ranked using Phenolyzer (Yang et al., 2015).

For analysis of RNA-seq, raw reads were mapped against the GRCh38/hg19 human reference genome using HISAT2 (Exposito et al., 2018). Aligned reads were assembled and quantified using StringTie (Pertea et al., 2015). Alternative pre-mRNA splicing events were analyzed using Human Splicing Finder (Desmet et al., 2009) and visualized using the Integrative Genome Viewer (IGV) (Romero et al., 2016).



Histochemical and Immunohistochemical Staining

A muscle biopsy was taken for routine diagnostic purposes in the index patient (II-1). Sections were stained using conventional histochemical and immunohistochemical methods.

For Hematoxylin and eosin staining, cryosections of muscle biopsy samples (5–10 μm) were stained with hematoxylin and eosin, as described previously (Sundaram et al., 2011). For nicotinamide-adenine dinucleotide staining, modified Gomori trichrome staining and Neuron-specific enolase staining, cryosections of the muscle biopsy sample were prepared and stained as described previously (Tsokos et al., 1984; Lee et al., 2016; Lv et al., 2020).

For immunohistochemistry, the muscle biopsy sample was fixed in 4% paraformaldehyde for 24 h and subsequently paraffin-embedded. Sections (5 μm) were treated with 0.3% hydrogen peroxide to prevent endogenous peroxidase activity and 0.01 M citrate buffer restore antigenic activity. Sections were blocked in 2% BSA and incubated with the following antibodies overnight at 4°C: anti-dystrophin-C(abcam, United States), anti-dystrophin-N(abcam, United States), anti-dystrophin-R(sigma, United States), anti-sarcoglycan-α(Santa Cruz, United States), anti-sarcoglycan-β(Santa Cruz, United States), anti-sarcoglycan-γ(Santa Cruz, United States), anti-sarcoglycan-δ(Santa Cruz, United States) and anti-Dysferlin(abcam, United States). Sections were incubated with the appropriate HRP-conjugated secondary antibodies for 30 min, followed by treatment with alkaline phosphatase substrate (DAB) for visualization.



Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and Sanger Sequencing

RNA was extracted from peripheral blood mononuclear cells from II1 and health control using a RNA Extraction Kit (Takara Bio). RNA was transcribed into cDNA by PrimeScriptTM RT Master Mix (Takara RR036A) and the PCR was carried out as described previously (Chen et al., 2021). Primers targeting exon 48 and exon 49 of dysferlin was designed as follows: forward 5n′-CTGCCTCTGGAGAAGGA-3′; reverse 5′-GTACACAGGTGCCTTGA-3′.

DNA was extracted from peripheral blood mononuclear cells from all available family members using a Genomic DNA purification kit (Takara Bio). To validate the identified variants, Sanger sequencing was performed on DNA samples as described previously (Xiong et al., 2019). The primer pairs for PCR and Sanger sequencing were as follows:


TOR1A (c.907_909del/p.303_303del): forward 5′-CTCC CCCTGGAATACAAACA-3′, reverse 5′-CCAGGGAG AATTCCTGTCAC-3′;

dysferlin (c.4404delC/p.I1469Sfs∗17): forward 5′-CTGC AGGGTCTTGTCTTGGT-3′, reverse 5′GAGAAGGGG TGGGAATTGAT-3′;

dysferlin (c.5341-415A > G): forward 5′-CCAAAGT GAGCCATGAGGAT-3′, reverse 5′-TGTCAAAGAGCAC CGTTCAG-3′.





RESULTS


Clinical Findings

The pedigree of the family is shown in the Figure 1A. There were two different NMD present in the studied family: the index patient (II-1) was diagnosed with MMD while his younger sister (II-2) was diagnosed with EOPD (Figure 1A). The index patient (II-1), a 25-year-old Chinese male, reported limb weakness, chest tightness, and suffocation symptoms after exercise at age 18. At examination 4 years later, the symptoms of limb weakness and chest tightness progressed and became worse, and the patient reported an inability to stand on his toes and myalgia in his legs aggravated by exercise. The examination revealed wasting of gastrocnemius and soleus muscles (Figure 2C) which was further confirmed by MRI (Figures 2D,E). Serum CK levels ranged from 8,650 to 14,684 u/l, which constituted a 50- to 85-fold increase compared to reference levels. EMG showed no changes in nerve conduction velocity and therefore neurogenic myoatrophy was ruled out. The index patient’s younger sister (II-2), a 22-year-old Chinese female, was the first in the family to be affected with an NMD. Her disease onset occurred at age 9 in right arm. At examination 12 years later, both upper limbs, the right leg, neck, and trunk were affected (Figures 2A,B). Limb dystonia was relieved with sleep. The patient’s sister also exhibited intermittent lip puckering, a tremulous voice, and involuntary toe movements and a decrease in muscle mass in the lower arms and legs was noted in the examination (Figures 2A,B). EMG indicated a large number of myotonic potentials in many parts of the body. However, serum CK levels were normal and the patient did not respond to levodopa treatment. Combined botulinum toxin type A and low-frequency repetitive transcranial magnetic stimulation also failed to improve dystonia symptoms. The index patient’s parents (I-1 and I-2), both aged 47, were unaffected by dystonia or distal muscle dystrophy, and serum CK levels of I-1 and I-2 were normal for their age and gender.


[image: image]

FIGURE 2. Clinical features of the familial member II-1 and II-2. (A,B) Photographs of the familial member II-2 showing clinical features of generalized dystonia. (C) Photograph of the familial member II-1 showing muscle atrophy in both distal lower limbs. (D,E) MRI revealed normal proximal muscle in the lower extremities and atrophy of the distal limbs in the familial member II-1. (F) Immunostaining of muscle biopsy of the familial member II-1 demonstrated absence of Dysferlin (Bar, 50 μm). (G) Immunostaining of muscle biopsy of a healthy volunteer showed normal Dysferlin staining (Bar, 50 μm).


We then performed a diagnostic muscle biopsy from the left bicep in the index patient (II-1). Hematoxylin and eosin staining revealed that the size of muscle fibers varied greatly, and the diameter was 20–80 microns (Supplementary Figure 1A). We observed scattered cellular degeneration, necrosis, and regeneration in the muscle tissue (Supplementary Figures 1A–C). Staining for reduced forms of nicotinamide-adenine dinucleotide demonstrated an uneven distribution of oxidase in several muscle fibers (Supplementary Figure 1D). However, there was no inflammatory cell infiltration, no broken red-edged fibers, no fat tissue infiltration, and muscle glycogen levels was roughly normal (Supplementary Figures 1A–D). Both dystrophin and sarcoglycan immunostainings were normal (Supplementary Figures 1E,G–K). Compare to the healthy control, the dysferlin immunostaing of muscle biopsy of II-1 showed an absence of the Dysferlin protein (Figures 2F,G). Based on clinical symptoms and muscle biopsy results, the diagnosis of MMD was suspected for II-1.



WES and Filtering for Deleterious Candidate Variants Related to the Disease Phenotype

WES was performed on both family members affected by muscular disorders, II-1 and II-2. An average of 72,786 variants were identified for each individual. As described in methods, 493 variants originating from 348 genes and 376 variants originating from 257 genes were kept for II-1 and II-2, respectively. These genes were then associated with the “neuromuscular disease” phenotype using Phenolyzer. We found a non-frameshift deletion (c.907_909del/p.303_303del) variant of the TOR1A gene located on chromosome 9q34(GRCh37/hg19, chr9:132576341-132576343) in II-2. This deletion, also known as deltaE303 (ΔE), or rs80358233, is in the most common pathogenic variant associated with EOPD (Yang et al., 2009). WES data from index patient II-1 revealed a novel exonic variant of the dysferlin gene located on chromosome 2p13(GRCh37/hg19, chr2:71840531) which introduces a premature stop codon and is considered to be related to MMD (dysferlin: c.4404delC/p.I1469Sfs∗17). This frameshift deletion was monoallelic in II-1 and was also found in WES data from II-2.



Identification of dysferlin Mutations in the Index Patient

Based on immunostaining staining and WES results, we suspected that dysferlin was the pathogenic gene causative of MMD in the index patient II-1. As the Dysferlin protein was absent in muscle tissue of II-1, we expected a the second underlying mutant allele in dysferlin in addition to c.4404delC/p.I1469Sfs∗17 which the patient inherited his mother.

Transcriptomic abnormalities can be captured by RNA-seq. We therefore performed RNA-seq on II-1 and an unrelated healthy male volunteer as a control. Examination of the dysferlin mRNA transcripts revealed a 132-bp novel pseudoexon (PE) insertion which we termed PE 48.1. Sashimi plots generated using IGV illustrate the location of PE 48.1 between exons 48 and 49 of dysferlin mRNA transcripts (Figure 3A). Inclusion of PE48.1 in the mRNA transcript is predicted to lead to insertion of 22 additional amino acids followed by a stop codon encoded by the pseudoexon sequence (Figure 3B). We next performed WGS to identify the variant responsible for this aberrant splicing event in dysferlin. Among all 361 identified variants in the dysferlin gene (Supplementary Figure 2), a novel point variant (c.5341-415A > G, GRCh37/hg19, chr2:71895469) deep within intron 48 was predicted to be a splicing donor site variant by the Human Splicing Finder tool (Desmet et al., 2009). Along with this novel splicing donor site variant caused by an A > G transition, analysis of the intronic sequence upstream of PE 48.1 revealed the other sequence elements required for splicing in this region (Figure 3C), for example there was a pre-existing non-canonical acceptor splice site at the 5′ end of PE48.1 as well as a pyrimidine-rich region and one potential branch point consensus sequence in the upstream of PE48.1. Both these sequences, in the presence of the deep intronic variant c.5341-415A > G, allow splicing of the new pseudoexon PE48.1 between exon 48 and exon 49 (Figure 3). To further confirm the results, we examined the expression of dysferlin mRNA in peripheral blood mononuclear cells from II1 and health control by RT-PCR. Gel electrophoresis showed that PCR product of cDNA from II1 had two bands 2 different bands, and the upper band was the abnormal dysferlin (Supplementary Figure 2).
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FIGURE 3. Integrated RNA-seq and WGS identify a pathogenic deep intronic variant in the DYSF gene in the familial member II-1. (A) Sashimi plot generated using IGV illustrates RNA-Seq reads mapping to the DYSF locus. Splice junctions are displayed as arcs connecting exons. Sashimi plots generated by IGV for two RNA-Seq samples. Splicing events of the DYSF gene in the familial member II-1 and the healthy control (red and green, respectively). Exon 48, 49, 50, and 51 of the DYSF gene are shown as RefSeq annotation tracks. A pseudoexon inclusion, which we term PE 48.1, is indicated by a black arrow in Sashimi plot (red). (B) RNA-seq revealed a 132 base pair insertion, PE 48.1, between exon 48 and exon 49. PE48.1 encodes 22 additional amino acids followed by a stop codon (red asterisk). (C) WGS, which covers the entire DYSF sequence, revealed a novel donor splice site created by DYSF: c.5341-415 A > G (black arrow). The intronic sequence upstream of PE44.1 contains additional consensus sites required for mRNA splicing, including a pre-existing non-canonical acceptor splice site (red arrow), an adjacent pyrimidine-rich region (yellow highlight) and one potential branch point sequence (yellow highlight) that could be used to promote splicing.


Sanger sequencing of the familial members showed that the frameshift deletion variant (dysferlin: c.4404delC/p.I1469Sfs∗17) was present in the index patient’s father but not his mother (Figures 1A,B). Meanwhile, the splicing donor site variant (dysferlin: c.5341-415A > G) was present in the index patient’s mother but not his father. These results confirmed that the index patient inherited two mutations—a paternal and a maternal mutation—in different copies of the dysferlin gene (Figures 1A,B).

Therefore, we concluded that the compound heterozygous variants of the dysferlin gene c.4404delC and c.5341-415A > G may lead to the observed deficient Dysferlin protein expression, consistent with immunostaining results.



DISCUSSION

In the present study, we analyzed genomic and transcriptomic profiles using high-throughput sequencing in a family with two different NMD, MMD and EOPD. Using integrated genomic and transcriptomic analyses, we identified two novel compound heterozygous dysferlin mutations in the male index patient with MMD. Dysgenic mutations and a heterozygous the ΔE mutation in the TOR1A gene and frameshift deletion mutation (dysferlin1: c.4404delC/p.I1469Sfs∗17) in the dysferlin gene were identified in the index patient’s sister with severe dystonia. The patient’s mother, who carried the ΔE mutation of the TOR1A gene and the splice site mutation of dysferlin, was asymptomatic. Likewise, the patient’s father, who carried the dysferlin frameshift deletion mutation, was also asymptomatic.

EOTD, also known as Oppenheim’s dystonia, is characterized by limb-onset dystonia in childhood, with subsequent progression to generalized dystonia (Kamm, 2006). A deletion of three basepairs (GAG) in the TOR1A gene on chromosome 9q34 has been demonstrated to be the founding mutation of EOPD and is responsible for the majority of typical EOPD cases of diverse ethnic origins (O’Riordan et al., 2002). The deletion mutation removes a single in-frame amino acid (glutamate 302 or 303, ΔE) from the carboxyl terminal region of the encoded protein, TorsinA. TorsinA belongs to the AAA+ (ATPase associated with different cellular activities) protein family. AAA+ TPases typically use energy from ATP hydrolysis to drive cellular activities, such as protein trafficking, protein folding, and protein degradation, amongst other functions (Miller and Enemark, 2016). It has been shown that expression of TorsinA containing the dystonia-causing ΔE mutation results in increased cellular deformability and susceptibility of to damage by mechanical forces (Gill et al., 2019). The clinical presentation of EOPD is remarkably variable, ranging from mild dystonia limited to a single body region, such as the neck, to widespread and severe involvement of limb, axial, and cranial muscles (Ozelius and Bressman, 2011). Despite an autosomal dominant inheritance, only 30% of individuals who carry the ΔE-TorsinA mutation will develop EOPD, even within affected families (Eidelberg et al., 1998; Ghilardi et al., 2010). This effect is known as reduced penetrance, suggesting that modifying factors (environmental and/or genetic) are responsible for penetrance as well as the onset patterns and severity of this disorder (Cooper et al., 2013). Although no of environmental causes for modification of penetrance have been defined so far, several TOR1A variants have been associated with penetrance. For example, a SNP in position 216 of TOR1A (rs1801968) causing replacement of D with H has been shown to be associated with EOPD penetrance (Kamm et al., 2008), suggesting this SNP may act as potent intragenic modifier. However, neither the index patient’s mother nor sister carried this TOR1A SNP.

As introns do not encode proteins, they were initially considered non-functional regions (Tilgner et al., 2012). Recent studies in transcriptome sequencing and analysis have revealed that deep intronic mutations can result in inclusions of pseudoexons, create new splice sites, and alter transcriptional regulatory motifs and the activity of non-coding RNA genes (Hsiao et al., 2016; Naro et al., 2017). Deep intronic mutations have since been documented in multiple diseases (Vaz-Drago et al., 2017) and therapeutic strategies for treatment of diseases associated with deep intronic mutations are gaining momentum. For example, for cancers caused by certain BRCA2 mutations, specific antisense oligonucleotides (ASO) have been shown to block cryptic exon inclusion caused by deep intronic mutations in vitro (Anczukow et al., 2012). Moreover, work by Matos et al. (2014) demonstrated that modified U1 snRNA vectors may serve as a therapeutic tool to reconstitute the normal splicing process. Additionally, molecular chaperone assays using glucosamine for mutant proteins have been shown to result in the restoration of function of misfolded proteins (Matos et al., 2014). Lastly, viral gene transfer of full-length genes has been used to restore function of wild type proteins (e.g., dystrophin protein for treatment of Duchenne Muscular Dystrophy) (Nakamura, 2019). Thus, there are several promising therapeutic strategies for the correction of deep intronic mutations associated with pathogenic variants.

In order to discover deep intronic mutations and their pathogenicity, it is essential to integrate DNA sequencing of intronic regions and mRNA analysis derived from pathological tissue. The detection of novel deep intronic mutations may be achieved by conventional RT-PCR analysis or by RNA-seq; conventional laboratory detection methods in the past combined PCR and Sanger sequencing, which was time-consuming and labor-intensive. However, with new high-throughput sequencing technologies, deep intronic mutation sites can be identified in a relatively convenient way (Gonorazky et al., 2016), and RNA-seq has been previously used to identify deep intronic mutation sites of myopathy (Marco-Puche et al., 2019).

In this study, using integrated genome sequencing and RNA-seq, we identified a deep intronic dysferlin mutation (dysferlin: c.5341-415A > G) which results in inclusion of a pseudoexon. This mutant variant and a frameshift deletion in dysferlin (dysferlin: c.4404delC/p.I1469Sfs∗17) caused abnormal deficiency of Dysferlin expression in diseased tissue. Results from our study suggest that the exploration of deep intron mutations may contribute to further understanding of human genetic diseases.

Dysferlinopathies are caused by mutations in dysferlin and include a spectrum of muscle disease characterized by two main phenotypes, MMD and limb-girdle muscular dystrophy type 2B (LGMD2B). Dysferlinopathies are clinically heterogeneous, which is why they can be easily misdiagnosed or missed (Bashir et al., 1994). Recent studies have shown that intronic splicing alterations can that lead to muscular dystrophies. Dominov et al. (2014) identified that an intronic variant of Dysferlin (44i, c.4886 + 1249G > T) induces alternate splicing of the Dysferlin transcript, resulting in an in-frame insertion of 59 amino acids within the C2F domain of the Dysferlin protein. Dominov et al. (2019) also found a second deep intronic DYSF mutation (in intron 50) leading to expression of another pseudoexon (PE50.1).

There are also many pathogenic intronic mutations in the other muscular dystrophies. Cummings et al. (2017) identified a novel intronic mutation of COL6A1 that results in a dominantly acting gain of splicing, contributing substantially to inherited diseases. Moreover, a homozygous deep intronic single base pair deletion in CAPN3 (c.946-29delT) may lead to limb girdle muscular dystrophy (Hu et al., 2019). Fitzgerald et al. (2020) report a novel intronic variant in the MTM1 gene, which leads to reduction of myotubularin-1 protein, and results in the X-linked neonatal myopathy. Bryen et al. (2021) found a pathogenic deep intronic MTM1 variant that activates a pseudo-exon encoding a nonsense codon resulting in severe X-linked myotubular myopathy. Moreover, Niall P. Keegan summarized 58 DMD pseudoexons from published reports (Keegan, 2020).

In the current study, we initially found a novel dysferlin deletion in the index patient but no other potentially disease-causing variants. As dysferlin is a very large gene with a genomic size of approximately 233 kbp, it is difficult to perform traditional mutation screening (Blandin et al., 2012). Analysis is further complicated by the huge mutation spectrum of dysferlin, especially putative splicing and missense mutations. So far, more than 300 variants have been detected. Although previous study have identified single heterozygous Dysferlin mutations as pathogenic causes of Dysferlinopathies, the majority of dysferlin variants is required to be homozygous or potentially compound for functional alterations and the incidence for Dysferlinopathies (Nguyen et al., 2007).

There is a considerable difference in prognosis for the two myopathies presented in the current study, MMD and EOTD. MMD progresses slowly and generally does not affect longevity. The prognosis is worse with earlier onset. However, for neither disease, curative therapies are available (Balint et al., 2018; Kokubu et al., 2019) and traditional treatments are solely symptomatic. Recent research inferred that a drug inducing Dysferlin expression in myocytes could represent a targeted during clinical treatment for Dysferlinopathy patients (Kokubu et al., 2019), which also indicates that gene therapy could be an effective future clinical avenue for MMD patients.

In this study, we integrated genome sequencing (WES and WGS) and RNA-seq to solve a clinical puzzle. We discovered novel compound heterozygous mutation of dysferlin and the TOR1A ΔE mutation in the same family, causing two similar but distinct hereditary muscular disorders in siblings. Powerful genomic technologies are providing new insights into the genetics underlying Mendelian traits. Integrated genome and transcriptome sequencing is ideal for solving this type of clinical problems.
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Supplementary Figure 1 | (A) Hematoxylin and eosin staining showed variation in muscle fiber size and slight degeneration (Bar, 50 μm). (B) Modified Gomori trichrome staining also showed slight degeneration of muscle fibers (Bar, 50 μm). (C) Neuron specific enolase staining showed deeply stained in atrophic and degenerative muscle fibers (Bar, 50 μm). (D) Reduced form of nicotinamide-adenine dinucleotide staining showed the uneven distribution of oxidase in a few muscle fibers (Bar, 100 μm). (E) Dystrophin-C, (F) Dystrophin-N and (G) Dystrophin-R showed normal staining of the corresponding marker. (H) sarcoglycan-α, (I) sarcoglycan-β, (J) sarcoglycan-γ, (K) sarcoglycan-δ showed normal staining of the corresponding marker.

Supplementary Figure 2 | Gel electrophoresis of RT-PCR product from II1’s and health control’s peripheral blood mononuclear cells.
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