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Abstract

Background

Pediatric cardiomyopathies are a clinically and genetically heterogeneous group of heart 

muscle disorders associated with high morbidity and mortality. Although knowledge of the 

genetic basis of pediatric cardiomyopathy has improved considerably, the underlying cause 

remains elusive in a substantial proportion of cases.

Methods

Exome sequencing was used to screen for the causative genetic defect in a pair of siblings 

with rapidly progressive dilated cardiomyopathy and death in early infancy. Protein expres-

sion was assessed in patient samples, followed by an in vitro tail-anchored protein insertion 

assay and functional analyses in zebrafish.

Results

We identified compound heterozygous variants in the highly conserved ASNA1 gene, which 

encodes an ATPase required for post-translational membrane insertion of tail-anchored 

proteins. The c.913C>T variant on the paternal allele is predicted to result in a premature 

stop codon p.(Gln305*), and likely explains the decreased protein expression observed in 

myocardial tissue and skin fibroblasts. The second variant, c.867C>G p.(Cys289Trp), leads to 

protein misfolding as well as less effective tail-anchored protein insertion. Loss of asna1 in 

zebrafish resulted in reduced cardiac contractility and early lethality. In contrast to wild-type 

mRNA, injection of either mutant mRNA failed to rescue this phenotype.

Conclusions

Biallelic variants in ASNA1 cause severe pediatric cardiomyopathy and early death. Our find-

ings point toward a critical role of the tail-anchored membrane protein insertion pathway in 

vertebrate cardiac function and disease.
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Introduction

Dilated cardiomyopathy (DCM) is defined by otherwise unexplained ventricular dilatation and 

impaired systolic function, that can result in progressive heart failure, arrhythmias and prema-

ture death [1]. To date, disease-causing variants in over 30 genes have been reported in DCM; 

the majority encoding structural proteins of cardiomyocytes such as titin (TTN), lamin A/C 

(LMNA) and myosin heavy chain 7 (MYH7) [2]. The same genes that are involved in adult-onset 

DCM also contribute to pediatric DCM, although the exact frequencies are unclear [3, 4]. De 

novo variants or a combination of multiple inherited variants may explain early-onset and/or 

severe disease presentation [3, 5]. Pediatric DCM can also be part of numerous syndromes, 

and neuromuscular or metabolic disorders. However, the underlying cause remains unknown 

in approximately 50% of cases [6, 7].

Here, we used family-based exome sequencing and subsequent functional validation to 

identify compound heterozygous variants in ASNA1 in two siblings with early infantile-onset, 

rapidly progressive DCM. ASNA1, also known as TRC40 or GET3, is a ubiquitously expressed 

cytosolic chaperone that mediates insertion of tail-anchored (TA) proteins into the endo-

plasmic reticulum (ER) membrane [8]. TA proteins are membrane proteins characterized by 

a single hydrophobic transmembrane domain near the C-terminus which serves as both a 

targeting signal and a membrane anchor [9]. TA proteins constitute approximately 5% of in-

tegral membrane proteins and are involved in a variety of cellular processes, such as protein 

translocation, vesicle trafficking, and apoptosis [10]. Previous animal studies have implicated 

ASNA1-mediated membrane insertion of TA proteins in early embryonic development [11-

16]. This study offers the first evidence for its role in human disease, and provides new insight 

into the molecular mechanisms in DCM.

Methods

Study participants

Affected individuals were recruited from the three clinical genetic centers in the Netherlands. 

All samples were collected after obtaining informed consent in compliance with clinical re-

search protocols approved by the local institutional review boards.

Clinical evaluation

The diagnosis of DCM was made based on current practice guidelines [1, 17] Biochemical 

analysis in both affected siblings included quantitative analysis of lactate, amino acids, organic 

acids, carnitine and acylcarnitines, oligosaccharides, and isoelectric focusing of transferrin 
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and apolipoprotein C-III. Family members who participated in this study underwent cardiac 

screening with electrocardiogram and echocardiography.

Exome sequencing

Genomic DNA was extracted from peripheral blood samples using standard protocols, and 

fragmented by sonication. Exons were captured using the SureSelect Human All Exon V4 

(Agilent Technologies). Sequencing was performed on a Hiseq 2000 system (Illumina) for 101 

base pair paired-end runs. Reads were mapped to the human reference genome GRCh37/

hg19 using the Burrows-Wheeler Aligner (BWA) [18]. Variants were called using the Genome 

Analysis Toolkit (GATK) [19], and filtered using Cartagenia Bench Lab software. We selected 

for rare variants (minor allele frequency <0.1% in public variant databases), focusing only on 

exonic and splice site variants. Apparent de novo, homozygous and compound heterozygous 

variants were considered for further analysis.

Sanger sequencing

Bidirectional Sanger sequencing of the entire coding region and exon-intron boundaries 

of the candidate genes was performed using PCR primers designed by Primer3 software 

(Supplemental Table 1). PCR products were purified and subsequently sequenced using the 

BigDye Terminator v3.1 kit on an ABI 3730xl DNA Analyzer (Life Technologies). Sequence data 

was analyzed using SeqScape v2.5 software. For annotation of DNA and protein changes, the 

mutation nomenclature recommendations from the Human Genome Variation Society were 

followed. To describe variants at the cDNA level, the A of the translation initiation codon of the 

reference sequence was designated as position +1.

Histology and immunostaining

Paraffin-embedded, hematoxylin and eosin (H&E) stained myocardial tissue from both 

affected siblings was examined using standard techniques. For immunohistochemistry, 

sections were deparaffinized and rehydrated before antibody retrieval. Primary antibodies 

included: full-length rabbit polyclonal anti-TRC40 (non-commercial, dilution 1:400) [8], mouse 

monoclonal anti-N-cadherin (Agilent Technologies #M3616, dilution 1:200), and mouse 

monoclonal anti-desmin (Ventana Medical Systems #760-2513, prediluted). The slides 

were counterstained with hematoxylin II for 8 minutes and bluing reagent for 8 minutes 

according to the manufacturer’s instructions (Ventana Medical Systems). Immunostained 

preparations were analyzed by light microscopy. Glutaraldehyde-fixed myocardial tissue 

was prepared for electron microscopy. Immunolabeling was performed on cryosections as 

described previously [20]. Primary antibodies included: mouse monoclonal anti-N-cadherin 

(Sigma-Aldrich #C3865, 1:800) and mouse monoclonal anti-emerin (Novocastra Laboratories 

#NCL-EMERIN). Secondary labeling was performed with appropriate Texas Red (N-cadherin) 

or fluorescein isothiocyanate–conjugated antibodies (emerin). After immunolabeling, sections 
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were analysed with a Nikon Eclipse 80i epifluorescence microscope, and images were taken 

using a DS-2BWc digital sight camera and NIS-Elements BR 3.0 software (Nikon Instruments).

Western blotting

Cultured skin fibroblasts from one patient (individual II:2) and three control individuals were 

lysed in 100 µL TNE buffer [50 mM Tris-HCl (pH 7.6), 100 mM NaCl, 50 mM NaF, 1% (v/v) Triton 

X-100] and cOmplete Protease Inhibitor Cocktail tablets (Roche Applied Science). Lysates 

were centrifuged for 10 minutes at 10,000 rpm to remove small cell debris. Equal amounts 

(20 µg or 40 µg) of protein were separated on a 4-15% precast polyacrylamide gel (Bio-Rad 

Laboratories). Rabbit polyclonal antibodies against the full-length (non-commercial; dilution 

1:2000) and N-terminus (non-commercial; dilution 1:2000) of human ASNA1 were used for 

detection [8]. Results were normalized to the GAPDH loading control.

In vitro synthesis of mRNA

Total RNA was extracted from human skin fibroblasts using the RNeasy Mini Kit (QIAGEN), and 

converted into cDNA using the iScript Reverse Transcription Supermix (Bio-Rad Laboratories, 

#1708840). Products were ligated into the pCMV6-entry vector with C-terminal Myc-DDK tag, 

and subsequently transformed into XL10-Gold ultracompetent cells (Stratagene). All con-

structs were verified by DNA sequencing. Expression of recombinant proteins was checked 

after transfection into human embryonic kidney (HEK) 293 cells using previously described 

rabbit polyclonal antibodies raised against the full-length and N-terminal peptide of human 

ASNA1 [8]. Linearized constructs were used as a template for in vitro synthesis of capped 

mRNA using the mMESSAGE mMACHINE T7 Transcription Kit (Thermo Fisher Scientific).

Purification of recombinant ASNA1

The construct for wild-type zebrafish ASNA1 (TRC40) expression in E. coli has been described 

previously [21]. It contains an N-terminal 6xHis tag and tobacco etch virus (TEV) protease 

cleavage site, followed by the full-length ASNA1 open reading frame. The Val163Ala variant 

was introduced into this construct by site-directed mutagenesis and verified by sequencing. 

Expression and purification from E. coli used minor modifications of previously published 

methods (see Detailed Methods, Supplemental Information) [21, 22].

Analysis of ASNA1 protein function in vitro

Thermal stability of the purified wild-type and Val163Ala mutant ASNA1 protein was analyzed 

using the Prometheus NT.48 system (NanoTemper Technologies). Purified protein at 0.8 mg/

mL was monitored for intrinsic tryptophan fluorescence during a temperature ramp from 

20°C to 95°C. A change in the ratio of emission at 330 nm and 350 nm was used to measure 

unfolding. The ability of ASNA1 protein to capture TA protein was assayed exactly as described 

previously (see Detailed Methods, Supplemental Information) [21].
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Phenotypic analysis of mutant zebrafish

Zebrafish asna1 (ENSDARG00000018190) was targeted by Cas9/gRNA complex injection as 

described previously [23]. Further specifications are provided in the Supplemental Informa-

tion, Supplemental Table 2 and Supplemental Figure 1. Zebrafish were anesthetized with 

tricaine methanesulfonate (MS-222) and imaged using a Leica M165 FC stereo microscope 

connected to a Leica DFC550 digital camera. Zebrafish were positioned horizontally in 5% 

methylcellulose to obtain a lateral view of the ventricle. Heart rate (beats/minute) was calcu-

lated by three independent counts of the number of beats in 15 second intervals. Fractional 

shortening (%) was derived from linear measurements of the ventricle at end-diastole and 

end-systole [24]. Blood flow rate was determined by visual inspection and classified as “nor-

mal”, “decreased” or “absent”. For microscopic analysis, zebrafish larvae (n=4 for each group) 

were anesthetized, fixed in Karnovsky fixative (PBS containing 2% paraformaldehyde and 3% 

glutaraldehyde), and embedded in Epon. Semithin sections (1 µm) were stained with toluidine 

blue and studied under a light microscope. Ultrathin sections (70 nm) were stained with 5% 

uranyl acetate and 2.5% lead citrate, and photographically recorded using a JEOL 1200-EX II 

transmission electron microscope.

Bioinformatics

In order to find proteins that might be affected by defective ASNA1-mediated membrane 

insertion, we obtained a list of all human single-pass membrane proteins from UniProt 

[25]. We first removed all proteins that contain an N-terminal signal sequence, and from 

the remainder, selected for proteins that contain a transmembrane domain within the last 

50 residues from the C-terminus. The final list contained 286 predicted human TA proteins 

(Supplemental Table 3). We investigated the potential association between the correspond-

ing genes and cardiomyopathy using the Online Mendelian Inheritance in Man database 

(https://www.omim.org).

Statistical analysis

Statistical analyses were performed using Microsoft Excel or GraphPad Prism software. 

Continuous variables were expressed as means ± standard deviation, and compared using 

the Student’s t-test. Categorical variables were expressed as counts and percentages, and 

compared using the Fisher’s exact test. An asterisk (*) indicates p-values lower than 0.05.

Results

Clinical presentation

The proband (Figure 1A: II:2) was the second child of non-consanguineous Caucasian par-

ents, born at term after an uneventful pregnancy. At age 2 weeks, she presented with severe 
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tachypnea and feeding difficulties. No dysmorphic features were observed. Echocardiography 

revealed a small muscular ventricular septal defect (VSD), an ostium secundum atrial septal 

defect, and impaired left ventricular (LV) contractility (LV ejection fraction 41%) (Figure 2A 

and 2B, Supplemental Figure 2A). ECG recordings showed sinus rhythm with broad QRS 

complexes (Supplemental Figure 3A). After rapid clinical deterioration with brief circulatory 

arrest, she was transferred to a tertiary referral hospital for extracorporeal membrane oxy-

genation. LV function remained poor without any signs of improvement. In addition, a large 

LV thrombus developed refractory to medical therapy (Supplemental Video 1). The patient 

died at age 7 weeks.

Her younger sister (II:3) was born at term after an uneventful pregnancy with normal second-

trimester advanced ultrasound examination. Because of the family history, echocardiography 

was performed at the first day postpartum showing a small midmuscular VSD but otherwise 

normal size and function of the heart (Figure 2C, Supplemental Figure 2B). She was re-

examined after a week because of tachypnea. Echocardiographic findings were essentially un-

changed (Supplemental Video 2). However, only three days later (age 12 days), she presented 

Figure 1. (A) Pedigree of the family. Squares and circles indicate males and females, respectively. The arrowhead 
indicates the proband. Upper right symbols indicate dilated cardiomyopathy, lower right symbols indicate ven-
tricular septal defect, and lower left symbol indicates atrial septal defect. Genetic status is displayed below the 
symbols: wt, wild-type. (B) Schematic overview of the ASNA1 gene (top) and corresponding protein (bottom). Boxes 
represent exons; connecting lines represent intervening introns. ^ indicates active site involved in catalysis, + 
indicates ATP binding sites, and * indicates zinc binding sites. Rare variants identified in our family are displayed 
at the bottom of the diagram. (C) Ortholog alignment of ASNA1 (derived from Ensembl reference sequences), 
showing high degree of protein conservation across vertebrates. Positions of disease-causing variants discovered 
in our family are indicated in bold.
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with cardiorespiratory failure necessitating resuscitation. Echocardiography now showed 

dilatation of the heart chambers with poor contractility (Figure 2D and Supplemental Video 

3). ECG recordings in the resuscitation setting were severely abnormal (Supplemental Figure 

3B). The resuscitation attempt was terminated after 20 minutes.

In both siblings, extensive biochemical, hematological, viral and metabolic testing was unre-

markable except for slightly abnormal serum transferrin and apolipoprotein C-III isoelectric 

focusing profiles, indicative of a combined defect in N-linked and O-linked glycosylation. 

Cardiac screening in both parents (aged 36 and 37 years) and the elder brother (aged 34 

months) revealed no abnormalities.

Exome sequencing

Targeted next-generation sequencing (NGS) of 48 genes implicated in cardiomyopathy re-

vealed no potentially deleterious variants [26]. Exome sequencing in the affected proband (II:2) 

and her healthy parents identified three novel heterozygous variants in ASNA1 (NM_004317.2): 

two variants c.867C>G p.(Cys289Trp) and c.913C>T p.(Gln305*) in cis configuration on the 

paternal allele, and a missense variant c.488T>C p.(Val163Ala) on the maternal allele (Figure 

1A and 1B). No other potentially deleterious variants were detected. We confirmed that the 

affected sister (II:3) carried all three ASNA1 variants. The unaffected brother (II:1) had inherited 

only the maternally derived ASNA1 variant (Figure 1A). All variants were absent from public 

A

RV

RV
RV

RA

Ao

Ao

LV

LV LV

LV

LA

LA LA

B

DC

Figure 2. Cardiac ultrasound examination. Patient II:2 (A) Parasternal long-axis view during extracorporeal mem-
brane oxygenation showing mild dilatation of the left ventricle; (B) intracardiac thrombus formation. Patient II:3 
(C) Four-chamber view at first day postpartum showing a midmuscular ventricular septal defect. (D) Parasternal 
long-axis view during cardiopulmonary resuscitation showing dilatation of the heart chambers. Ao indicates aorta; 
LA, left atrium; LV, left ventricle; RA, right atrium; and RV, right atrium.
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databases, including the nearly 140,000 alleles in gnomAD v2.0.2. The high pLI score (0.92) 

indicates that ASNA1 is extremely intolerant to loss-of-function variants. Both missense vari-

ants were predicted to be deleterious (CADD>20 and M-CAP>0.025). The c.913C>T variant 

introduces a premature stop codon, likely resulting in the loss of the last 42 amino acids. In 

silico analysis did not predict an effect on splicing using the nearby splice site. Indeed, RT-PCR 

analysis showed no alternatively spliced transcripts (data not shown).

Cohort screening

In order to find additional cases, we sequenced 70 children with idiopathic cardiomyopathy 

for ASNA1 variants using either Sanger sequencing or filtering of exome sequencing data. 

No biallelic variants were found. In one patient, presenting with severe DCM requiring heart 

transplantation at age 16 years, we identified one paternally inherited, heterozygous missense 

variant c.547G>A p.(Val183Met) in ASNA1. Genome-wide microarray analysis excluded a large 

deletion of the second allele. However, in addition, a de novo disease-causing variant c.473T>C 

p.(Leu158Pro) was found in LMNA (NM_17070.2), generally associated with adult-onset DCM. 

Although the ASNA1 variant is rare and assigned to the top 1% most deleterious substitutions 

possible in the human genome (CADD score 23.1), it is predicted to be tolerated by SIFT and 

PolyPhen-2, and classified as likely benign by M-CAP. Nevertheless, given the relatively early 

onset and severe disease presentation, it cannot be excluded that this ASNA1 variant acted 

as a modifier of the LMNA-related cardiomyopathy. A second search aiming to identify further 

patients was performed in Centogene’s internal database, which contains NGS data from a 

heterogeneous cohort of 19,144 index patients with suspected genetic diseases and a total 

of 33,762 samples (as per July 2018). However, no additional patients were identified with rare 

biallelic variants in ASNA1.

Histopathologic examination

In both siblings, postmortem examination revealed an increased heart weight to body size 

and severe dilatation of the left ventricle (Figure 3A). Microscopic examination of the myo-

cardium showed prominent subendothelial fibrosis. In age-matched controls, ASNA1 was 

predominantly localized to the cytoplasm and intercalated discs. Expression of ASNA1 was 

reduced in both patients compared to controls (Figure 3B). As demonstrated by N-cadherin 

labeling (Figure 3B) and electron microscopy (Figure 3C), in both patients, intercalated 

discs were irregular in appearance and intercellular space was increased. Desmin staining 

confirmed myofibrillar disorganization (Figure 3B). We examined the subcellular localization 

of the TA protein emerin in myocardium using immunofluorescence staining. Emerin cor-

rectly localized to the nuclear membrane. However, nuclei had an irregular shape (Figure 3D). 

Microscopic examination of other visceral organs did not reveal any obvious abnormalities 

(data not shown).
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Biochemical analysis of ASNA1 protein

As expected from the reduced ASNA1 expression by immunohistochemistry (Figure 3B), 

Western blot experiments confirmed that ASNA1 was decreased in fibroblasts of patient 

II:2 (Figure 4A), suggesting that mutant ASNA1 protein in this patient is unstable. This is to 

be expected for the (Cys289Trp;Gln305*) double mutant. The Cys289 variant is part of an 

essential zinc binding site; residues downstream of Gln305 would be essential for structural 

integrity of ASNA1 [22]. The other mutated residue, Val163, is universally conserved from 

yeast Get3 to human ASNA1 and forms part of the hydrophobic domain [22], suggesting that 

substitution of this residue might also lead to reduced stability and/or function of the protein. 

To explore this possibility, we investigated the consequences of the Val163Ala variant in vitro 

using recombinant zebrafish ASNA1 protein.

Although Val163Ala mutant ASNA1 was expressed equally well as wild-type ASNA1 in E. coli, 

the mutant was mostly insoluble indicating its inefficient folding (Supplemental Figure 

4A). The folded population of mutant ASNA1 was purified (Supplemental Figure 4B) and 

shown to display comparable thermal stability as wild-type ASNA1 (Figure 4B). Recombinant 

mutant ASNA1 was also comparably efficient as wild-type ASNA1 in capturing a TA protein 
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Figure 3. Histopathological features of the myocardium. (A) Macroscopic images showing an enlarged heart with 
dilated left ventricle in patient II:3. (B) Representative images of histological and immunohistochemical studies 
of myocardial tissue showing markedly reduced expression of ASNA1 at the cytoplasm and intercalated discs in 
both patients compared with an age-matched control. N-cadherin staining showing irregular appearance of the 
intercalated discs. Desmin staining showing myofibrillar disorganization. Scale bar: 20µm. (C) Electron microscope 
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matched control. (D) Representative images of immunofluorescence double staining of emerin (nuclear mem-
brane, green fluorescence) and N-cadherin (intercalated disc, red fluorescence) in myocardial tissue of patient 
and control. Note irregular nuclear shape in the patient.
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substrate (Figure 4C) using a previously established in vitro assay [21]. However, TA protein 

in complex with mutant ASNA1 was very poorly inserted into ER microsomes compared to 

TA protein in complex with wild-type ASNA1 (Figure 4D). Thus, the Val163Ala variant has two 

consequences. First, it reduces the production of folded ASNA1 due to aggregation. Second, 

properly folded mutant ASNA1, while competent for TA protein interaction, is inefficient in 

facilitating TA protein insertion into the ER membrane.
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II:2 compared to healthy controls, and normalized against GAPDH as measured by Western blot analysis. Relative 
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was monitored by the appearance of a glycosylated form of the TA protein (indicated by “+ glyc”). Insertion is less 
efficient for the reactions containing mutant ASNA1.
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Zebrafish mutants

The zebrafish ortholog asna1 shares 82% nucleotide identity with the human sequence. To 

confirm the role of ASNA1 variants in cardiac disease, we generated asna1-deficient mutant 

zebrafish by CRISPR/Cas9-mediated genome editing. Incrossed heterozygous asna1 mutants 

(asna1∆7/+) resulted in Mendelian ratios of progeny. On gross examination, asna1∆7/∆7 embryos 

had impaired swim bladder inflation and smaller body size compared to their wild-type and 

heterozygous clutchmates (Figure 5A). From 5 dpf, asna1∆7/∆7 mutants displayed abnormal 

cardiac contractions and decreased blood flow velocity in the dorsal aorta and cardinal vein 

(Supplemental Video 4 and 5). Fractional shortening was significantly reduced in asna1∆7/∆7 

mutants compared to wild-type and heterozygous clutchmates (p<0.05). Mean heart rate 

was not significantly different between all groups, even after cessation of blood flow (Figure 

5B), pointing towards a primary defect in cardiac contractility and not the electrical system. 

Compatible with the findings in our family, heterozygous mutants (asna1∆7/+) did not show any 

overt phenotype. In contrast, none of the homozygous mutants (asna1∆7/∆7) survived past 8 

dpf.

On microscopic examination, hearts of asna1∆7/∆7 zebrafish were irregular in shape and had 

thinner walls compared to wild-type and heterozygous clutchmates. In addition, electron mi-

croscopic examination revealed less organized Z-lines (plate-like structures that anchor actin 

filaments) and irregular intercalated discs in asna1∆7/∆7 zebrafish (Figure 5C and Supplemen-

tal Figure 4). Injection of wild-type human ASNA1 mRNA into asna1∆7/∆7 zebrafish embryos 

significantly rescued the phenotype at each time point examined (p<0.0005) (Figure 5D). This 

rescue effect seems to disappear over time, likely due to mRNA degradation. In contrast to 

rescue observed with wild-type ASNA1 mRNA, injection of either the paternal or maternal 

mutant ASNA1 mRNA failed to rescue the disease phenotype (Figure 5D), supporting their 

pathogenicity.

Key candidate proteins

Inspection of the list of predicted human TA proteins (Supplemental Table 3) revealed 

seven proteins of interest that have been associated with cardiomyopathy in humans: 

myotonin-protein kinase (DMPK; Q09013), dysferlin (DYSF; O75923), emerin (EMD; P50402), 

junctophilin-2 (JPH2; Q9BR39), cardiac phospholamban (PPLA; P26678), nesprin-1 (SYNE1; 

Q8NF91) and nesprin-2 (SYNE2; Q8WXH0).
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Figure 5. Knockout of asna1 causes cardiac failure in zebrafish larvae. (A) Lateral view of wild-type and homo-
zygous asna1 mutant (asna1∆7/∆7) larvae at 6 dpf. Overall, asna1∆7/∆7 mutants did not show an overt embryonic 
phenotype besides smaller body size and lack of swim bladder inflation. (B) Quantification of cardiac function 
in zebrafish larvae. Mean heart rate (beats per minute) did not differ between the groups, even in the absence 
of blood flow. Fractional shortening was significantly reduced in asna1∆7/∆7 mutants compared to wild-type and 
heterozygous clutchmates (p<0.05).  (C) Microscopic imaging of zebrafish hearts. Coronary sections (left) show-
ing abnormal shaped ventricle with thinner wall in asna1∆7/∆7 mutant. Electron microscopy images (right) showing 
myofibrillar disorganization and abnormal intercalated disc ultrastructure in asna1∆7/∆7 mutant. (D) From 5 dpf, 
asna1∆7/∆7 mutants showed reduced to absent red blood cell flow rate. At 9 dpf, all asna1∆7/∆7 mutants had died. 
Injection of wild-type human ASNA1 mRNA significantly ameliorated the phenotype (p<0.005 at all time points), 
whereas injection of either mutant (Val163Ala or Cys289Trp;Gln305*) mRNA had no significant effect.
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Discussion

Our results show that biallelic loss-of-function variants in ASNA1 cause cardiac septal defects 

and a rapidly progressive cardiomyopathy resulting in acute heart failure and death in early 

infancy. We report that asna1 deficiency in zebrafish also causes cardiac defects and early 

lethality, which implies that, in vertebrates, the TA protein insertion pathway is specifically 

critical to development and function of the heart. ASNA1 binds to the transmembrane seg-

ment of newly synthesized TA proteins and delivers them to the WRB/CAML receptor complex 

for insertion into the ER membrane [27]. Together, this complex is essential for efficient and 

proper targeting of a wide range of TA proteins [28]. Thus far, the corresponding genes ASNA1 

(MIM 601913), WRB (MIM 602915) and CAMLG (MIM 601118) have not been associated with 

disease in humans.

Both affected siblings displayed an extraordinary clinical course of DCM, with a sudden, un-

predictable onset of heart failure. We postulate that external stressors (e.g. blood withdrawal 

or infection) or protein aggregation exceeding a critical threshold trigger a cascade of events 

that result in manifestation of disease. Given the ubiquitous expression of ASNA1 and the 

fundamental cellular processes TA proteins are involved in, one might expect that biallelic 

loss-of-function variants in ASNA1 would have more pleiotropic effects. Indeed, zebrafish 

mutant for Asna1 or for the Asna1 receptor Wrb have visual function defects and reduced 

touch response (Supplemental Table 4) [29, 30]. In addition, both mouse and zebrafish Wrb 

mutants have hearing defects due to mislocalization of the TA protein otoferlin, indicating the 

ASNA1-mediated TA protein insertion is critical in hearing [30, 31]. Moreover, in the nematode 

Caenorhabditis elegans, reduced asna1 activity causes exocytosis defects leading to defective 

insulin secretion, which was confirmed in pancreatic mouse Asna1 knockouts [15, 16]. While 

no extra-cardiac abnormalities were found in the siblings it is possible that other abnormali-

ties have gone unnoticed, did not yet develop at this early age, or are masked by the low but 

detectable functionality of the Val163Ala mutant protein.

The prevalence of ASNA1-related cardiomyopathy is probably low, given the negative results 

upon cohort screening (n=70) and the low rate of protein-altering variants in population 

datasets. Considering the rapidly fatal disease course, additional patients may be found in 

cases of sudden unexpected infant death, or, assuming that severe impairment of ASNA1 is 

incompatible with life [11], families with recurrent miscarriage or fetal death.

The nucleotide and amino acid sequences of ASNA1 are highly conserved across vertebrate 

species (Figure 1C). The mouse Asna1 gene and corresponding protein share 90% nucleotide 

identity and 100% amino acid identity with its human counterparts. Homozygous Asna1 

knockout mice, though apparently normal at the blastocyst (E3.5) stage, displayed early em-
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bryonic lethality [11]. Heterozygous Asna1 knockout mice, on the other hand, were viable and 

showed no apparent abnormalities. These findings underscore that Asna1 plays a crucial role 

in embryonic development, and that one functional copy of the gene is sufficient for normal 

development.

We explored the role of asna1 in cardiac development in the zebrafish. Unlike mice, zebrafish 

embryos are not dependent upon a functional cardiovascular system for sufficient supply of 

oxygen but rely on passive diffusion [32]. Embryos with severe cardiovascular defects can 

therefore be studied past the initial stages of embryonic development. Here, we used CRISPR/

Cas9-mediated genome editing to generate a loss-of-function model for ASNA1 in zebrafish. 

This strategy resulted in an early cardiac phenotype. CRISPR-mediated asna1∆7/∆7 knockouts 

displayed decreased blood flow in the dorsal aorta, impaired cardiac contractility, and prema-

ture lethality, recapitulating the heart failure phenotype observed in our patients.

Previous studies in vertebrate models of the WRB-CAMLG receptor complex also point toward 

a role in cardiac development and disease (Supplemental Table 4). Morpholino knockdown 

of wrb in clawed frogs (Xenopus tropicalis) and medaka fish (Oryzias latipalis) induced cardiac 

looping defects and abnormal chamber differentiation [12, 14]. Of note, microscopic analysis 

in wrb-deficient frogs revealed large intercellular gaps between cardiomyocytes, reminiscent 

of the intercalated disc abnormalities observed in our family. These findings suggests that 

genes encoding other components of the TA protein insertion pathway may be good candi-

date genes for cardiovascular disease as well.

The exact mechanism by which ASNA1 variants result in cardiomyopathy remains to be deter-

mined. Several TA proteins have been linked to cardiomyopathy (including dysferlin, emerin, 

junctophilin-2, phospholamban, nesprin-1 and nesprin-2), and failure to correctly localize one 

or more of these proteins, due to defective ASNA1-mediated membrane insertion, may be 

responsible for the cardiac phenotype observed in both patients and zebrafish. Intriguingly, 

variants in the emerin gene (EMD), which cause a progressive skeletal muscle weakness and 

cardiomyopathy known as X-linked Emery-Dreifuss muscular dystrophy (MIM 310300), result 

in mislocalization of the protein due to impaired ASNA1-mediated nuclear targeting [33]. 

Though emerin staining showed apparently normal localization of the protein in our patients, 

it did reveal the characteristic abnormal nuclear morphology previously described in Emery-

Dreifuss muscular dystrophy [34] Taken together, we hypothesize that defective ASNA1-

mediated targeting affects several cardiomyopathy-related TA proteins, which together may 

explain the early onset and severity of disease in our patients.

A distinct subset of TA proteins are involved in vesicular trafficking between the ER and 

Golgi and the secretory machinery, including several SNAP-receptors (SNAREs) and vesicle-
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associated membrane proteins (VAMPs) essential for intracellular membrane fusion (Supple-

mental Table 3). Glycosylation of proteins and lipids, a complex process which starts in the 

ER and continues in the Golgi, highly depends on intracellular vesicular trafficking. Therefore, 

we postulate that the abnormal isoelectric focusing profiles of transferrin and apoliprotein C 

III in both our patients results from defective membrane targeting of TA proteins involved in 

vesicular trafficking and exocytosis.

TA proteins do not solely rely on ASNA1 for insertion into the ER membrane. A subset of 

TA proteins with moderately hydrophobic transmembrane domains can integrate in the ER 

membrane via an alternative route dependent on the highly conserved ER membrane protein 

complex (EMC) [35]. Although other routes have been demonstrated in vitro [36, 37], their 

functional contribution to TA protein insertion in mammalian cells remains unclear at present. 

These alternative routes might not be effective or sufficient for all TA proteins, in particular 

strongly hydrophobic TA proteins (such as the vesicle-associated membrane protein 2), or in 

all cell types, suggesting why certain proteins or tissues might be more severely affected by 

defective ASNA1-mediated targeting.

Taken together, our study shows that biallelic variants in ASNA1, encoding a cytosolic targeting 

factor for TA proteins, cause severe pediatric DCM with early onset and rapid progression. 

We hypothesize that this phenotype is caused by mislocalized TA proteins, either by toxic 

aggregation or reduced levels of functional protein. Our findings point toward a critical role of 

the TA protein insertion pathway in vertebrate heart function and disease.
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Supplemental Information

Detailed Methods

Purification of recombinant ASNA1

The Rosetta BL21(DE3) pLysS strain of E. coli (Novagen) was transformed with the plasmid 

for wild-type or mutant ASNA1, and a single colony was used to grow an overnight starter 

culture. This was expanded to either 1 L or 6 L (for the wild-type and mutant cultures, 

respectively), and when the absorbance at 600 nm was between 0.4 to 0.6, isopropyl β-D-

1-thiogalactopyranoside (IPTG) was added to 1 mM. After 3 hours at 37°C, the cells were 

collected by centrifugation at 4°C, washed once in ice cold PBS supplemented with 250 mM 

NaCl, and re-collected by centrifugation. The washed cells were resuspended in 35 mL of ice 

cold lysis buffer [PBS with 250 mM NaCl, 5 mM 2-mercaptoethanol, and 1X cOmplete EDTA-

free Protease Inhibitor Cocktail mix (Roche)]. After lysis by sonication, the insoluble material 

was sedimented by centrifugation at 18,000 rpm for 30 minutes at 4°C. The soluble extract 

was adjusted to 20 mM imidazole, then passed over a 3 mL column of Ni-NTA resin, washed 

three times in 10 mL of lysis buffer supplemented with 20 mM imidazole, and eluted with lysis 

buffer supplemented with 250 mM imidazole. The peak fractions (identified by absorbance 

at 280 nm) were pooled, mixed with TEV protease (at a protein ratio of 1:100), and dialyzed 

overnight against dialysis buffer (150 mM KAc, 50 mM HEPES, pH 7.4, 2 mM MgCl2, 10% 

glycerol, 7 mM 2-mercaptoethanol). Insoluble material was removed by centrifugation, and 

the dialyzed sample was passed over a 3 mL column of Ni-NTA to remove the cleaved tag and 

TEV protease. The flow-through was collected and concentrated to ~4 mg/mL by centrifugal 

concentrators (Amicon). The protein was snap-frozen in liquid nitrogen and stored in aliquots 

at -80°C.

Analysis of ASNA1 protein function in vitro
35S-labeled TA protein containing the transmembrane domain of VAMP2 (referred to simply 

as VAMP2 hereinafter) was assembled with the upstream chaperone SGTA. The TA protein 

contained a photo-crosslinking residue within the transmembrane domain to monitor its 

interactions. The SGTA-VAMP2 complex was then mixed with the bridging cBAG6 complex 

and either wild-type or mutant ASNA1. After incubating at 32°C for 90 seconds, the reac-

tion was transferred to ice and irradiated with UV to induce crosslinking for 10 minutes. The 

samples were analyzed by SDS-PAGE and autoradiography to determine whether VAMP2 

was successfully transferred from SGTA to ASNA1. To test the functionality of ASNA1 for TA 

protein insertion, a complex between ASNA1 and VAMP2 was assembled as before [1], and 

incubated with ER microsomes for between 0 to 15 minutes at 32°C. The samples were then 

analyzed by SDS-PAGE and autoradiography. Insertion of the TA protein was monitored by 

its glycosylation at a site located near the C-terminus. The ER microsomes used for this assay 

were derived from HEK293 cells and were prepared as described before [2].
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Zebrafish care and maintenance

Zebrafish (Danio rerio) were raised and maintained under standard conditions at 28°C [3]. All 

zebrafish experiments were performed in compliance with Dutch animal welfare legislation. 

Study protocols were approved by the institutional review board for experimental animals.

CRISPR/Cas9 targeting of zebrafish asna1

The online program CRISPRscan (www.crisprscan.org) was used to used to design a single-

stranded guide RNA (gRNA) targeting exon 5 in asna1 (5’-CCAAACTGGAGGAGACGCTGC-3’), 

approximately in between the variants identified in the parents. The gRNAs were obtained by 

in vitro transcription of synthetic oligonucleotides containing a minimal T7 RNA polymerase 

promoter using the mMESSAGE mMACHINE T7 Ultra Kit (Thermo Fisher Scientific). SP-Cas9 

plasmid was a gift from Niels Geijssen (Addgene plasmid #62731) [4]. A mix of 100 pg of 

either gRNA and 650 pg Cas9 protein was injected into single-cell stage zebrafish embryos. 

Injected embryos were raised to adulthood (F0) and analyzed for genomic modifications at 

the target site by Sanger sequencing and the online tool Tracking Indel by DEcompensition 

(TIDE) [5]. In two individual F0 founder fish, ~30% of the mapped reads contained indels at the 

target site in exon 5 (Supplemental Figure 1). We screened their offspring (F1) for germline 

transmission using PCR followed by restriction enzyme digestion (Supplemental Table 2), 

and identified three fish (25%) that carried a heterozygous 7 base pair deletion (∆7). These fish 

were used for further breeding to create a stable mutant line. For rescue experiments, 300 pg 

wild-type or mutant human ASNA1 mRNA (see above) was injected in the yolk at the single-cell 

stage. Expression of MYC-tagged human ASNA1 was confirmed by Western blot analysis with 

an anti-MYC primary antibody.
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Supplemental Table 1. List of primer sequences used for Sanger sequencing

Target Direction Primer sequence (5’ - 3’) Amplicon size

ASNA1 exon 1 F tcctaaaaggcaagtaatgagga 367

R gtggaaaagccggtccttg

ASNA1 exon 2 F ctgctccagggaacctacc 389

R tggttcccttgtgagtatgttg

ASNA1 exon 3 F ccccttgtttttgacccttt 470

R AAGTTCATGCCCTTCACCAG

ASNA1 exon 4 F ATCGATGAGGCCATGAGCTA 375

R tgggaaggaaagggaattgt

ASNA1 exon 5 F ccactgggaggtatcaggag 599

R caggaggctagagggcagag

ASNA1 exon 6 F TCAAGGACCCTgtgagtgg 400

R caggaggctagagggcagag

ASNA1 exon 7 F cactctgtctctgccttcctg 299

R GGCTCCCCCTGTATTATGG

F, forward; R, reverse.

Supplemental Table 2. List of oligonucleotide sequences used in zebrafish studies

Target Direction Primer sequence (5’ - 3’) Amplicon size

asna1 exon 5 F TAAAGCCCATTCCTGAGTGC 404

R TTGAAGTGGATGGATGATGG

F, forward; R, reverse. The PCR product was subjected to restriction enzyme digestion by Bsrl. As a result of the 7 
bp deletion induced by CRISPR/Cas9, one Bsrl enzyme restriction site will be lost and the mutant allele will only be 
cut once. Subsequent gel electrophoresis will reveal three bands in wild-type (199, 131 and 74 bp), four bands in 
asna1∆7/+ (266, 199, 131 and 74 bp), and two bands in asna1∆7/∆7 (266 and 131 bp) zebrafish.
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Supplemental Figure 1. CRISPR/Cas9-induced asna1 deletion in zebrafish. (A) Schematic representation of guide 
RNA target site (asna1 exon 5). Protospacer is highlighted in blue; PAM in red. Bsrl recognition site used for geno-
typing is underlined. (B) Sequence and position of induced 7 bp deletion (∆7) predicted to result in a frameshift 
and premature stop codon. (C) Chromatogram of PCR-amplified DNA from F1 fish showing wild-type and mutant 
sequence (reverse complement). The arrow indicates the position of the deletion.

Supplemental Figure 2. M-mode imaging in both patients. M-mode image of the heart in parasternal long axis 
view in (top) patient II:2 and (B) patient II:3 showing severly reduced left ventricular contractility.
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Supplemental Figure 3. Electrocardiography recordings of both patients. (A) ECG of patient II:2 during hospital 
admission showing sinus rhythm at a rate of 130/min with extremely broad QRS complexes of 220 ms and normal 
QRS axis of 60 degrees. (B) ECG of patient II:3 during cardiopulmonary resuscitation (no prior ECG available).

Biallelic variants in ASNA1 cause rapidly progressive pediatric cardiomyopathy 35



Supplemental Figure 4. Recombinant expression and purification of ASNA1 from E. coli. (A) Expression tests of E. 
coli transformed with plasmids encoding either wild-type ASNA1 or the Val163Ala mutant. In each case, equal num-
bers of cells harvested before or after induction with 1 mM IPTG (for 3 hours at 37°C) were analyzed by SDS-PAGE 
and staining with Coomassie Blue. Two individual isolates of wild-type and four of mutant ASNA1 all show compa-
rable expression levels of recombinant ASNA1 (indicated by the arrow). (B) The cells from a larger scale induction of 
wild-type and mutant ASNA1 (as in panel A) were collected, lysed by sonication, and subjected to chromatography 
using Ni-NTA columns. The total cells, soluble lysate, flow through, and elution fractions are shown. Note that a 
substantially higher proportion of wild-type ASNA1 is produced as a soluble protein, and recovered by chromatog-
raphy. This is a consistent effect observed in more than six independent trials. (C) Increasing amounts of purified 
wild-type or mutant ASNA1 (ranging from 100 ng to 1 µg protein) were analyzed by SDS-PAGE and Coomassie stain-
ing to document concentration and purity. (D) A model TA protein containing the transmembrane domain from 
VAMP2 was translated in a purified E. coli-based translation system [16]. This system contains only recombinant 
translation factors and ribosomes, with no additional proteins. In addition, it contains 35S-methionine to label the 
newly synthesized TA protein, and the photo-crosslinking amino acid benzyl-phenylalanine (BPA) and components 
for its incorporation at amber codons. A single amber codon in the transmembrane domain of the TA protein is 
used to incorporate this photo-crosslinking amino acid. The translation was supplemented with either wild-type or 
mutant ASNA1, which forms a complex with the newly made TA protein. The successful formation of the TA-ASNA1 
complex was verified by UV irradiation to induce a covalent crosslink between these two proteins (indicated by “x 
ASNA1”). These recombinant TA-ASNA1 complexes were used for the insertion assay shown in Figure 4D.
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