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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 ASNAT 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.(GIn305%), 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 asnaT 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 ASNAT 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 ASNAT in two siblings with early infantile-onset,
rapidly progressive DCM. ASNAT, 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
ASNAT-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-lll. 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 (lllumina) 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 3730xI DNA Analyzer (Life Technologies). Sequence data
was analyzed using SegScape 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 technigues. 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 Il 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 I:2) and three control individuals were
lysed in 100 pL 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 pg or 40 pg) 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 mMRNA

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
ASNAT [8]. Linearized constructs were used as a template for in vitro synthesis of capped
mMRNA using the mMMESSAGE mMACHINE T7 Transcription Kit (Thermo Fisher Scientific).

Purification of recombinant ASNA1

The construct for wild-type zebrafish ASNAT (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 ASNAT open reading frame. The Val163Ala variant
was introduced into this construct by site-directed mutagenesis and verified by sequencing.
Expression and purification from £. 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 ASNAT 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 asnal (ENSDARG0O0000018190) 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 um) 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 I
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: I1:2) 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.
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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 ASNAT 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 ASNAT (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.

Her younger sister (I1:3) 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
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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.

Figure 2. Cardiac ultrasound examination. Patient I:2 (A) Parasternal long-axis view during extracorporeal mem-
brane oxygenation showing mild dilatation of the left ventricle; (B) intracardiac thrombus formation. Patient I1:3
(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.

In both siblings, extensive biochemical, hematological, viral and metabolic testing was unre-
markable except for slightly abnormal serum transferrin and apolipoprotein C-lll 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 (I1:2)
and her healthy parents identified three novel heterozygous variants in ASNAT (NM_004317.2):
two variants c.867C>G p.(Cys289Trp) and c.913C>T p.(GIn305%) 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 (I1:3) carried all three ASNAT variants. The unaffected brother (I1:1) had inherited
only the maternally derived ASNAT variant (Figure 1A). All variants were absent from public
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databases, including the nearly 140,000 alleles in gnomAD v2.0.2. The high pLlI score (0.92)
indicates that ASNAT 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 ¢.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 ASNAT 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 ¢.547G>A p.(Val183Met) in ASNAT. 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 ASNAT 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 ASNAT 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 ASNAT.

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

N-cadherin

Control Patient 11:3

Figure 3. Histopathological features of the myocardium. (A)
dilated left ventricle in patient I1:3. (B) Representative images of histological and immunohistochemical studies
of myocardial tissue showing markedly reduced expression of ASNAT 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: 20um. (C) Electron microscope
images of cardiac intercalated discs, showing increased intercellular space in the patient compared to an age-
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.

Biochemical analysis of ASNA1 protein

As expected from the reduced ASNAT expression by immunohistochemistry (Figure 3B),
Western blot experiments confirmed that ASNA1T was decreased in fibroblasts of patient
I1:2 (Figure 4A), suggesting that mutant ASNA1 protein in this patient is unstable. This is to
be expected for the (Cys289Trp;GIn305%) double mutant. The Cys289 variant is part of an
essential zinc binding site; residues downstream of GIn305 would be essential for structural
integrity of ASNAT [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 ASNAT was expressed equally well as wild-type ASNAT in E. coli,
the mutant was mostly insoluble indicating its inefficient folding (Supplemental Figure
4A). The folded population of mutant ASNAT was purified (Supplemental Figure 4B) and
shown to display comparable thermal stability as wild-type ASNAT (Figure 4B). Recombinant
mutant ASNA1 was also comparably efficient as wild-type ASNAT in capturing a TA protein
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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 ASNAT due to aggregation. Second,
properly folded mutant ASNAT, while competent for TA protein interaction, is inefficient in
facilitating TA protein insertion into the ER membrane.
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Figure 4. Biochemical analyses of ASNAT1. (A) Expression levels of ASNAT protein in skin fibroblasts from patient
11:2 compared to healthy controls, and normalized against GAPDH as measured by Western blot analysis. Relative
expression is expressed as mean + standard deviation (SD) from 1-3 different experiments. Error bars represent
SD. FL, full-length; NT, N-terminus. (B) Thermal unfolding curves of purified recombinant wild-type and Val163Ala
mutant ASNA1. The ratio of tryptophan fluorescence emission at 350 nm to 330 nm was measured during a
temperature ramp. The ratio was normalized using the highest and lowest values and scaled to 1.0 and 0, respec-
tively. This ratio is sensitive to the environment around the tryptophan, and therefore changes during protein
unfolding. Both wild-type and mutant ASNAT unfold at the same temperature (between 45°C and 50°C), indicating
that they are comparably stable. (C) Radiolabeled TA protein assembled on the chaperone SGTA was mixed with
wild-type or mutant ASNA1 together with the cBAG6 complex (which bridges SGTA and ASNAT1), incubated for 90
seconds, and subjected to UV-induced crosslinking. In the reaction lacking ASNAT, the TA protein crosslinks to
SGTA (x SGTA) in a UV-dependent manner. Transfer from SGTA to ASNAT (as evidenced by crosslinking to ASNA1
after incubation) is observed for wild-type and Val163Ala mutant ASNAT. (D) Radiolabeled TA protein in complex
with either wild-type or Val163Ala mutant ASNA1 (Supplemental Figure 4D) was incubated with ER microsomes
for the indicated times. “Input” indicates an aliquot of the starting complex analysed for comparison. ER insertion
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 asnal shares 82% nucleotide identity with the human sequence. To
confirm the role of ASNAT variants in cardiac disease, we generated asna-deficient mutant

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

7A7/+) 7A7/A7

(asna resulted in Mendelian ratios of progeny. On gross examination, asna embryos
had impaired swim bladder inflation and smaller body size compared to their wild-type and
heterozygous clutchmates (Figure 5A). From 5 dpf, asna7*”*" 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*”*’
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*’*) did not show any
overt phenotype. In contrast, none of the homozygous mutants (asna1*”*’) survived past 8
dpf.

On microscopic examination, hearts of asna1*/*’

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 asna 7"’ zebrafish (Figure 5C and Supplemen-
tal Figure 4). Injection of wild-type human ASNAT mRNA into asna1**” 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 ASNAT mRNA, injection of either the paternal or maternal
mutant ASNAT 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; 075923), emerin (EMD; P50402),
junctophilin-2 (JPH2; Q9BR39), cardiac phospholamban (PPLA; P26678), nesprin-1 (SYNET;
Q8NF91) and nesprin-2 (SYNE2; Q8WXHO).
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Figure 5. Knockout of asna? causes cardiac failure in zebrafish larvae. (A) Lateral view of wild-type and homo-
zygous asnal mutant (asna ") larvae at 6 dpf. Overall, asna7*”*" 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*”*" 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 asna7*”*” mutant. Electron microscopy images (right) showing
myofibrillar disorganization and abnormal intercalated disc ultrastructure in asna1*”*" mutant. (D) From 5 dpf,
asna1*"* mutants showed reduced to absent red blood cell flow rate. At 9 dpf, all asna7*”%” mutants had died.
Injection of wild-type human ASNAT mRNA significantly ameliorated the phenotype (p<0.005 at all time points),
whereas injection of either mutant (Val163Ala or Cys289Trp;GIN305*) mRNA had no significant effect.
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Discussion

Our results show that biallelic loss-of-function variants in ASNAT cause cardiac septal defects
and a rapidly progressive cardiomyopathy resulting in acute heart failure and death in early
infancy. We report that asna? 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. ASNAT 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 ASNAT
(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 ASNAT and the
fundamental cellular processes TA proteins are involved in, one might expect that biallelic
loss-of-function variants in ASNAT would have more pleiotropic effects. Indeed, zebrafish
mutant for Asnal or for the Asnal 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
ASNAT-mediated TA protein insertion is critical in hearing [30, 31]. Moreover, in the nematode
Caenorhabditis elegans, reduced asnal activity causes exocytosis defects leading to defective
insulin secretion, which was confirmed in pancreatic mouse Asnal 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 ASNAT-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 AsnaT gene and corresponding protein share 90% nucleotide
identity and 100% amino acid identity with its human counterparts. Homozygous Asnal
knockout mice, though apparently normal at the blastocyst (E3.5) stage, displayed early em-
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bryonic lethality [11]. Heterozygous Asna 1 knockout mice, on the other hand, were viable and
showed no apparent abnormalities. These findings underscore that Asna7 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 asnaT 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 ASNAT in zebrafish.
This strategy resulted in an early cardiac phenotype. CRISPR-mediated asna?**” 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 ASNAT 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 ASNAT-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 ASNAT-
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
lIl'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 ASNAT-mediated targeting.

Taken together, our study shows that biallelic variants in ASNAT, 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 £. 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 3-D-
1-thiogalactopyranoside (IPTG) was added to T 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 ASNAT protein function in vitro

*S-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 ASNAT. 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 ASNAT. To test the functionality of ASNAT for TA
protein insertion, a complex between ASNAT 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 asna

The online program CRISPRscan (www.crisprscan.org) was used to used to design a single-
stranded guide RNA (gRNA) targeting exon 5 in asnal (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 mMMESSAGE 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 (FO) 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 FO 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 (A7). These fish
were used for further breeding to create a stable mutant line. For rescue experiments, 300 pg
wild-type or mutant human ASNAT mRNA (see above) was injected in the yolk at the single-cell
stage. Expression of MYC-tagged human ASNAT 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

Biallelic variants in ASNA1 cause rapidly progressive pediatric cardiomyopathy

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

ASNAT exon 1 F tcctaaaaggcaagtaatgagga 367
R gtggaaaagccggtecttg

ASNAT exon 2 F ctgctccagggaacctacc 389
R tggttcccttgtgagtatgttg

ASNAT exon 3 F ccccttgtttttgacecttt 470
R AAGTTCATGCCCTTCACCAG

ASNAT exon 4 F ATCGATGAGGCCATGAGCTA 375
R tgggaaggaaagggaattgt

ASNAT exon 5 F ccactgggaggtatcaggag 599
R caggaggctagagggcagag

ASNAT exon 6 F TCAAGGACCCTgtgagtgg 400
R caggaggctagagggcagag

ASNAT exon 7 F cactctgtctctgecttectg 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
asnal 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

asna 1 (266,199, 131 and 74 bp), and two bands in asna1*"*’ (266 and 131 bp) zebrafish.

Erasmus University Rotterdam

21



Erasmus Medical Center Rotterdam

22

TAAIVOAVAAIYYHOMMIONA | (HUNGNS 7L 8SEINPaIoPIX0 3uouInbign-HAYN) (Z 18-1D) (ZL8-1 xo|dwoD) € 1ungns x3|dwodgns e13q | [suouinbign] eseusSoipAysp HAVN 9/9€v0
INAAHIMAGATAHLAAGIS | (MuNgns £ 1g 85e12npaJopixo suouinbign-HAwN) (£ L8-12) (£ Lg-1 x2[dwoD) 9 3ungns xe|dwodgns e1eq | [suouinbign] sseus8opAysp HAVN 6£1560
TILdADIVITIdDTOWTIT L7141007D ule104d paziisieleypun 78NN6O
HAAQITHLYD TIAVIA (€ ase|quields pidijoydsoyd yuspuadap-(+z)eD) (€ asejquieds 1d) € asejquesds pidijoydsoud 9AUNED
DTMYALIAYIAMY TIAAIA uydeluds 60510
MAAIFOWTIDNODIMIFOAA pidij02104d [eLpUOYIOIW QY 8'9 8/£95d
TIMOVALNDLTAMINA (x-g Jo1e|n8au sisoydody) (1-1-¢24) | ueiod i-z-pg L1800
SATHAVOIADATIVATIAD (puens ausoddo 7dg3D) (1 YNY asuasiue 7dg3d) SOZdg3D UIg10id ELLNSY
44A44d471SS 149449 1vY ute304d uompunl paoydue-aueIqusi TTMED
IATISADOSNIVAIAAA IOV IA (4£4) 4€ ungns Aiorengau | asereydsoyd ui104d SASZ90
AVMIALIADYYAY TIAATHS (u13104d BuIpuIg- L-UIxeIuAs) (ue10.d paiejel-uljydeiuAs paziesol-i809) uingeiuAs SEXNEOD
NVTHTIdTLLAHAGd LA TATMI (g pauois) z-uluois 63XM8D
DNMNMILISYLIADYASILAL (7-1-2Pg) (7 uter0ad 31|-z-28) Xvg J01e|n3au sisordody 718L00
AAdSTddTAVTIODANASAAT DEDDDm 64 95e10NPaJ0PIX0 mCOCSU_QD‘IO/\ZV Amm;uv Amm_‘_ waEOUV €ungns xm_QEOuQDm mrﬁ_m | ﬁwr_oc_jgﬂa mmmcwwoLU\ALmU HAYN 191560
NSO NIDTALLLATIT VOOZIAVH Ule101d 6dD180
TIAGFYYI THIDASITVVATM (61-2P9) (6 UIe101d 31|-Z-128) (OgU) UIS104d J3||bf UBLIBAC P3Ie|a)-Z-Pg EXINNGD
DINSFFFTAGHSOTAITATHIANT (u1g304d | 3UBS 3S0Y YNYODIW dARING) Ul230.d 3UBS 1S0Y /| VNYODIW dARRINg 93INGLO
VIAIALADHSIMADATISIVHD Z urzio4d sueiquisw [eSeiul |lews 9IMAEED
(aseuadoupAysp [0UNS1/|011S) (8 JaquIaLL D AjlLUr) 3SEIDNPaI
AMANIVAATHLINASNGTATT /35eURB0IPAYSP UIRUD 1I0YS) (7-HA0Y) (¥ @seusdolpAyep [ouna. uspuadap-(+)yN [BWOSODIN) (-'L°L DF) 91 aseuasolpAysp jounsy 75v5L0
TAIDWIASLSHOINTIOSA (v-OVIN) (v 2dA1 358PIXO SUILBOUO) (7€ %' L D3) V [SUIUIRIUOD-UIARY] 3SBPIXO SUIWY L6€12d
AHANIASDTADOALTININS 1S4 #1X0D u1104d A|quiasse 3sepixo d aWolyd0IA) 9€1960
AVYAYOVVAIDLDIDAVADTAVSY ure101d sweyy Sujpeas uado weansdn HyseNTS 109407
OO 1D THSIADAVYIAIIALSI (LISYH) (1 Jossauddns axi-SvyH) (L'L°€ D3) (-L°'€'Z D) LD-Y 2wiAzue Suizijogeisw-pidijoydsoyd 0daH6D
DDDITVIMOIVLIDLSDT | u1210.d BUIUIEIUOD-UIBWIOP SUBIqUIBWSURL) pUE UDLI-auIIsh) [DLHE0
(3ungns
IADOINDNDATAHAMH TININ 2SB1NP3I0PIX0 suouinbign-HAYN) (TINIAFID) (TINW-I X3|dwo)) | 3ungns xa|dwodgns e3sq | [auouinbign] aseusgolpAysp HAVN 8EYS/0
0344451dSSSINYSYINAATHI (L urer04d ANAIOE Z-494 YIIM PRIRPOSSE U9D) |-Y4yD UIRioid paziisideleydun aAeInd 95d960
V4HHTMS19DT1d43N g1 | ue10.4d suelqusw [eSa3ul [[ewS 0AD180D
MSLYAYdVYSAYYYIOOTOIAN GLLHO1D ursloud paziiseleypun IXLHED
191STL19STOOATLIM (967/6¢ uter04d sueIqusWSURI) §9S LINYH/YIS LIAVA UISI04d 990N8D
AANOYTANDAANDTLHD | ur@30.d [eLIPUOYD0}W BURIqUIBLISUR] LOYS L LXD03
aouanbas gL saweu ui10.4d Anu3z

sui@0.4d paJoypue-|iey uewny paidipaJd Jo IS '€ d|qe] [eauawajddns

ty Rotterdam

1versi

Erasmus Un



23

diatric cardiomyopathy

ive pe

ts in ASNA1 cause rapidly progress

ic varian

Biallel

ANIVSATAVATLYADTIFATIL uoi3a4 D uleyd z-e1eq J01dedel ||9d-L 69SVY0VY
ASASASHIAADVIANLIDSI [eLpUOYONW 4 HUNGNS 3SEYIUAS 1Y 7€19G9d
(95719 HUNQNS 85e19NP3JoPIX0 auoulnbign
ATAADVH4YLIATIONHTD -HAVN) (L-DTH) (U12104d | 3U80DUO U9dURD Bun| UBWNH) (4511 E-1D) (45718 ¥9|dwoD) 7D Hungns | [suouinbign] aseusdoipAysp HAvN 86¢560
ATAADYHHYLIATIONHTD (ursr04d 1didsuen y3noayipes ¥ L dLOM-zD4NAN) ¢ WIojos! ‘zD 1ungns | [suouinbign] eseusSopAysp HAVN €50d63
LASATIDLDAISYIDTAVSYIA (eseJaysuenfoe-O jounal--aulopApreydsoyd) (SE L L€'z D3) aseJsjsuenifoe [ounal uiyipal LETS60
(z u0.d
JATATVISOALY TADNINYOLTL pa1eAIDESURII-4 ADH) (SBNSSIY 9 nsul Ul uR104d pajenosse-salageld) § ulloid ymous apasnwi [eIajays Suunp paiendai-dn SX1960
AMOTHANTASY TIAIASS 01l ui30Jd BueIqWBW [eIZRul [[ewS LOH960
AMOTHANTIASY TIAGALS L u1s30.d -0 u1S10.d suelquIsW |el3alul ||lews EMINAOd
4DTAIATDIHOMYIVS (Sojowoy IuNgNs ey £ auelquiswl J2IN0 JO 3Se0|suel]) 8ojowoy ZNOL HUNgns Joidadal podull [elupuoydoin 1N0d60
(Bojowoy YO UILI0d) (NDLIN) (Urer0.d
YIDSLOFTIVOVYNOAYIONALID oW 9xxx9 Sunsduel [eUpUoyROIN) (UIYdPAD) (G2 L 17 uleiold anssp siwApipid3) (| Joleinpow SOY) | Joleinpow sapads usBAxo saesy 20909d
THONMIMTIDANIHIVTISI (u12304d 6| 2Ua8 pajenosse-ewouled [paguiieydosen) 054109) uRlold paziisdeldeydun aaeINd /8AHB0
(1-2 dWO04Y2034D) (IUNGNS |2 dW04YD0IAD X3]dWwod 9se1INPaI 2-aW0Jyd0Ad-jouinbign)
I LAATAATIVINIAINTIN (7 3ungns xajdwod 13-g aWwoJy01AD) (Al NUNGNS || xa|dwod) (¥ Hungns |i| xa|dwoD) [elpuOYd0W ‘UiR10id 3wy ‘1 3W0IY201A) 7£580d
4SMSIDTAJAD I TNLIDDAD (8-D7H) (u1304d g suUaZ0dUO JadURD Sun| UewnH) (uidloJd ¢ aua8 SuPNpul-uonReJISIW [[3D) 08440/ 1D UISloid paziisdeleydun 5lsaed
JANAAITHOVOHINVIIN | (Lvdl) (u1e30ud €t 9USS Suniqiyui-ymos |2D) (7 asejquiesds pidijoydsoyd Juspuadap-(+7)ed) (17 osejquiesds Td) # ase|quiesds pidijoydsoyd ZOUN6D
STININDAIHISAN TV (91 urei0.d duRIGUIBW [RIS23UI [[PWS) ZIBOODNIT AQ papodus uisioid suelquiswsuel) saneind SIDNOY
(uungns
TOAITIDADNASTIOTFHMIA | FIMIN 3SEINPSIOPIXO BUOUINDIGN-HAYN) (JIMIA-D) (33IM- xB|dwoD) | 3ungns xajdwodgns eydje | [auouinbign] aseusdoipAysp HAYN 67510
(LYY LWA)
HHNHAHDYOINAYIIN (asejquuesds pidijoydsoyd 21£004yaki3) (1 asejquiesds pidijoydsoyd Juspuadap-(+z)ed) (1 asejquiesds 1d) | asejquiesds pidijoydsoyd 791510
J9LSHAIDTOADLOMAY (1 uri0.d waishs Buiziues.o suelquILI JaUUI [LPUOYDONIA) O LDIIN HUNGNS x2|dwod SODIN 079150
SAMANVALSLTANINYGSI [epuoy03W ‘Sojowoy 0oL 13d UIiold £0faod
L4TLTTNG LINLAMA (8 WuUNQNs ased1v-4) (19v) g u1310.d aseyiuhs d1v 8¢6€0d
INQIDTDTAVADISDTISYOI € U1910.d SUIUIEIUOD-UIRLOP [102-P3]10D pue suelqwsw ssed-3j3uls 8yNYTY
(u1z04d € aua8 padnpul-ausioleze]) (uodd | dUS8
IVASDOVAATIO TV LYADAIAN 3|qIPNPUI-pIounay) (€911 uI10.4d anisuodsal-yvy) (1SHH) (17 Jossaiddns ayi|-SwyH) ('L °€ D3) € urioad Jopuodsal Joidadad pide Jjounay 617N60
SLANIMOBISHASAYTIVLIID (ure30.d puens aysoddo Sojowoy z-2upely) SOZHIYY uleiold paziisieleydun 9S/N8O
J4NAQITHOVOINAYIIA (z @sejquiens pidijoydsoyd uapuadap-(+z)eD) (z asejquiesds 1d) ¢ ase|quields pidijoydsoyd LAINGED
THdIAGTIVAANANYIS Sojowoy GNOL 1uNgns JoidadaJ 1Joduw [eLIPUOYI0UN SHYN8O
MOTIADSYIYATASTO 91 LO0DNITAQ papodus ueiold paziiaideleypun 8NON8O
aduanbas gL saweu u1a10.4d Aiuz

(panupuo2) suiioad paloypue-iel uewny paiipaid jo 1si7 € ajqel |euawsalddns

ty Rotterdam

1versi

Erasmus Un



24 Erasmus Medical Center Rotterdam

AAISIIAASIAGTINTIHOA uin8eJ0An 0LNQ0d
DTHMSTIITNIVOIOVIVIVI | uR10.d uoida1 0zdv 8IAISD
(9seWeI0Y) (8EUdEM4) (8-dgyiH) (8 ureold BuIpuIg-9053d)
WYYIAMSTIVADD IVAYLYOTM (8£daM4Y) (8€-dgyH) (dgXH QY 8€) (U1e104d BUIPUIG-90SHH B 8E) (8'L'Z'S D3) (8dEM 3SPIdd) 8dEMd 3Selawos| suel-sid [Ajo.d-|Apndad BLEVLO
AMAMAVWLIMATIVOTT] 881 ure30.d 8ujuIRIUOD-UIBWIOP [103-P3I0D 0SEDLH
OTLDYOATVISTIIISTMSA Z-12g Joe|n3au sisoydody SLr0Ld
TIAWAHATATILANIH Lz uR104d BueJqIBW [ei3a1Ul |jewsS GS/8E0
TLLIADMS WY TINASS TAI (esesysuenhsauey ayeydsoydip-jAsaue) (sessysuenifsaute; ddd:ddd) (L2 1'S'Z D3) (SS) (SOS) aseyiuhs susjenbs 897/€d
INIMIWLODTALA4d THIAIDS  u1104d BuBIqUIBW (213U [[ewS 0IAMBO
IVHTADIAYAD IS TIATO4VINAC 8 u1930.d BueIqUIBW [eI3UI [[ewS 451960
D TMMMIVYD TMMMSYYD TMMM (d1d1v) ueroad uopd anneuay L0
THNIFTIOIVIHADTIAMS (1 Sojowioy ujer01d 8uIpulg-|0J335AXO) (S UIR104d PaIe[RI-dgS0) (S-dd0) § uteiold pajejau-ujeiold Supuig-[0Ja1sAxQ 6XOH6D
VITTIMYIHIVINSTAHIN (1 uiR30.d Buiujeyuod-ujewop AYJU33S B[ (¥8°L'Z'L D3) 7 35eIPNPaI YOD-|A%e Aned 71960
LTI0SATHYISTATIVAYOAAT (u1sr04d | 3y1|-uiiydoduny) (-df) -uliydounf 9Mleed
MOV IOVAD IVADOAIVADAT (11 u0.d 1eadal ¥d1) (1| utioud eadal apndadodinens) (1si4y) (Bojowoy |S|4) uf@10.d | UOISSY [eLPUOLIONN 90EA6D
VAIDIDDTYWWISIMYATT] (eseupy ujerold AydonsAp 21uCIAN) (IdINQ) (3Seupt UiRI0Id LINQG) (MIAIQ) (SBUN-INQ) (L'L L'£°Z D3) (Hd-LIN) 8Seup| Uj210.d-UjuojoAn €10600
TAVIOVOADVADVAY TIANYI (Lva/LPw) (LPw/1y3 uieiold paieas-z-Ppg) (€-1-zPg) (€ uieiold axij--28) L-PIN uleioJd Uonenualayip |83 elwyna| piojeAw paanpuj 07800
INDATADNDAANDYIAHADADN §141081D ugei0ld paziiepeleydun sAeInd 89N96D
(1€dIN) (X u110.d II-E4IN) (Ve uterold Sundessiul-uisioud
OIAIDTOIVIAHSTHISIHA e@ 61 913 snumouspe/z104) (58 uiioad Bulpuig-yeLgL3 sniinouspy) axi-¢ uteio.d undessiui-uieiold eQy 61 13 SnJInOUSPe/Z10g 8€7090
AMIODTIAMDTANIANTI (£-1-21P8) (£ uii01d 411-z-pg) (ivg JozenSau sisoydody) Ja||p/asiuogeiue snogojowoy z-g 11991
IIAAHdD4DIVONT | (UNgns §1g 85239NPa.opix0 auouinbign-HAvN) (S L8-10) (G 18- xa|dwoD) # yunqgns xajdwiodqns exaq | [suouinbign] sseuadoipAysp HAVN 891560
HHBIVLTIHNAYADIVATANTDT uoi3al D uleyd eyap 403dadal |93~ M8zL9
OTIMYY IVVWAOVYYY D TMAM (5d@ ui@04d yieap jeuounan) (€ ui@oad Sujuieluod-utewlop Sundelaiul-eHg) 1ieley sisoidode Jo Jo1endy 861000
TOUNHY 4D IVLYSHILLIOI T IO (8-OVIN) (g 3dA1 35BPIXO SUILIBOUOW) (€% L D3) g [BUIUIRIUOD-UIARY] 9SBPIXO BUILY 8ee/ed
TLATINGDVANTTIIHHOIA uoidau D uleyd eydie J03dedau |[20-L 87810d
AIDSTIVADANYYIDVIAS I (1 uig304d x3|dwod 1odwi SURIGUIBW JBINO [BIPUOYIONIA) L-UIXeIBA S0SELD
AMTMSNTIMIVALISAWA 10128} UOISSly [BLPUOYD0NN 8AZ960D
LIAIMTIATINASLLDIMTY (8ojowoy yungns eqy 7z UeIqUISL 1IN0 JO 3sed0jsUel ) (Z-6D1) (ZWo 1Y) 8ojowoy ZZNOL Hungns 103daa) 1odwi [eLpUuoy0MN 69SN6D
ATIDTIVYTISHNAd 1SS (9z-ux0134) 9z u1I04d Alquiasse SWOosIx0Iad [4h2d1e)
(S9-NIY-AN UsBnue eWOUDIR [BURY) (€-£0LAFYH) (L 105521ddNS 31I-SVH) (1-£0 LAFUH) (L0 LARY-H) (Sojowoy ugioud £01 A31-H)
SANADISNVY IONDVASYVIIA (2v/1v asedijoydsoyd |Ax dnouo) (v1dpy) (zv asedijoydsoyd dypads-asodipy) (711 '€ D3) (Z€' L' L'E D3) (€1SYH) € 1ossauddns a||-SvH 918€5d
aouanbas anL saweu ulo.d Anu3z

(panupuo2) su10.4d paloydue

1 uewiny paipaJld jo 1si7 g 9jqel [eauswa|ddns

ty Rotterdam

1versi

Erasmus Un



25

diatric cardiomyopathy

ive pe

ts in ASNA1 cause rapidly progress

ic varian

Biallel

AAYATSISIAVWAVYOADTTD (21 Joquiaw Ajiwiey oua8 Sojowoy sey) (-5'9°e D3) (Z-0JIAY) (Z-OMIIN) 7 25841 0UY [BLIPUOYIONIA LIXISO
(e Z1 Jo ul104d 3SEPIX0 2 BWOIYI0IAD JO D1eIPaUlIIUl Alquiasse uoiengal

SAALADAIVIATYOIDTOLAI Uoe|SUBY [BLIPUOUI0IIA) (96 UIS10.d SUlUieIu0d-Ulewop (103-pajiod) [elpuoy03jw ‘S0jowoy ¢ J012e) A|GUUISSSE 3SePIX0 I SWOIYI0IA) 0MZA60

OTHIMITIVADD IANAYIDT (usBnue dnoug poojq [oA) | ulel0ld sueiquisw [ei3alul |lews ZNyed

TINLEATYTTIVISHVAA (1 ure104d SuIUIEIUOD-UIBWIOP SSEIAYIBWIP BUIUSPR YNY [BLIO0SOgRY) LAYNYY UIS10ld 584960

AIAISTILIAADTIAT (urP304d 7 2Ua8 B|qINpuUI-eIxodAH) uiRlold pajeosse-1aidolp pidi 3|gPNpul-exodAn 715A60

IAVSY ALV IALLTOA 1 ue10.d suesquBW [eI3a1Ul [[BWS 09€7.0

VTUDAISYWY TIOVVADALIAY ('1'1°€ 23) (- 1°€'Z D3) 7 Jossaiddns I-SvyH 6MMNED

OMIHTAZASYHTISWATAA £190 21UNgNS 9295 ufe104d Lodsues) ui@101d 89v09d

MOAMAINDTLYIVIMTIAY ZELH0pLD uIsloud paziadeleydun 7NdN6O

INATIANTYAYAYSIVAIAMNLMM (58DW) (v 3dA1 5q 3WOIYD0IAD [BLIOSOIDIN) GG BWO0IY0I) £9100d

DADVAIAYIHMTIHTHIAINDIV uie10Jd | 9Ua8 31epIPULD UOISSI |[EUIOSOUIOIYD SUIOIPUAS 91391N0] Bl 3p S3[|ID 50ON98d
(£DV4LIN)

AAIdAAVVYOINSIHDDHITV L Ame /10 EEOLQ 9SePIX0 D won_guop\O J0O 21eipawiaiul ZQEwmmm r_ozm,jww\_ uonejsuesy ,mCUCOLuou__\S 0¢ C.@uo\_Q auelgusw ,m\_mwpc_ |lews OUmeO

INMTMINVISYSATAVIIL (2-DDH-fg usSnue Jowny) (e1) (7 Usdnue sise1/19due)D) ujeioid didsuen passaldxe-siisal 1npe pue [e1e4 046960

INWHIDOALTVINTASI (d-Q1DH) (ure10.d Juspuadap-uoneuLiojsuell pue LImoIo) (U1loud G auss padnpul-z3) ¥Z9LIAYL uldlold 927v960

INYINTATYSATAYATLYAO T uoi8a1 D uleyd |-e13q 103dadal |31 05810d
(6 ut10.d SululEIVOD-UPWIOP NAIN J428Ulj dUIZ) (61 3sea10.4d Suissadold

AdAIANTATVATYYALD A -ypads-uninbign) (61 asesissolyl umnbign) (61 swAzus Suneuninbignaq) (zL'6Lv'€ D3) 61 3sej0IpAY [eulwel-|Axogued uninbign 996760
(IUNQNS |HSY 9SPIDNP3JOPIXO

AMIAADAMINHINAYTHDAT auouINbIGN-HAYN) (IHSY-1D) (IHSY-| X8|dwoD) |epUOY20YIL ‘g JUNQNS Xa|dwodgns e13q | [suouinbign] aseussolpAysp HAWYN 691560
(LDAINGSH) (1 ureroad

AHVTIVMYLIAIDDADTIONA | SUIUIEIUOD-UleWIOp 3Se3|aNUOGH D1y123ds-(w)Aj0d) (L ute101d Sululeluod-ulewop aXII-N¥vd) (€L L '€ D3) LDATNG aseappnuogu dinads-(y)Ajod 8SVYN8D

LOAATHAIAISIAG 194 (jleupuoydoyL ‘| 1y you-arenedse yim upioud sueiquisw ssed-a[8UIS) [eLIPUOYD0YIL ‘103e[NSa NDIN [enUSs3 617H60

A TMTIMOVIHIMIVALIAD G u210.d SujuleIuod-ulewop SulpuIg-yYod-|oy €08150

THDAAIFDIAMNASAIAIAN (0814NY dseuajsue.y uninbign €3 adA-ON1Y) (081 uR0.d Ja8ul ONIY) (LZ'2'€'Z D3) 08 L4NY 2se8)| utioid-uninbign €3 961980

IMIAITLTISTISSATODTOAID (e390-1 LX3d) (€399 80joWOY | LX3d UI2104d) (gL | J01IB) SISSUSS0I] [ELIOSIX0JDd) (81 L-UIX0J9d) 1 | U1310.d SURIGUISW [eLIOSIX0IDd 110960
(z-38NDN)

AVAVVADAINAINYIVOD 11D (z awAzus Supednfuod-uninbign jeaiuoued-uoN) (z[ awAzua Sunednfuod-upinbign z3) (€7°2'€'z D3) 7l 73 awAzua Sunednfuod-upinbign IMZNSO

FAIMTHALLDTLADOANIM | (IUNGNS A4y 3SE1NP3IOPIXO duouINDIGN-HAYN) (IAFM-1D) (IA4yH-1 X3|dWoD) [epuoypoNw ‘L) Hungns | [suouinbign] eseusdoipAysp HAVN L19EY0

OIADTIOIVTIHSTTISd THA ¢ u0.d Supdessui-uiRiold BQY 61 13 SNUINOUSPR/ZT1DE €86710

IdIHITIASADIHDNIVADIV LYINVINOA ewweS Jungns 1923s uieioid podsuen uio.d 65009d

4THT1HdYMLIDSAVATITISN L 114100 1D uta104d paziisieleypun 9ZENSD

aduanbas gL saweu u1a10.4d Aiuz

(panupuo2) suiioad paloypue-iel uewny paiipaid jo 1si7 € ajqel |euawsalddns

ty Rotterdam

1versi

Erasmus Un



26 Erasmus Medical Center Rotterdam

[TUATHYVATIYOAMDDAIAY (EANAS) €-uedapuAs 950520
IAMYAAAADIASITAA (d4Z0u) (uir0.d J38uly DUz ueleAD) LTX4N uleold Jauly duiz 9dAk- LX-4N 98NZ90
AONVVITAASIIAYIVAYOIT (z-uodnauled) (| uonauled) (£dged) £ urerold Sulpuig-wnijed GEA9BD
SINTIOTHTILY TLADALOAL £ Jo1e|n3a) 1odsue.) uo! SUIUIEYUOD-UIeWIOP JAXH 67585d
[IOIVSOIANIAI TV TIMID (Z-7dINVY UIR101d BURIGUISW P2IRDOSSE-aWO0SOGR) 7 Uje1o.d Wnindied diwse|dopus paieposse-ssais LYINBD
THHADIMLISTADIAVIOVA ur10.d a3)-owiday NGO
TIVHANYHD TAVAALYOASYS TM (L1 Joquiaw Ajiwey sus Sojowoy sey) (u1810.4d ai|-u1310.4d SUIpUIg-d19-38Y) (-'§'9°€ D3) (L-0AIAY) (L-OYIIN) L 958d 1D OUY [BIPUOLIONA ZIXI80
(oseuadoupAyap apAysple
ANAWAIDTHLTTIOT [EWOSODIN) (2 Jaquiaw € Ajiwey aseusBoipAysp spAyaply) (01 aseusdolpAysp apAusply) (€°L'Z'L D3) @seusSolpAysp spAysple Aeq 8%7915d
TILDdTIOADIATISYAIHYTITT (111 oseurjaAwosulyds [e1inaN) (€9seNSU) (€-8seNSU) (€ aseulaAwosulyds [e1naN) (ZL L€ D3) ¥ asessisaipoydsoyd uljaAwosuiyds IXNEO
SAIAVAIVIILTDINIADWHIA 9791V UIR101d #X9150
NSINIVIIMTHAYTHTTIST LV¥LINV4 UIRI04d £594SO
NSINIVIIMTHAYTHTTIST eV /N4 uioid aaneing LAXAYO
NSINIVIIMTHAYTHTTIST LV¥LINV4 Ule101d SOTIN9Y
IONYYITAASIHYINYAYOIT (L-uounauled) (| uoinauled) (8dgeD) g ureiold uipuig-wnpied 6NX860
VIHAY IVWYIAMINTADTM (€ w104d BudeIRIU-E4v 1) J03RINPOW SURARdE-HNI SUIDRIIUI-E4VY L 8CZA6D
INMADVALTIDTITIANYY AT V1L u10.d suelquauw [eidaiul [ews 11685d
IdAIVIADITOAIVOTHTDA IVENVIA UI930.d L9ON6D
(19¥) (lungns 8upagie) usaSodA|3
IOINTAAHAALITHT4TTHA |-9dA} asereydsoyd uis1o.d) (Hungns Aioje|nSau paieposse-uagodA|8 | asereydsoyd uiioad) ve aungns Aioieindad | aseleydsoyd uieiold 178910
THHIDIMLTISTADNAYION owlidal ulR3old #9SN6O
O44TADTIOLALIAGHNIEI Z u1104d BUIUIEIIOD-UIEWOP [103-P3JI0D pue BueIqudaw ssed-3|8ulS Z3HN9Y
VITIASIVADSATOADADOAT | U1230.d pa1eosse-1eoued [e3.0|0) 795790
(2929NSsH) (3 Sojowoy 9ogN swAzus Supednfuod-uninbign 1sesA) (L-39NDN)
AW IVILTIAIAYSOOHA (1 dwAzus Supednfuod-upinbign [esuoued-uoN) (L[ swiAzus Supesnfuod-uninbign z3) (€2°z'€'z D3) Ll 73 swiAzus Sunesnfuod-uninbign G8EAGD
AMMIAASI T LIAY TSI (O Sojowoy 71 3PA> UOISIAIP (132 71DAD) (81°€L '€ DI) (9L°E"L'E D3I) D71 DAD asereydsoyd uisioud Apydads feng 9szary
IV4D4SSYONTISOTISIA 705966001207 ule10id pazuspeeydun aAeInd SILIEN
ADAVIDOAIDSADOVATTIIM (9001 YNy 8uipod uizioud-uou d1usgiziul 8uo) 900 LODNIT AG papodus ul10.d paziizideleypun aaleInd 8ZIN8D
INDWIMAADALINSAMIMA (11 u2o4d Ja8uyy duiz 9dA-DxXD) (G ur04d Ja8ul duiz adA1-HxxD€) G uleiold Supiodsuesn-ioidaday €EAVLO
HIMITIATILNADANI (z urer04d Buiuiesuod-urewop AjURIs 3leIN) (78'L°2 L D3) L asernpal yod-|Ade Aieq 6XAMBO
IOAATAIVIAVATYY TN INM ACEHO;_Q Uwum.DOmmm‘_mEEQOu\_mmv r:muO;_Q _uwpm_uOmwm‘wr_m:QEmE EEEEOume #Zm#ﬁO
ATAMTTHISADTANYHIVIOA # IUNQNS aselaysuel)jAsodA(g uizioid--aprieyddesodijooydsoydip-jAydiog 719004
aouanbas anL saweu ulo.d Anu3z

(panupuo2) su10.4d paloydue

1 uewiny paipaJld jo 1si7 g 9jqel [eauswa|ddns

ty Rotterdam

1versi

Erasmus Un



27

diatric cardiomyopathy

ive pe

ts in ASNA1 cause rapidly progress

ic varian

Biallel

TAOMTIHNAMDLTTNDDINIA (uguis ) (u1101d FYYNS 18109 e £7) ¢ Jaquiaw Xa]duiod 101d9331 dWNS 18109 €59710
IVOONAIMIVADFTNTIIVSAT £z uimio4d 128Ul ONJY 9v¥3/3
NIAVADTIVIVVAVADOVAT (uaBnue ggINg) L UISI0.d UoRRNUSISHIP [BUOINSU PUB 11X 324D (13D LLLN8OD
A4TLMOAYOATIASINADINM LTI (dLdD1) (esereydsoyd suisoufy-ureroud (122-1) (81°€"L '€ D3) ¢ 2dA} Jo3deda.-uou ssejeydsoyd uls1o.d-suISOIAL 9044 1d
(ura10.d 231|-11] 9dA) J03d@d81 BIG-4D ) (U1910.4d ¥1|-|| 9dAY J01dadal BI9q
TOTOWIVWOTIAVYIATYAA | -1030e) Yamold Sujwiojsuel]) (T€-449 1) (ui@ioad ayjlj-c-2dAl Joidadal e19g-49 ) ui@ioid ayjij-€ adA) Joidadal e19g-1010e) YyImol3d Sujwiojsuel | 09AGEH
WVLODASHALYIDTIATID uRIosuo) 8MId90
IVADIVAYTIVAYYYOOATI (LAl U18304d) (0quies-pg) (€ 1-1-2128) €1 uieioud a)1-z-pg SHXa60
THAIAAYTIIIFATANALTAOIA g U210.d SUIUIEIUOD-UIRWIOP [10-P3|10D PUB SURIGUISWSUE. | LIANSY
JAMAATODTIVITTIIIST (1da-1nA) (L - LA U12304d YYNS-A 1odsuesy 3isaA) g1 S0j0Woy STYYNS-3 Yim uoidelaiul y3nouyy odsuen spisep 0N3ned
MINDIAVTIAALISADIVI (LE-NIY-AN USS1UE PWOUIDIED [BUDY) H-UIXBIUAS 98710
SLADMMIEATTTIHADINTG (¥ u2y04d Ja8uly dulz 9dA1-DXxDE) (U04d dAISUOASDI-UOIBLRIUI B 87) 7 UI910.4d Suniodsueldi-ioidaday 8Xd960
( ui2r04d SupdesIUl-/
TT14dSYATITIOADVHIOA auizus Sunesnfuod-uninbign) (i uie10id SundeIRUIFINIGN) (Vi L uiaload JaSuy ONIY) (-2°€'Z D3) Wiy LANY 9ses)| uisioad-uninbign €3 9/805d
[(W1) urewop uo.d
suelqwiawsuel] ((NS) utewop uRlold adeuns :sapnpul] (uoadAjod aug jensadue snuinodd € 4zde (q)d-AYTH) (U1101d AUT (Q)Y-AYTH)
JATDDDTVIOASMTLYIAINI (u12104dAjod adojaau3) (| Jaquisw g1gvd dnoud sniinoaial snousgopu3) uieioldAjod Aug | Jaquisw g1gvd dnoJd snuinoiias snoussopul 60509d
IDOALSYIAIDTADDININI (1-DdH ua8inue dyads-uoinaN) v | -uxeiuAs €79910
1O4IVSOIAMAHIVTIMID (17 UI104d BURIQWISW PaYDENIE-3WOSOqHY) | Ul@3old wnjnaiaJ diwse|dopus paleidosse-ssaiis LX9A60
JT1H44VATIOATHHATD 76410912 Ule104d paziiseieydun €11960
(uteyd ewwed dwnd wnipos) (z Joyeingal
TUTIOAHYIOVHI1DD 1odsue.) uol SujuleIuOd-UleWOpP JAXH) (BUIWES IUNGNS 3Sed 1V (+)M/(+)eN) ewwes 3yungns ased]y 8unlodsueli-uinisseiod/wnipos 0L/¥Sd
DIdAANINTIALDYYWYITVYI 20 LV uR10.d 85704dN 9IXdN60
(u1Ry0.d
TIMSIATVIDTOATION 193Ul ONIY 2|qPNpul-£5d) (g1 L utRioad 138Ul ONIY) (Z ute10.d BululeILD-UIWOP ¥gI) (-7°€'Z D3) 877 LANY 2sed)| utioid-uninbign €3 61vZL0
T1S19T4TTdILTIAD VO IA g161 ue0id aueiquiauisuel| PNLD0d
TISTOHTIITILTIAO YO IA D161 ulglold sueiquiswsuel] 099NV
ANANIAOTTITTHIEHA (8 uIz104d pa1€R1-dgS0) (8-dHO) 8 UISI04d patejal-uii0ud SuIpuIg-|0JR1SAXO 147860
ADTLODISSYIAADTAADDINIAI (79 L-UIXeIUAS) (LG L-UIXRIUAS) g | -UIxeIuAs 99¢19d
(91-ddvd)
INSAITTITIATSINALAMHS (91 esesswA|od [2s0q1-dav] A|0d) (5L I|-uixoy elsaydip sseusjsuenifsoqu-4av) (0£°+'2 D3) 9Lduvd asesswAod [50q1-day] Ouo 8ASNSO
[HONODVIVOVYDTIOWY T €7 Jaquiaw Ajiwepisdns ulngojgounww) VLY
TIDDLIVAAMSH TTTTIAN (z/1-ewwes-] 4 uoidal D uleyd ewwes 101dadal ||93-1) uoidal D uleyd z-ewwles J0idadsl ||93-1 986£0d
aduanbas gL saweu u1a10.4d Aiuz

(panupuo2) suiioad paloypue-iel uewny paiipaid jo 1si7 € ajqel |euawsalddns

ty Rotterdam

1versi

Erasmus Un



28 Erasmus Medical Center Rotterdam

AAITDINMYIVOTYIDTAAIT (£ 17 ue01d 438Ul ONIY) (1 ure104d BuiuieIUOd-UlRWOP ¥dl) (-7°€°Z D3) £1Z4NY @sed| uisioud-upinbign €3 9|qeqoid 172180
HANITIVADINTTIAWAAT (u1s104d 77 2ua8 Bulueluod-1eadal spnoapPnuLL) (€ 8dA ulydoiduni) (g-d) €-uydounf ZHXM8D
LHADTTIAHINTHAIVY TIdA (uigj08010eIN) (UnUEID) (Z£E4DD) (UIe104d pajenosse-x3|dwod 18109 ey 7/€) | Jaquiaw g Ajiweygns uig|on 68/710
DITDLADTIOVIDMIAYMS (SZ1vD usBnue ewou.ed ueler)) (S L-vD) (SZ LD Joxeuw Jowny pajejal-1edued ueller0) (9L-DNIN) 9L-uPniy LIXM8D
VIMATATAATDHTATLAL4DI! dSvD ulRi04d 8r6€L0
ATOWVIATIADADTOTTISOD 8ojowioy uiiold payplus deipJed pue 3sodipe paie|n3al-A|euonuinN ZL6NSD
ATOTAALTIATAAYYININMIAOM (LAY ute101d paiejal-| ) (18150Ns 8seuly 4N pateinosse-ioidedal s1eydsoydsin-g'y' | [01s0ul) LIAYIN UIS104d 949460
HI199STIdTTIVITITIVIIA (7d9) (1dI18) (MaN Jeanpul sisodody) 4|1 SupdeIRIul-Z-Pg €eeeLd
THAOTHVATISTLYADTAI (£€ ur0.d BuIpuIG-¥SSN ADH) (0L Lolenua.ayip 3100dipe oy J010e4) ge ute10.d Suiuleyuod-ulewop |j 2dAy udauoiqld 0d3€50
ALTIANINAMTHTIVINAIIAGA (u19104d G 23U PasNy-13y) (11-19Y UIRI04d) (+8-UIB|0D) (U1RI04d L€ duad Budnpul-uonesay|o.d (19D) § Jaquisw v Ajlweygns uiSjoo 9vg180
(1-9UAs) (1 u@04d adojanua sespnu dnndeuAs) (| uieiold 1eadau
INAATDVIOITTTITIONdIVY | ulidads adojaaua JespnN) (L-aUA) (1 ui@ioad adojaaua Jespnu 93A0AN) (LHSY) (1 ui@ioad Suiuieauod-uiewop HSy) (undeu3) |-udssn 164N8O
THHASTIVIDINTIAATAINI (1 8dAy uiydoroun() (1-df) L-uiiydoounf SDAHED
MAVAATLTTIHIVASTIN £91 u1810.d SUjUIRIUOD-UeWOP [103-P3[10D 980460
HAVATTTILLDIDIADDTITS (82-509) (87d FVNS 18109-s1> e 87) (UIR104d FYYNS 18|09 BAX 87) | Joquiaw xa|dwod 101dsdal dyNS 18|09 672560
NI YV IOLIASYYIAY L |elpuoy0IW ‘g6 Uld10.dd Sujuleluod-ujewop [103-pajiod 917960
AVAMIVATTTIANIN 8-UIxeuAs OMNNBO
AYIASSSNATADITAIAANTT vz ui@30.d Sujuieluod-ulewop Wy €ANIBO
(€'21d) (€2 1dN) (€°£ L ui104d [PUOINSN) (UNGNS $SST BSLIINPSIOPIXO
TAVALSDTATISADA44AT auouINbIgN-HAYN) (5553-1D) (SSS3-I Xa|dwoD) [eIPUOYR0YIL ‘L L JUNGNS xa|dwodgns e1aq | [suouinbiqn] aseussopAysp HAYN 7LXN6O
T LIVAAMSHTTTTIANAA | U031 3 uteyd ewiwes 103dadal [j2d-1 154204
TAMNAAIHIDTAY T TOAD (L-dNTT) (1 u30.d Urewop W3T) (05.10) (05 Usdinue siise1/J2oue)) | uiRiold Suluieluod-urewop N3] G/5890
ASLVINIATIVIADYSTHD | u@304d SuluieIuod-uleWIOP JYYNS-1 8YN960
DTHAVOITIAIAY VALY [(7-9YN) 7-UliN3a.naN :03ul panes| ] (FDYN-04d) WI0J0S| PUNOG-dURIGUISW ‘p-UlINSRINaU-0.d LOMMBD
(asedaysuenolyihyiaw
ANV TIOTIVIDASAY YD LEV(ON-YNYY) (L &i|-1 ue30.d pajenosse-1ungns A101e[n3al gYAD) (§'7'8'2 DI) 9Seua)sueliolyALIaw YN} sulsouspelfoweqglesiAuoaly [4ZYe}
(v-0lId) (U12104d v SSEP SIsaLuAsoIq
THMHHNIAYTIVAIADLIAG uedA|8-jowsoulApieydsoyd) (u1e10ad SISSYIUAS 1d-D¥N2ID) (861 L 77 DF) v HUNGNs asedsjsuelyjAuituesodn|sifyede-N jousouliApneydsoyqd /82/€d
A1DTVOTID THMTNAMIFIAIA ZepI0p) uloud paziadeleydun LIBN8O
(£€-dvA) (uisr0ud
YD T44DIHIVVIAATISC pa1e10Sse-dINVA BQY £€) (V-dVA) (v Uia10.d paienosse-diNvA) (v-dIAVA) v Ula1oad palenosse-uia1old sueiquisul paieidosse-aIsap 010460
YITIN1D19T4ISINIAMO T uri04d g1 A didsuen sAeIng 167960
aouanbas anL saweu ulo.d Anu3z

(panupuo2) su10.4d paloydue

1 uewiny paipaJld jo 1si7 g 9jqel [eauswa|ddns

ty Rotterdam

1versi

Erasmus Un



29

diatric cardiomyopathy

ive pe

ts in ASNA1 cause rapidly progress

ic varian

Biallel

OTTASTIITITIOIAdVAIT (S urs104d BujuRIUOD-UIPWIOP HSYM) (S5 | UI210.d SUIURIUOD-UIBLLOP [10-P3]10D) SHSVH UIS10id 079N8O
[(WL) u1Rr04d auelquiswsuel ] (NS) uleold a2epns 03Ul paaes|d] (upiotdAjod Aug jensadue snuinodd zzb | ™M-A43H) (uioid
TID4TATIINILLSOI adojanaua z0 LY-A¥3H) (us3oad adojeaus (111)M-AYTH) (uiroadAjod adojeau3) uieioidAjod Aug / Jaquiaw ¥ dnous snuinodiad snoussopul /9519d
[(W1) uter04d auelquiswsuel ] (NS) uiiold a2epns 03Ul panes|D] (uioldAjod Aug jesisadue snuinold
TTDATIOATITINILLSDI 121 LbZT M-A3H) (U19104d 8dojanus 10 1Y-A¥3H) (u1eioadAjod adojeaug) uieioudAjod AU 1z Jaquuau ¥ dnous snJin0.19. SNOUSEopUT 99519d
D1 THSIWTIVYATAIYISTMIY [u2104d BURIQUIBW PADLISAI-PlOYdWA| PaSSa20.4 01Ul PaAe3|D] (LME[ UI210.1d) Ull0.d sueiquiaw paidisal-ploydwA] 716210
ASASVMLTT444S4AT14197 -1 uii04d -1 Z LINOJ @AeINd LONNOV
IAIDTIHATADVATIALOADS (25 L4NY @seuajsue uninbign €3 adA-oNpy) (6L uelo.d Jadul ONIY) (£Z°Z°€7 D3) 76 LANY 9sedi| uigioid-uninbign €3 ONSN8O
TNAITISATAIVAYYIADYIAIG (9€2@D uasnue @) (Q ute101dodA|0[eIS) (2-SWd) (P19q UI2101d0dA|D) (AdD) (Q-utoydodA|9) (undauLd024|9) J-uloydodA| 1Z6v¥0d
IAADIHYITISAVATIATI (s15R|GOIUOPO U} passaudxa auaf uewnH) e ul@1o.d Sujuieuod-ujewop ||l-2dA) updsUoIq 9HZAGD
ANTIOATTIOEADTANTIETTI GE4I00 1D Ule104d paziiseieydun 500960
TIAMGTIVODTTIVIOTIMS (LdvINIY) (L u@road pajeposse-Ajunwiw) | Jaquisw Ajiwey dvial 8sed1o LdMMBO
ATIAMATIVVYAVYAVYITLA Zzz uter04d 138Ul ONPY 60DNIY
ATIMNTIALIIAILANTAT uidijodses LE9000
IV IIAAIAAIAITIADDDAIS (£ ui04d suelquiawsued]) (€ uio4d Ja8ul duiz adA1-HxxD€) € uieiold Supiodsuen-ioidaday 100860
DTdSAIAIFAISAIIILT (VAL (dINVA dAmsussul-snuess]) (1 uiR3old a-Uina.4qoideuls) (£-dINVA) £ Ue1oid sueiquiaw paIeIdoSSe-aISaA 60815d
YMMIMTIVSIAATOATTSHI (u12104d 9 8UBE paleIOsse-ewouIed [eadulieydoseN) 9e | uIR10.1d SulUIEIUOD-UIWOP |10-P3]I0D ZNI960
JAAIAMAIVIIVO TN (1-Un21qo1deuss) (L-dNvA) | Uieloid aueIquIaW PRILIDOSSe-3[DISIA £9/€£7d
TIHATIVIDINTIANDITI (z 2dAy uiydodun) (z-df) z-uiydondunt 6£4960
[passan0.d Ajjeuiwiai-N
YATOOVADATTTTITINIAVM ‘66 u120.d 8ujuieiuod-1eadal ydr-aupnaT 03Ul paaea|d] (ed) (Fed ureioad Suipuig-awosoqry) 65 uie101d Sujuieluod-1eadal yd-aupPna FOVI60
J4ITIASTILTHAALIAAYI (u19101d paie|ASOAIS pue dUBIGUIBWISUR [[eWS) Ul2101d0dA|S uoIsaype (|92 [[lews £OVAOD
YAMIMNITIAMAY 1L IAL (SN4 U1910.d) 7 U110.4d SUlUIEIUOI-UIPWOP [I03-P3|I0d pUR SueIqUIdW ssed-3(3uls SOYNED
STHASTIHAVAINDAYNDD T (51509 u10.4d podsuely 8IS (5159) (S 1-509) (BQX S L JO 321 B Yum JYNS 18109) uleroud oi-1139 6NANGO
AAVIVAVWTIAYOSTIVY Y (ui@r04d Sunoydue-659Y) uleI0ld Suipulg-6 Buleus)s ujRi0id-9 Jo JolenSay 785790
ASFOTAMTIDISYMATOMETST (z wisr04d JaBuy duiz 9dA1-DxxD€) 7 uleI01d Suniodsue.-103deday £19050
FSHOTAITTIALYMATOMI (1 ueioud Ja8uy duiz 9dA-DxxD€) | uglold Suiodsueli-i0ydadey S206Sd
HIVISTTIATLSA4D091411 (ursr04d 118124 OLIOP) (0Y10[¥EIRE) (THE) OYI0pI-eI199 717980
ANNAND LTATTHTIADANTAI £ 1 ui04d sueiquisul [ei3aul [[ews ZL1aod
AANAINTIDDAIMODITTIAA (H40Ma) (ewiely Supess uado piema) (44OMA 103N VIHIS) FHOMA J03eNSal 8sed v Wnidjed wnjnopal djwsejdopus diwse|dodies 78NA0d
LHTNEFVITIDIVIDSS LOE00DNITAg pepodus u104d paziisideleypun saleInd €0DN8O
(Zd¥IIA IS0 1UNGNS [SUUBYD WNISSEI0d)
OTNISOALAVATHNAT TIAINA (z apndad pajefaJ-lpuueyd uol wnisseiod wnuwliuly) (z apidad paiejpi-yuln) € Jaquiaw 3 Ajiweigns [puueyd pajes-a8el|oA WnISSe1od 9H9AED
aduanbas gL saweu u1a10.4d Aiuz

(panupuo2) suiioad paloypue-iel uewny paiipaid jo 1si7 € ajqel |euawsalddns

ty Rotterdam

1versi

Erasmus Un



30 Erasmus Medical Center Rotterdam

DTTISLNIALLY TIIAIAMI (£90IN ui104d sUBIqUIBW |[EWS) (U2304d /9 SUOP UORRNUSISHIP PRINPUIHON) € UlR1old suelquisw [eI3aiul |lews €17960
MIMTTITOALTOAMAATSSS uuaSodipy 830A00
(Szzad usBnue @d) (usdnue g1-na7) (£z-6 uIR304d B[qIPNPU
OAATTTHOILATIO TV -UuoJayJa1ul) (£ | uIodd paonpul-uoiapaiul) (ezvdsa) (z Jaquiawl v Ajjweygns uluedsiq) | ul2104d supiquUISWSURI PadNPUI-U0I34I9IU| ¥91ELd
[(Sd1) upuadowAy] ‘(uiua|ds) (d1) unalodowAy] :03ul paea|d] (euiwied/e1aq swojos! dydl) (euuwed/eiaq swiojos! apnpdad
INVOAATHTHAYAAMT TTIMIMAGI pajejal-unajodowAy ) (ewiwed/e1aq d1) (eulwies/e1aq swiojos| ‘unaiodowAy ) ewwes/eiaq swiojost ‘z apndadAjod paienosse-eujuwie /9121d
(1 11-u1104d Suppiyen
IMMIIAMITAIFFAVAYY T | -2[21S3A 22D35S) (g Bojowoy uisioud Buppiyeln-spissa 7z3S) (72Sy3) (72-Su3) (BAY £ 40 FUYNS 18109-43) GZzD3S uleioid Suppiyeli-spIssA 96€S5L0
ADYITTDTHIDTDOAIV4DL ¢-UIXa10) 0S¢O0d
ITAIATTILNTIDTIVAMI (Ng-1 uI30.d 3|qPNPUI-UOIBHIRIU|) (G2VdSA) (T Jaquisaw v Ajiweygns uluedsiq) € u30.d SueIquSLISUB} PRONPUI-UOIRHSI| 879100
IIDTMASTATATDNNN ZL-uixeluds 78A980
AIAITULAID TV (ag-1 uio04d 3|gPNpU-UOIBHRIU|) (07V4SA) (07 Jequisw v Ajlweygns ujuedsiq) 7 ujeiold sueiquiawisuel) pednpul-uoIaau| 629100
THTISASONATAHTIMAYHOY (Uure104d 6 BUSS SUNIQIYUI-LIMOIS []9D) 8 L -UIXeIUAS 6MTd6D
HISHTTILASTAYINTAVAI (Lz'7°€7D3) €814NY osed)| uisoud-uninbign €3 s|qeqo.d 650960
AATIAAATHTTIODMIAA ullswi3 20r0sd
[(WL) ut104d BuelqUIBWSUeL | {(NS) UlR1oad 32epns :0ul paes|D] (uaSiueladns zz z' LMIANAQI) (U1R10ad
adojaAus zz 7' IMNAQl) (uiioudAjod aug jesisadue snainodd £€zb | )-AYIH) (Ua8nuesadns g y-A43H) (Ui@oad adojpaus 8L y-A43H) (Uoad
TIIDATIOAATTINIALSYHI adojaaua 0| LY-AYTIH) (uie104d adojaaua (e D)M-AYIH) (uiroidAjod adojaau3l) uieioldAjod Aug g1 Jaquaw 3 dnoJd snJinoiial snouaopu] 7070
I TTIIDTIOATT (OLp) (L' ut04d adA1 AuenQ) (Ot u8104d -1 7 pueg) € ue1oid SulUIeIUOD-UIeWIOP A3 VACVTY
VITTTIALY L TIASHYA § U210.d BUBJqUIBW [eIF1UI [PUIS 62¥1L0
O T M T IIANA (u12104d UlPWOP BURIqUIBWSURI) 3Y|-Ujuod[eD) ujw(ed 20960
THIVIANMYATINLASIO 1 u@io.d aueiquiaw [eI3S1Ul [[lPWIS 80960
IVIADINADAIFHTIANTYTTY (O-dvA/8-dVA) (D78 ute0.d paieposse-dvA) (O-dINVA/G-dINVA) D/8 UlR101d pajeinosse-ujeioid sueiquiswl PaleIdosse-aISaA 67560
ATIAZHSLAGVITINLISTT Z urei0.d 8ujuieIUOD-UleWOP WIads 3O 9dHN8O
44DAIMOAST1DAHSTOAL 141 -7 | Jequisw Ajiwey usse|yds 833190
ANOASTOITVIVATAASAVITIM (ulydiowd3) z-uixeuhs 968¢ed
THAMNITHAGSTHIMIATM (1 ur@04d pateandesuel-4 ADH) (1 uioid pajeandesuei-uieiold 4 snin ) siiedsH) €410) uielold paziiaideleydun EXAMEBO
(z-2UAs) (7 utzr04d adojaaus Jeapnu dndeuls) (IONYNN UI104d) (uiold
SATIDVTITITITTIOTdIVY | uswale Sundauuod unde pue snapnn) (z ureioad 1eadal uypads adojaaus JespnN) (ZHSY) (Z ut10.d Sujuieluod-ulewop HSy) Z-ulidssnN OHXM8O
A LILALLATISIAMTIITD D720 LYY UlR104d 85204dN €4165d
(8
ANAALY HIVIVIHITINGL | -9¥L) (ursioad g susS palejal-uonewnosuel]) (| usiold Sundessiu-ueiold ey 61 13 sndinouspe/z10g) 07D3S ul10id Lodsues) 3)Isap 186710
A4INASTTIH4TLI4470041 VS U1301d BUjUIRIUOD-UIRWIOP [103-P3]103 PUB SUBIGLIDLISURI | LO9NBD
suanbas a1 saweu u1d3o4d Anuz

(panunuod) sujyold paoydue-jiey uewny paipaid Jo 1s] € d|qe] |eauawa|ddns

ty Rotterdam

1versi

Erasmus Un



diatric cardiomyopathy | 31

ive pe

ts in ASNA1 cause rapidly progress

ic varian

Biallel

ADATAIAIIATITIATIA (91UAS) 9 |-uixejuAs 99710
TTAAIDITIDIIDANE (871d) uequiejoydsoyd dejpied 8/99¢d
VdTHAVYOATTIHTIETTE (7 uig30.4d 3eadau upPAds adojeAua 1BIPNN) (PHSW) (7 UI9104d BujuleIuod-UlWIOP HSW) F-UlidsaN S0ZN8D
[(W1) uie104d BuBIqUIBWISURI] {(NS) UI101d 92B4NS (01Ul PaARD|D]
DATTIDDIOATITIVITIISD (u1104dAj0d AUT [eSOUE SnuInoad €€ 1. dg | Y-AYTH) (uie10adAjod adojaau3) uieioidAjod Aug |-€1 Jaquiaw 3 dnoJd snJinoial snouagopu] LIXN6O
(€ u2y0.d pajendosse-Aunuil)
HAI4TAIH4USOTTEHADL | (SNVIY) (S-NVI1) (UiS104d G 8proapnu pajeposse-Ajunuwiwi) (uiioid | ai|-4 9posPNu paleposse-Ajunuwiwl) G Jaquisw Ajiwie) dvIAl 95ed19 514960
JAIVATIITIAVLFTHIAVT 9 ur10.4d BuBIqUIBW eIZRIUI ||lBWS 081d0d
REIVASEEARIREDZAVARAN S-uixejuAs 06LELO
AVTIVIADLIATIVITTIEO Z ut104d duelquIsw ssed-3(3UlS UdL-3UPNS ZLINSD
TTULAIIOADTITTIMALA (z 1235w Jo1de) a8ueydxa apioapNu aujuens uejjewwely) uidioid Sujpuig-juawa|a Aioye|n8as upde|oid SNDHED
AILAGATTEHALTIATITIAT 7 ur104d 91|~ | -Jo €Z1zev
ADUAITIDTHIITUAIAS LN (u1310.d passaidxs-uleiq pue Asuply) £-UIxa10) [4SlaniZe]
AMMAIITHIATALIDIVMIN (e-uina1qordeuss) (g30) (UINe1qN|[2D) (E-dINVA) € UIR10Jd BUBIQUIBW PRIRIDOSSE-3PISDA 9€8510
ILIATITIASTIONLATT § U104d BulreIu0>-Ulewop N34 997L0
THANTIAITITIADAANTOA (UIN2IGOAIN) (S-dINVA) G UIR10.d BUBIGWSW PRIRIDOSSE-3|DISOA €81560
IOIAVIIDTIAMATAINN £-uIxejuis 112610
ADHANTINTANTIDTIAGVAAL L-UIXa10) 90909d
ASATIAATTIADATAVIVOM (0LUAS) 0 | -uixejuAs 667090
ERRERRRRERRRRRIORERIZA (€ wd104d 1eadau ulads 9dojaAUS 1BIINN) (EHSYM) (€ UIS104d SululeIu0d-UeWOp HSY)) £-UldSaN €ZNZ90
IVIATTTIAY TS THISAAL L u1210.d BUIUIRIUOD-UIPWIOP BUBIGUIBWISURL} PUE UDLI-DULISS SACYCY
TIOMIFISHVADIATTIID £-Uixeuks 00vSLO
4AA IVDIADTHAIN (z-uina1qoideuAs) (z-dINVA) Z ul104d suBIqUIBW PaIRIDOSSE-IDISIA £70€9d
HMAINFAAGTISTTNINAD TN (81d uta104d BupplyelI-aURIqUISW JBINJISIA 18]0D) (1138U) Sojowoy | 139 961610
THIAGIATVISAITAITIOA | uie304d sueiquaw ssed-3[8Uls YdLI-auIdNT /48N8D
TAVIMISAMUEIFTTIIAGD 81 ue10.d SueIqUIBW [2J321Ul |[eWS 7XMd0d
TAAVAIVTTIVIIVVIATOA (Sojowoy u@104d Y¥/3XXO J0 9duanbas-aannadal ajdiu]) uieoid Suiuieluod-yow ¥/yxx adul IM6290
VIDISTIVIAITTIAYMID T (S-HINW) (u1R30.d |lews 1eadal uLAuy) 91 utelold Suluieuod-uiewop 1eadas udjuy 7£M98O
IV THATNTIAIIIAAAA (z @seunt pa1ejai-elupIeA) (1L L°£°Z D3) ZHYA dSeUD| UIR10.d-2UIU0IY)/AULIRS L0A98D
ONYSWIVIIVIADTIDTIITI (¥9DN ur04d J38uly duiZ) | i-utRiold seBul duiz 651560
ATHIATTIIVVYATYINIVAL (7-dINVA) ¥ Uj10.4d BuRIqUIBW PRIRIDOSSE-BISIA 6L€SL0
SALIVATILIAMIIDTIATI (2d-LDA) (Z 311 L1IA U1910.d FYYNS-A LodSsuel} 3PIS3A) VL 80|00y SFYYNS-} Yim UONDEISIUI YSno.y) 1odsuesy 9pIsap 6960
aduanbas gL saweu u1a10.4d Aiuz

(panupuo2) suiioad paloypue-iel uewny paiipaid jo 1si7 € ajqel |euawsalddns

ty Rotterdam

1versi

Erasmus Un



Erasmus Medical Center Rotterdam

32

‘ulewop suelquisusuen ‘'ginL

AHIVTTTTTITTTTTINTTIM (z uR104d 3I|-1-J4) UIlI34010 0LDHED
TLAHIATHINITIEVI 9 u@30.d B||-L-434 6/OMZO
EVE\aERRRIERIIER]] (1L wi10.d 1|-L-124) (U110.d 1| L-13} parenosse-AydonsAq) uilasia €265L0
ATIAVVAITTITIATIDNIAM (€ ure104d 31| L-494) UIJ0AN LWZNEO
INHTIAATIAVATIVIVOM 9-uIxejuAs 7SLEVO
IHTINSHIIDAITAYAMTIM (1d) (uimr04d o¥1I-135N) (92N UIeI04d BupeAE-YdVYIA 3ARING) | 35N Ul10.d 1odsuel) 8PISaA E7ZN6O
LVATAITIHAIADIIAIN (803) (UNa1qopu3) (8-dINVA) 8 UISI0Jd BURIqUISW PIIRIDOSSE-BISIA 07A860
aouanbas anL saweu ulo.d Anu3z

(panunuod) sujyold paoydue-jiey uewny paipaid Jo 1s] € d|qe] |eauawa|ddns

ty Rotterdam

1versi

Erasmus Un



diatric cardiomyopathy = 33

ive pe

ts in ASNA1 cause rapidly progress

ic varian

Biallel

2dA-piim ‘I Buppolg-a21ds 'gs ‘ouljoydioul ‘ON ANo-yD0uy ‘0x ‘Aep dluoliquis ‘3 ‘uope,

1194 3sod sAep ‘jdp ‘Buppolg-uope|suen ‘o1y

Apnis (4dp 8-9) Aujeups| Allea ‘Aijnoeliuod delpaed
SIyL paJledul] 'e1I0e |BSIOP Ul MO} POO|] PaSEa.9p ‘UoIe Ul Jappe|q Wims paJieduwl 03 snogAzowoy JouyLBUSE | 02l olung
(gS) Leuse ZOW + LM
(D1V) Leuse LOW + IM
o 19PPE|q WIMS JO XDe| ‘S1aajap asdeuAs Joidadsioloyd ‘uondadiad [ensia paseadap UMOPXI0UY| Leuse |Q +81991b8jeglb | owuasoung
sninasnuw
5t (5'83-5'€3) Ajeupa) dluofuguss | 0¥ snoSAzowoy euariun L BUSY/eygpypun L BUSY SN €139 0v24L LYNSY
snjnasnw
. JuswdojaAsp [|22-1 [ewJouqge 03 [EUOIIPUOD atszun B /gy WIBD sy
sninasnw
o (5°£3-5'73) Ajewpal dluofuguis | 0y snoSAzowoy afssunlWBD gy g WD B Z139 TV 9TNYD
(9S) SPY O + unyon(d49: 1219€) 81 sijpoydon
o uonenURJRHIP JagWeld [ewioude ‘s1ajep Suidool delipied UMOPYI0UY (OLV) SPY2 O + unop(d4D: 12108) 81 sndouay
siodno)
o Sal3I[eWLIOUGE 1B|NJ0 ‘UO[IBNUIBMIP J3qUIBYD [elloudge ‘s1ajep Suidoo| delpied UMOPYI0UY (91V) SPU2 OW + 1M Nr8%)
B Supiesy pue sjs01£00xa (22 Jiey paJedwil | oy sno8Azowioy SizgpuBizgsuOHM | OLaJ ojuDg
81z8vLuBizgyLuCHM
SizsuuBizerdIM 1 81091D 18189 Lb
o S13jap asdeuks Joydadalojoyd 03 snogAzowoy 125 0IM L B18YU| | Opas OjUDg
BLLIU Y 31005 1uicarinTIM
. slennuajod payoAs [ensiA padnpal ‘@suodsal aj14eis Aloypne padnpal 0y snogAzowoy SizgpuBizgyOHM | OLaJ ojuDg
B elpJedApelq ‘uoneziiejodal [elpiedoAw [ewlouge 03 snodAzowoy 312850 QM | OLRL OJUDG
94D-SUEINBN, UM snjnasnw
B $94Nz19S 21U0J2-21U0) ‘Juswieduwl Bulieay anissaiSoud 0% [EUONIPUOD UD-EINIBA, GIM sy
sninasnw
. JuawdojaAsp uledq [ewiouge | 0¥ Sno8Azoiaiay +0M /5 amont -1 GAM SN
sninasnw
9 (5'63>) Aujeyps| duofiquis | 0% snogAzowioy sntanont 1CHMsanont 1G4 S 1139 ‘SAHD M
SEN] adfyouayd wsiueyday adfjousn sapads swAuouAs EIED)

Saua8 palejal UoRIaSUl UIR101d V] palelpaw- | YNSY JOJ S|opow [ewiuy ¢ 3jgel |eyuawsalddns

ty Rotterdam

1versi

Erasmus Un



34 Erasmus Medical Center Rotterdam

5’ -GACATGAATGCAGATCAGCTGGCGTC CCTGTCATCCGCTCCGTCAGCGAGCAG-3'

5" -GACATGAATGCAGATCAGCTGGCGTCCARACTGGAGGAGACGCTGCCTGTCATCCGCTCCGTCAGCGAGCAG-3" WT
DM N A D L A S KULEETL P V I R S V 85 E Q

5’ -GACATGAATGCAGATCAGCTGGCG——————— TGGAGGAGACGCTGCCTGTCATCCGCTCCGTCAGCGAGCAG-3" A7
DM N A D Q L A W R R R C L s S A P S (missing 48 ARA)

G CAGCGTCTTZ CCTC CT CASKY YGG AY G ACCUKGTG AT C

Supplemental Figure 1. CRISPR/Cas9-induced asnal deletion in zebrafish. (A) Schematic representation of guide
RNA target site (asnaT 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 (A7) 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.

Asgbpm

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 I1:3 showing severly reduced left ventricular contractility.
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Supplemental Figure 3. Electrocardiography recordings of both patients. (A) ECG of patient I1:2 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 |1:3 during cardiopulmonary resuscitation (no prior ECG available).
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Supplemental Figure 4. Recombinant expression and purification of ASNAT from E. coli. (A) Expression tests of E.
coli transformed with plasmids encoding either wild-type ASNAT or the Val163Ala mutant. In each case, equal num-
bers of cells harvested before or after induction with T 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 ASNAT 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 ASNAT 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 ASNAT (ranging from 100 ng to 1 g 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 £. coli-based translation system [16]. This system contains only recombinant
translation factors and ribosomes, with no additional proteins. In addition, it contains *S-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 ASNAT, 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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