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Abstract

DTNA encodes α-dystrobrevin, a component of the macromolecular dystrophin-glycoprotein 

complex (DGC) that binds to dystrophin/utrophin and α-syntrophin. Mice lacking α-dystrobrevin 

have a muscular dystrophy phenotype, but variants in DTNA have not previously been associated 

with human skeletal muscle disease.

We present 12 individuals from four unrelated families with two different monoallelic DTNA 
variants affecting the coiled-coil domain of α-dystrobrevin. The five affected individuals from 

family A harbor a c.1585G>A; p.Glu529Lys variant, while the recurrent c.1567_1587del; 

p.Gln523_Glu529del DTNA variant was identified in the other three families (family B: four 

affected individuals, family C: one affected individual, and family D: two affected individuals).

Myalgia and exercise intolerance, with variable ages of onset, were reported in 10 of 12 affected 

individuals. Proximal lower limb weakness with onset in the first decade of life was noted in three 

individuals. Persistent elevations of serum creatine kinase (CK) levels were detected in 11 of 12 

affected individuals, one of whom had an episode of rhabdomyolysis at 20 years of age. Autism 

spectrum disorder or learning disabilities were reported in four individuals with the c.1567_1587 

deletion.

Muscle biopsies in eight affected individuals showed mixed myopathic and dystrophic findings, 

characterized by fiber size variability, internalized nuclei, and slightly increased extracellular 

connective tissue and inflammation. Immunofluorescence analysis of biopsies from five 

affected individuals showed reduced α-dystrobrevin immunoreactivity and variably reduced 

immunoreactivity of other DGC proteins: dystrophin, α, β, δ and γ-sarcoglycans, and α 
and β-dystroglycans. The DTNA deletion disrupted an interaction between α-dystrobrevin and 

syntrophin.
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Specific variants in the coiled-coil domain of DTNA cause skeletal muscle disease with variable 

penetrance. Affected individuals show a spectrum of clinical manifestations, with severity 

ranging from hyperCKemia, myalgias, and exercise intolerance to childhood-onset proximal 

muscle weakness. Our findings expand the molecular etiologies of both muscular dystrophy and 

paucisymptomatic hyperCKemia, to now include monoallelic DTNA variants as a novel cause of 

skeletal muscle disease in humans.

Keywords

α-dystrobrevin; dystrophin; hyperCKemia; muscle sarcolemmal proteins; myalgia; 
rhabdomyolysis

1. Introduction

Muscular dystrophies are associated with defects of muscle membrane stability and 

repair that lead to dystrophic changes in skeletal muscle and a combination of clinical 

symptoms including muscle weakness, rhabdomyolysis, elevations of serum creatine kinase 

(CK) levels, exercise intolerance, and/or myalgias. Some affected individuals do not have 

prominent weakness, instead presenting with more subtle constellations of symptoms [28, 

40]. In settings where genetic testing, and in particular next generation sequencing, is readily 

available, this diagnostic modality often yields a definitive, molecular diagnosis [31]. When 

genetic testing does not indicate a genetic/molecular etiology, muscle biopsy continues to be 

a useful diagnostic tool for confirming dystrophic histopathology and immunohistochemical 

findings which sometimes demonstrate a specific sarcolemmal protein defect.

Several genes linked to muscular dystrophy, including DMD, FKRP, DYSF, CAV3, SGCG, 

SGCB, and ANO5, have been associated with variable phenotypes including hyperCKemia/

rhabdomyolysis, myalgia, and exercise intolerance, which have sometimes been referred 

to as ‘pseudometabolic phenotype’s [5, 11, 27, 32-34, 40, 44]. Despite this, in many 

individuals with paucisymptomatic hyperCKemia the genetic etiology remains elusive [43]. 

It is therefore likely that new muscular dystrophy genes remain to be identified in families 

with more subtle manifestations of this disease category.

DTNA encodes α-dystrobrevin, a component of the macromolecular dystrophin-

glycoprotein complex (DGC) that binds to dystrophin/utrophin and α-syntrophin [2, 30]. 

α-dystrobrevin plays a major role in stabilization of the DGC but also in mobility and 

turnover of acetylcholine receptors [2, 14]. A secondary deficiency of α-dystrobrevin 

has been described in individuals with Duchenne muscular dystrophy and other muscular 

dystrophies [20, 29]. Absence of α-dystrobrevin is associated with muscular dystrophy in 

mice [16] and a single case report associated variants in DTNA with a dominantly inherited 

left ventricular non-compaction cardiomyopathy without skeletal muscle involvement [17].

Here we present 12 individuals from four unrelated families with dominantly inherited 

missense variants in DTNA, presenting with phenotypes ranging from hyperCKemia to a 

mild form of muscular dystrophy (Figure 1). Our findings broaden the molecular etiologies 

of both muscular dystrophy and paucisymptomatic hyperCKemia.
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2. Methods

2.1. Recruitment of individuals, clinical examinations and sample collection

Individuals with muscular dystrophy and/or paucisymptomatic hyperCKemia were 

ascertained and enrolled from neuromuscular units in Spain and the United States. Data 

were collected and analyzed in accordance with ethics guidelines of Hospital Sant Joan de 

Déu, Boston Children’s Hospital, the National Institutes of Health, and the University of 

Minnesota. Written informed consent for study participation was obtained. All individuals 

in this cohort underwent clinical examination. Blood and/or saliva samples for DNA 

analyses were collected from the 12 affected individuals, nine asymptomatic informative 

family members, and one family member with an undetermined phenotype (Figure 1). 

Symptomatic individuals were considered to be those with myalgias, exercise intolerance, 

muscle weakness, and/or hyperCKemia. Data on clinical electromyography studies, muscle 

MRIs, and muscle biopsies were collected for individuals who underwent one or more of 

these tests.

2.2. Molecular genetic analyses

DNA was extracted from peripheral blood samples of 12 affected individuals (A.II.2, A.II.4, 

A.II.7, A.III.1, A.III.2, B.I.1, B.II.4, B.III.1, B.III.3, C.II.1, D.II.3, and D.III.2), 9 of their 

unaffected relatives (A.II.1, A.II.3, A.II.5, AII.6, B.I.2, B.II.1, B.II.3, C.I.2, and D.II.4) 

and 1 relative with an undetermined phenotype (C.I.1) using standard techniques (Figure 

1). Targeted exome sequencing was performed in individual A.III.2 using the TruSight 

One Sequencing Panel (Illumina, San Diego, CA, USA) that provides coverage of 6710 

genes associated with known human diseases based on the Online Mendelian Inheritance 

in Man database (OMIM; http://www.omim.org). The protocol consisted of genomic DNA 

tagmentation with transposomes, PCR amplification, purification of libraries, hybridization 

and capture of target regions (the exons along with flanking intronic regions), followed by 

additional purification and amplification steps. Paired-end sequencing was performed on an 

Illumina NextSeq 500 System (Illumina). Targeted exome sequencing data was processed 

through an in-house pipeline. Alignment was performed using the BWA Aligner (Wellcome 

Trust Sanger Institute, Cambridge, UK) (http://bio-bwa.sourceforge.net/bwa.shtml) [25] to 

human genome build 37 (hg37). Variant calling was applied using the following four 

software tools: SAMtools v.1.5 (Wellcome Trust Sanger Institute), GATK Haplotype Caller 

package v.3.7 (Broad Institute, Cambridge, MA, USA), FreeBayes v.1.1.0 (Boston College, 

Boston, MA, USA), and VarScan v.2.4.0 (Washington University, St. Louis, MO, USA). 

Finally, annotation was performed with SnpEff v.4.3 (Wayne State University, Detroit, MI, 

USA). Whole exome sequencing (WES) was performed on genomic DNA samples from 

individuals B.I.1, B.I.2, B.II.1, B.II.3, B.II.4, B.III.1, and B.III.3 at Claritas Genomics 

(Cambridge, MA, USA) using Ampliseq Exome methodology on an Ion Proton sequencer 

(ThermoFisher Scientific, Waltham, MA, USA). Variants were called by the Torrent 

Suite Variant Caller (https://github.com/iontorrent/TS/tree/master/plugin/variantCaller) and 

annotated using ANNOVAR (University of Pennsylvania, Philadelphia, PA, USA) [47]. Trio 

WES was performed on families C (C.I.1, C.I.2, C.II.1) and D (D.II.3. D.II.4, D.III.2) at the 

Broad Institute using previously described methods [41].
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Variants were annotated using the reference sequences: NM_001390.5 (transcript) and 

Q9Y4J8 (protein). DTNA variant validation and segregation studies were completed using 

standard Sanger sequencing techniques.

2.3. In silico analyses of novel DTNA variants

In silico analyses of the genetic variants were performed using FATHMM-

MKL (https://fathmm.biocompute.org.uk/fathmmMKL.htm); Mutation taster (http://

www.mutationtaster.org); DANN (https://cbcl.ics.uci.edu/public_data/DANN); PROVEAN 

(provean.jcvi.org/seq_submit.php); and CADD (https://cadd.gs.washington.edu) [8, 23]. 

Variant classification was assigned using Varsome following ACMG-AMP guidelines 

[42]. The mutational mapper plot was based on data available from the Human Gene 

Mutation Database. α-dystrobrevin tolerance lansdscape was analysed acoording to 

MetaDome software v.1.0.1 (https://stuart.radboudumc.nl/metadome). Structural models 

of α-dystrobrevin were built via homology modeling using Protein Homology/analogY 

Recognition Engine v2.0 (Phyre2) [22] and visualized using Chimera.

2.4. Muscle biopsy, histological, immunohistochemical, immunofluorescence, and 
ultrastructural studies

Clinical muscle biopsy specimens were obtained from biceps (A.II.2, A.II.7), deltoids 

(A.III.1, A.III.2), gastrocnemius (B.II.4), or quadriceps (B.III.3, C.II.1, D.III.2) in 

eight affected individuals. Sections of snap-frozen tissue were processed using routine 

histochemical stains, including hematoxylin & eosin (H&E), modified Gomori trichrome, 

nicotinamide adenine dinucleotide (NADH), succinate dehydrogenase (SDH), cytochrome c 
oxidase (COX), periodic acid-Schiff (PAS), and Oil Red O [10].

Immunofluorescence analysis was performed on sections of the snap-frozen muscle biopsies 

of individuals A.II.2, A.II.7, A.III.1, A.III.2 and C.II.1 using the antibodies listed in 

Supplementary Table S1 (online resource), as well as monoclonal mouse anti-α-dystrobrevin 

(D-9) (1:100; sc271630; Santa Cruz, Santa Cruz, CA, USA), targeting amino acids 

301-600 that map to an internal region of α-dystrobrevin. Goat anti-mouse Alexa fluor-594 

(1:500; A21207; Invitrogen, Waltham, MA, USA) was the secondary antibody. Samples 

from individual A.III.1 and a control were stained with Alexa Fluor 488-conjugated α-

bungarotoxin (1 μg/mL; B13422; Life Technologies, Grand Island, NY, USA) to label 

acetylcholine receptors in order to observe the structure of the neuromuscular junctions. 

Superresolution imaging was performed on a Leica TCS SP8 confocal microscope using a 

63× NA 1.12 objective (Leica Microsystems, Wetzlar, Germany). Fluorescence intensity was 

quantified using ImageJ v.1.46 (National Institutes of Health, Bethesda, MD, USA).

Ultrathin sections were prepared for electron microscopy and examined with transmission 

electron microscopy (JEOL model 1100). Electron micrographs were obtained using the 

Gatan Orius CCD camera (Olympus Soft Imaging Solutions, Münster, Germany).

2.5. Western Blot analysis

For total protein extraction from skeletal muscle specimens in family A, we used RIPA 

lysis buffer (Bio Basic, ON, Canada) containing protease inhibitor cocktail (Bio Basic). The 
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sample lysates were homogenized using pellet pestles (Merck, Darmstadt, Germany), then 

centrifuged at 10,000 rpm for 5 min. The protein solutions were diluted in 2x Laemmli 

buffer prior to loading on gels. Western blots were performed following standard protocols. 

Precast gels TGX 4-15% gradient gels (Bio-Rad Laboratories, Hercules, CA, USA) were 

used, with proteins transferred onto nitrocellulose membrane (Bio-Rad Laboratories). 

Membrane blocking was performed with Odyssey Blocking Buffer (LI-COR Biosciences, 

Lincoln, NE, USA). The membranes were subsequently incubated with the primary antibody 

monoclonal rabbit anti-DTNA (1:1000; ab191395; Abcam, Cambridge, UK) that targets 

amino acids 600-743, mapping to the C-terminal protein domain, at 4°C overnight with 

gentle agitation. Anti-α-tubulin (1:1000; T6199; Sigma-Aldrich, St. Louis, MO, USA) 

was used as a housekeeping protein loading control. IRDye 680CW goat-anti-rabbit IgG 

and IRDye 800CW goat-anti-mouse IgG (1:10000; LI-COR Biosciences) were used as 

secondary antibodies. Protein bands were visualized on the Odyssey LICOR fluorescent 

system (LI-COR Biosciences) and quantified using ImageJ v.1.46 (National Institutes of 

Health).

2.6. Vector construction, GST pulldown and immunoblotting assays

We generated constructs containing human control and mutant DTNA by cloning the cDNA 

of human WT DTNA into pEBG containing an N-terminal GST tag. The mutant containing 

the 21bp c.1567_1587 deletion was generated using the Quick Change Mutagenesis Kit 

(Agilent Technologies, Santa Clara, CA, USA) with the primers designed using Agilent’s 

online primer design program. For transfection, C2C12 myoblasts were cultured in DMEM 

(Gibco, Waltham, MA, USA) supplemented with 20% FBS and 1% penicillin-streptomycin 

(Gibco). The cells were cultured to 70% confluency, then transfected with the control, 

mutant, GST only, or empty vector constructs using Lipofectamine 3000 reagent in 

Opti-MEM (Gibco) medium according to the manufacturer’s protocol (Invitrogen). At 

48 hours post-transfection, cells were harvested and lysed in RIPA buffer (25 mM Tris-

HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM 

phenylmethylsulfonyl fluoride, 50 mM NaF, 1 mM Na3VO4). Protein concentration was 

determined with the BioRad DC Protein Assay kit. For GST pull downs, the cell lysates 

were incubated with glutathione-agarose beads (ThermoFisher Scientific) overnight at 4°C 

under gentle rotation. After incubation, the beads and bound proteins were washed 4 times, 

and eluted in sample loading buffer by boiling for 10 min at 100°C. Whole cell lysates and 

GST pull downs were loaded onto 4-12% SDS-PAGE gels for immunoblotting analysis as 

described previously [4]. Primary antibodies used for immunoblotting were as follows: anti-

syntrophin (ThermoFisher Scientific), anti-GST (Cell Signaling), and anti-GAPDH (Cell 

Signaling, Danvers, MA, USA). Immunoblotting was performed in triplicate.

2.7. RNA sequencing

We performed bulk transcriptome sequencing (RNAseq) as previously described [1, 36-38] 

on muscle biopsy samples from 3 affected individuals in family A and compared the data 

to muscle RNAseq data from 33 healthy control subjects, 132 individuals with myositis 

(44 with dermatomyositis, 18 with antisynthetase syndrome, 54 with immune-mediated 

necrotizing myositis, and 16 with inclusion body myositis). Briefly, RNA was extracted 

with TRIzol (Thermo Fisher Scientific). Libraries were either prepared with the NeoPrep 
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system according to the TruSeqM Stranded mRNA Library Prep protocol (Illumina), or with 

the NEBNext Poly(A) mRNA Magnetic Isolation Module and Ultra™ II Directional RNA 

Library Prep Kit for Illumina (New England BioLabs; #E7490 and #E7760).

Reads were demultiplexed using bcl2fastq/2.20.0 and preprocessed using fastp/0.21.0. The 

abundance of each gene was generated using Salmon/1.5.2 and quality control output was 

summarized using multiqc/1.11. Counts were normalized using the Trimmed Means of 

M values (TMM) from edgeR/3.34.1 for graphical analysis. Differential expression was 

performed using limma/3.48.3.

For visualization purposes, we used the ggplot2/3.3.5 package of the R programming 

language.

2.8. Statistical analysis

Data are expressed as mean ± standard deviation (SD). The Kolmogorov-Smirnov normality 

test and Student t-test or one-way ANOVA followed by the Tukey-Kramer post hoc test were 

performed. P-values are indicated by the following symbols: *, p<0.05; **, p<0.01; ***, 

p<0.001. Statistical analyses were performed using the GraphPad Prism v.8.0.2 (GraphPad 

Inc, La Jolla, CA, USA).

2.9. Data availability

Any data not published within the article will be shared by the corresponding author, upon 

reasonable request.

3. Results

3.1. Clinical features

Most affected individuals reported myalgia and exercise intolerance (10/12), with a variable 

age of onset, ranging from early childhood to the fourth decade of life. Exercise intolerance 

was defined as a significant decrease in the ability to perform moderate age-appropriate 

physical activities. Muscle weakness was not detected in any affected members of family 

A, but mild proximal lower limb weakness (Medical Research Council (MRC) Scale for 

Muscle Strength: 4/5) was identified in three of the affected individuals of families B and C. 

Muscle cramps associated with physical activity were reported by affected individuals from 

families A and C. No cramping or myotonia was elicited by hand grip in any individual. 

Calf hypertrophy was not reported in any individual. A persistent elevation of serum CK 

was detected in 11/12 affected individuals from the four families (Table 1). Individual 

A.III.1 had an episode of rhabdomyolysis with a peak serum CK of 87,800 IU/L at 20 

years. Two affected individuals (B.III.3 and D.III.2) were diagnosed with autism spectrum 

disorder, and two additional individuals (B.I.1 and C.II.1) were reported to have milder 

neurodevelopmental issues; all four of these individuals harbor the DTNA c.1567_1587 

deletion; brain MRI scans were not performed on any of these individuals, though D.III.2 

had an electroencephalogram that was normal (Table 1). In contrast, none of the individuals 

from family A, with the DTNA c.1585G>A variant, showed cognitive impairment.
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Nerve conduction studies and electromyography performed on individuals A.II.4 at the age 

of 51 years and C.II.1 at the age of 8 years demonstrated normal conduction velocities 

and low-amplitude, short duration motor unit potentials, consistent with a myopathic 

condition without membrane irritability. There was no evidence of a neuromuscular junction 

disorder since repetitive nerve stimulation in distal muscles at 3 and 50 Hz did not 

show a decremental or incremental response, respectively. Single fiber electromyography 

was not performed. Active fasciculations in the deltoid, biceps, triceps, forearm flexors, 

vastus lateralis, vastus intermedius and hamstrings were detected on muscle ultrasound in 

individual C.II.1 at 12 years. An ischemic forearm exercise test performed in individual 

A.III.2 showed a normal trajectory of plasma lactate and ammonia levels during the 

test. Whole-body MRI of individual A.III.2 at 14 years revealed T1 signal hyperintensity 

suggestive of a mild focal fatty replacement in the gluteus maximii and tensor fascia latae, 

with no signs of oedema, while a lower extremity muscle MRI in individual C.II.1 at 12 

years showed normal muscle bulk and signal intensities of all muscles (Supplementary 

Figure S1, online resource). Cardiac evaluations with echocardiography performed in 

individuals A.II.2, A.III.1, A.III.2, and C.II.1 at 54, 23, 18, and 12 years, respectively, 

were normal. Liver transaminases of all individuals were normal, as well as an abdominal 

ultrasound performed on individual A.III.2. Liver biopsy performed in individual C.II.1 

at the age of 8 years showed rare foci of lobular inflammation and portal tracts with 

minimal ductular reaction and no evidence for glycogen storage disease, suggestive of a 

mild nonspecific reactive hepatitis.

3.2. Molecular genetic findings

WES identified the heterozygous DTNA (MIM*601239) variant [chr18:34,863,985G>A 

(GRCh38/hg38)] (NM_001390.5; c.1585G>A, p.(Glu529Lys)) in individual A.III.2, and 

a heterozygous in frame deletion in DTNA [chr18:34,863,966-34,863,986 (GRCh38/

hg38)] (NM_001390.5; c.1567_1587del, p.(Gln523_Glu529del)) in individuals B.I.1, B.II.4, 

B.III.1, B.III.3, C.I.1, C.II.1, D.II.3, and D.III.2. These variants were absent from population 

databases [21], affected highly conserved residues of the protein and were predicted to 

be pathogenic by in silico predictors: variant c.1585G>A has a CADD score of 32 and 

variant c.1567_1587del a CADD score of 22.2 (Supplementary Table S2, online resource). 

Pathogenic variants in DTNA were not identified in the WES performed in the unaffected 

individuals B.I.2, B.II.1, B.II.3, C.I.2, and D.II.4. Sanger sequencing confirmed the presence 

of the heterozygous c.1567_1587del variant in the 4 affected members of family B and its 

absence in the unaffected members of family B.

Segregation analysis performed by Sanger sequencing in the members of family A identified 

the heterozygous c.1585G>A variant in the five affected members of family A (A.II.2, 

A.II.4, A.II.7, A.III.1, A.III.2), while it was absent in the four unaffected members who were 

sequenced (A.II.1, A.II.3, A.II.5, A.II.6) (Figure 1).

No other pathogenic or likely pathogenic variants were identified in DTNA or other genes, 

except the monoallelic variant POMGNT1 (NM_001243766.1): c.187C>T, p.Arg63* that 

was found in individual A.III.2 and in her asymptomatic mother (A.II.1) but not in her 

affected brother (A.III.1) or in other relatives. No pathogenic or likely pathogenic variants in 
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SGCA, SGCB, SGCG, SGCD or any other known muscular dystrophy gene were identified 

in any of the exomes from affected individuals.

3.3. In silico and in vitro pathogenic role of novel DTNA variants

Both variants DTNA c.1585G>A; p.(Glu529Lys) and c.1567_1587del; p.

(Gln523_Glu529del) are located in the second helix of the coiled-coil domain of α-

dystrobrevin. This coiled-coil domain mediates the interaction with dystrophin, indicating 

that α-dystrobrevin acts as a structural scaffold linking the DGC to the intracellular 

cytoskeleton (Figure 2 a-b). Structural protein prediction tools suggest that the variants 

introduce subtle changes in the secondary structure of the protein (Figure 2 c-d). Based on 

data from gnomAD, DTNA is not tolerant to loss-of-function variants [21], and MetaDome 

showed that the variants were located in a region mostly intolerant to genetic variation 

[48] (Supplementary Figure S2, online resource). Figure 2 e-f shows the genomic structure 

of human DTNA and common isoforms, including notations of the locations of the two 

variants found in the four families.

3.4. Morphological findings in muscle biopsies

Muscle biopsies were performed on 8 individuals (4 individuals from family A, 2 individuals 

from family B, 1 individual from family C, and 1 individual from family D) at a mean age 

of 27 years (range: 8-48 years). The main features of muscle biopsies are shown in Figures 

3 and 4 and in Table 1 and 2. Muscle histology showed variability in fibre size, some fibres 

with internalized nuclei, and irregular intermyofibrillar pattern, with some areas devoid of 

staining for oxidative enzymes (NADH and SDH). Fibre splitting and a few regenerating 

fibres were detected. Slightly increased endomysial or perimysial connective tissue with 

fibrosis or fatty infiltration was observed. Muscle biopsy obtained from the quadriceps on 

individual B.III.3 at 8 years of age showed fiber necrosis and regenerating fibers.

Immunofluorescence analysis of the muscle samples from 4 affected individuals (3 from 

family A (DTNA c.1585G>A; p.(Glu529Lys)) and 1 from family C (DTNA c.1567-1587del; 

p.(Gln523_Glu529del)) demonstrated consistently reduced α-dystrobrevin immunoreactivity 

at the sarcolemma, as well as variably reduced immunoreactivity levels of several other 

proteins within the DGC, including dystrophin, α, β, δ and γ-sarcoglycans, and α and 

β-dystroglycans (Figure 4 and Table 2). A total absence of any of the proteins studied was 

not observed in any biopsy that was examined via immunofluorescence.Ten neuromuscular 

junctions were identified in the muscle biopsy of individual A.III.1 on immunofluorescence. 

The morphology of these neuromuscular junctions was slightly different from that of the 

neuromuscular junctions of a control specimen: the neuromuscular junctions of individual 

A.III.1 were thinner, in contrast to the large “crescent moon” appearance of a typical 

neuromuscular junction (Figure 5).

Electron microscopy performed on the biopsy from individual A.III.1 showed muscle fibres 

with variability in size and normal sarcomeric structure. In the sarcolemma, slight folds 

into the extracellular space were observed, as well as minimal redundancy of the basement 

membrane in the extracellular space, with no thickening of the basal lamina. Non-specific 
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findings included lipofuscin granules and pseudomyelinic debris that were in the normal 

range (Figure 3).

3.5. Analysis of α-dystrobrevin expression and protein-protein interactions

In contrast to the reduced immunoreactivity at the sarcolemma found on 

immunofluorescence of histological slides, no alterations in protein expression levels of 

α-dystrobrevin were detected on western blot analysis of total protein extracts from muscle 

biopsy samples from affected individuals of family A. Western blots showed decreased 

expression of α, δ, and γ-sarcoglycans in muscle representing individuals from family 

A compared to controls, whereas protein expression levels of dystrophin using antibodies 

DYS1, DYS2 and DYS3 in individuals from family A were normal (Supplementary Figure 

S3, online resource).

An interaction between full-length α-dystrobrevin and syntrophin was detected by GST 

pulldown and immunoblotting assays. This interaction was disrupted when a variant-

DTNA construct containing the c.1567_1587 deletion was expressed in C2C12 myoblasts 

(Figure 6). Proliferation, migration, and differentiation/fusion assays performed on C2C12 

myoblasts transiently transfected with wild type DTNA fused to GST and a DTNA 
construct containing the c.1567_1587 deletion, also fused to GST, showed decreased 

proliferation of cells transfected with the DTNA c.1567_1587 deletion construct compared 

to those transfected with the WT-DTNA construct, with no differences in migration and 

differentiation/ myoblast fusion patterns (Supplementary Figure S4, online resource).

3.6. Transcriptome analysis

The expression levels of the 65 known DTNA transcripts were quantified from the RNAseq 

data. Among these, only transcript ENST00000681470 displays significant overexpression 

and none of the transcripts have significantly reduced expression in the skeletal muscle 

samples analysed from 3 individuals with the DTNA c.1585G>A variant compared to 

controls (data not shown).

4. Discussion

Here we present 12 individuals from four families who harbor monoallelic DTNA variants 

in the setting of persistent hyperCKemia (n=11), myalgia (n=10), exercise intolerance 

(n=9), rhabdomyolysis (n=1), and proximal muscle weakness in the lower limbs (n=3). 

Our findings suggest that variants in the coiled-coil domain of α-dystrobrevin lead to 

a mild skeletal muscle phenotype with variable penetrance. The p.Gln523_Glu529del 

deletion is associated with a more severe clinical phenotype, involving muscle weakness, 

while the p.Glu529Lys missense variant results in a milder phenotype of hyperCKemia, 

myalgia and exercise intolerance. It is notable that the coiled-coil domain of α-dystrobrevin 

mediates the interaction with dystrophin and its utrophin homolog, and no other pathogenic 

missense variants in this domain have been previously described in humans. The central 

nervous system manifestations in a few affected individuals are intriguing. α-dystrobrevin is 

expressed in multiple brain regions in humans [45] and zebrafish [3], suggesting that DTNA 
variants may be associated with neurodevelopmental impairments. Specifically, expression 
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of DTNA rises during the late prenatal period, followed by a plateau and a potential slow 

decline after early childhood [45]. Based on these findings, Simon et al suggested that the 

elevated expression of DTNA at the earliest stages of astrogliogenesis may reflect a role of 

astrocytes in distributing secreted factors critical to developmental processes such as blood 

brain barrier maintenance and neuronal maturation [45].

Immunofluorescence of muscle biopsy specimens showed a marked reduction in α-

dystrobrevin at the membrane, as well as of other components of the DGC, suggesting 

that potential mechanisms by which the variants p.Glu529Lys and p.Gln523_Glu529del give 

rise to the dystrophic phenotype may include disrupted interactions between α-dystrobrevin 

and one or more proteins in the DGC, thereby destabilizing the complex with reduced 

immmunohistochemical localization of multiple components at their expected membrane 

based location. In contrast to the immunohistochemical deficit at the membrane, western 

blots did not show a corresponding depletion of α-dystrobrevin in total muscle lysates 

from affected individuals. While the antibodies used for the two assays were different (the 

antibody we used for immunofluorescence targets the inner region of α-dystrobrevin (amino 

acids 366-422), whereas the antibody used for the Western blot targets the c-terminal region 

of α-dystrobrevin (amino acids 600-743) (Supplementary Figure S3, online resource), the 

targeted regions do not include the amino acids affected by the variants in our cohort. A 

more plausible explanation for the discordant findings between our immunohistochemical 

and western blot studies is that some variant forms of α-dystrobrevin such as the ones in 

our cohort are not able to localize properly to the DGC, leading to a dominant negative 

effect characterized by the destabilization of other components of the DGC while the total 

amount of α-dystrobrevin protein present in muscle remains unchanged. In support of 

this hypothesis we found that the interaction between α-dystrobrevin and syntrophin was 

disrupted by a mutant-DTNA construct containing the c.1567_1587 deletion. Also consistent 

with this scenario is that α-dystrobrevin interacts directly with dystroglycans through its EF 

domain [7]. As strong mechanical dissociation techniques were not applied to solubilize the 

muscle proteins prior to our western blots, another possible explanation for the discordant 

findings is that the variants reported here could lead to the formation of soluble aggregates, 

which would be an alternative explanation for the diminished expression of α-dystrobrevin 

on immunofluorescence but not on western blot.

A different monoallelic pathogenic variant in DTNA, (NM_001390.5) c.362C>T; p.

(Pro121Leu), was previously identified in six individuals from one family with left 

ventricular noncompaction cardiomyopathy [17] and more recently a different DTNA 
variant (NM_ 001198943.1) c.681G>C; p.(Glu227Asp) was associated with atrial 

fibrillation in another family; however, there are genotype-phenotype discordances in the 

latter family that were not resolved [26]. Neither hyperCKemia nor other skeletal muscle 

symptoms were described in any of the affected individuals in these two reports. No cardiac 

involvement was detected in any of the affected individuals in our cohort, suggesting a 

lack of overlap in these two phenotypes to date. The locations of the variants associated 

with muscular dystrophy and cardiomyopathy in different domains suggest that (i) the 

location of pathogenic variants in DTNA has a significant influence on the associated 

clinical phenotype and (ii) the coiled-coil domain of α-dystrobrevin is sensitive to variants 

that alter the structure and interactions of the DGC in skeletal muscle. This interpretation is 
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supported by the high levels of conservation of the coiled-coil domain across evolutionarily 

divergent species, and the interaction between α-dystrobrevin and dystrophin at the coiled-

coil domain. The identification of additional affected individuals and natural history data 

will be crucial to developing a better understanding of the phenotypic spectrum and long-

term clinical manifestations of this form of muscular dystrophy, which is milder than the 

phenotype observed in Dtna knockout mice [14]. The absence of individuals reported to 

have biallelic pathogenic variants in DTNA suggests that a complete lack of DTNA in 

humans may be consequential enough to be incompatible with life.

In addition to being localised at the sarcolemma, α-dystrobrevin is abundant at the 

neuromuscular junction, especially at the crest of the junctional folds, with a key role 

in tethering acetylcholine receptors to the postsynaptic membrane [2]. In the affected 

individuals presented here, no typical symptoms of neuromuscular junction involvement 

were detected, including fatigability on clinical examination, ptosis or a decrement 

in compound motor action potential (CMAP) amplitude after low frequency repetitive 

stimulation, thus we did not investigate whether either of the variants reported here disrupted 

normal acetylcholine receptor tethering. However, in the muscle biopsy of one affected 

individual we identified ten neuromuscular junctions with a slightly abnormal morphology, 

as they were thinner than those of the control (Figure 3). These findings should be 

interpreted with caution due to the variable labelling of neuromuscular junctions in cryostat 

sections and the limited number of visualized neuromuscular junctions. Future studies of the 

potential effects of variant forms of α-dystrobrevin on the neuromuscular junction would be 

illuminating, and it is possible that individuals with pathogenic variants in other domains of 

DTNA will be found to have a myasthenic phenotype in the future.

α-dystrobrevin is an integral and evolutionarily conserved component of the DGC 

(Supplementary Figure S5, online resource) [35]. Studies in multiple model organisms 

including the mouse (Mus musculus), zebrafish (Danio rerio), fruit fly (Drosophila 
melanogaster) and nematode (Caenorhabditis elegans) have shown that dystrobrevin 

orthologs in these species (Dtna, dtna, Dyb and dyb-1, respectively) are expressed in 

skeletal muscles as well as in the central nervous system [3, 9]. The generation of 

Dyb-deficient animal models in these species facilitated investigations of this protein’s 

function at the post-synaptic neuromuscular junction, where it is enriched. Loss-of-function 

Dyb mutant organisms are viable; however abnormalities in motor activity, muscle 

fiber integrity, neurotransmitter release at the neuromuscular junction, and neuromuscular 

junction structure have been reported in multiple species (Supplementary Table S3, online 

resource). These studies revealed an important role for DTNA/Dyb at the neuromuscular 

junction [16, 19].

Dominant forms of muscular dystrophy remain much less common than recessive forms, 

as illustrated by the genetic distribution seen in limb-girdle muscular dystrophy (LGMD) 

[46]. This likely reflects to some extent the true epidemiologic patterns in the muscular 

dystrophy population, but as our study shows, genetic analyses of dominant families are 

often hampered by milder phenotypes than are seen in recessive families, as is the case in 

some individuals with LGMD-1D [49]. This raises the possibility of phenotyping errors that 

could confound segregation analyses of candidate pathogenic variants as well as linkage 
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analysis [24]. Thus, we believe that dominant forms of muscular dystrophy may be under-

recognized and that additional genes with dominantly inherited causative variants are likely 

to be discovered in the future.

In summary, we provide clinical, genetic, and histopathological evidence for the 

pathogenicity of particular autosomal dominant variants in a specific domain of α-

dystrobrevin, as well as a notable expansion of the phenotypic spectrum associated with 

DTNA to muscular dystrophy. Our observations suggest that the coiled-coil domain of 

α-dystrobrevin is intolerant of genetic variation in skeletal muscle. The identification of 

additional affected individuals will assist in a more comprehensive description of the 

phenotypic spectrum and long-term clinical manifestations of DTNA-associated muscular 

dystrophy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pedigrees of the four families with DTNA variants included in this study.
Arrows indicate probands, circles indicate females, squares indicate males, filled in symbols 

denote affected individuals (the gray colour indicates a milder phenotype), and a question 

mark in the box indicates that the phenotype is not known. Asterisks mark individuals from 

whom DNA samples were obtained.
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Figure 2. In silico analyses of α-dystrobrevin variants found in the four families included in our 
cohort.
(a) α-dystrobrevin domain structure (Uniprot: Q9Y4J8) and location of the variants found in 

families A, B, C, and D (in red), as well as the previously reported variant associated with 

left ventricular non-compaction (LVNC) cardiomyopathy (in black). (b) Partial schematic 

representation of the dystrophin glycoprotein complex (DGC). (c) Modeled 3D structure 

of wild-type α-dystrobrevin with coiled-coil domain indicated in salmon. Wild-type and 

affected individuals modeled residues indicated in boxes. All residues in all 3D structures 

were modelled at >90% confidence using Phyre2 software. (d) Sequence alignment of 

part of the coiled-coil domains of wild-type and mutated α-dystrobrevin and wild-type 

dystrophin. Abbreviations: EF, EF hand region; ZZ, zinc-binding domain; CC, coiled-coil. 

(e) The genomic structure of human DTNA indicating the two variants found in the four 
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families. Also shown is a schematic representation of the exons included in 9 isoforms of 

DTNA that are expressed in skeletal muscle. Exons encoding the calcium-binding EF hand 

domains are shaded in teal, exons encoding the zinc finger domains are shaded in lime 

green, and exons encoding the coiled-coil domain are shaded in salmon. (f) The selected 

DTNA isoforms (Uniprot: Q9Y4J8-1 through Q9Y4J8-8 and Q9Y4J8-13) are listed with 

National Center for Biotechnology Information (NCBI) transcript accession number, number 

of amino acids, and tissues in which the isoforms are highly expressed. B, brain; SkM, 

skeletal muscle; CM, cardiac muscle.
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Figure 3. Muscle histology findings from biopsies of individuals with pathogenic DTNA variants.
The biopsy from individual A.III.2 was taken at 17 years (a-c) and the biopsy from 

individual A.III.1 at 23 years (e-g). Variability in fibre size (range: 31-105 μm in individual 

A.III.2; range: 37-178 μm in individual A.III.1) and fibres with internalized nuclei (10.9% 

in individual A.III.2 and 26% in individual A.III.1) were observed on hematoxylin and 

eosin (H&E) and modified Gomori trichrome stainings, as well as slightly increased 

endomysial or perimysial connective tissue with fibrosis or fatty replacement (a, b, e, f). 
An irregular intermyofibrillar pattern, with small areas devoid of staining for oxidative 

enzymes, were identified with SDH (c, g). Biopsy of individual B.III.3 showed necrotic and 

regenerating muscle fibers, as well as some eosinophils (white arrow in h) (d, h). Electron 

microscopy performed in individual A.III.1 showed muscle fibres with fibre size variability 

and normal sarcomeric structure. (i-k) Slight folds into the extracellular space were observed 

in the sarcolemma, as well as minimal redundancy of the basement membrane into the 

extracellular space, with no thickening of the basal lamina (long thin red open arrow in i). 
Note that the orientation of the lower fiber is not optimal. Non-specific lipofuscin granules 

(white arrow in i) and pseudomyelinic debris (white arrow in k) were observed. Scale bars 

are indicated in the panels.
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Figure 4. Immunofluorescence showed significantly reduced signal intensity in several 
sarcolemmal proteins in individuals from families A and C, who carry the DTNA c.1585G>A; 
p.Glu529Lys and c.1567_1587del21; p.Gln523_Glu529del7 variants.
Representative images of α-dystrobrevin and different dystrophin-glycoprotein complex 

proteins in healthy controls and affected individuals (family A: A.III.2, A.III.1, A.II.7; 

family C: C.II.1) and quantification of fluorescence intensity signal (mean ± SD; n = 

3; statistical analyses were performed using Student’s t-test (family C) and one-way 

ANOVA followed by the Tukey-Kramer post hoc test (family A). *, p<0.05; **, 

p<0.01; ***, p<0.001. In addition to reduced α-dystrobrevin immunoreactivity at the 

sarcolemma, variable reductions in immunoreactivity levels of other proteins in the 

dystrophin-glycoprotein complex were identified, including dystrophin, α, β, δ and γ-

sarcoglycans and α and β-dystroglycans. β-DG, β-dystroglycan; DYS1, dystrophin antibody 
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1 (rod domain); DYS2, dystrophin antibody 2 (C-terminal domain); DYS3, dystrophin 

antibody 3 (N-terminal domain); α-DG, α-dystroglycan; α-SG, α-sarcoglycan; β-SG, β-

sarcoglycan; δ-SG, δ-sarcoglycan; γ-SG, γ-sarcoglycan; α-DTNA, α-dystrobrevin. Scale 

bars, 100 μm; a.u., arbitrary units.
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Figure 5. Neuromuscular junction imaging.
Immunofluorescence stains for α-dystrobrevin were merged with images of fluorescently-

labeled α-bungarotoxin staining acetylcholine receptors to show that the neuromuscular 

junctions in individual A.III.1 were thinner compared to control neuromuscular junctions 

(arrows). Scale bars: 50 μm.
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Figure 6. Immunoprecipitation and GST pulldown assays.
(a) Lysates were prepared from C2C12 cells that were transiently transfected with WT-

DTNA (WT) fused to GST, variant-DTNA (Del) fused to GST, and empty vector containing 

GST as a negative control (EV). We also included a non-transfected cell control (NT). Input 

and GST pull downs were analyzed by immunoblotting with anti-syntrophin, anti-GST, 

and anti-GAPDH antibodies (the asterisk indicates the GAPDH band). The anti-syntrophin 

immunoblot of the GST pull down shows decreased syntrophin for the deletion construct 

versus WT-DTNA, while the anti-GST immunoblot shows no discernable difference in α-

dystrobrevin levels. In contrast, anti-syntrophin immunoblot of the whole cell lysate reveals 

no discernable differences in syntrophin levels. Anti-GAPDH was used as a loading control. 

(b) Quantification of syntrophin in GST pulldowns normalized to GST-α-dystrobrevin.
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