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Abstract

The precise detection and interpretation of pathogenic DYSF variants are some-
times challenging, largely due to rare deep-intronic splice-altering variants.
Here, we report on the genetic diagnosis of a male patient with dysferlinopathy.
He remained genetically unsolved after routine exonic detection approaches
that only detected a novel heterozygous frameshift variant (c.407dup,
p.Thr137Tyrfs*11) in DYSF exon 5. Via muscle-derived DYSF mRNA studies,
we identified a novel deep-intronic DYSF variant in the other allele
(c.1397 + 649C > T), which causing in-frame alterations in DYSF mRNA and
protein structure and confirmed his genetic diagnosis of dysferlinopathy. Our
study emphasizes the potential role of undetected deep-intronic splice-altering
variants in monogenic diseases.

doi: 10.1002/acn3.51716

*Chengyue Sun and Zhiying Xie contributed
equally to the study (first authors).

Introduction

Dysferlinopathy is caused by biallelic loss-of-function vari-
ants in the dysferlin (DYSF) gene, resulting in the reduced
functioning, decreased expression, or complete absence of
dysferlin protein in skeletal muscles. Dysferlinopathy is
one of the most common subtypes of autosomal recessive
limb-girdle muscular dystrophies® and covers a spectrum of
muscle diseases with high clinical heterogeneity, including
hyper creatine-kinase emia, distal myopathy with anterior
tibial onset, Miyoshi muscular dystrophy 1, and limb-girdle
muscular dystrophy type 2B (LGMD2B) which is recently
renamed as limb-girdle muscular dystrophy recessive type
2.> The broad spectrum of pathogenic DYSF variants con-
sists of both coding and noncoding variants, ranging from
single-nucleotide variants (SNVs) to large-scale copy num-
ber variants.*® Pathogenic DYSF variants, occurring
throughout the entire gene with no apparent hot spots, are
predominantly located in exons and/or flanking intronic
regions.*” Therefore, most pathogenic DYSF variants can
be detected by routine exonic detection approaches which
comprise of multiplex ligation-dependent probe amplifica-
tion (MLPA) and next-generation sequencing (NGS) of all
exons and flanking intronic sequences of DYSF. However,

approximately 17% of patients with dysferlinopathy
remained without a definite genetic diagnosis after routine
approaches, as only one mutant allele was identified in
them.”” The undetected pathogenic variants in the other
allele probably lie within deep-intronic regions of DYSF,”"
'% of which the identification requires mRNA studies and in
silico bioinformatic analyses.

In this study, a male patient with a suspected dysfer-
linopathy based on his clinical and pathologic characteris-
tics was enrolled, for whom MLPA analysis of DYSF and
a diagnostic NGS panel for neuromuscular diseases failed
to yield a definite genetic diagnosis. The patient is
heterozygous for a novel frameshift variant in DYSF exon
5 inherited from his unaffected mother. To identify the
potential splice-altering variant in DYSF that might be
missed by the NGS panel, muscle-derived DYSF mRNA
studies were performed. A novel deep-intronic DYSF vari-
ant (¢.1397 + 649C > T) inherited from his unaffected
father was identified, causing a 66-bp pseudoexon (PE)
activation and resulting in an in-frame deletion—insertion
of 23 amino acids within the C2C domain of the dysferlin
protein. The patient carrying the pathogenic compound
heterozygous variants in DYSF was eventually diagnosed
with dysferlinopathy.
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Methods and Results

Clinical, muscle MRI, and pathologic
features of the patient

This study was approved by the Ethics Committee at Pek-
ing University People’s Hospital. The patient enrolled and
analyzed in this study was a 40-year-old male patient.
The patient is the only son of the non-consanguineous
parents. He was presented to our hospital at the age of
21 years because of an incidental finding of mildly ele-
vated transaminases (alanine aminotransferase 86.4 U/L
and aspartate aminotransferase 91.7 U/L). Serum creatine
kinase was markedly elevated in every test (range: 3245-
5004 IU/L; normal: 25-170 IU/ L). He had proximal
muscle pain in the bilateral upper extremities for 2 weeks.
Currently, he has no obvious symptoms associated with
muscle weakness. Physical examination also confirmed
that he had no muscle weakness or calf hypertrophy.
Muscle biopsy and MRI was performed at his age of
40 years. However, his muscle MRI examination showed
some asymmetrical changes regarding muscle fatty infil-
tration and edema (Fig. 1A-D). Moderate fatty infiltra-
tion of the adductor longus, adductor magnus, and
semimembranosus muscles was observed in the right
thigh, while only mild fatty infiltration of the adductor
longus muscle was observed in the left thigh. In addition,

mild muscle edema of the adductor magnus muscle was
observed in the right thigh, whereas moderate muscle
edema of the vastus medialis, adductor magnus, and long
head of biceps femoris muscles was observed in the left
thigh. No obvious muscle fatty infiltration or muscle
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edema was observed in the lower leg muscles. He now
has no cardiac muscle involvement in terms of clinical
manifestations, electrocardiogram, and echocardiography.

His muscle biopsy showed a necrotizing myopathy pat-
tern, including a few blue basophilic regenerating fibers
with large nuclei and pale necrotic fibers (Fig. 1M).
Immunohistochemical staining showed positive expres-
sion of dystrophin-N, dystrophin-C, dystrophin-R, o-
sarcoglycan, B-sarcoglycan, and y-sarcoglycan, and a par-
tial reduction of dysferlin expression (Fig. IN-T). Hence,
the patient was suspected of having a dysferlinopathy
based on his clinical and pathologic features.

Routine exonic detection approaches

Based on the suspected diagnosis of dysferlinopathy in
this patient, we initiated routine exonic detection
approaches, including MLPA-based duplication/deletion
analysis of DYSF and a diagnostic NGS panel for neuro-
muscular diseases.!! However, the MLPA analysis of
DYSF did not detect any exonic copy number variants.
The NGS panel only identified a novel heterozygous fra-
meshift variant in DYSF exon 5, NM_003494.3:c.407dup,
which was inherited from his unaffected mother. There-
fore, the definite genetic diagnosis of dysferlinopathy
could not be made in the patient, as the routine
approaches did not detect any pathogenic DYSF variants
in the other allele. The genomic DYSF variants, RNA vari-
ants, and protein variants identified in the patient were
described according to the Human Genome Variation
Society nomenclature.'”> The Human Splicing Finder
(HSF) and maximum entropy (MaxEnt) algorithms were

S - -

Figure 1. Muscle magnetic resonance imaging findings and pathologic features of the patient. (A and B) Axial muscle T1-weighted images of the
patient showing moderate fatty infiltration of the adductor longus, adductor magnus, and semimembranosus muscles in the right thigh, mild fatty
infiltration of the adductor longus muscle in the left thigh, and no obvious fatty infiltration of the lower leg muscles. (C and D) Axial muscle short
T1 inversion recovery images of the patient showing mild muscle edema of the right thigh muscles, moderate muscle edema of the left thigh
muscles, and no obvious muscle edema of the lower leg muscles. (M) Hematoxylin—eosin staining showing a necrotizing myopathy pattern in the
patient. Immunohistochemical staining showing positive expression of dystrophin-N (N), dystrophin-C (O), dystrophin-R (P), a-sarcoglycan (Q), B-
sarcoglycan (R), and y-sarcoglycan (S), and a partial reduction of dysferlin expression (T). (E-L) A normal control showing positive expression of
dystrophin-N, dystrophin-C, dystrophin-R, a-sarcoglycan, B-sarcoglycan, y-sarcoglycan, and dysferlin. 20x magnification.
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used to predict alterations in splicing signals caused by
the detected genomic variants."”

Muscle-derived dysferlin mRNA studies and
genomic Sanger sequencing

To identify the potential splice-altering DYSF variant in
the other allele that might be missed by the NGS panel,
muscle-derived mRNA studies of DYSF was performed.
We isolated mRNA from the muscle biopsy sample and
amplified 12 overlapping cDNA fragments of the entire
DYSF mRNA (NM_003494.3; Table S1) using reverse
transcription-polymerase chain reaction (RT-PCR) ampli-
fication. Gel electrophoresis analysis showed that the 12
overlapping cDNA fragments were successfully amplified
in a normal control (Fig. 2A) and the patient (Fig. 2B).
Direct Sanger sequencing of the 12 ¢cDNA fragments of
the patient revealed aberrant DYSF transcripts in the first
and third cDNA fragments. The aberrant DYSF transcript
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detected in the first ¢cDNA fragment was a single-
nucleotide tandem duplication of cytosine base in exon 5
(r.407dup), which was consistent with the genomic vari-
ant (c.407dup). The frameshift transcript (r.407dup) was
assumed to be targeted for degradation by nonsense-
mediated decay, as it created a frameshift and premature
termination  codon  (NP_003485.1:p.Thr137Tyrfs*11).
However, direct Sanger sequencing of the third ¢cDNA
fragment could not distinguish the overlapping sequences
(Fig. 2C). Thus, TA cloning'* of the third cDNA fragment
was performed, which revealed a 66-bp insertion of
intron 15 sequence between DYSF exons 15 and 16
(PE15 activation; NM_003494.3:r.1397_1398ins1397 +
582_1397 + 647) and the normal splicing of DYSF exons
15 to 16 (Fig. 2D,E).

Sanger sequencing of the genomic DYSF sequence
around the PE15 identified a novel deep-intronic
SNV, NM_003494.3:c.1397 + 649C > T (NC_000002.11:
g.71763090C > T) inherited from his unaffected father
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Figure 2. Muscle-derived mRNA studies and genomic DYSF sequencing of the patient. The entire DYSF mRNA (NM_003494.3) was divided into
12 overlapping cDNA fragments for RT-PCR amplification. Gel electrophoresis analysis showed that the 12 overlapping cDNA fragments were suc-
cessfully amplified in a normal control (A) and the patient (B). The upper band in F2 might be an alternative transcript of the DYSF gene. (C)
Direct Sanger sequencing of the third cDNA fragment of the patient revealed aberrant DYSF transcripts, but could not recognize the overlapping
sequences. (D) and (E) TA cloning of the aberrant DYSF transcripts revealed a 66-bp insertion of intron 15 sequence between DYSF exons 15 and
16 (PE15 activation) and the normal splicing of DYSF exons 15 to 16. (F) Sanger sequencing of the genomic DYSF sequence around the PE15
detected a novel single-nucleotide variant, the ¢.1397 + 649C > T variant. (G) The schematic of the in-frame PE15 activation caused by the novel
€.1397 + 649C > T variant in DYSF. RT-PCR: reverse transcription-polymerase chain reaction; F: fragment; bp: base pair; PE: pseudoexon.
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(Fig. 2F). The c.1397 + 649C > T variant created a new
donor splice site (HSF score 92.66; MaxEnt score 10.29) in
intron 15 that was paired with a preexisting cryptic acceptor
splice site (HSF score 85.28; MaxEnt score 4.31), causing
the activation of PE15 (Fig. 2G). The PE15-containing tran-
script resulted in an in-frame deletion—insertion of 23
amino acids within the C2C domain of the dysferlin pro-
tein, which was compatible with the partial reduction
of dysferlin expression observed in the patient and
described as follows: NP_003485.1:Trp466delinsCysLysHi-
sLeuThrArgVallleSerSerAspHisGlnLeuThrAsplleSerSerGln-
MetArgArg. Both the c.407dup and ¢.1397 + 649C > T
variants in DYSF were classified as pathogenic variants
according to the American College of Medical Genetics
guidelines,'” as they met the criteria for very strong evi-
dence (PVSI1), moderate evidence (PM2 and PM3), and
supporting evidence (PP1). Therefore, the patient carrying
the pathogenic compound heterozygous variants in DYSF
was finally diagnosed with dysferlinopathy.

Discussion

In this study, a male patient was suspected of having a
dysferlinopathy based on his clinical and pathologic
features, droving us to perform further muscle-derived
DYSF mRNA analysis after routine exonic detection
approaches that only detected a novel heterozygous fra-
meshift variant in DYSF. We identified a novel deep-
intronic DYSF variant in the other allele which caused
in-frame alterations in DYSF mRNA and protein struc-
ture. This case is an example of how clinical and patho-
logic data can guide the genetic testing in monogenic
diseases. The asymmetric muscle involvement observed
on the patient’s MRI images are similar to the previous
studies.'®"”

The DYSF gene, spanning over 230 kb and consisting
of 55 canonical exons and numerous enormous introns,
is a large gene annotated in the human genome.' More
than 400 different pathogenic DYSF variants are reported
in the Universal Mutation Database for DYSF gene
(http://www.umd.be/DYSF/),S including SNV, small dele-
tions/insertions, and large-scale deletions/duplications.
Most pathogenic DYSF variants reside within canonical
exons and/or flanking intronic regions and can be
detected by routine exonic detection approaches. The pre-
cise detection and interpretation of pathogenic DYSF vari-
ants is sometimes challenging, as atypical pathogenic
DYSF variants including noncanonical splicing site vari-
ants* and deep-intronic splice-altering variants’ '* do
exist in the DYSF gene. The identification and interpreta-
tion of atypical pathogenic DYSF variants require DYSF
mRNA analysis and in silico bioinformatic analyses in
addition to the genomic sequencing. Therefore, after
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indefinite findings in routine approaches in a patient with
a suspected dysferlinopathy, we performed DYSF mRNA
analysis and relevant bioinformatic analyses. TA cloning
was performed as the direct RT-PCR analysis of DYSF
mRNA failed to identify the overlapping transcripts. We
successfully identified a novel deep-intronic DYSF variant
via the combination of DYSF mRNA analysis and geno-
mic Sanger sequencing, which established the genetic
diagnosis of dysferlinopathy. The frameshift transcript
(r.407dup) created a frameshift and premature termina-
tion codon in the patient, which was assumed to be tar-
geted by nonsense-mediated decay. The novel deep-
intronic DYSF variant caused an in-frame pseudoexon
activation and thus was not targeted by nonsense-
mediated decay and resulted in the partial expression of
dysferlin protein. The C2C domain of the dysferlin pro-
tein, which has distinct functions in Ca>" signaling and
muscle membrane 1repatir,18 was altered due to the in-
frame pseudoexon-containing transcript.

To the best of our knowledge, only three deep-intronic
splice-altering variants have been previously reported in
DYSF, including c.4886 + 1249G > T in intron 44,%’
c.5341-415A > G in intron 48, and c.5668-824C > T in
intron 50.” The ¢.1397 + 649C > T in intron 15 identified
in our patient is the fourth deep-intronic DYSF variant.
Different to the ¢.5668-824C > T” and c.5341-415A > G'°
variants that cause premature translation termination, the
c.1397 + 649C > T variant leading to in-frame alterations
in DYSF mRNA and protein structure is similar to the
c.4886 + 1249G > T variant which caused in-frame alter-
ations as well.>® There is currently no cure for dysferlinopa-
thy. Hence, prenatal diagnosis that requires accurate
detection of pathogenic DYSF variants is of great signifi-
cance for our patient, which can facilitate precise genetic
counseling of his family members. Muscle-derived DYSF
mRNA analysis is significant for dysferlinopathy, as it can
detect atypical pathogenic DYSF variants missed by the rou-
tine approaches. Precise detection and interpretation of
deep-intronic DYSF variants has implications for potential
genetic therapies targeting wild-type expression of dysferlin
protein.”

In conclusion, we identified two novel compound
heterozygous variants in DYSF in a male patient via vari-
ous genetic testing techniques, which confirmed his
genetic diagnosis of dysferlinopathy. The novel deep-
intronic DYSF variant identified in this study emphasizes
the potential role of undetected deep-intronic splice-
altering variants in monogenic diseases.
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