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Abstract

Introduction Biallelic damaging variants in ALPK3, encoding alpha-protein kinase 3, cause 

paediatric-onset cardiomyopathy with manifestations that are incompletely defined.

Methods & Results We analysed clinical manifestations of damaging biallelic ALPK3 variants 

in 19 paediatric patients, including nine previously published cases. Among these, 11 loss 

of function (LoF) variants, seven compound LoF and deleterious missense variants, and one 

homozygous deleterious missense variant were identified. Among 18 live-born patients, 8 

exhibited neonatal dilated cardiomyopathy (44.4%; 95% CI: 21.5%-69.2%) that subsequently 

transitioned into ventricular hypertrophy. The majority of patients had extracardiac 

phenotypes, including contractures, scoliosis, cleft palate, and facial dysmorphisms. We 

observed no association between variant type or location, disease severity and/or extracardiac 

manifestations. Myocardial histopathology showed focal cardiomyocyte hypertrophy, 

subendocardial fibroelastosis in patients under four years of age, and myofibrillar disarray in 

adults. Rare heterozygous ALPK3 variants were also assessed in adult-onset cardiomyopathy 

patients. Among 1,548 Dutch patients referred for initial genetic analyses we identified 39 

individuals with rare heterozygous ALPK3 variants (2.5%; 95% CI: 1.8%-3.4%), including 26 

missense and 10 LoF variants. Among 149 U.S. patients without pathogenic variants in 83 

cardiomyopathy-related genes, we identified six missense and nine LoF variants (10.1%; 95% 

CI: 5.7%-16.1%). LoF ALPK3 variants were increased in comparison to matched controls (Dutch 

cohort, p=1.6x10-5; U.S. cohort, p=2.2x10-13).

Conclusion Biallelic damaging ALPK3 variants cause paediatric cardiomyopathy manifested 

by DCM transitioning to hypertrophy, often with poor contractile function. Additional 

extracardiac features occur in most patients, including musculoskeletal abnormalities and cleft 

palate. Heterozygous LoF ALPK3 variants are enriched in adults with cardiomyopathy and may 

contribute to their cardiomyopathy. Adults with ALPK3 LoF variants warrant evaluations for 

cardiomyopathy. 
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Introduction

Paediatric-onset of cardiomyopathy, a disease of the heart muscle causing systolic and/or 

diastolic dysfunction, is a devastating cause of heart failure in children and the most common 

indication for heart transplantation in children over 12 months of age.1 Onset occurs prenatally, 

at birth, or throughout childhood. Damaging variants in over 100 genes cause either isolated 

or syndromic paediatric cardiomyopathy through many different pathological mechanisms.2-4 

ALPK3 (MIM617608) is a recently identified paediatric cardiomyopathy gene that encodes alpha-

protein kinase 3, a protein with functions that remain incompletely understood. Alpha-protein 

kinase 3 participates in normal intercalated disc formation and sarcomere organization in both 

humans and mice.5-7 Alpk3-null mice develop a non-progressive cardiomyopathy, characterized 

by predominantly myocardial hypertrophy and diminished systolic function, as typically occurs 

in dilated cardiomyopathy (DCM).6 Cardiomyocytes derived from human induced pluripotent 

stem cell (hiPSC-CMs) lacking ALPK3 display abnormal calcium handling.7

We previously reported seven patients from four unrelated consanguineous families 

with paediatric cardiomyopathy caused by biallelic predicted protein-truncating (loss-of-

function, LoF) variants in ALPK3.5,7 Two additional case reports described severe congenital 

cardiomyopathy including features of both DCM and hypertrophic cardiomyopathy (HCM) 

from homozygous ALPK3 LoF variants.8,9 Extracardiac manifestations have also been observed, 

including multiple pterygia with skeletal muscle underdevelopment, facial dysmorphisms, and 

skeletal features.7-9 

Unlike affected children, the clinical phenotypes of their parents and relatives, who carry only 

one damaging ALPK3 allele are less penetrant. Three of 21 published heterozygous carriers 

from two families had clinical features of HCM, described as hypertrophy of the interventricular 

septum5,9, whereas other heterozygous carriers had no cardiac disease. Whether or not these 

observations indicate damaging ALPK3 variants contribute to unexplained cardiomyopathy 

or modify cardiomyopathy that is caused by a pathogenic or likely pathogenic variant in an 

established disease gene remains unknown. To address these issues, we delineated the clinical 

and genetic spectrum of patients with damaging biallelic ALPK3 variants and defined the 

prevalence of heterozygous ALPK3 variants in two cohorts with adult-onset cardiomyopathy.
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Methods

Patient recruitment

Our study was carried out in collaboration with clinicians from 7 different countries and institutions. 

Mutation analysis was performed using next-generation sequencing (NGS), either whole exome 

sequencing or targeted gene panels. Details on sequencing methods and data analysis are available 

in the Supplemental Information. We reviewed clinical data of 19 patients with biallelic variants 

in ALPK3 (NM_020778.4), including nine previously reported patients.5,7-9 HCM was defined as 

increased ventricular wall thickness (end diastolic wall thickness: z-score ≥ 2) not solely explained 

by abnormal loading or structural heart conditions, such as valve disease, congenital heart 

disease, or hypertension. DCM was defined as ventricular dilation (LV end-diastolic dimension 

>2 SD above mean for body surface area) and systolic dysfunction (fractional shortening or LV 

ejection fraction >2 SD below mean for age) in the absence of abnormal loading conditions.10,11 

Chromosomal analysis was performed in all index patients with paediatric-onset cardiomyopathy - 

except patient F10P1. The Medical Research Ethical Committees of the University Medical Center 

Groningen, the Erasmus University Medical Center, Brigham and Women’s Hospital, and Boston 

Children’s Hospital approved this study. Informed consent was obtained from all participants or 

their legal guardians. This work was supported by the Dutch Heart Foundation (grant number 

2014T007 to I.M.B.H.v.d.L.) and an Erasmus University Rotterdam Fellowship (I.M.B.H.v.d.L.), the 

National Health and Medical Research Council/Heart Foundation (grant number G 12M 6401 to 

P.J.L.), the Instituto de Salud Carlos III, Centro de Investigación Biomédica en Red Enfermedades 

Cardiovasculares (grant numbers PIS15/02229, BA16/00032 to R.Y.); the National Institutes 

of Health (grant numbers 5HL084553, 5HL080494 to J.G.S.); the Broad Center for Mendelian 

Genomics and the Howard Hughes Medical Institute (to C.E.S.), the Victorian Government’s 

Operational Infrastructure Support Program and Australian Government National Health and 

Medical Research Council Independent Research Institute Infrastructure Support Scheme 

(NHMRC IRIISS). The authors are solely responsible for the design and conduct of this study, all 

study analyses, the drafting and editing of the paper and its final contents.

Variant interpretation

The pathogenicity of variants was assessed using Alamut Visual software (Interactive Biosoftware, 

Rouen, France), a gene browser that integrates missense prediction tools (Align GVGD, SIFT, 

MutationTaster, PolyPhen-2), allele frequencies from different population databases (gnomAD12, 

ESP, GoNL13) and disease-specific databases (HGMD, ClinVar, LOVD) and mRNA splicing prediction 

tools (SpliceSiteFinder-like, MaxEntScan, NNSPLICE, GeneSplicer, and Branch Points). A potential 

splice effect was defined as a greater than 10% difference between reference and mutated scores 

by three or more of five mRNA splicing prediction tools. Deleteriousness of variants was scored 

using combined annotation dependent depletion (CADD).14 A scaled CADD score of 10, 20, or 

30 indicates the top 10%, 1%, and 0.1% most deleterious substitutions in the human genome, 
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respectively. Variants were interpreted according to the 2015 ACMG guidelines.15 Variants with 

a minor allele frequency (MAF) < 0.1% in the Genome Aggregation Database (gnomAD) dataset 

(considering total population and major subpopulations) were considered rare. Nonsense and 

frameshift variants were considered null variants, with the exception of those residing in the last 

exon or the last 50 base pairs of the penultimate exon. 

Protein multiple sequence alignments

We constructed ALPK3 multiple sequence alignments over a fixed phylogeny of species: human, 

Hominidae (Pan troglodytes), Glires (Mus musculus), Laurasiatheria (Bos taurus), Marsupialia 

(Sarcophilus harrisii), Aves (Anas platyrhynchos), and Teleostei (Xiphophorus maculatus, Danio rerio). 

Sequences were aligned using T-Coffee.

Histology 

Paraffin-embedded or frozen cardiac tissue was available from two affected individuals 

(patient 1 from family 1 (F1P1) and patient 2 from family 2 (F2P2); pedigrees 1 and 2, 

Supplemental  Information). In addition, we collected muscle biopsy specimens from the 

lateral portion of the quadriceps femoris muscle from patient 3 from family 2 (F2P3; pedigree 2, 

Supplemental information) and her healthy sister (pedigree 2, Supplemental information), 

and from the spine, taken at scoliosis surgery, from patient 1 from family 3 (F3P1; pedigree 3, 

Supplemental Information). Tissues from age-matched donors were used as controls. All 

samples were histologically examined after haematoxylin and eosin staining using standard 

techniques. Samples from patient F3P1 were also examined by electron microscopy.

Cohort screening

ALPK3 was evaluated as part of a targeted NGS panel (gene panels B, D or F, Supplemental 

Table 2) in 1,548 patients (suspected of) having cardiomyopathy who were referred for diagnostic 

genetic testing in two molecular diagnostic laboratories in the Netherlands between December 

2015 and July 2018. ALPK3 was also evaluated from whole exome sequence data obtained on 

149 unrelated U.S. patients of European ancestry, with clinically diagnosed HCM or DCM. In 

each of these patients, prior NGS analyses of 83 established or putative cardiomyopathy genes 

(gene panel G, Supplemental Table 2) had excluded a pathogenic or likely pathogenic variant. 

Co-segregation analysis was performed for available family members in both of these cohorts. 

Haplotype analysis

To investigate whether the recurrent c.4736-1G>A, p.(Val1579Glyfs*30) variant originated 

from a single mutational event, haplotype analysis was performed using 13 microsatellite 

markers surrounding ALPK3. DNA from six probands (one homozygous carrier (F1P1) and five 

heterozygous carriers) was analysed, and DNA samples of three family members of F1P1 who 

carry the variant were used to verify the phase and reconstruct the haplotype.
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Statistical analysis 

Sequence data of 64,000 unrelated Non-Finnish Europeans (assembled by gnomAD12) were 

used as an independent control dataset. Raw data (version 2.1) were downloaded and filtered 

on PASS quality status. ALPK3 variants with a MAF >0.1% (2000 alleles) were excluded. The 

calculation of burden for LoF variants in cardiomyopathy cohorts and in gnomAD subjects 

excluded LoF variants in the last exon of ALPK3. The prevalences of ALPK3 variants were 

expressed as proportions (exact 95% binomial confidence intervals [CI]). Differences in 

prevalence rates between cohorts were estimated as the risk difference with exact 95% 

confidence interval of the risk difference and statistically compared using a one-tailed binomial 

test. Values of p<0.05 were considered significant.
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Results

Identification of ALPK3 sequence variants

All nine previously reported patients carried biallelic LoF variants in the ALPK3 gene. Of the 

ten newly studied patients described here, two carried biallelic ALPK3 LoF variants. Patient 

F7P3 (a distant relative of F7P1 and F7P2) carried c.1018C>T, p.(Gln340*) and c.4332delC, 

p.(Lys1445Argfs*29) and Patient F12P1 was homozygous for c.3418C>T, p.(Gln1140*). 

Seven patients (F7P1, F7P2, F8P1, F9P1, F10P1, F10P2 and F11P1) had compound 

heterozygous LoF and missense ALPK3 variants (Table 1 and 2 and Supplemental Table 1). 

Patient F13P1 carried a homozygous missense variant, c.5155G>C, p.(Ala1719Pro), which 

alters an alanine residue within the alpha-kinase domain. The Ala1719Pro substitution was 

absent in public exome databases and is predicted to be damaging by SIFT and PolyPhen-2. 

Identified ALPK3 variants showed clustering in the alpha-kinase domain (Figure 1). The alpha-

kinase domain has high sequence identity among ALPK family members and is required for 

phosphate modification of other proteins, a fundamental process involved in most signalling 

and regulatory processes within eukaryotic cells.16 No additional likely pathogenic or 

pathogenic variants in genes associated with cardiomyopathy, including TTN, nor pathogenic 

copy number variants explaining their cardiomyopathy were identified in any of the patients 

with homozygous ALPK3 variants. All but two ALPK3 missense variants had high CADD 

scores (>20; Table 2) and most of the novel amino acids substituted residues that are highly 

conserved across species (Supplemental  Information). By contrast, the p.(Val812Met) 

variant in F7P1 and F7P2 had a low CADD score and showed conflicting predictions of 

pathogenicity. However, the phenotype of both siblings carrying this variant (and a LoF 

variant on the other allele) showed striking similarities with other patients with biallelic 

ALPK3 variants. The p.(Glu199Asp) variant identified in patients F10P1 and F10P2 had a low 

CADD score and is also a conservative amino acid substitution that may not impact secondary 

protein structure, given the similar properties of these residues (Grantham score: 45). While 

this missense variant altered a residue within a region of poor sequence alignment, thereby 

limiting assessment of evolutionary conservation, the variant is absent from gnomAD. Based 

on the shared phenotype exhibited by F10P1, F10P2 and other carriers of biallelic ALPK3 

variants, we suggest that p.(Glu199Asp) is also damaging. However, functional studies should 

be carried out to further support our hypothesis.

Clinical features of patients with biallelic ALPK3 sequence variants 

Table 1 and Supplemental Table 1 provide clinical summary data on 19 patients (9 male) 

and additional descriptions are provided in the Supplemental Information. The age at 

diagnosis of cardiomyopathy ranged from 20 weeks of gestation to 53 years; two patients 

were diagnosed after the age of 18 years. Among patients with biallelic LoF variants, median 

age at diagnosis was 7 days (range 20 weeks gestation - 9 years). Median age at diagnosis in 
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patients carrying a LoF and a missense variant was 3 months; two of them were diagnosed 

at adult age (range birth - 53 years). Patient F13P1, harbouring two missense variants, 

presented with cardiomyopathy at 35 weeks of gestation. 

Figure 1. Schematic representation of the structure of ALPK3 gene (top) and protein and 

location of disease-associated variants. ALPK3 belongs to a superfamily of protein kinases 

and contains three domains: an alpha-type protein kinase domain and two Ig-like domains. 

The ALPK3 gene is located on chromosome 15q25. Homozygous variants are displayed on 

the top of the diagram. Compound heterozygous variants are displayed on the bottom of the 

diagram. Premature stop codon introducing variants are indicated in red.

Prenatal findings were available on 16 patients and included increased nuchal folds and/

or foetal hydrops in six patients (37.5%; 95% CI: 15.2%-64.6%). Eight of 18 live-born 

patients (44.4%; 95% CI: 21.5%-69.2%), including four with a LoF and a missense variant, 

showed left ventricular or biventricular DCM in the neonatal period that transitioned to 

ventricular hypertrophy at a later stage. Three patients who died in the neonatal period 

exhibited DCM or presented with a mixed phenotype of hypertrophy and DCM. Patient 

F13P1 showed marked changes in cardiac morphology, presenting with mild to moderate 

biventricular hypertrophy at birth that rapidly progressed to biventricular dilated ventricles 

without hypertrophy. At age two years, the DCM had again transitioned to left ventricular 

hypertrophy (LVH).

Among 16 surviving patients (age >2 years) all, except Patient F8P1, had LVH (93.8%; 95% 

CI: 69.8%-99.8%) (Figure 2A, 2C-D) and eight patients (age >11 months) also had right 

ventricular hypertrophy (50%; 95% CI: 24.7%-75.3%). Imaging studies showed progressive 

LVH in seven of 13 patients (53.8%; 95% CI: 25.1%-80.8%). Echocardiography of Patient 

F4P1 demonstrated features of left ventricular noncompaction (LVNC), and Patients F7P1 

and F12P1 exhibited LVNC in association with LVH. Patient F9P1 was diagnosed with HCM 
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at 53 years of age based on the finding of midventricular hypertrophy, a morphology that was 

also observed in three heterozygous carriers in Family 3 (Pedigree 3 in the Supplemental 

Information). None of the patients with biallelic variants had a structural heart defect 

(0/18; 95% CI: 0.0%-18.5%).

Table 1. Characteristics of 19 patients with biallelic ALPK3 variants. 

Proportion %

Male 9/19 47%

Age of onset of CMP

Prenatal

<1 year

1-<18 year

18+ year

4/19

10/19

3/19

2/19

21%

52%

16%

11%

Mutation type 

LoF/LoF 

LoF/missense

Missense/missense

11/19

7/19

1/19

58%

37%

0.5%

Progression DCM to LVH 8/18 44%

Prolonged QTc 13/16 81%

Endpoint

ICD

HTx

Death

4/19

2/19

4/19

21%

11%

21%

Short stature 9/15 60%

Kyphoscoliosis 6/15 40%

Webbed neck

Joint contractures

8/17

8/19

47%

42%

Cleft palate/VPI 8/18 44%

CMP=cardiomyopathy, DCM=dilated cardiomyopathy, LVH=left ventricular hypertrophy, LoF=loss-of-

function, ICD=implantable cardioverter defibrillator, VPI=velopharyngeal insufficiency

Electrocardiograms were available on 16 patients and showed prolonged QT intervals, 

repolarization abnormalities (inferolateral ST depression), and ventricular voltages (Figure 2B) 

consistent with LVH. In two siblings a short PR-interval was noted, as is seen in Pompe disease 

(12.5%; 95% CI: 1.6%-38.3%). Rhythm and conduction disorders occurred in seven patients 

(43.8%; 95% CI: 19.8%-70.1%)). These included supraventricular tachycardia (n=2), nonsustained 

ventricular tachycardia (n=2), premature ventricular contractions (n=1), ventricular fibrillation 

(n=2), intraventricular conduction delay (n=1), and second-degree atrioventricular block (n=1). 

Four patients received an implantable cardioverter defibrillator (25%; 95% CI: 7.3%-52.4%), and 

two had a heart transplant at the ages 4 and 28 years, respectively (12.5%; 95% CI: 1.6%-38.3%).
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Table 2. Overview of previously published (F1-F6) and novel biallelic variants in ALPK3. 

Patient Nucleotide change Protein change Location gnomAD Splice prediction SIFT PolyPhen-2 CADD

F1P1 (homozygous) c.4736-1G>A p.(Val1579Glyfs*30) intron 9 4/273120 Loss acceptor site NA NA 34

F2P1, F2P2, F2P3 (homozygous) c.3781C>T p.(Arg1261*) exon 6 8/235216 No effect NA NA 35

F3P1 (homozygous) c.5294G>A p.(Trp1765*) exon 12 Absent No effect NA NA 46

F4P1, F4P2 (homozygous) c.3792G>A p.(Trp1264*) exon 6 Absent No effect NA NA 35

F5P1 (homozygous), F11P1 (comp. het.) c.2023delC p.(Gln675Serfs*30) exon 5 5/238584 No effect NA NA NA

F6P1 (homozygous) c.1531_1532delAA p.(Lys511Argfs*12) exon 5 Absent No effect NA NA NA

F7P1, F7P2, F7P3 (comp. het.) c.1018C>T p.(Gln340*) exon 4 Absent No effect NA NA 38

F7P1, F7P2 (comp. het.) c.2434G>A p.(Val812Met) exon 6 5/277136 No effect Tolerated Probably damaging 2.206

F7P3 (comp. het.) c.4332delC p.(Lys1445Argfs*29) exon 6 Absent No effect NA NA 38

F8P1 (comp. het) c.541delG p.(Ala181Profs*130) exon 1 5/29436 No effect NA NA NA

F8P1 (comp. het) c.3439C>T p.(Arg1147Trp) exon 6 15/243424 No effect Deleterious Probably damaging 19.77

F9P1 (comp. het) c.4997delA p.(Asn1666Thrfs*14) exon 10 1/245986 No effect NA NA NA

F9P1 (comp. het) c.4091G>C p.(Gly1364Ala) exon 6 17/269654 No effect Deleterious Probably damaging 26.9

F10P1, F10P2 (comp. het.) c.5105+5G>C p.(?) intron 11 Absent Loss donor site NA NA 20.2

F10P1, F10P2 (comp. het.) c.597G>T p.(Glu199Asp) exon 1 Absent No effect Tolerated Benign 11.42

F11P1 (comp. het.) c.4888G>T p.(Val1630Phe) exon 10 Absent No effect Deleterious Probably damaging 29.6

F12P1 (homozygous) c.3418C>T p.(GIn1140*) exon 6 Absent Loss cryptic donor site NA NA 33

F13P1 (homozygous) c.5155G>C p.(Ala1719Pro) exon 12 Absent No effect Deleterious Probably damaging 29.5

CADD=Combined Annotation Dependent Depletion v1.4, gnomAD=Genome Aggregation Database 

v2.0, NA=not available, PolyPhen-2=Polymorphism Phenotyping v2, SIFT=Sorting tolerant from 

intolerant. For variant annotation, human genome assembly GRCh37/hg19 and RefSeq NM_020778.4 

was used.
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C D

Figure 2. Cardiac CT, ECG and echocardiographic images. (A) Cardiac CT of patient F4P1 at age 30 

years showing normal right dominant coronary anatomy without atherosclerosis and marked LVH.  

(B) ECG showing sinus rhythm, normal axis and LVH. Minor intra-ventricular conduction delay is seen 

(QRS 100 msec) and QTc measured 470 msec. (C-D) TTE shows severe LVH with mild global systolic 

dysfunction. Right ventricular size, wall thickness and function are normal. 

A wide spectrum of extracardiac features (excluding hydrops) was observed in 16 of 18 (88.9%; 

95% CI: 65.3%-98.6%) live-born patients with damaging biallelic ALPK3 variants. At birth, all 

patients had normal size for gestational age, but subsequent growth was delayed. The height 

of 9/15 patients (60%; 95% CI: 32.3%-83.7%) ranged from 2 to 6 SDs below the normal mean. 

Musculoskeletal abnormalities were observed in 11/18 patients (61.1%; 95% CI: 35.7%-

82.7%), including severe scoliosis (n=6) (Figure  3A), webbed neck (n=8) (Figure  3B), knee 

and/or shoulder contractures (n=5), camptodactyly/arthrogryposis (n=6) (Figure  3C), and 

spondylolysis (n=2). Five patients had congenital contractures while one patient developed 

contractures and scoliosis later in life. Four of 12 patients (33.3%; 95% CI: 9.9%-65.1%) had 

delayed motor development with independent walking at ages 18-32 months, and three of 

these children also had a speech delay. Patient F3P1, now aged 14 years, has a learning disorder 

(nonverbal IQ 74). Hypotonia was present in 4/13 (30.8%; 95% CI: 9.1%-61.4%) patients. Cleft 

palate or velopharyngeal insufficiency occurred in 8/18 (44.4%; 95% CI: 21.5%-69.2%) patients. 

Craniofacial dysmorphic features were present in at least 12/17 patients (70.6%; 95% CI: 44.0%-
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89.7%), including hypertelorism, ptosis, ankyloglossia, intra-oral pterygia, micrognathia, and 

low-set ears (Figure 3B). At least 3/12 patients (25.0%; 95% CI:5.5%-57.2%) had an abnormal 

glucose metabolism. We observed no significant association between variant type or location 

and the severity of extracardiac phenotypes. 

Clinical features of patients’ relatives with heterozygous ALPK3 variants 

Among previously published families, five heterozygous carriers of an ALPK3 LoF allele showed 

LVH: three members of Family 3 exhibited midventricular hypertrophy at ages 27, 29, and 64, 

respectively; the father of Patient F5P1 was diagnosed with HCM at age 30; and the father of 

Patient F6P1 had asymmetric hypertrophy of the interventricular septum (5/22; 22.7%; 95% 

CI: 7.8%-45.4%). Cardiac evaluations were normal in 17 other clinically evaluated relatives with 

heterozygous LoF ALPK3 variants (17/22; 77.3%; 95% CI: 54.6%-92.2%). Among our newly 

studied families, none of 20 obligatory heterozygous carriers of a damaging ALPK3 variant have 

cardiomyopathy or extracardiac abnormalities (0%; 95% CI: 0.0%-16.8%). As the prevalence 

of unexplained LVH in the general population is 0.10%17, finding five of 37 (13.5%; 95% CI: 

4.5%-28.8%) of ALPK3 heterozygous LoF carriers with LVH is unexpected (difference, 13.4 

percentage points; 95% CI: 4.4-28.7;  p=4.2x10-10). Although we cannot fully exclude a shared 

inherited modifier or private mutations in yet unknown HCM genes in these families explaining 

the LVH, this observation suggests a causal relationship between carrying a heterozygous 

ALPK3 LoF variant and LVH.

Histopathologic examination

Post-mortem microscopic examination of myocardial tissue showed (sub)endocardial fibro-

elastosis in Patients F1P1, F2P1, F5P2 and F5P3. At the DCM stage, no myofiber disarray was 

observed (patient F1P1). Histopathology of Patient F2P1, who had both ventricular dilation 

and hypertrophy, showed focal cardiomyocyte hypertrophy without myofiber disarray. Patients 

F7P2 and F7P3 underwent cardiac biopsy at age 4 years and 28 years respectively, when their 

DCM progressed to biventricular hypertrophy. Cardiac histopathology of Patient F7P3 showed 

cardiomyocyte hypertrophy with myofiber disarray. A spinal muscle biopsy of Patient F3P1 

taken at scoliosis surgery showed variation in fiber size, fiber splitting, and numerous central 

cores (Figure 4A, B). However, subsequent examination of the quadriceps muscle of the same 

patient did not show any ultrastructural abnormalities (Figure 4C). 

Burden of heterozygous LoF ALPK3 variants identified in patients with adult-onset 

cardiomyopathy We assessed the prevalence of ALPK3 variants in two cardiomyopathy 

cohorts. The Dutch cohort comprised of 1,548 index patients with predominantly adult-onset 

cardiomyopathy, referred for clinical genetic testing. None had biallelic damaging ALPK3 variants, 

but 24 rare (MAF <0.1%) heterozygous ALPK3 variants were identified in 39 patients (2.5%; 

95% CI: 1.8%-3.4%), including four LoF variants (three frameshifts and one splice site variant 
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resulting in exon 10 skipping), 18 missense variants, one stop gain variant in the last exon, and 

one synonymous variant with predicted effect on splicing (Supplemental Table 3). Ten variants 

recurred in more than one patient. The heterozygous c.4736-1G>A, p.(Val1579Glyfs*30) 

variant initially observed in the unaffected parents and sister of Patient F1P1, also occurred 

in five adult cardiomyopathy probands (P025-P029), and in four of 273,120 alleles (0.0015%) 

in gnomAD. A shared haplotype, consisting of 5 of 13 polymorphisms located within 2.33 Mb 

flanking ALPK3 was identified in eight individuals from five families, suggesting a common 

founder in the Dutch population (Supplemental Table 4). 

F7P1

F13P1

F11P1F3P1

B

C

A

F13P1

Figure 3. Extracardiac features in biallelic ALPK3 variants carrying patients. (A) Anteroposterior 

and lateral X-rays demonstrating S-shaped scoliosis of the thoracic and lumbar spine of patient F3P1. 

Note: cardiomegaly and implantable cardiac defibrillator in situ. (B) Faces of patients F7P1, F11P1 and 

F13P1. (C) Distal arthrogryposis in patient F13P1: bilateral absent flexion creases of dig. V, congenital 

contractures of dig. I, II and V of left hand and dig. V of right hand.
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A

B
C

B C

Figure 4. Histopathologic examination of skeletal tissue. Electron microscopic (EM) examination of 

spinal muscle from F3P1: relatively unaffected region (A. 4000x), central core (B. 2200x, arrowhead). 

EM of quadriceps muscle sarcomeres from F3P1 showing regular arrangement of contractile protein 

filaments (C. 8900x). 

Patients with heterozygous ALPK3 variants (Supplemental Table  3) had the following 

clinical diagnoses: HCM (13 missense, 7 LoF, 2 stop gain variant in last exon, and one 

synonymous variant predicted to affect splicing), DCM (6 missense, 2 LoF), arrhythmogenic 

cardiomyopathy (ACM, 3 missense, 1 LoF), LVNC (1 missense), mixed/unspecified 

cardiomyopathy (2 missense), and one sudden cardiac death with unknown cardiac 

disease (1 missense). Seven of these patients (17.9%; 95% CI: 7.5%-33.5%) also had a likely 

pathogenic or pathogenic variant in another cardiomyopathy gene (Supplemental Table 5): 

in MYBPC3 (n=4), MYH7 (n=1), TNNI3 (n=1), and LMNA (n=1).

The frequency of ALPK3 LoF variants in the general population approximates the expected 

frequency, when accounting for protein size (pLI=0.00; gnomAD12), which implies that 

one null ALPK3 allele is tolerated. The gnomAD dataset reports 2,149 rare (MAF <0.1%) 

missense or LoF ALPK3 alleles among ~64,000 Non-Finnish Europeans (NFE, 3.4%; 95% 

CI: 3.2%-3.5%) compared to 2.5% (38 of 1,548; 95% CI: 1.7%-3.4%) Dutch cardiomyopathy 

patients (Supplemental Table  3; difference, 0.91 percentage points; 95% CI: -2.09-

1.63;  p=0.024). By contrast, we observed significantly more LoF ALPK3 alleles in Dutch 

cardiomyopathy subjects (10/1,548; 95% CI: 0.3%-1.2%) than in NFE (73/64000; 95% CI: 

0.1%-0.1%; difference, 0.54 percentage points; 95% CI: 0.20-1.07; p=1.6x10-5). 

We also studied ALPK3 LoF variants in 149 unrelated cardiomyopathy patients (HCM, 

n=129; DCM, n= 20) with European ancestry from the United States. Previous genetic 

analyses in these patients had excluded a pathogenic or likely pathogenic variant in 83 

cardiomyopathy genes. Analyses of exome sequencing identified 15 rare (MAF<0.1%) 

ALPK3 protein-altering variants (Supplemental Table 3): 14 in HCM patients (8 LoF and 6 

missense variants) and one LoF variant in a DCM patient (15/149; 10.1%; 95% CI: 5.7%-
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16.1%). No patients had biallelic variants and none of the variants recurred in this cohort. 

The proportion of ALPK3 LoF variants in the US cardiomyopathy cohort (9/149; 6.0%; 

95% CI: 2.8%-11.2%) was significantly higher than in the Dutch cardiomyopathy cohort 

(10/1548; 0.65%; 95% CI: 0.31%-1.18%; difference, 5.39 percentage points; 95% CI: 

2.13-10.52; p=6.8x10-7) or in gnomAD NFE (73/64,000; 0.11%; 95% CI: 0.09%-0.14%; 

difference, 5.93 percentage points; 95% CI: 2.69-11.05; p=2.2x10-13).
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Discussion

The clinical manifestations of biallelic and heterozygous ALPK3 variants are quite distinct. 

Among 19 patients with biallelic damaging ALPK3 homozygous or compound heterozygous 

variants, 17 patients presented with paediatric-onset cardiomyopathy. Strikingly, most cases 

presented initially with DCM that transitioned to ventricular hypertrophy with reduced 

systolic performance – an unusual clinical sequence. ALPK3-related cardiomyopathy often 

progressed rapidly and six patients died or underwent cardiac transplantation. Most patients 

had extracardiac manifestations, including craniofacial and musculoskeletal abnormalities, but 

these were not sufficiently consistent to delineate a recognizable syndrome.

We report, for the first time, biallelic missense variants that cause paediatric-onset 

cardiomyopathy. The clinical manifestations associated with these variants were similar to 

those associated with other damaging ALPK3 variants. These missense variants could result in 

a conformational change that affects protein folding or flexibility, protein-protein or protein-

DNA interaction, or the activity of the alpha-kinase domain. Unfortunately, no 3D structure 

of ALPK3 is available to predict the consequence of the missense variants. In addition, we 

demonstrated higher than expected frequencies of heterozygous ALPK3 LoF variants among 

adult cardiomyopathy patients in Dutch and US cohorts. Thirty-seven of these patients were 

clinically diagnosed with HCM, which is likely related to the hypertrophy phenotype observed 

in paediatric patients with biallelic ALPK3 variants. Despite this similarity, there were other 

notable differences between the clinical features associated with monoallelic and biallelic ALPK3 

cardiomyopathy, including absence or undetected extracardiac phenotypes. Whether these 

differences reflect graded dose responses to ALPK3 deficits or distinct mechanisms by which 

monoallelic or biallelic variants cause disease remains unknown. 

Biallelic ALPK3 variants were associated with a range of morphological and functional 

abnormalities. Almost half of the live-born paediatric patients presented with DCM that 

later evolved into ventricular hypertrophy. Three individuals initially displayed a mixed 

cardiomyopathy with features of both DCM and ventricular hypertrophy that evolved 

into concentric hypertrophy of both left and right ventricles.9 This hypertrophic phenotype 

differs from classic HCM caused by pathogenic variations in genes encoding sarcomere 

proteins. Notably, hypertrophy was atypical, often biventricular and/or concentric, or apical 

in distribution. LV dilatation occurred in some paediatric patients, which occurs rarely in HCM 

and decades after diagnosis with accompanying decrease in systolic performance.18,19 Like other 

paediatric cardiomyopathies, ALPK3 cardiomyopathy can present with features of more than 

one subtype.20,21 However, transition from DCM to LVH has not been described and appears to 

be unique to biallelic ALPK3 cardiomyopathy.
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The histopathology of biallelic ALPK3 cardiomyopathy has some features observed in classic 

HCM22, including focal cardiomyocyte hypertrophy, interstitial fibrosis and, at adult age, myofiber 

disarray. Whether this histopathology precedes the progression to hypertrophy remains unclear. 

Patients with biallelic variants in ALPK3 display a variety of rhythm and conduction disturbances 

reminiscent of those seen in arrhythmogenic cardiomyopathy. We previously showed a reduced 

plakoglobin signal at intercalated disks of patients with biallelic ALPK3 variants.5 A reduced 

plakoglobin signal has also been documented in ACM23; this redistribution of plakoglobin from 

the junctional pool to the intracellular and nuclear pools likely suppresses the canonical Wnt/

beta-catenin signalling, leading to enhanced fibrogenesis and myocyte apoptosis. ACM and 

ALPK3 cardiomyopathy may share the same pathophysiological mechanisms, thus explaining the 

arrhythmogenic phenotype in patients with biallelic ALPK3 variants. Alternatively, the rhythm 

disorders observed in ALPK3 cardiomyopathy may be secondary to progressive disease.

We observed no association between extracardiac manifestations and allelic heterogeneity: 

biallelic missense or LoF variants appeared to cause similar phenotypes. The majority of 

patients with biallelic ALPK3 variants, including those with one or two missense variants, had 

musculoskeletal involvement including contractures and severe progressive scoliosis. Several 

patients had cleft palate, velopharyngeal insufficiency, and/or facial dysmorphisms. Jaouadi 

et al. also described a patient with a diversified phenotype, including cleft palate, pectus 

excavatum, bilateral clinodactyly and facial dysmorphic features like broad forehead, down-

slanting palpebral fissures, mild ptosis, and low-set posteriorly rotated ears, which fits with the 

extracardiac features we observed in our cohort.9 While we cannot exclude that genome-wide 

inbreeding contributed to extracardiac features in patients with homozygous ALPK3 variants, 

their occurrence in multiple unrelated patients with different allelic variants and genetic 

backgrounds suggests direct effects of ALPK3 variants. 

The expression of ALPK3 helps to explain these extracardiac phenotypes. The prevalence 

of skeletal muscle phenotypes in paediatric patients likely reflects ALPK3 expression in 

developing skeletal and heart muscle6,24 as well as in skeletal, smooth, and heart muscles in 

adult humans (GTEx (https://commonfund.nih.gov/gtex)). In embryonic mice (E8.5), Alpk3 is a 

detectable around the first branchial arch24, which may account for palatal abnormalities. Further 

support for the syndromic nature of ALPK3-related disease arises from GeneNetwork Assisted 

Diagnostic Optimization (GADO), a method that exploits RNA-seq data from a range of tissues 

and cell types, and using gene co-regulation to predict gene functions.25 For ALPK3, “muscle 

contraction” and “myogenesis” were predicted as the top phenotypes. Based on a combination 

of the major shared phenotypic abnormalities in our patients, the ALPK3 gene is ranked in the 

top 1% of all coding and non-coding human genes (p=0.000432) (Supplemental Table 6). 
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Pathogenicity of heterozygous ALPK3 variants 

Among 35 relatives of patients with biallelic variants with a heterozygous LoF variant 

in ALPK3 (three of whom ≤18 years of age), five (14%) were diagnosed with HCM as 

adults. No relatives carrying one missense variant have manifested cardiomyopathy. We 

suggest that these observations imply that a) some carriers have another undetected 

variant or b) functional levels of ALPK3 contribute to normal cardiac function. In support 

of these hypotheses, we note that gnomAD reports fewer ALPK3 LoF variants (transcript 

NM_020778.4 (ENST00000258888)) than would be expected if these were to occur 

randomly, despite a pLI=0.00. While the observed and expected differences are not 

statistically significant, we suggest that some individuals with ALPK3 LoF may have mild or 

late-onset, undetected cardiomyopathy. 

To better understand the role of ALPK3 variants in adult-onset cardiomyopathy we analysed 

a Dutch and US cohort. Among Dutch cardiomyopathy patients, the frequency of rare ALPK3 

LoF alleles was 0.65% or ~5 fold higher than the in the general population (vs. gnomAD, 

p=1.6x10-5). The US cohort included only cardiomyopathy patients without damaging 

variants in cardiomyopathy genes. Their frequency of ALPK3 LoF variants was 6.04%, or ~50 

fold higher than the general population frequency (vs gnomAD, p=2.2x10-13). In the Dutch 

cohort, ALPK3 was included in a targeted NGS gene panel as a first tier test to all patients 

suspected of cardiomyopathy. The US cohort consisted of patients that were negative for 

(likely) pathogenic variants in other cardiomyopathy-related genes and reflected a high 

proportion of HCM rather than DCM. Finally, differences in sequencing platforms may 

have contributed to the observed differences in allele frequencies. Regardless of these 

or other differences, the increased frequency of ALPK3 LoF variants in cardiomyopathy 

patients, combined with the emergence of cardiomyopathy in heterozygous relatives of 

paediatric patients with biallelic ALPK3 LoF variants provides compelling evidence that 

this enigmatic kinase plays important roles in cardiac function and pathologic remodelling. 

Further evidence of the role of ALPK3 in cardiac hypertrophy arises from a genome-

wide association meta-analysis, which identified a novel locus at chromosome 15q25.3, 

which encompasses ALPK3, that is strongly associated with two clinically used QRS traits 

(Cornell and 12-lead sum), reflecting a higher LV myocardial mass. One of the lead SNPs 

of this GWAS is in strong linkage disequilibrium with two nonsynonymous SNPs in ALPK3 

(p=9.94e-18).26 Basic studies are needed to understand the targets and pathways in which 

this kinase participates. 

Limitations 

The majority of paediatric patients with biallelic damaging ALPK3 variants were characterized 

in the context of clinical care, and medical examinations, imaging, and other laboratory studies 

were not consistently obtained across all patients. Phenotypes of heterozygous first-degree 
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relatives from cardiac screening, interviews, and/or medical records, were not systematically 

obtained. The mean coverage of ALPK3 sequencing data in gnomAD is much lower than in our 

cohorts, particularly distal exon 1 sequences and exon 6. Therefore, the number of variants 

reported in gnomAD may be an underrepresentation. 

Conclusions 

Our study reinforces the role of ALPK3 in paediatric cardiomyopathy and we show a unique 

cardiac phenotype with progression of DCM to ventricular hypertrophy as a major feature of 

ALPK3-related disease. We demonstrate that biallelic variants in ALPK3 can cause a syndromic 

form of cardiomyopathy with musculoskeletal features as well as craniofacial abnormalities. 

We demonstrate an increased burden of heterozygous ALPK3 LoF variants in two adult-onset 

cardiomyopathy cohorts. Further study is needed to establish the pathogenicity of heterozygous 

ALPK3 variants.
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Supplemental Information

Clinical summaries and details on exome sequencing

No follow-up data is available for patient 1 of family 1 (F1P1), who died at age 5 days, and 

for patients 1 and 2 of family 2 (F2P1, F2P2), who died before birth and at age 4 days, 

respectively.

Family 2, patient 3 (previously published by Almomani et al.1)

This female patient (B-IV:3, Figure 1 Almomani et al.1) was diagnosed with severe concentric 

hypertrophic cardiomyopathy (HCM) at birth, which remained stable over the first decade 

of life. However, follow-up examination at age 13 years revealed a progressive increase in 

interventricular wall thickness (from 13 mm (z-score +6.0) to 23 mm (z-score +13.6)), mild 

left ventricular (LV) systolic dysfunction (fractional shortening (FS) 27%), and premature 

ventricular contractions. She did not complain of dyspnoea, chest pain, or palpitations. Physical 

exercise tolerance had remained slightly reduced (unchanged). Psychomotor development 

was age appropriate. At age 13 years her height was 140 cm (-2.8 SD for Moroccan girls her 

age living in the Netherlands) and her weight was 32 kg (0 SD for height). No dysmorphic 

facial features were noted. Two siblings had died from cardiac failure in late pregnancy or 

shortly after birth.1

Family 3, patient 1 (previously published by Almomani et al.1)

This male patient (C-V:2, Figure 1 Almomani et al.1) was operated on for cleft palate (CP) at 

age 12 months. Psychomotor development was delayed (independent walking at 24 months), 

and he was noted to have a learning disorder (nonverbal IQ 74). At age 4 years, he was 

diagnosed with severe biventricular HCM (interventricular septum (IVS) 13 mm, LV posterior 

wall 9 mm), which has been slowly progressive over the years. At age 7 years, he received an 

implantable  cardioverter defibrillator (ICD) after out-of-hospital cardiac arrest caused by 

ventricular fibrillation (VF). Since then, he has received several appropriate ICD shocks. Cardiac 

evaluation at age 14 years showed increased thickness of the IVS (16 mm; z-score +7.4) and LV 

posterior wall (13 mm; z-score +6.5), and mild LV systolic dysfunction (FS 26%). At age 12 years, 

he developed a rapidly progressive scoliosis (Figure 3A) with flexion contractures of the knees 

and talipes equinus and mild restrictive lung disease (forced vital capacity 64%). On physical 

examination, he had a dystrophic appearance and mild weakness of the deltoid muscles (grade 

4). Tendon reflexes appeared normal. Height was 138 cm (-2 SD for his age of Turkish boys living 

in the Netherlands) and weight was 33 kg (+1 SD for height). Serum creatine kinase (CK) levels 

were within the normal range. Electromyography did not reveal any abnormalities. Computed 

tomography (CT) showed mild atrophy of the pelvic and hamstrings muscles. Mitochondrial 

respiratory chain enzymatic activities were within reference ranges. Whole exome sequencing 

(WES) was performed with a mean depth of coverage of 50x, following analysis of a panel of 
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2,764 genes involved in congenital anomalies, including known myopathy-related genes. This 

revealed one additional variant, c.1196C>T, p.(Ala399Val) in the RYR1 gene (NM_000540.2), 

encoding the skeletal muscle ryanodine receptor 1. This variant of unknown significance (VUS) 

was inherited from his healthy mother.

Family history revealed HCM in his father and paternal uncle (C-IV:2 and C-IV:1, Almomani et 

al.1). The paternal grandmother was diagnosed with midventricular hypertrophic obstructive 

cardiomyopathy at age 64 years. Although she has not been formally tested, she is supposed to 

be a heterozygous carrier of the familial ALPK3 variant (Figure 1 Almomani et al.1). None of the 

family members showed signs of myopathy or scoliosis. A cleft lip and/or palate was present in 

two maternal cousins.

Family 4, patient 1 (previously published by Phelan et al.2)

The female proband (IV-1, Figure 1, Phelan et al.2) was the fifth child of healthy consanguineous 

parents of Turkish origin. She was born at normal gestation with subtle features of multiple 

pterygia syndrome including webbed neck, bilateral intraoral pterygia, and CP. She presented 

at 6 months of age with recurrent respiratory infections, and a chest x-ray and subsequent 

echocardiogram identified dilated cardiomyopathy (DCM) and evidence of left ventricular 

noncompaction (LVNC). An electrocardiogram (ECG) showed a prolonged QT interval, and 

beta blocker therapy was instigated. Cardiac surveillance commenced and, within a short 

period of time, the cardiomyopathy which initially appeared dilated became significantly 

hypertrophic. A primary prevention single lead ICD was implanted at age 18 years and, 

apart from 6 inappropriate shocks for supraventricular tachycardia, she has not had further 

device therapy. Investigations at age 30 included an ECG (Figure 2) showing sinus rhythm, 

normal axis and left ventricular hypertrophy (LVH). Minor intra-ventricular conduction delay 

is seen (QRS 100 ms) and her QTc measures 470 msec. A cardiac CT scan showed normal 

right dominant coronary anatomy without atherosclerosis and marked LVH (Figure  2). 

Transthoracic echocardiogram (TTE) showed severe stable LVH (IVS 1.6 cm) with mild global 

systolic dysfunction (Figure 2). LVOTO was not demonstrated at rest or with Valsalva (resting 

LVOT Vmax 1.3m/s; unchanged with strain). Right ventricular size, wall thickness and function 

and cardiac valves were normal. Her right ventricular systolic pressure was normal at 37 

mmHg (+ Right Atrial Pressure 8 mmHg). 

She is of normal intellect. Her medical history is also significant for gastro-oesophageal reflux, 

morbid obesity (BMI 41 kg/m2), impaired glucose tolerance, and hypothyroidism. CK was mildly 

elevated (306 IU/L, N=40-240) and troponin I is persistently elevated, ranging from 85 to 417 

ng/L (N <16 ng/L). Skeletal muscle biopsy showed normal histology. 
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Family 4, patient 2 (previously published by Phelan et al.2)

The proband’s first cousin (IV-5, Figure  1, Phelan et al.2) was born with severe features of 

multiple pterygia syndrome with webbed neck, shoulders, knees, hands and bilateral intra-oral 

pterygia. Camptodactyly, CP, and scoliosis were also present. He represented with heart failure 

at 7 weeks of age and was initially diagnosed with DCM on echocardiogram, but by age 8 months 

this transformed into severe HCM. An ECG showed sinus rhythm and a prolonged QT interval 

(550 ms). Treatment using beta blocker therapy and cardiac surveillance commenced.

 A cardiac magnetic resonance imaging (MRI) scan at the age of 17 showed marked LVH with 

a LV wall thickness of 27 mm. There was no evidence of LVNC or fibrosis. The right ventricle 

was normal, there was no dilation of the left ventricle and no aortic valve disease was observed. 

Cardiac catheterization was performed aged 17 years, and this showed smooth arteries with 

separate origins of his left anterior descending and his circumflex coronary arteries, and 

a dominant right system. Dynamic obstruction was not seen. Biventricular elevated filling 

pressures were observed with a RV and LV end diastolic pressure of 20 mm Hg (PCWP 24 

mmHg).

His ECG at age 19 showed sinus rhythm, normal axis, and biventricular hypertrophy (Katz-Wachtel 

sign). Pronounced J point/ST elevation is seen in the precordial leads, with a QTc measurement 

of 505 ms (QRS 100 ms). Echocardiogram at 19 years showed marked stable concentric LVH 

with mild global hypokinesis. Severe LV diastolic dysfunction and mild LV systolic dysfunction 

was observed, but no LVOTO or SAM was seen. Holter monitoring has been performed on 

multiple occasions, with studies showing symptoms corresponding to normal sinus rhythm, 

isolated ventricular and supra-ventricular ectopy, and non-sustained ventricular tachycardia. 

Persistent troponin elevation has also be seen with emergency department presentations. 

An ICD was recommended but declined. Other medical history includes generalized anxiety 

disorder. Physical examination at age 18 revealed underdeveloped musculature, most notable in 

the pectoral calves and lower quad muscles, and severe kyphoscoliosis. A muscle biopsy showed 

normal. CK levels do not support a diagnosis of congenital (structural) myopathy or muscular 

dystrophy. Respiratory chain enzymes levels were also normal. 

Family 5, patient 1 (previously published by Ḉağlayan et al.3)

The index case is a 7-year-old male who was born preterm at 32 weeks of gestation. The 

parents are of Turkish origin and non-consanguineous, but come from the same small village. 

Fetal echocardiography at 21 weeks of gestation demonstrated cardiomegaly (heart/thorax 

ratio of 0.8), decreased cardiac contractility, and thickened trabecular layer and moderator 

band. When he was four months old, he was diagnosed with non-progressive HCM. Doppler/

Echocardiography revealed diffuse LVH without outflow tract obstruction, with normal ejection 

fraction (EF). ECG showed prolonged QT intervals and an automated ICD was inserted when 
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he was five years old. His growth, motor- and mental development were normal, and physical 

examination indicated high arched palate, low-set ears, short neck, and teeth abnormality.

Follow-up echocardiographic evaluation of the parents, who are mandatory mutation carriers, 

revealed HCM in the father at age 30 years. A male sibling did not survive to term and died after 

30-weeks gestation due to cardiomyopathy and congestive heart failure. The sibling probably 

carried the same homozygous variant, but no material was available for DNA testing.

Family 7, patient 1

This male was born to non-consanguineous parents after a pregnancy complicated by cystic 

hygroma, pre-eclampsia, and breech positioning. Foetal echocardiogram at 20-weeks gestation 

was normal. Cardiomegaly was noted on chest x-ray soon after delivery, and a subsequent 

echocardiogram demonstrated severe DCM with an estimated EF of 12%. Over the first 6 

months of life he progressed to a hypertrophic phenotype with some evidence of noncompaction. 

The LVH was progressive and he developed mild RVH. Catheterization at age 5 showed low 

cardiac index of 2.6 to 3 with elevated right-sided filling pressures, a mean right atrial pressure 

of 10 and a transpulmonary gradient of 4, and a pulmonary vascular resistance of 1.4. He had 

an elevated pulmonary capillary wedge pressure of 18. He died suddenly at home at age 6 years 

after a two day history of mild gastroenteritis without hypoglycaemia. There was a history of 

hypoglycaemia with some, but not all, intercurrent illnesses.

Extracardiac medical concerns included hypotonia, velopharyngeal insufficiency, ankyloglossia, 

laryngomalacia, aspiration and dysphagia requiring G-tube placement, and obstructive sleep 

apnoea that improved after tonsillectomy. Development was notable for gross motor, fine motor, 

and speech articulation delays, but above average cognition (full scale IQ 134). Physical exam 

features included short stature (-2 SD), relative macrocephaly (75th centile), widely spaced 

downslanting eyes with ptosis of his left eye and long lashes, low-set ears, round face with 

full cheeks, micrognathia, short and wide neck (Figure 3B), hip and knee flexion contractures, 

scoliosis (40 degree thoracic curve and 60 degree lumbar curve), keratosis pilaris, and hirsutism. 

He had a normal enzyme assay for Pompe disease, urine organic acids, lactate, pyruvate, 

chromosomal microarray, plasma amino acids, acylcarnitine and acylglycine profiles, urine 

organic acids, carnitine, triglycerides, cholesterol, bilirubin, liver enzymes, uric acid, creatinine, 

blood urea nitrogen, electrolytes, complete blood count, and urine polysaccharides. N-glycan 

analysis for Congenital Disorders of Glycosylation (CDG) was mildly elevated and the subsequent 

O-glycan analysis was normal. An electroencephalogram was normal. Prior to WES using quad 

analysis, genetic testing included FHL1 gene sequencing and panel testing for cardiomyopathy, 

Noonan syndrome-related disorders, and nuclear encoding mitochondrial disorders. 
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Family 7, patient 2

In this male sib, like his brother, cystic hygroma was noted prenatally. Foetal echocardiogram 

demonstrated mild to moderate biventricular dysfunction. Postnatal cardiac echo showed severe 

biventricular dysfunction with LVEF of 37% but without ventricular dilation, hypertrophy, or 

noncompaction. In the first six months of life he developed LV dilation that evolved to severe LV 

septal hypertrophy by age one year. Echocardiogram at age three and a half years showed severe 

asymmetric septal hypertrophy (LV End Diastolic Septal Thickness: 1.57 cm, z-score=20.70), no 

LVOTO, no aortic regurgitation, and normal global biventricular systolic function. His LVH was 

progressive and RVH was also observed. He had a heart transplant at age 4.5 years. 

Extracardiac medical concerns include laryngomalacia, adenoid hypertrophy, failure to thrive 

on G-tube feeds, history of ketotic hypoglycemia, transaminitis of unclear aetiology, and gross 

motor (age of walking 18 months) and speech developmental delay. There are no identified 

cognitive delays.

Physical exam features include normal stature (25th percentile), normal head circumference 

(50th pecentile), widely spaced downslanting eyes with long lashes, low-set small ears, round face 

with full cheeks, small chin, short and wide neck, knee flexion contractures, mild to moderate 

scoliosis, and keratosis pilaris.

He had normal mitochondria on skeletal muscle analysis. He has had normal carnitine, thyroid 

studies, and serum amino acids. A swallow study showed discoordination but no aspiration, and 

liver biopsy showed focal mild lymphocytic portal infiltrate with hepatocellular damage and 

necroinflammatory activity or fibrosis, which was judged to be a nonspecific finding. He had 

mild centrolobular hepatocellular lipofuscin deposition and focal ground glass appearance of the 

hepatocytes consistent with adapted change to long-lasting drug intake. There was occasional 

periportal megamitochondria. There was no cholesteatosis, steatosis, or iron deposition. 

Electron microscopy showed that the general hepatic architecture was preserved, hepatocytes 

were diffusely hypertrophic, and there were vesicular changes of smooth endoplastic reticulum 

consistent with activation of the cytochrome P450 system. The mitochondria were abnormal, 

with enlargement, increased matrical density, and osmiophilia and enlarged matrical granules. 

Occasionally, there were needle-shaped megamitochondria with paracrystalline inclusions present. 

Glycogen contents and microbody peroxisomes were unremarkable. Sequencing of nuclear 

mitochondrial genes showed a maternally inherited c.1596delT, p.(Val533SerfsX20) variant in 

GFM1. Targeted NGS of cardiomyopathy-related genes revealed a c.91255_91256delinsCT, 

p.(Ser30419Leu) variant of unknown significance in TTN (not seen in his brother).

Both parents are healthy with normal echocardiograms. The younger sister had normal prenatal 

and postnatal echocardiograms and did not inherit either ALPK3 variant. 
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Family 7, patient 3

The distant cousin through the mother was diagnosed with HCM at 4 months of age. An ICD 

was placed for secondary prevention following VF-arrest at age 11 years. In her late twenties 

she was on two inotropes due to low flow symptoms and borderline shock liver, and was 

transplanted at age 28 years. The explanted heart showed moderate biventricular hypertrophy 

and dilation, with focal areas of septal thinning due to prior subacute infarction; replacement 

fibrosis; mild subendocardial myocyte vacuolization, suggestive of chronic ischemia; mild 

myocyte hypertrophy; moderate interstitial and perivascular fibrosis; diffuse endocardial 

fibrosis; myofiber disarray involving right and left ventricles and interventricular septum; and 

diffuse arterial smooth muscle cell hypertrophy. F7P3, like patients F7P1 and F7P2, was noted 

to have long lashes, hypertelorism, a thick webbed neck, and short stature. She is not known to 

have any liver dysfunction or fasting hypoglycaemia. Whole genome sequencing demonstrated 

she carried the p.(Gln340*) familial variant as well as a c.4332delC, p.(Lys1445Argfs*29) variant 

in trans. 

Family 8, patient 1

This patient from Cape Verde was diagnosed at age 31 years with biventricular dilation (LV end-

diastolic volume 287 ml (normal range 161 ± 21 ml), RV end-diastolic volume 305 ml (normal 

range 169 ± 25 ml), IVS 10 mm, LVPWd 10 mm) with preserved systolic function and a second 

degree atrioventricular block. At age 35, TTE showed an IVS diameter of 11 mm and a LVPW 

diameter of 10 mm. Physical examination showed hypertelorism, but no other dysmorphic 

features. 

A targeted next generation sequencing (NGS) panel of 48 cardiomyopathy-related genes was 

performed (Supplemental Table 2, panel A). In brief, DNA was enriched using eArray Sure 

Select (Agilent technologies Inc., Santa Clara, CA, USA, ELID#0616741), sequenced on a MiSeq 

sequencer (Illumina, San Diego, CA, USA) using 150 bp pared-end reads according to the 

manufacturer’s protocol and analysed with SeqPilot (version 4.1.2) module SeqNext software. 

Additionally, the NKX2-5, TBX20 and ALPK3 genes were Sanger sequenced. No other variants 

were found despite high sequence coverage (all coding exons are at least 30x vertically covered 

or additionally Sanger sequenced). The allelic configuration of both variants in ALPK3 is unknown 

as no family members were available for further genetic testing. Family history revealed sudden 

death of a maternal aunt at age 30 years.

Family 9, patient 1 

This male patient was diagnosed with HCM at age 53 years. ECG showed LVH with strain. 

Echocardiogram showed mild concentric LVH with LVEF 55% (LVEDD 5.3 cm, LVESD 2.6 cm. IVS 

11 mm, LWPW 1.2 cm). A cardiac CT scan showed asymmetric LVH with a basal septal diameter 

of 18 mm, but no significant coronary artery disease. Cardiac MRI showed hypertrophy of the 
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anterolateral septum (midventricular 20 mm) and mild mid-wall delayed enhancement without 

LVOTO (EF 65%, LVEDV 123 ml, LV end-systolic volume (ESV) 44 ml). Other medical problems 

have included hypercholesterolemia, a cerebrovascular accident, and spondylolysis of L4, for 

which he had spondylodesis and lumbosacral discectomy.

He underwent targeted NGS of 61 cardiomyopathy-related genes (Supplemental Table 2, 

panel B). Sample preparation, targeted enrichment and sequencing were performed as described 

previously4. In brief, DNA fragment libraries were prepared according to the manufacturer’s 

instructions (SureSelect Library prep kit, Agilent technologies Inc., Santa Clara, CA, USA). 

Sequencing was performed on a MiSeq or NextSeq sequencer (Illumina, San Diego, CA, USA) 

using 151 bp pared-end reads according to the manufacturer’s protocol. *.vcf files obtained 

from Nextgene were uploaded into the Cartagenia NGS bench version 4.3 (Cartagenia, Leuven, 

Belgium) and filtered by using an automated filter tree.

His family history is unremarkable. Cardiac screening in 5/8 siblings showed no abnormalities. 

None of them carried both ALPK3 variants. One carried the c.4997delA, p.(Asn1666Thrfs*14) 

variant and one carried the c.4091G>C, p.(Gly1364Ala) variant.

Family 10, patient 1

Twin 1, a girl, was born after an uncomplicated twin pregnancy at 38 weeks. Birth weight was 2.2 

kg and there were no neonatal problems. At age 3 months she was hospitalized for respiratory 

syncytial virus infection and found to have congestive heart failure. Echocardiography revealed 

LV dilation and reduced LV contractility (FS of 22%). She was treated with captopril and improved. 

Testing included normal urine organic acids, normal alpha glucosidase enzyme level, normal 

plasma amino acids, and normal lysosomal enzymes. Total carnitine was slightly decreased, but 

later measurements were normal. She was negative for Coxsackie A and B antibodies, negative 

for influenza A and B antibodies, negative for parvovirus antibodies, and negative for CMV DNA 

and adenovirus DNA. A short PR interval on her ECG was suggestive for Pompe disease, but 

GAA gene testing was negative. 

At age 5 months, there was dilated LV with reduced LV contractility with FS now 27%. There was 

moderate mitral insufficiency. At age 6 months, echocardiography showed normal LV chamber 

size and contractility with the appearance of mild concentric LVH. The FS was 41%. At age 1 

year, there remained normal LV chamber size and contractility with FS 43%. There was mild 

concentric LVH. At age 2.5 years, an echocardiogram showed asymmetric septal hypertrophy 

and left atrial enlargement with normal contractility and FS 46% There was hypertrophy mainly 

of the IVS. Currently, at age 9 years, this twin has moderate LV hypertrophy and z-scores for the 

septal and posterior wall thicknesses of 20 and 23 mm, respectively. Mild elevation of RV systolic 

pressure to 30 mmHg +CVP was measured, suggestive of pulmonary hypertension. ECG shows 
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sinus rhythm, LVH, short PQ interval (<90 ms), repolarization abnormalities, and prolonged QT 

interval. This twin has been off cardiac medications for more than 6 years.

Physical exam at age 9 years showed a height of 120.5 cm (3rd percentile), a weight of 27.2 kg 

(43rd percentile) and an occipitofrontal head circumference (OFC) of 50 cm (20th percentile). 

This patient has a normal examination and no dysmorphic features. Muscle tone was normal. 

No murmur was heard.

Genetic testing included NGS of genes for glycogen storage diseases (25 genes), but no potential 

disease causing variants were found. Targeted NGS of 91 cardiomyopathy-related genes 

(Supplemental Table 2, panel C) was then performed. The coding regions and splice junctions 

were enriched using a targeted capture system developed by GeneDx. These targeted regions 

were sequenced simultaneously by massively parallel sequencing on an Illumina platform 

(Illumina, San Diego, CA, USA) with paired-end reads. Bi-directional sequence was assembled, 

aligned and analysed. Capillary sequencing was used to confirm all potentially pathogenic 

variants and to obtain sequences for regions where fewer than 15 reads are achieved by 

NextGen sequencing. Concurrent deletion/duplication testing was performed using exon-level 

oligo array-CGH (ExonArrayDx) for most of the coding exons of the genes, except for FKRP, 

HRAS, and the 14 mitochondrial genes. 

Family 10, patient 2

Twin 2, a girl, was born at 38 weeks after a normal twin pregnancy. The birth weight was 

2.5 kg. There were no neonatal problems. Like twin 1, she presented at age 3 months with 

respiratory syncytial virus infection and congestive heart failure. She was treated with captopril. 

Echocardiogram revealed LV dilation and severely reduced contractility with FS 14%. 

Testing included normal urine amino acids, normal plasma amino acids, normal alpha glucosidase 

enzyme, and mildly reduced blood carnitine. White blood cell lysosomal enzyme testing was 

normal. CK level was normal. Sequencing of the GAA gene for Pompe disease was normal. 

At age 6 months, there was less LV enlargement and FS had improved to 29%. There was 

borderline LH hypertrophy. At age 3.5 years, echocardiogram revealed concentric LVH with 

normal ventricular function. There was mild mitral regurgitation with a FS of 33%. At age7 years, 

there was LVH with prominent septal thickening. At age 9 years, there was normal LV and RV size 

and function with moderate LVH. There was mild mitral insufficiency. FS was 36%. Mild elevation 

of RV systolic pressure to 30 mmHg +CVP was noted, suggestive of pulmonary hypertension. 

ECG showed LVH with repolarization abnormalities and prolonged QT interval. This twin has 

been off all cardiac medications for over 6 years.
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Physical exam at 9 years of age revealed a weight of 30.9 kg (69th percentile) and a height of 

124.3 cm (11th percentile). No OFC was available, although at 8 years the OFC was 51 cm (40th 

percentile). This twin had a completely normal examination with no dysmorphic facial features. 

There was no cardiac murmur or click. Muscle tone was normal.

Family 11, patient 1

This female patient was born at full term after normal pregnancy with birth weight of 3.4 kg. 

Early fine and gross motor development was normal. Speech was delayed with velo-palatal 

insufficiency; bifid uvula was noted and sub-mucous CP was diagnosed at 5 years. This was 

surgically repaired. She was investigated for scoliosis, and imaging identified congenital C1/2 

vertebral fusion and T9 hemivertebra contributing to a triphasic thoracolumbar scoliosis. 

Spinal MRI at the age of 12 identified an incidental finding of syringomyelia of T2-T4 (6.5 x 

9.5 x 25.5mm with signal change extending from C7/8 to T8/9), Chiari 1 malformation with 

tight cranio-cervical junction, and tonsillar descent of 1-2 mm. Posterior fossa decompression 

and duroplasty was performed at 13 years due to progression of the syrinx. X-ray of left wrist 

confirmed bone age concordant with chronological age, and incidental fusion of lunate and 

triquetral bones.

Cardiomegaly was incidentally identified on chest x-ray at age 14 years. Subsequent 

echocardiogram demonstrated severe but relatively stable  concentric HCM. Cardiac 

examination demonstrated mild displacement of the apex beat, a prominent heave at the base 

of the heart, and a soft 2/6 systolic murmur. An ICD was inserted at age 15. Metabolic screening 

investigations (free and total carnitine, acylcarnitine, urine metabolic screen, TSH) were all 

normal. 

At age 14 years, growth parameters confirmed a weight of 42 kg (10th percentile), a height of 148 

cm (2nd percentile), and a head circumference of 55.2 cm (66th percentile). She demonstrated 

mild malar flattening, a slightly small mouth with high arched palate following repaired cleft, low-

set ears with attached lobes, pterygium colli, and a low posterior hairline (Figure 3B). Skeletal 

features include short stature, scoliosis, bilateral mild elbow contractures with wide carrying 

angle, clinodactyly of left index finger and of 4th and 5th toes, and small hands. There was no 

interdigital webbing. She has bilateral pes planus with mild achilles shortening. Neurological 

findings in lower limbs include normal tone and power, no clonus, bilaterally absent knee reflexes, 

but intact ankle reflexes.

High resolution SNP array revealed no significant copy number variants. WES was performed 

using massively parallel sequencing. Exome libraries were prepared using the Illumina Nextera 

Rapid Capture Exome kit (Illumina Nextera Rapid Capture Exome kit) and sequencing was 

performed on an Illumina NextSeq instrument (Illumina, San Diego, CA, USA). The mean 
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depth of coverage was 100x, with a minimum of 90% of bases sequenced to at least 15x. Data 

was processed using Cpipe5, in order to generate annotated variant calls within the target 

region (coding exons +/- 2bp) via alignment to the reference genome (GRCh37). Variants 

were annotated against all gene transcripts, with reporting of variants against the HGNC 

recommended transcript (according to HGVS nomenclature6). Curation of variants was with 

phenotype-driven gene lists for variant prioritization.

Family history includes two healthy siblings currently aged 26 years and 19 years. They have 

not had cardiac screening despite recommendation. A third male sibling died at 6 weeks due to 

congenital heart disease. 

Family 12, patient 1

This female patient is the youngest of four children of consanguineous Turkish parents. At the 

age of 10 years, she was known to have concentric HCM with trabecularisation. Cardiac MRI at 

age 44 showed that she fulfills criteria for noncompaction cardiomyopathy. A CP and scoliosis 

had been surgically repaired in her childhood. Because of learning difficulties she attended 

special education.

At age 44 years, her height was 132.5 cm (-6 SD, mother 140 cm and father 176 cm), her weight 

was 44.8 kg (weight/length ratio: 3.26 SD) and her head circumference was 53.8 cm (-0.89 SD). 

She had an asymmetric pectus deformity and a pronounced torsion-scoliosis despite surgical 

correction. She has no facial dysmorphic features except for a high arched palate following 

surgical repair of the cleft, with one central incisor. She had limited extension of her elbows, 

finger contractures with atrophic nails, and hallux valgus bilaterally.

In the past, a muscle biopsy had been taken showing signs of an unspecified beta-oxidation 

defect suggesting mitochondrial myopathy. However, no biopsy material was left for further 

analysis.

High resolution SNP array showed a triple X and numerous regions of homozygosity. NGS 

sequencing of 46 cardiomyopathy-related genes showed no pathogenic or likely pathogenic 

variant (Supplemental Table 2, panel E). Mitochondrial DNA analysis was normal. WES was 

performed to assess nuclear mitochondrial genes. A variant of unknown significance was 

found in COX6B1 (c.43G>T, (p.(Ala15Ser)), a gene associated with an autosomal recessive 

condition regarding complex IV-deficiency. With SNP array no copy number variation was 

found at the level of the COX6B1 gene. Both findings were not regarded as causative for 

her cardiomyopathy and contractures.

Her brother, diagnosed with cardiomyopathy, died suddenly at the age of 16 while cycling.
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Family 13, patient 1

This patient is the third child of consanguineous Turkish parents. At gestational age (GA) 12 

weeks, hydrops foetalis with increased nuchal translucency (7.1 mm) was observed. At GA 16 

weeks, hydrops was resolved. At GA 30 weeks, mild ascites, mild micrognathia, and abnormal 

cortical gyration was noted. At GA 35 weeks, mild hygroma colli and mild hypertrophy of the 

heart with normal function developed. She was delivered via secondary caesarean section for 

suspected foetal distress. At birth, echocardiography showed a mild to moderate biventricular 

HCM with slightly decreased LV function and a small atrial septal defect with right-to-left shunt. 

At day 2, very poor biventricular function was seen, but no evident hypertrophy was noted. At 

day 7, combined HCM and DCM was diagnosed, which progressed to DCM at day 12 (LIVDd 

1.9 cm (z-score 0.32), LIVDs 1.5 cm (z-score 2.5), FS 21.3% (z-score -7.9)). At age 2 years, mild 

to moderate concentric LVH was observed (IVSd 0.74 cm (z-score 2.4), LVPWd 0.79 cm (z-score 

3.8)).

Dysmorphic features were noted, including upslanted palpebral fissures, mild hypertelorism, 

low-set ears, broad nose, retrognathia, a broad webbed neck, and wide nipple spacing 

(Figure 3B). Distal arthrogryposis (contractures dig I, II and V of left hand and dig V of right 

hand), underdeveloped shoulders, thumb hypoplasia, and hypoplasia of distal fingers and toes 

were also present (Figure 3C). When last examined at age 3 years, a global developmental 

delay (independent walking at 32 months, first spoken words at 24 months), mild generalized 

hypotonia, failure to thrive (height, weight and head circumference -2 SD), velo-palatal 

insufficiency, bifid uvula, and submucous CP was noted.

Ophthalmologic examination and newborn hearing screening showed no abnormalities. A brain 

MRI showed two small focal lesions in the right hemisphere. MRI of her upper leg showed no 

features of muscle atrophy or fatty replacement. MRI of the brain showed white matter loss 

involving the medial occipital lobes, which was attributed to prematurity. No structural brain 

abnormalities were discovered.

 A SNP array showed a normal female pattern with large regions of homozygosity, compatible 

with parental consanguinity. Trio-WES was performed as previously described1, with subsequent 

filtering for the human protein-coding genes included in RefSeq Release 65. Variants found in 

homozygous, compound heterozygous, X-linked or de novo state and within first/last 3 bp of 

introns were selected. Variants with a MAF >0.1% in ExAC were excluded.

There is no family history of cardiomyopathy, but one brother had a heart murmur which 

resolved spontaneously and another brother was diagnosed with hypospadias.



262

Chapter 8

Supplemental Figure 1. Pedigrees of Families 1, 2, 3 and 7; F1-F3 were previously published as families 

A-C1. 
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Supplemental Figure 1. Continued.
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Multiple protein sequence alignment showing sites of altered residues in ALPK3 in relation to the 

wild type DNA strand (wild type; top row).

p.(Glu199Asp) p.(Val812Met)

↓ ↓

H. sapiens

NP_065829.3
G P A V G E G G A M G G S K K N V Q A D G -

H. sapiens-mutated D M

P.troglodytes

XP_016782822.1
G P A V G E G G A M G G S K K N V Q A D G -

M. musculus

NP_473426.2
- - - - - - - - - M G G S R K K T H T D G -

B. taurus

XP_015314695.1
G - - - R A G S S M G G G E K N T E V D R -

S. harrisii

XP_012397100.1
- - - - - - - - - M G K R E R R T L M D V -

A. platyrhynchos

XP_021126364.1
- - - - - - - - - M E A H Q T M - V K D G -

X. maculatus

XP_023202347.1
- - - - - - - - - M T C N S L K T Q E Q L -

D. rerio

E7FFN2
- - - - - - - - - M T V N N L N Q E E N L N

p.(Arg1147Trp) p.(Gly1364Ala)

↓ ↓

H. sapiens

NP_065829.3
P D V E G R T P G P R E E L A L G A R R K R

H. sapiens-mutated W A

P.troglodytes

XP_016782822.1
P D V E G R T P G P R E E L A L G A R R K R

M. musculus

NP_473426.2
P N V D G R S S G T R E E L A L G A R R K R

B. taurus

XP_015314695.1
P D A D G R T S G P R E E L A L G A R R K R

S. harrisii

XP_012397100.1
P G A G L R A P S P V E E L A - - - - - - -

A. platyrhynchos

XP_021126364.1
P - - Q E M T L E E K E E L A S G A R R K I

X. maculatus

XP_023202347.1
T E T E T S A D T P R E E L A S G A R R K I

D. rerio

E7FFN2
- D D A T R T S G E S E E L A S G A R R K I
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Multiple protein sequence alignment showing sites of altered residues in ALPK3 in relation to the 

wild type DNA strand (wild type; top row).

p.(Glu199Asp) p.(Val812Met)

↓ ↓

H. sapiens

NP_065829.3
G P A V G E G G A M G G S K K N V Q A D G -

H. sapiens-mutated D M

P.troglodytes

XP_016782822.1
G P A V G E G G A M G G S K K N V Q A D G -

M. musculus

NP_473426.2
- - - - - - - - - M G G S R K K T H T D G -

B. taurus

XP_015314695.1
G - - - R A G S S M G G G E K N T E V D R -

S. harrisii

XP_012397100.1
- - - - - - - - - M G K R E R R T L M D V -

A. platyrhynchos

XP_021126364.1
- - - - - - - - - M E A H Q T M - V K D G -

X. maculatus

XP_023202347.1
- - - - - - - - - M T C N S L K T Q E Q L -

D. rerio

E7FFN2
- - - - - - - - - M T V N N L N Q E E N L N

p.(Arg1147Trp) p.(Gly1364Ala)

↓ ↓

H. sapiens

NP_065829.3
P D V E G R T P G P R E E L A L G A R R K R

H. sapiens-mutated W A

P.troglodytes

XP_016782822.1
P D V E G R T P G P R E E L A L G A R R K R

M. musculus

NP_473426.2
P N V D G R S S G T R E E L A L G A R R K R

B. taurus

XP_015314695.1
P D A D G R T S G P R E E L A L G A R R K R

S. harrisii

XP_012397100.1
P G A G L R A P S P V E E L A - - - - - - -

A. platyrhynchos

XP_021126364.1
P - - Q E M T L E E K E E L A S G A R R K I

X. maculatus

XP_023202347.1
T E T E T S A D T P R E E L A S G A R R K I

D. rerio

E7FFN2
- D D A T R T S G E S E E L A S G A R R K I
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Multiple protein sequence alignment showing sites of altered residues in ALPK3 in relation to the 

wild type DNA strand (wild type; top row). Continued.

p.(Val1630Phe) p.(Ala1719Pro)

↓ ↓

H. sapiens

NP_065829.3
A S Q A K V I Y G L E N N I P Y A T L E E D
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M. musculus
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XP_021126364.1
A C R A R A I Y G L E N N I P Y A T M E E D

X. maculatus

XP_023202347.1
A S R V K V I Y G L D N S V P Y A T V E T D

D. rerio

E7FFN2
T C R A K V I Y G L D N T I P Y A S V E S D
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Multiple protein sequence alignment showing sites of altered residues in ALPK3 in relation to the 

wild type DNA strand (wild type; top row). Continued.
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Supplemental Table 1. Clinical findings in 19 patients with biallelic variants in ALPK3. 
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F
1

P
1

A
 IX

:2
 

M Dutch c.4736-1G>A, 

p.(Val1579Glyfs*30)

c.4736-1G>A, 

p.(Val1579Glyfs*30)

nonsense/ 

frameshift

DCM Birth Deceased 5 

days

Sinustachycardia, 

normal PR-interval 

and QTc, flattened 

T waves

Severe biventricular 

dilation (LVED 23.5 mm), 

reduced contractility of 

both ventricles

NA Heart: 

subendocardial 

fibroelastosis. No 

myofiber disarray

Generalized 

hydrops

Normal NA NA NA - NA NA NA - NA NA - - - - - - - NA

F
2

P
1

B
 IV

:1 F Moroccan c.3781C>T, 

p.(Arg1261*)

c.3781C>T, p.(Arg1261*) nonsense/ 

nonsense

DCM 33 weeks 

gestation

IUFD 35 

weeks 

gestation

NA Cardiomegaly with 

reduced contractility, 

RV involvement unknown

NA NA Generalized 

hydrops

NA NA NA NA NA NA NA NA NA NA NA NA NA - - - NA NA NA  

F
2

P
2

B
 IV

:2 F Moroccan c.3781C>T, 

p.(Arg1261*)

c.3781C>T, p.(Arg1261*) nonsense/ 

nonsense

DCM/LVH 20 weeks 

gestation

Deceased 

2 h post-

partum

NA Biventricular 

enlargement with 

severely reduced 

contractility, thickened 

myocardium with spongy 

appearance, severe 

tricuspid regurgitation

NA Heart: focal

cardiomyocyte 

hypertrophy, 

extensive 

fibroelastosis 

in the

subendocardial 

region. No 

myofiber disarray

Generalized 

hydrops

Normal NA NA NA - NA - - - - - - - - - - - - -

F
2

P
3

B
 IV

:3 F Moroccan c.3781C>T, 

p.(Arg1261*)

c.3781C>T, p.(Arg1261*) nonsense/ 

nonsense

LVH 4 days after 

birth

Alive at age 

13 y

Prolonged QTc 

(472 ms-537 ms), 

repolarization abnor, 

PVCs

Severe concentric LVH, 

slowly progressive from 

second decade. RVH

NA Quadriceps 

femoris muscle: 

normal

NA Short 

stature 

(-2.8 

SD)

- Normal Normal - - - - - - - - - - - - - - -  

F
3

P
1

C
 V

:2 M Turkish c.5294G>A, 

p.(Trp1765*)

c.5294G>A, p.(Trp1765*) nonsense/ 

nonsense

LVH 4 y Alive at age 

14 y (ICD)

VF at age 7, prolonged 

QTc (530 ms), 

repolarisation abnor

Severe concentric 

biventricular 

hypertrophy, slowly 

progressive from second 

decade. RVH

Biventricular 

hypertrophy

Back muscle: 

central cores. 

Quadriceps 

femoris muscle: 

normal

- Short 

stature 

(-2 SD)

- Delayed Learning 

disorder 

(IQ 74)

+ NA NA - - + - + - + (non-

congenital)

- - + - - Talipes equines

F
4

P
1

IV
:1 F Turkish c.3792G>A, 

p.(Trp1264*)

c.3792G>A, p.(Trp1264*) nonsense/ 

nonsense

DCM, then 

LVH

6 months Alive at age 

32 y (ICD)

LVH, Prolonged QTc, 

SVT, intra-ventricular 

conduction delay

DCM with features of 

LVNC in early infancy, 

HCM during first year, 

which is non-progressive 

in adulthood (IVS 1.6 cm), 

RV normal

NA Skeletal muscle: 

normal
- NA NA NA Normal + NA NA   + - - - - + (mild, 

congenital)

+ (mild, 

congenital)

+ (mild, 

congenital)

NA + NA GERD, Impaired glucose 

intolerance, hypothyroidism, 

obesity

F
4

P
2

IV
:5 M Turkish c.3792G>A, 

p.(Trp1264*)

c.3792G>A, p.(Trp1264*) nonsense/ 

nonsense

DCM, then 

LVH

7 weeks Alive at age 

29 y

Prolonged QT, SVT, 

nsVT

DCM in early infancy, 

HCM during first 

year progressing onto 

stable LVH (IVS 1.4 

cm) with mild systolic 

dysfunction

LVH, normal RV NA - NA - NA Normal + NA NA + - - - - + 

(congenital)

+ 

(congenital)

+ 

(congenital)

+ + NA Generalized anxiety disorder

F
5

P
1

II
:2 M Turkish c.2023delC, 

p.(Gln675Serfs*30)

c.2023delC, 

p.(Gln675Serfs*30)

frameshift/ 

frameshift

DCM, then 

LVH

21 weeks 

gestation

Alive at age 

7 y (ICD)

Prolonged QT Age 2: diffuse LVH with 

normal LVEF (LVED 18 

mm, end-systolic IVS 7 

mm, end-diastolic IVS 5 

mm, end-systolic LVPWD 

9 mm, and end-diastolic 

LVPWD 6 mm. Age 

5: Hypertrophic non-

obstructive CMP. IVSd 

23 mm, LVPWD 17 mm, 

LVED 34 mm, EF 41%. 

NA NA - Normal - Normal Normal - - + - - - - + - - - - - - 

(short 

neck)

- Teeth abnormality

F
6

P
1

II
:1 M Tunisian c.1531_1532delAA, 

p.(Lys511Argfs*12)

c.1531_1532delAA, 

p.(Lys511Argfs*12)

frameshift/ 

frameshift

DCM/LVH 7 days after 

birth

Alive at 

age 3 y

NA Age 3 mo: LV dilation and 

concentric hypertrophy 

with altered systolic 

function (LVEDD 26 

mm, end-diastolic IVS 

9 mm, LVEF 35%), 

patent foramen ovale. 

Age 15 mo: concentric 

hypertrophy of both 

ventricles without 

dilation (EDD 25 mm, 

ESD 16 mm, IVSd 15 mm, 

EF 65%)

NA NA - Normal + 

(axial)

Normal NA + + NA NA - + 

(left 

eye)

- + + - - + - + 

(short 

neck)

NA Broad forehead, protruding 

eyes, divergent strabismus, 

blue sclera, down-slanting 

palpebral fissures, long 

philtrum, full cheeks, sloping 

shoulders, pectus excavatum, 

bilateral overlapping of 

the 2nd and 3rd toes, knee 

stiffness

F
7

P
1   M Northern 

European 

(Caucasian)

c.1018C>T, p.(Gln340*) c.2434G>A, p.(Val812Met) nonsense/ 

missense

DCM, then 

LVH

Birth Deceased at 

age 6 y

Prolonged QTc 

(494 ms)

DCM at birth, 

progressive LVH with 

features of LVNC during 

first year. Mild RVH

NA NA Cystic 

hygroma

Short 

stature 

(-2 SD)

+ Delayed Normal - +   + - + 

(left 

eye)

+ + + + 

(congenital)

- - + + NA Laryngomalacia, GERD, 

hypoglycaemia, hirsutism, 

OSAS
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Supplemental Table 1. Clinical findings in 19 patients with biallelic variants in ALPK3. 
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1

A
 IX

:2
 

M Dutch c.4736-1G>A, 

p.(Val1579Glyfs*30)

c.4736-1G>A, 

p.(Val1579Glyfs*30)

nonsense/ 

frameshift

DCM Birth Deceased 5 

days

Sinustachycardia, 

normal PR-interval 

and QTc, flattened 

T waves

Severe biventricular 

dilation (LVED 23.5 mm), 

reduced contractility of 

both ventricles

NA Heart: 

subendocardial 

fibroelastosis. No 

myofiber disarray

Generalized 

hydrops

Normal NA NA NA - NA NA NA - NA NA - - - - - - - NA

F
2

P
1

B
 IV

:1 F Moroccan c.3781C>T, 

p.(Arg1261*)

c.3781C>T, p.(Arg1261*) nonsense/ 

nonsense

DCM 33 weeks 

gestation

IUFD 35 

weeks 

gestation

NA Cardiomegaly with 

reduced contractility, 

RV involvement unknown

NA NA Generalized 

hydrops

NA NA NA NA NA NA NA NA NA NA NA NA NA - - - NA NA NA  

F
2

P
2

B
 IV

:2 F Moroccan c.3781C>T, 

p.(Arg1261*)

c.3781C>T, p.(Arg1261*) nonsense/ 

nonsense

DCM/LVH 20 weeks 

gestation

Deceased 

2 h post-

partum

NA Biventricular 

enlargement with 

severely reduced 

contractility, thickened 

myocardium with spongy 

appearance, severe 

tricuspid regurgitation

NA Heart: focal

cardiomyocyte 

hypertrophy, 

extensive 

fibroelastosis 

in the

subendocardial 

region. No 

myofiber disarray

Generalized 

hydrops

Normal NA NA NA - NA - - - - - - - - - - - - -

F
2

P
3

B
 IV

:3 F Moroccan c.3781C>T, 

p.(Arg1261*)

c.3781C>T, p.(Arg1261*) nonsense/ 

nonsense

LVH 4 days after 

birth

Alive at age 

13 y

Prolonged QTc 

(472 ms-537 ms), 

repolarization abnor, 

PVCs

Severe concentric LVH, 

slowly progressive from 

second decade. RVH

NA Quadriceps 

femoris muscle: 

normal

NA Short 

stature 

(-2.8 

SD)

- Normal Normal - - - - - - - - - - - - - - -  

F
3

P
1

C
 V

:2 M Turkish c.5294G>A, 

p.(Trp1765*)

c.5294G>A, p.(Trp1765*) nonsense/ 

nonsense

LVH 4 y Alive at age 

14 y (ICD)

VF at age 7, prolonged 

QTc (530 ms), 

repolarisation abnor

Severe concentric 

biventricular 

hypertrophy, slowly 

progressive from second 

decade. RVH

Biventricular 

hypertrophy

Back muscle: 

central cores. 

Quadriceps 

femoris muscle: 

normal

- Short 

stature 

(-2 SD)

- Delayed Learning 

disorder 

(IQ 74)

+ NA NA - - + - + - + (non-

congenital)

- - + - - Talipes equines

F
4

P
1

IV
:1 F Turkish c.3792G>A, 

p.(Trp1264*)

c.3792G>A, p.(Trp1264*) nonsense/ 

nonsense

DCM, then 

LVH

6 months Alive at age 

32 y (ICD)

LVH, Prolonged QTc, 

SVT, intra-ventricular 

conduction delay

DCM with features of 

LVNC in early infancy, 

HCM during first year, 

which is non-progressive 

in adulthood (IVS 1.6 cm), 

RV normal

NA Skeletal muscle: 

normal
- NA NA NA Normal + NA NA   + - - - - + (mild, 

congenital)

+ (mild, 

congenital)

+ (mild, 

congenital)

NA + NA GERD, Impaired glucose 

intolerance, hypothyroidism, 

obesity

F
4

P
2

IV
:5 M Turkish c.3792G>A, 

p.(Trp1264*)

c.3792G>A, p.(Trp1264*) nonsense/ 

nonsense

DCM, then 

LVH

7 weeks Alive at age 

29 y

Prolonged QT, SVT, 

nsVT

DCM in early infancy, 

HCM during first 

year progressing onto 

stable LVH (IVS 1.4 

cm) with mild systolic 

dysfunction

LVH, normal RV NA - NA - NA Normal + NA NA + - - - - + 

(congenital)

+ 

(congenital)

+ 

(congenital)

+ + NA Generalized anxiety disorder

F
5

P
1

II
:2 M Turkish c.2023delC, 

p.(Gln675Serfs*30)

c.2023delC, 

p.(Gln675Serfs*30)

frameshift/ 

frameshift

DCM, then 

LVH

21 weeks 

gestation

Alive at age 

7 y (ICD)

Prolonged QT Age 2: diffuse LVH with 

normal LVEF (LVED 18 

mm, end-systolic IVS 7 

mm, end-diastolic IVS 5 

mm, end-systolic LVPWD 

9 mm, and end-diastolic 

LVPWD 6 mm. Age 

5: Hypertrophic non-

obstructive CMP. IVSd 

23 mm, LVPWD 17 mm, 

LVED 34 mm, EF 41%. 

NA NA - Normal - Normal Normal - - + - - - - + - - - - - - 

(short 

neck)

- Teeth abnormality

F
6

P
1

II
:1 M Tunisian c.1531_1532delAA, 

p.(Lys511Argfs*12)

c.1531_1532delAA, 

p.(Lys511Argfs*12)

frameshift/ 

frameshift

DCM/LVH 7 days after 

birth

Alive at 

age 3 y

NA Age 3 mo: LV dilation and 

concentric hypertrophy 

with altered systolic 

function (LVEDD 26 

mm, end-diastolic IVS 

9 mm, LVEF 35%), 

patent foramen ovale. 

Age 15 mo: concentric 

hypertrophy of both 

ventricles without 

dilation (EDD 25 mm, 

ESD 16 mm, IVSd 15 mm, 

EF 65%)

NA NA - Normal + 

(axial)

Normal NA + + NA NA - + 

(left 

eye)

- + + - - + - + 

(short 

neck)

NA Broad forehead, protruding 

eyes, divergent strabismus, 

blue sclera, down-slanting 

palpebral fissures, long 

philtrum, full cheeks, sloping 

shoulders, pectus excavatum, 

bilateral overlapping of 

the 2nd and 3rd toes, knee 

stiffness

F
7

P
1   M Northern 

European 

(Caucasian)

c.1018C>T, p.(Gln340*) c.2434G>A, p.(Val812Met) nonsense/ 

missense

DCM, then 

LVH

Birth Deceased at 

age 6 y

Prolonged QTc 

(494 ms)

DCM at birth, 

progressive LVH with 

features of LVNC during 

first year. Mild RVH

NA NA Cystic 

hygroma

Short 

stature 

(-2 SD)

+ Delayed Normal - +   + - + 

(left 

eye)

+ + + + 

(congenital)

- - + + NA Laryngomalacia, GERD, 

hypoglycaemia, hirsutism, 

OSAS
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F
7

P
2 M Northern 

European 

(Caucasian)

c.1018C>T, p.(Gln340*) c.2434G>A, p.(Val812Met) nonsense/ 

missense

DCM, then 

LVH

Birth Alive at age 

5 y (HTx 

age 4 y)

Prolonged QTc 

(490 ms)

Severe biventricular 

dysfunction with LVEF 

37% at birth. 6 m: LV 

dilation that evolved 

to severe septal 

hypertrophy during 

first year and continued 

to progress until HTx. 

Moderate to severe RVH

NA Heart: Patchy 

cardiomyocyte 

hypertrophy with 

focal interstitial 

fibrosis and 

subendocardial 

fibroelastosis

Cystic 

hygroma

Normal + Delayed Normal - - - - - + + + + 

(congenital)

- - + + NA Laryngomalacia, GERD, failure 

to thrive, hypoglycaemia, 

hirsutism, high liver 

transaminases

F
7

P
3   F Northern 

European 

(Caucasian)

c.1018C>T, p.(Gln340*) c.4332delC, 

p.(Lys1445Argfs*29)

nonsense/ 

frameshift

LVH 4 months Alive (ICD 

age 11 y, 

HTx age 

28 y)

Prolonged QTc (529 

ms), VF at age 11

HCM diagnosed at 4 

months, stable mild LV 

systolic dysfunction (EF 

~40%) pre-teen to mid 

20’s, progressive decline 

in 4 y pre-transplant 

with EF ~15%, IVS 

~1.7cm, LVPWD ~2.1cm, 

diastolic dysfunction, LA 

enlargement, and RVH

NA Heart: 513 g, mild 

cardiomyocyte 

hypertrophy, 

diffuse endocardial 

fibrosis, myofiber 

disarray of both 

ventricles

- Short 

stature 
- Normal Normal - NA - NA - - + - - - - - NA + NA  

F
8

P
1 M Cape Verde c.541delG, 

p.(Ala181Profs*130)

c.3439C>T; 

p.(Arg1147Trp)

frameshift/ 

missense

DCM 31 y Alive at age 

35 y

Sinusbradycardia, 

high-voltage QRS 

complex, normal QTc 

(360 ms - 394 ms), 

2nd degree AV block

Persistent left superior 

vena cava, biventricular 

dilatation with normal 

systolic function, IVS 

10 mm, LVPW 10 mm, 

progression unknown

Dilated 

ventricles 

(LVEDV 287 

ml, RVEDV 305 

ml) with normal 

contractility 

(LVEF 65%, 

RVEF 61%)

NA - Normal - Normal Normal - - NA - - - + - - - - - - - -

F
9

P
1   M Dutch c.4997delA, 

p.(Asn1666Thrfs*14) 

c.4091G>C, 

p.(Gly1364Ala) 

frameshift/ 

missense

LVH 53 y Alive at age 

55 y

SR, LVH, short PQ 

without pre-excitation, 

prolonged QTc at high 

heart frequencies (HF 

106 bpm: QTc 525 

ms), repolarisation 

abnor, nsVT (once)

Asymmetric LVH, septal 

18 mm (LVEF >55%)

LVH, marked 

anteroseptal 

hypertrophy 

(apical and 

midventricular 

(20 mm) septal 

hypertrophy). 

Mild hinge-point 

DE inferior. Mild 

mid-wall DE 

basal septum. 

LVEF 65%, 

LVED 123 ml. 

No RVH

NA NA NA NA NA Normal - NA NA NA NA NA NA NA NA NA NA NA NA NA + CVA, mild unilateral hearing 

loss (45 y), liver cysts

F
1

0
P

1 F German/

Northern 

European 

(Caucasian) 

c.5105+5G>C, p.(?) c.597G>T, p.(Glu199Asp) intronic with 

predicted 

severe 

effect on 

splicing/ 

missense

DCM, then 

LVH

3 months Alive at 

age 9 y

SR, LVH, short PQ 

interval (< 90 ms), 

prolonged QTc (502 

ms), repolarization 

abnor

Moderate progressive 

LVH with normal systolic 

function, normal RV size 

and function

NA NA - Short 

stature 

(-2 SD)

- Normal Normal - - - - - - - - - - - - - - - Mild bilateral hearing loss 

(conductive)

F
1

0
P

2   F German/

Northern 

European 

Caucasian 

c.5105+5G>C, p.(?) c.597G>T, p.(Glu199Asp) intronic with 

predicted 

severe 

effect on 

splicing/ 

missense

DCM, then 

LVH

3 months Alive at 

age 9 y

SR, LVH, short PQ 

interval (< 90 ms), 

prolonged QTc (514 

ms), repolarization 

abnor

Moderate progressive 

LVH with normal systolic 

function, mild MV 

insufficiency, mild biatrial 

enlargement, normal RV 

size and function

NA NA - Short 

stature 

(-2 SD)

- Normal Normal - - - - - - - - - - - - - - -  

F
1

1
P

1 F Thai/

Cambodian

c.2023delC, 

p.(Gln675Serfs*30)

c.4888G>T; 

p.(Val1630Phe)

frameshift/ 

missense

LVH 14 y Alive at age 

16 y (ICD)

Extreme septal 

hypertrophy (S 

wave in V2 > 10 cm), 

prolonged QTc (579 

ms), repolarisation 

abnor

Severe stable concentric 

HCM, mild decrease in 

LV systolic function. SAM 

of anterior mitral valve. 

Mild MV regurgitation, 

moderate RVH with 

reasonable free wall 

function

Moderate RVH 

(10-11mm 

in anterior 

wall); severe 

concentric LVH 

with dynamic LV 

systolic function, 

systolic cavity 

obliteration 

towards apex 

(max. wall 

thickness 34 

mm); patchy 

fibrosis

NA - Short 

stature 

(-2 SD)

- Normal Normal + 

(sub-

mucous 

cleft)

+ + - - - - + - - - + 

(clinodactyly 

left index 

finger)

+ + + Vertebral segmentation 

anomalies, C1/2 vertebral 

fusion, T9 hemivertebrae, 

Chiari malformation, large 

cervicothoracic syrinx C5/6 

to T7/8, posterior fossa 

decompression, fusion of 

lunate and triquetral bones 

in left hand 

F
1

2
P

1   F Turkish c.3418C>T, 

p.(GIn1140*)

c.3418C>T, p.(GIn1140*) nonsense/ 

nonsense

DCM/LVH, 

then NCCM

9 y Alive at age 

44 y

SR, LVH, prolonged 

QTc (568 ms), 

repolarisation abnor

Relative 

stable concentric LVH 

(16-19 mm). LVEF 39%. 

Apical non-compaction 

with ratio 5:19 mm. 

Mild RVH

Hypertrophic 

LV with 

pronounced 

trabecular 

system. No 

obstruction

Skeletal muscle: 

defect oxidative 

phosphorylation 

not further 

specified

NA Short 

stature 

(-6 SD)

NA NA Learning 

disorder
+ NA NA - - - - - NA - - + + - NA Limited elbow extension, 

fusion of lunate and triquetral 

bones, atrophic nails, hallux 

valgus

F
1

3
P

1 F Turkish c.5155G>C, 

p.(Ala1719Pro) 

c.5155G>C, 

p.(Ala1719Pro) 

missense/ 

missense

LVH, then 

DCM, then 

LVH

35 weeks 

gestation

Alive at 

age 2 y 

LVH, QTc 372 ms - 

464 ms, repolarization 

abnor

Day 1: mild to moderate 

biventricular HCM, ASD. 

Day 7: combined HCM/

DCM. Day 12: DCM. 

Age 2: concentric LVH, 

progression unknown, 

no RVH

NA NA Cystic 

hychroma

Short 

stature 

(-2 SD)

+ Delayed NA + 

(sub-

mucous 

cleft)

+ - - - - + + + 

(retrognathia)

- - - - + - Wide nipple spacing, 

congenital elbow 

contractures, congenital 

distal arthrogryposis, thumb 

hypoplasia, hypoplasia distal 

fingers and toes

We have previously published patients F1P1, F2P1, F2P2, F2P3, F3P1, F4P1, F4P2 and F5P1 in less clinical 

detail.5,7,8 Patient F6P1 was previously reported by others.9 Abnor=abnormalities, ASD=atrial septal defect, 

CVA=cerebrovascular accident, EDD=end-diastolic diameter, ESD=end-systolic diameter, GERD=gastroesophageal 

reflux disease, HTx=heart transplantation, ICD=implantable cardioverter defibrillator, IUFD=intrauterine fetal death, 

IVSD=interventricular septum diameter, LVEF=left ventricular ejection fraction, 

LVH=left ventricular hypertrophy, LVED=left ventricular end-diastolic diameter, LVNC=left ventricular noncompaction, 

LVPWD=left ventricular posterior wall diameter, mo=months, MV=mitral valve, NA=not available/unknown, OSAS= 

obstructive sleep apnea syndrome, PVC=premature ventricular complex, RVEF=right ventricular ejection fraction, 

RVH=right ventricular hypertrophy, SAM=systolic anterior motion, SR=sinus rhythm, SVT=supraventricular 

tachycardia, VF=ventricular fibrillation, y=years
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F
7

P
2 M Northern 

European 

(Caucasian)

c.1018C>T, p.(Gln340*) c.2434G>A, p.(Val812Met) nonsense/ 

missense

DCM, then 

LVH

Birth Alive at age 

5 y (HTx 

age 4 y)

Prolonged QTc 

(490 ms)

Severe biventricular 

dysfunction with LVEF 

37% at birth. 6 m: LV 

dilation that evolved 

to severe septal 

hypertrophy during 

first year and continued 

to progress until HTx. 

Moderate to severe RVH

NA Heart: Patchy 

cardiomyocyte 

hypertrophy with 

focal interstitial 

fibrosis and 

subendocardial 

fibroelastosis

Cystic 

hygroma

Normal + Delayed Normal - - - - - + + + + 

(congenital)

- - + + NA Laryngomalacia, GERD, failure 

to thrive, hypoglycaemia, 

hirsutism, high liver 

transaminases

F
7

P
3   F Northern 

European 

(Caucasian)

c.1018C>T, p.(Gln340*) c.4332delC, 

p.(Lys1445Argfs*29)

nonsense/ 

frameshift

LVH 4 months Alive (ICD 

age 11 y, 

HTx age 

28 y)

Prolonged QTc (529 

ms), VF at age 11

HCM diagnosed at 4 

months, stable mild LV 

systolic dysfunction (EF 

~40%) pre-teen to mid 

20’s, progressive decline 

in 4 y pre-transplant 

with EF ~15%, IVS 

~1.7cm, LVPWD ~2.1cm, 

diastolic dysfunction, LA 

enlargement, and RVH

NA Heart: 513 g, mild 

cardiomyocyte 

hypertrophy, 

diffuse endocardial 

fibrosis, myofiber 

disarray of both 

ventricles

- Short 

stature 
- Normal Normal - NA - NA - - + - - - - - NA + NA  

F
8

P
1 M Cape Verde c.541delG, 

p.(Ala181Profs*130)

c.3439C>T; 

p.(Arg1147Trp)

frameshift/ 

missense

DCM 31 y Alive at age 

35 y

Sinusbradycardia, 

high-voltage QRS 

complex, normal QTc 

(360 ms - 394 ms), 

2nd degree AV block

Persistent left superior 

vena cava, biventricular 

dilatation with normal 

systolic function, IVS 

10 mm, LVPW 10 mm, 

progression unknown

Dilated 

ventricles 

(LVEDV 287 

ml, RVEDV 305 

ml) with normal 

contractility 

(LVEF 65%, 

RVEF 61%)

NA - Normal - Normal Normal - - NA - - - + - - - - - - - -

F
9

P
1   M Dutch c.4997delA, 

p.(Asn1666Thrfs*14) 

c.4091G>C, 

p.(Gly1364Ala) 

frameshift/ 

missense

LVH 53 y Alive at age 

55 y

SR, LVH, short PQ 

without pre-excitation, 

prolonged QTc at high 

heart frequencies (HF 

106 bpm: QTc 525 

ms), repolarisation 

abnor, nsVT (once)

Asymmetric LVH, septal 

18 mm (LVEF >55%)

LVH, marked 

anteroseptal 

hypertrophy 

(apical and 

midventricular 

(20 mm) septal 

hypertrophy). 

Mild hinge-point 

DE inferior. Mild 

mid-wall DE 

basal septum. 

LVEF 65%, 

LVED 123 ml. 

No RVH

NA NA NA NA NA Normal - NA NA NA NA NA NA NA NA NA NA NA NA NA + CVA, mild unilateral hearing 

loss (45 y), liver cysts

F
1

0
P

1 F German/

Northern 

European 

(Caucasian) 

c.5105+5G>C, p.(?) c.597G>T, p.(Glu199Asp) intronic with 

predicted 

severe 

effect on 

splicing/ 

missense

DCM, then 

LVH

3 months Alive at 

age 9 y

SR, LVH, short PQ 

interval (< 90 ms), 

prolonged QTc (502 

ms), repolarization 

abnor

Moderate progressive 

LVH with normal systolic 

function, normal RV size 

and function

NA NA - Short 

stature 

(-2 SD)

- Normal Normal - - - - - - - - - - - - - - - Mild bilateral hearing loss 

(conductive)

F
1

0
P

2   F German/

Northern 

European 

Caucasian 

c.5105+5G>C, p.(?) c.597G>T, p.(Glu199Asp) intronic with 

predicted 

severe 

effect on 

splicing/ 

missense

DCM, then 

LVH

3 months Alive at 

age 9 y

SR, LVH, short PQ 

interval (< 90 ms), 

prolonged QTc (514 

ms), repolarization 

abnor

Moderate progressive 

LVH with normal systolic 

function, mild MV 

insufficiency, mild biatrial 

enlargement, normal RV 

size and function

NA NA - Short 

stature 

(-2 SD)

- Normal Normal - - - - - - - - - - - - - - -  

F
1

1
P

1 F Thai/

Cambodian

c.2023delC, 

p.(Gln675Serfs*30)

c.4888G>T; 

p.(Val1630Phe)

frameshift/ 

missense

LVH 14 y Alive at age 

16 y (ICD)

Extreme septal 

hypertrophy (S 

wave in V2 > 10 cm), 

prolonged QTc (579 

ms), repolarisation 

abnor

Severe stable concentric 

HCM, mild decrease in 

LV systolic function. SAM 

of anterior mitral valve. 

Mild MV regurgitation, 

moderate RVH with 

reasonable free wall 

function

Moderate RVH 

(10-11mm 

in anterior 

wall); severe 

concentric LVH 

with dynamic LV 

systolic function, 

systolic cavity 

obliteration 

towards apex 

(max. wall 

thickness 34 

mm); patchy 

fibrosis

NA - Short 

stature 

(-2 SD)

- Normal Normal + 

(sub-

mucous 

cleft)

+ + - - - - + - - - + 

(clinodactyly 

left index 

finger)

+ + + Vertebral segmentation 

anomalies, C1/2 vertebral 

fusion, T9 hemivertebrae, 

Chiari malformation, large 

cervicothoracic syrinx C5/6 

to T7/8, posterior fossa 

decompression, fusion of 

lunate and triquetral bones 

in left hand 

F
1

2
P

1   F Turkish c.3418C>T, 

p.(GIn1140*)

c.3418C>T, p.(GIn1140*) nonsense/ 

nonsense

DCM/LVH, 

then NCCM

9 y Alive at age 

44 y

SR, LVH, prolonged 

QTc (568 ms), 

repolarisation abnor

Relative 

stable concentric LVH 

(16-19 mm). LVEF 39%. 

Apical non-compaction 

with ratio 5:19 mm. 

Mild RVH

Hypertrophic 

LV with 

pronounced 

trabecular 

system. No 

obstruction

Skeletal muscle: 

defect oxidative 

phosphorylation 

not further 

specified

NA Short 

stature 

(-6 SD)

NA NA Learning 

disorder
+ NA NA - - - - - NA - - + + - NA Limited elbow extension, 

fusion of lunate and triquetral 

bones, atrophic nails, hallux 

valgus

F
1

3
P

1 F Turkish c.5155G>C, 

p.(Ala1719Pro) 

c.5155G>C, 

p.(Ala1719Pro) 

missense/ 

missense

LVH, then 

DCM, then 

LVH

35 weeks 

gestation

Alive at 

age 2 y 

LVH, QTc 372 ms - 

464 ms, repolarization 

abnor

Day 1: mild to moderate 

biventricular HCM, ASD. 

Day 7: combined HCM/

DCM. Day 12: DCM. 

Age 2: concentric LVH, 

progression unknown, 

no RVH

NA NA Cystic 

hychroma

Short 

stature 

(-2 SD)

+ Delayed NA + 

(sub-

mucous 

cleft)

+ - - - - + + + 

(retrognathia)

- - - - + - Wide nipple spacing, 

congenital elbow 

contractures, congenital 

distal arthrogryposis, thumb 

hypoplasia, hypoplasia distal 

fingers and toes

We have previously published patients F1P1, F2P1, F2P2, F2P3, F3P1, F4P1, F4P2 and F5P1 in less clinical 

detail.5,7,8 Patient F6P1 was previously reported by others.9 Abnor=abnormalities, ASD=atrial septal defect, 

CVA=cerebrovascular accident, EDD=end-diastolic diameter, ESD=end-systolic diameter, GERD=gastroesophageal 

reflux disease, HTx=heart transplantation, ICD=implantable cardioverter defibrillator, IUFD=intrauterine fetal death, 

IVSD=interventricular septum diameter, LVEF=left ventricular ejection fraction, 

LVH=left ventricular hypertrophy, LVED=left ventricular end-diastolic diameter, LVNC=left ventricular noncompaction, 

LVPWD=left ventricular posterior wall diameter, mo=months, MV=mitral valve, NA=not available/unknown, OSAS= 

obstructive sleep apnea syndrome, PVC=premature ventricular complex, RVEF=right ventricular ejection fraction, 

RVH=right ventricular hypertrophy, SAM=systolic anterior motion, SR=sinus rhythm, SVT=supraventricular 

tachycardia, VF=ventricular fibrillation, y=years
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Supplemental Table 2. Genepanels.

Gene Transcript Panel A Panel B Panel C Panel D Panel E Panel F Panel G

ABCC9 NM_020297.2 x x x   x x x

ACAD9 NM_014049.4           x  

ACTC1 NM_005159.4 x x x x x x x

ACTN2 NM_001103.3 x x x   x x x

ALPK3 NM_020778.4   x x   x x  

ALMS1 NM_015120.4     x       x

ANKRD1 NM_014391.2 x x x x x x x

ANO5 NM_213599.2   x          

APOA1 NM_001318021             x

BAG3 NM_004281.3 x x x x x x x

BRAF NM_004333.5     x        

CALR3 NM_145046.3 x x   x x x  

CAV3 NM_033337.3 x x x x x x x

CHRM2 NM_001006627.1     x       x

CRYAB NM_001885.1 x x x x x x x

CSRP3 NM_003476.3 x x x x x x x

CTF1 NM_001330             x

CTNNA3 NM_013266.2 x x   x x x  

DES NM_001927.3 x x x x x x x

DMD NM_004006.2   x x       x

DNAJC19 NM_145261             x

DOLK NM_014908.3     x        

DSC2 NM_024422.3 x x x x x x x

DSG2 NM_001943.3 x x x x x x x

DSP NM_004415.2 x x x x x x x

DTNA NM_032978.6   x x       x

EMD NM_000117.2 x x x x x x x

EYA4 NM_004100             x

FHL1 NM_001159702.2 x x x x x x x

FHL2 NM_201557             x

FKRP NM_024301.4     x       x

FKTN NM_006731.2   x x       x

FLNC NM_001458.4           x x

FLT1 NM_002019             x

FOXD4 NM_207305             x

FXN NM_000144             x
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Supplemental Table 2. Continued.

Gene Transcript Panel A Panel B Panel C Panel D Panel E Panel F Panel G

GAA NM_001079804             x

GATAD1 NM_021167.4     x        

GLA NM_000169.2 x x x x x x  

HADHA NM_000182             x

HCN4 NM_005477.2   x x        

HFE NM_000410             x

HOPX NM_139212             x

HRAS NM_001130442.2     x        

HSPB7 NM_014424             x

ILK NM_004517.3   x x       x

JPH2 NM_020433.4 x x x x x x  

JUP NM_021991.2 x x x x x x  

KRAS NM_033360.3     x        

LAMA2 NM_001079823             x

LAMA4 NM_001105206.1 x x x x x x x

LAMP2 NM_002294.2 x x x x x x x

LDB3 NM_007078.2 x x x x x x x

LMNA NM_170707.3 x x x x x x x

MAP2K1 NM_002755.3     x        

MAP2K2 NM_030662.3     x        

MIB1 NM_020774.2 x x x x x x  

MT-ND1 NC_012920.1     x        

MT-ND5 NC_012920.1     x        

MT-ND6 NC_012920.1     x        

MT-TD NC_012920.1     x        

MT-TG NC_012920.1     x        

MT-TH NC_012920.1     x        

MT-TI NC_012920.1     x        

MT-TK NC_012920.1     x        

MT-TL1 NC_012920.1     x        

MT-TL2 NC_012920.1     x        

MT-TM NC_012920.1     x        

MT-TQ NC_012920.1     x        

MT-TS1 NC_012920.1     x        

MT-TS2 NC_012920.1     x        

MURC NM_001018116.2     x        
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Supplemental Table 2. Continued.

Gene Transcript Panel A Panel B Panel C Panel D Panel E Panel F Panel G

MYBPC3 NM_000256.3 x x x x x x x

MYH6 NM_002471.3 x x x x x x x

MYH7 NM_000257.2 x x x x x x x

MYL2 NM_000432.3 x x x x x x x

MYL3 NM_000258.2 x x x   x x x

MYLK2 NM_033118.3   x x       x

MYOZ1 NM_021245.3   x          

MYOZ2 NM_016599.3 x x x x x x  

MYPN NM_032578.2 x x x x x x  

NEB NM_001164508             x

NEBL NM_213569.2     x       x

NEXN NM_144573.3 x x x x x x x

NFKB1 NM_003998             x

NKX2-5 NM_004387.3     x   x x  

NRAS NM_002524.4     x        

PDLIM3 NM_014476.5     x       x

PKP2 NM_004572.3 x x x x x x  

PLEC NM_000445             x

PLN NM_002667.3 x x x x x x x

PRDM16 NM_22114.3 x x x x x x  

PRKAG2 NM_016203.3 x x x x x x x

PSEN1 NM_000021             x

PSEN2 NM_000447             x

PTPN11 NM_002834.4     x       x

RAF1 NM_002880.3     x     x x

RBM20 NM_001134363.1 x x x x x x x

RIT1 NM_006912.5     x        

RYR2 NM_001035.2   x x   x x x

SCN5A NM_198056.2 x x x x x x x

SDHA NM_004168             x

SGCA NM_000023             x

SGCB NM_000232             x

SGCD NM_000337.5   x x       x

SGCG NM_000231             x

SOD2 NM_001322820             x

SOS1 NM_005633.3     x        
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Supplemental Table 2. Continued.

Gene Transcript Panel A Panel B Panel C Panel D Panel E Panel F Panel G

SYNE1 NM_182961             x

SYNM NM_145728             x

TAZ NM_000116.3 x x x x x x x

TBX20 NM_001077653.2   x     x x x

TCAP NM_003673.3 x x x x x x x

TGFB3 NM_003239.4     x        

TMEM43 NM_024334.2 x x x x x x  

TMPO NM_003276.2     x       x

TNNC1 NM_003280.2 x x x x x x x

TNNI3 NM_000363.4 x x x x x x x

TNNT2 NM_001001430.1 x x x x x x x

TPM1 NM_001018005.1 x x x x x x x

TRIM54 NM_187841             x

TRIM55 NM_184085             x

TRIM63 NM_032588             x

TTN NM_001267550.1 x x x   x x x

TTR NM_000371.3 x x x x x x x

TXNRD2 NM_006440.4   x x        

VCL NM_014000.2 x x x x x x x
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Supplemental Table 3. Rare (MAF < 0.1%) protein altering variants in ALPK3 found in 2 cardiomyopathy 

cohorts.

Patient Age Diagnosis Pattern of 

hypertrophy

Nucleotide change Protein change gnomAD Splice prediction SIFT PolyPhen-2 CADD 2015 ACMG criteria Classification Cohort

P-MS081 67 

(death)

HCM unknown c.903delC p.(Ile301fs) 6/251256 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) USA

P001 33 HCM apical c.176G>T p.(Arg59Leu) 0/109638 No/uncertain 

effect

Deleterious Benign 14.56 PM2 BP1 VUS (missense) Dutch

P002 47 HCM apical c.668G>T p.(Gly223Val) 5/26640 No/uncertain 

effect

Deleterious Possibly 

damaging

14.90 BP1 VUS (missense) Dutch

P003 59 HCM concentric c.688C>G p.(Pro230Ala) 0 No/uncertain 

effect

Deleterious Probably 

damaging

24.6 PM2 PP3 BP1 VUS (missense) Dutch

P004 54 DCM   c.688C>G p.(Pro230Ala) 0 No/uncertain 

effect

Deleterious Probably 

damaging

24.6 PM2 PP3 BP1 BP5 VUS (missense) Dutch

P005 51 LVNC   c.830C>A p.(Thr277Asn) 0 No/uncertain 

effect

Deleterious Probably 

damaging

25.2 PM2 PP3 BP1 VUS (missense) Dutch

P-20000353 34 HCM septal c.1072A>G p.(Asn358Asp) 0 No/uncertain 

effect

Tolerated Probably 

damaging

24.3 PM2 PP3 BP1 VUS (missense) USA

P-70007206 21 HCM asymmetric c.1156A>T p.(Lys386*) 0 No/uncertain 

effect

NA NA 37 PVS1 PM2 P (LoF) USA

P006 NA mixed   c.1247G>C p.(Arg416Pro) 0 No/uncertain 

effect

Deleterious Probably 

damaging

27.0 PM2 PP3 BP1 VUS (missense) Dutch

P-70008226 58 HCM apical c.1259C>T p.(Pro420Leu) 31/280800 No/uncertain 

effect

Deleterious Probably 

damaging

26.1 PM2 PP3 BP1 VUS (missense) USA

P007 30 HCM asymmetric c.1275A>T p.(Arg425=) 0 New donor site NA NA 2.350 PM2 PP3 VUS (synonymous) Dutch

P008 58 HCM asymmetric c.1544G>A p.(Gly515Glu) 67/128726 No/uncertain 

effect

Tolerated Possibly 

damaging

24.3 BP1 VUS (missense) Dutch

P009 85 HCM asymmetric c.1544G>A p.(Gly515Glu) 67/128726 No/uncertain 

effect

Tolerated Possibly 

damaging

24.3 BP1 VUS (missense) Dutch

P010 60 HCM asymmetric c.1546G>A p.(Ala516Thr) 0/128736 No/uncertain 

effect

Deleterious Probably 

damaging

26.3 PP3 BP1 BP5 VUS (missense) Dutch

P-10000736 38 HCM concentric c.1606A>G p.(Lys536Glu) 4/250176 No/uncertain 

effect

Tolerated Benign 16.15 PM2 BP4 BP1 VUS (missense) USA

P011 38 HCM concentric c.2063C>T p.(Pro688Leu) 18/113526 No/uncertain 

effect

Tolerated Probably 

damaging

24.7 BP1 VUS (missense) Dutch

P-CH1508 NA HCM unknown c.2147G>A p.(Gly716Glu) 0 No/uncertain 

effect

Deleterious Possibly 

damaging

10.66 PM2 BP4 BP1 VUS (missense) USA

P-70007611 NA DCM   c.2717_2734-

delTGCAGGGA-

GAGAAGGGGA

p.(Met906_

Gly911del)

15/282734 No/uncertain 

effect

NA NA NA PM4 PM2 P (LoF) USA

P-70009602 67 

(death)

HCM asymmetric c.3014dupA p.(Pro1006fs) 2/250652 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) USA

P-MS078 34 HCM apical c.3076dupT p.(Ser1026fs) 1/250868 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) USA
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Supplemental Table 3. Rare (MAF < 0.1%) protein altering variants in ALPK3 found in 2 cardiomyopathy 

cohorts.

Patient Age Diagnosis Pattern of 

hypertrophy

Nucleotide change Protein change gnomAD Splice prediction SIFT PolyPhen-2 CADD 2015 ACMG criteria Classification Cohort

P-MS081 67 

(death)

HCM unknown c.903delC p.(Ile301fs) 6/251256 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) USA

P001 33 HCM apical c.176G>T p.(Arg59Leu) 0/109638 No/uncertain 

effect

Deleterious Benign 14.56 PM2 BP1 VUS (missense) Dutch

P002 47 HCM apical c.668G>T p.(Gly223Val) 5/26640 No/uncertain 

effect

Deleterious Possibly 

damaging

14.90 BP1 VUS (missense) Dutch

P003 59 HCM concentric c.688C>G p.(Pro230Ala) 0 No/uncertain 

effect

Deleterious Probably 

damaging

24.6 PM2 PP3 BP1 VUS (missense) Dutch

P004 54 DCM   c.688C>G p.(Pro230Ala) 0 No/uncertain 

effect

Deleterious Probably 

damaging

24.6 PM2 PP3 BP1 BP5 VUS (missense) Dutch

P005 51 LVNC   c.830C>A p.(Thr277Asn) 0 No/uncertain 

effect

Deleterious Probably 

damaging

25.2 PM2 PP3 BP1 VUS (missense) Dutch

P-20000353 34 HCM septal c.1072A>G p.(Asn358Asp) 0 No/uncertain 

effect

Tolerated Probably 

damaging

24.3 PM2 PP3 BP1 VUS (missense) USA

P-70007206 21 HCM asymmetric c.1156A>T p.(Lys386*) 0 No/uncertain 

effect

NA NA 37 PVS1 PM2 P (LoF) USA

P006 NA mixed   c.1247G>C p.(Arg416Pro) 0 No/uncertain 

effect

Deleterious Probably 

damaging

27.0 PM2 PP3 BP1 VUS (missense) Dutch

P-70008226 58 HCM apical c.1259C>T p.(Pro420Leu) 31/280800 No/uncertain 

effect

Deleterious Probably 

damaging

26.1 PM2 PP3 BP1 VUS (missense) USA

P007 30 HCM asymmetric c.1275A>T p.(Arg425=) 0 New donor site NA NA 2.350 PM2 PP3 VUS (synonymous) Dutch

P008 58 HCM asymmetric c.1544G>A p.(Gly515Glu) 67/128726 No/uncertain 

effect

Tolerated Possibly 

damaging

24.3 BP1 VUS (missense) Dutch

P009 85 HCM asymmetric c.1544G>A p.(Gly515Glu) 67/128726 No/uncertain 

effect

Tolerated Possibly 

damaging

24.3 BP1 VUS (missense) Dutch

P010 60 HCM asymmetric c.1546G>A p.(Ala516Thr) 0/128736 No/uncertain 

effect

Deleterious Probably 

damaging

26.3 PP3 BP1 BP5 VUS (missense) Dutch

P-10000736 38 HCM concentric c.1606A>G p.(Lys536Glu) 4/250176 No/uncertain 

effect

Tolerated Benign 16.15 PM2 BP4 BP1 VUS (missense) USA

P011 38 HCM concentric c.2063C>T p.(Pro688Leu) 18/113526 No/uncertain 

effect

Tolerated Probably 

damaging

24.7 BP1 VUS (missense) Dutch

P-CH1508 NA HCM unknown c.2147G>A p.(Gly716Glu) 0 No/uncertain 

effect

Deleterious Possibly 

damaging

10.66 PM2 BP4 BP1 VUS (missense) USA

P-70007611 NA DCM   c.2717_2734-

delTGCAGGGA-

GAGAAGGGGA

p.(Met906_

Gly911del)

15/282734 No/uncertain 

effect

NA NA NA PM4 PM2 P (LoF) USA

P-70009602 67 

(death)

HCM asymmetric c.3014dupA p.(Pro1006fs) 2/250652 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) USA

P-MS078 34 HCM apical c.3076dupT p.(Ser1026fs) 1/250868 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) USA
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Supplemental Table 3. Continued.

Patient Age Diagnosis Pattern of 

hypertrophy

Nucleotide change Protein change gnomAD Splice prediction SIFT PolyPhen-2 CADD 2015 ACMG criteria Classification Cohort

P012 59 HCM concentric c.3308A>G p.(Glu1103Gly) 1/112986 No/uncertain 

effect

Tolerated Benign 6.196 BP1 VUS (missense) Dutch

P013 20 DCM   c.3308A>G p.(Glu1103Gly) 1/112986 No/uncertain 

effect

Tolerated Benign 6.196 BP1 VUS (missense) Dutch

P014 51 unspecified 

CMP

  c.3643C>T p.(Arg1215Cys) 6/112722 No/uncertain 

effect

Deleterious Probably 

damaging

29.1 PM2 PP3 BP1 VUS (missense) Dutch

P015 41 ACM   c.3643C>T p.(Arg1215Cys) 6/112722 No/uncertain 

effect

Deleterious Probably 

damaging

29.1 PM2 PP3 BP1 VUS (missense) Dutch

P016 61 HCM asymmetric c.3644G>A p.(Arg1215His) 12/128110 No/uncertain 

effect

Deleterious Probably 

damaging

26.7 PP3 BP1 VUS (missense) Dutch

P017 75 DCM   c.3644G>A p.(Arg1215His) 12/128110 No/uncertain 

effect

Deleterious Probably 

damaging

26.7 PP3 BP1 VUS (missense) Dutch

P-70013437 68 HCM midventricular/

apical

c.3781C>T p.(Arg1261*) 10/240334 No/uncertain 

effect

NA NA 35 PVS1 PM2 P (LoF) USA

P-10001218 52 HCM apical c.3781C>T p.(Arg1261*) 10/240334 No/uncertain 

effect

NA NA 35 PVS1 PM2 P (LoF) USA

P-70012990 37 HCM septal c.3931A>G p.(Ser1311Gly) 0 No/uncertain 

effect

Tolerated Benign 9.319 PM2 BP4 BP1 VUS (missense) USA

P-70013028 23 HCM asymmetric c.4004_4005dupTA p.(Ala1336*) 0 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) USA

P018 34 HCM asymmetric c.4187G>A p.(Arg1396Gln) 12/82398 No/uncertain 

effect

Tolerated Probably 

damaging

22.9 BP1 BP5 VUS (missense) Dutch

P019 50 DCM   c.4235G>A p.(Arg1412Gln) 5/63182 No/uncertain 

effect

Tolerated Probably 

damaging

23.9 BP1 VUS (missense) Dutch

P020 62 DCM   c.4246_4249dupTCCC p.(Pro1417Leufs*42) 2/63358 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) Dutch

P021 36 ACM   c.4438C>T p.(Arg1480Trp) 51/129132 No/uncertain 

effect

Tolerated Probably 

damaging

34 BP1 VUS (missense) Dutch

P022 24 HCM asymmetric c.4438C>T p.(Arg1480Trp) 51/129132 No/uncertain 

effect

Tolerated Probably 

damaging

34 BP1 VUS (missense) Dutch

P023 55 ACM   c.4438C>T p.(Arg1480Trp) 51/129132 No/uncertain 

effect

Tolerated Probably 

damaging

34 BP1 VUS (missense) Dutch

P024 43 OHCA   c.4462C>A p.(Pro1488Thr) 0 No/uncertain 

effect

Deleterious Probably 

damaging

24.9 PM2 PP3 BP1 VUS (missense) Dutch

P025 47 HCM asymmetric c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch

P026 49 DCM   c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch

P027 21 HCM asymmetric c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch

P028 52 HCM asymmetric c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch
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Supplemental Table 3. Continued.

Patient Age Diagnosis Pattern of 

hypertrophy

Nucleotide change Protein change gnomAD Splice prediction SIFT PolyPhen-2 CADD 2015 ACMG criteria Classification Cohort

P012 59 HCM concentric c.3308A>G p.(Glu1103Gly) 1/112986 No/uncertain 

effect

Tolerated Benign 6.196 BP1 VUS (missense) Dutch

P013 20 DCM   c.3308A>G p.(Glu1103Gly) 1/112986 No/uncertain 

effect

Tolerated Benign 6.196 BP1 VUS (missense) Dutch

P014 51 unspecified 

CMP

  c.3643C>T p.(Arg1215Cys) 6/112722 No/uncertain 

effect

Deleterious Probably 

damaging

29.1 PM2 PP3 BP1 VUS (missense) Dutch

P015 41 ACM   c.3643C>T p.(Arg1215Cys) 6/112722 No/uncertain 

effect

Deleterious Probably 

damaging

29.1 PM2 PP3 BP1 VUS (missense) Dutch

P016 61 HCM asymmetric c.3644G>A p.(Arg1215His) 12/128110 No/uncertain 

effect

Deleterious Probably 

damaging

26.7 PP3 BP1 VUS (missense) Dutch

P017 75 DCM   c.3644G>A p.(Arg1215His) 12/128110 No/uncertain 

effect

Deleterious Probably 

damaging

26.7 PP3 BP1 VUS (missense) Dutch

P-70013437 68 HCM midventricular/

apical

c.3781C>T p.(Arg1261*) 10/240334 No/uncertain 

effect

NA NA 35 PVS1 PM2 P (LoF) USA

P-10001218 52 HCM apical c.3781C>T p.(Arg1261*) 10/240334 No/uncertain 

effect

NA NA 35 PVS1 PM2 P (LoF) USA

P-70012990 37 HCM septal c.3931A>G p.(Ser1311Gly) 0 No/uncertain 

effect

Tolerated Benign 9.319 PM2 BP4 BP1 VUS (missense) USA

P-70013028 23 HCM asymmetric c.4004_4005dupTA p.(Ala1336*) 0 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) USA

P018 34 HCM asymmetric c.4187G>A p.(Arg1396Gln) 12/82398 No/uncertain 

effect

Tolerated Probably 

damaging

22.9 BP1 BP5 VUS (missense) Dutch

P019 50 DCM   c.4235G>A p.(Arg1412Gln) 5/63182 No/uncertain 

effect

Tolerated Probably 

damaging

23.9 BP1 VUS (missense) Dutch

P020 62 DCM   c.4246_4249dupTCCC p.(Pro1417Leufs*42) 2/63358 No/uncertain 

effect

NA NA NA PVS1 PM2 P (LoF) Dutch

P021 36 ACM   c.4438C>T p.(Arg1480Trp) 51/129132 No/uncertain 

effect

Tolerated Probably 

damaging

34 BP1 VUS (missense) Dutch

P022 24 HCM asymmetric c.4438C>T p.(Arg1480Trp) 51/129132 No/uncertain 

effect

Tolerated Probably 

damaging

34 BP1 VUS (missense) Dutch

P023 55 ACM   c.4438C>T p.(Arg1480Trp) 51/129132 No/uncertain 

effect

Tolerated Probably 

damaging

34 BP1 VUS (missense) Dutch

P024 43 OHCA   c.4462C>A p.(Pro1488Thr) 0 No/uncertain 

effect

Deleterious Probably 

damaging

24.9 PM2 PP3 BP1 VUS (missense) Dutch

P025 47 HCM asymmetric c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch

P026 49 DCM   c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch

P027 21 HCM asymmetric c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch

P028 52 HCM asymmetric c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch
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Supplemental Table 3. Continued.

Patient Age Diagnosis Pattern of 

hypertrophy

Nucleotide change Protein change gnomAD Splice prediction SIFT PolyPhen-2 CADD 2015 ACMG criteria Classification Cohort

P029 26 HCM apical c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch

P030 20 ACM   c.4760delC p.(Pro1587Leufs*23) 2/112866 No/uncertain 

effect

NA NA NA PVS1 PS4 P (LoF) Dutch

P031 57 HCM asymmetric c.4888G>T p.(Val1630Phe) 0 No/uncertain 

effect

Deleterious Probably 

damaging

29.6 PM2 PP3 BP1 VUS (missense) Dutch

P032 76 HCM concentric c.4997delA p.(Asn1666Thrfs*14) 1/113572 No/uncertain 

effect

NA NA NA PVS1 PS4 PM2 P (LoF) Dutch

P033 76 HCM asymmetric c.4997delA p.(Asn1666Thrfs*14) 1/113572 No/uncertain 

effect

NA NA NA PVS1 PS4 PM2 P (LoF) Dutch

P034 48 HCM asymmetric c.4997delA p.(Asn1666Thrfs*14) 1/113572 No/uncertain 

effect

NA NA NA PVS1 PS4 PM2 P (LoF) Dutch

P-20001836 12 HCM asymmetric c.5017-2A>G p.(?) 0 No/uncertain 

effect

NA NA 34 PVS1 PM2 P (LoF) USA

P-70009908 51 HCM septal c.5054A>G p.(Lys1685Arg) 27/251242 No/uncertain 

effect

Deleterious Probably 

damaging

25.4 PM2 PP3 BP1 VUS (missense) USA

P035 74 DCM   c.5261A>C p.(Lys1754Thr) 1/113766 No/uncertain 

effect

Deleterious Probably 

damaging

29.1 PM2 PP3 BP1 VUS (missense) Dutch

P036 85 DCM   c.5261A>C p.(Lys1754Thr) 1/113766 No/uncertain 

effect

Deleterious Probably 

damaging

29.1 PM2 PP3 BP1 VUS (missense) Dutch

P037 34 HCM unknown c.5278C>T p.(His1760Tyr) 0 No/uncertain 

effect

Deleterious Probably 

damaging

28.8 PM2 PP3 BP1 BP5 VUS (missense) Dutch

P038 71 HCM apical c.5526dupT p.(Lys1843*) 7/113638 No/uncertain 

effect

NA NA NA PM2 BP5 VUS (nonsense last 

exon)

Dutch

P039 52 HCM apical c.5526dupT p.(Lys1843*) 7/113638 No/uncertain 

effect

NA NA NA PM2 BP5 VUS (nonsense last 

exon)

Dutch

PM2 was applied when a variant was absent or extremely rare (<0.004%) in large population cohorts, 

as proposed by ClinGen’s Inherited Cardiomyopathy Expert Panel (Kelly et al., 2018: PMID 29300372).

ACM=arrhythmogenic cardiomyopathy, CADD=Combined Annotation Dependent Depletion v1.4, 

DCM=dilated cardiomyopathy, gnomAD=Genome Aggregation Database v2.0, 

ACMG=American College of Medical Genetics, HCM=hypertrophic cardiomyopathy, LVNC=left 

ventricular noncompaction, NA=not applicable, OHCA=out-of-hospital cardiac arrest, P=pathogenic, 

PolyPhen-2=Polymorphism Phenotyping v2, SIFT=Sorting tolerant from intolerant, UK=unknown, 

VUS=variant of uncertain significance.
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Supplemental Table 3. Continued.

Patient Age Diagnosis Pattern of 

hypertrophy

Nucleotide change Protein change gnomAD Splice prediction SIFT PolyPhen-2 CADD 2015 ACMG criteria Classification Cohort

P029 26 HCM apical c.4736-1G>A p.(?) 4/127164 Loss acceptor 

site

NA NA 34 PVS1 PS4 PM2 P (LoF) Dutch

P030 20 ACM   c.4760delC p.(Pro1587Leufs*23) 2/112866 No/uncertain 

effect

NA NA NA PVS1 PS4 P (LoF) Dutch

P031 57 HCM asymmetric c.4888G>T p.(Val1630Phe) 0 No/uncertain 

effect

Deleterious Probably 

damaging

29.6 PM2 PP3 BP1 VUS (missense) Dutch

P032 76 HCM concentric c.4997delA p.(Asn1666Thrfs*14) 1/113572 No/uncertain 

effect

NA NA NA PVS1 PS4 PM2 P (LoF) Dutch

P033 76 HCM asymmetric c.4997delA p.(Asn1666Thrfs*14) 1/113572 No/uncertain 

effect

NA NA NA PVS1 PS4 PM2 P (LoF) Dutch

P034 48 HCM asymmetric c.4997delA p.(Asn1666Thrfs*14) 1/113572 No/uncertain 

effect

NA NA NA PVS1 PS4 PM2 P (LoF) Dutch

P-20001836 12 HCM asymmetric c.5017-2A>G p.(?) 0 No/uncertain 

effect

NA NA 34 PVS1 PM2 P (LoF) USA

P-70009908 51 HCM septal c.5054A>G p.(Lys1685Arg) 27/251242 No/uncertain 

effect

Deleterious Probably 

damaging

25.4 PM2 PP3 BP1 VUS (missense) USA

P035 74 DCM   c.5261A>C p.(Lys1754Thr) 1/113766 No/uncertain 

effect

Deleterious Probably 

damaging

29.1 PM2 PP3 BP1 VUS (missense) Dutch

P036 85 DCM   c.5261A>C p.(Lys1754Thr) 1/113766 No/uncertain 

effect

Deleterious Probably 

damaging

29.1 PM2 PP3 BP1 VUS (missense) Dutch

P037 34 HCM unknown c.5278C>T p.(His1760Tyr) 0 No/uncertain 

effect

Deleterious Probably 

damaging

28.8 PM2 PP3 BP1 BP5 VUS (missense) Dutch

P038 71 HCM apical c.5526dupT p.(Lys1843*) 7/113638 No/uncertain 

effect

NA NA NA PM2 BP5 VUS (nonsense last 

exon)

Dutch

P039 52 HCM apical c.5526dupT p.(Lys1843*) 7/113638 No/uncertain 

effect

NA NA NA PM2 BP5 VUS (nonsense last 

exon)

Dutch

PM2 was applied when a variant was absent or extremely rare (<0.004%) in large population cohorts, 

as proposed by ClinGen’s Inherited Cardiomyopathy Expert Panel (Kelly et al., 2018: PMID 29300372).

ACM=arrhythmogenic cardiomyopathy, CADD=Combined Annotation Dependent Depletion v1.4, 

DCM=dilated cardiomyopathy, gnomAD=Genome Aggregation Database v2.0, 

ACMG=American College of Medical Genetics, HCM=hypertrophic cardiomyopathy, LVNC=left 

ventricular noncompaction, NA=not applicable, OHCA=out-of-hospital cardiac arrest, P=pathogenic, 

PolyPhen-2=Polymorphism Phenotyping v2, SIFT=Sorting tolerant from intolerant, UK=unknown, 

VUS=variant of uncertain significance.
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Supplemental Table 4. Haplotype analysis for ALPK3 variant c.4736-1G>A, p.(Val1579Glyfs*30).

Marker 

name

Position 

(hg19)

F1P1 

(ho)

Mother F1P1 

(he)

Father F1P1 

(he)

Sister F1P1 

(he)

P025 

(he)

P026 

(he)

P027 

(he)

P028 

(he)

P029 

(he)

Control I

D15S211 81,192,910 214 224 224 224 214 244 214 226 214 218 214 232 224 222 214 250 202 240 232 248

D15S1041 81,624,760 142 140 140 134 142 134 142 134 142 132 142 142 142 134 142 134 144 134 142 132

D15S206 82,204,287 271 269 271 269 271 271 271 271 271 267 271 271 271 267 271 271 269 273 271 267

D15S200 83,719,146 187 191 189 191 187 191 187 191 187 191 187 187 187 195 187 191 187 191 191 191

D15S205 84,230,721 153 153 153 161 153 139 153 161 153 153 153 143 157 143 153 161 153 153 157 157

D15S154 84,687,639 293 293 293 287 293 287 293 287 293 293 293 295 293 295 293 287 293 291 293 297

ALPK3 85,359,911 4736-

1G>A

4736-

1G>A

4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

     

D15S152 85,883,052 200 200 200 196 200 206 200 196 200 206 200 196 198 196 200 206 200 196 196 208

D15S999 86,245,405 168 168 168 166 168 168 168 166 168 170 168 172 166 164 168 164 168 166 172 164

D15S201 86,558,539 220 220 220 218 221 219 221 219 221 221 221 219 215 215 221 211 219 215 215 207

D15S1030 87,555,260 205 205 225 205 225 205 x x 225 205 223 221 225 227 225 205 225 205 225 211

D15S199 87,931,682 99 99 99 101 99 99 99 101 99 99 99 99 99 99 99 101 99 99 99 95

D15S979 88,832,472 154 154 154 154 153 147 153 153 153 137 153 159 155 137 153 137 151 151 149 149

D15S1045 89,595,631 204 224 204 214 204 224 204 224 222 216 206 206 216 222 206 222 204 216 204 218

The different alleles for the markers are represented as the size of the PCR product in base pairs. The 

overlapping alleles are indicated in bold. The allele sizes may differ 2 bps for a shared haplotype. 

The positions of the markers are based on NC_000015.10, GRCh37 / hg19.

Crossing over may have occurred in Patient P027, which would explain the aberrant allele sizes.

Supplemental Table 5. Additional pathogenic or likely pathogenic variants identified in the Dutch 

cohort.

Gene Transcript Patient Nucleotide change

Protein 

change gnomAD Splice prediction SIFT PolyPhen-2 CADD 2015 ACMG criteria Classification

LMNA NM_170707.3 P004 c.777T>A p.(Tyr259*) 0 No effect NA NA 36 PVS1 PM2 PP5 P

MYBPC3 NM_000256.3

P038 c.442G>A p.(Gly148Arg) 13/200668 New acceptor site Benign Tolerated 10.59 PVS1 PS4 PP1(S) P

P010 c.1484G>A p.(Arg495Gln) 6/249188 No effect Deleterious

Probably 

damaging 28.7 PS4 PM1 PP3 PP5 P

P037 c.2827C>T p.(Arg943*) 3/247124 No effect NA NA 42 PVS1 PM2 PP5 P

P018 c.2864_2865delCT p.(Pro955fs) 1/264126 No effect NA NA NA PVS1 PM2 PP5 P

MYH7 NM_000257.3 P039 c.287T>A p.(Leu96Gln) 0 No effect Deleterious Probably 

damaging

26.2 PS4 PP1 PP3 LP

TNNI3 NM_000363.4 P027 c.433C>T p.(Arg145Trp) 3/280226 No effect Deleterious Probably 

damaging

25.8 PS4 PM5 PP3 PP5 BP5 LP

PM2 was applied when a variant was absent or extremely rare (<0.004%) in large population cohorts, 

as proposed by ClinGen’s Inherited Cardiomyopathy Expert Panel (Kelly et al., 2018: PMID 29300372).

ACMG=American College of Medical Genetics, CADD=Combined Annotation Dependent Depletion

v1.4, gnomAD=Genome Aggregation Database v2.0, LP=likely pathogenic, NA=not applicable, 

P=pathogenic, PolyPhen-2=Polymorphism Phenotyping v2, SIFT=Sorting tolerant from intolerant.
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Supplemental Table 4. Haplotype analysis for ALPK3 variant c.4736-1G>A, p.(Val1579Glyfs*30).

Marker 

name

Position 

(hg19)

F1P1 

(ho)

Mother F1P1 

(he)

Father F1P1 

(he)

Sister F1P1 

(he)

P025 

(he)

P026 

(he)

P027 

(he)

P028 

(he)

P029 

(he)

Control I

D15S211 81,192,910 214 224 224 224 214 244 214 226 214 218 214 232 224 222 214 250 202 240 232 248

D15S1041 81,624,760 142 140 140 134 142 134 142 134 142 132 142 142 142 134 142 134 144 134 142 132

D15S206 82,204,287 271 269 271 269 271 271 271 271 271 267 271 271 271 267 271 271 269 273 271 267

D15S200 83,719,146 187 191 189 191 187 191 187 191 187 191 187 187 187 195 187 191 187 191 191 191

D15S205 84,230,721 153 153 153 161 153 139 153 161 153 153 153 143 157 143 153 161 153 153 157 157

D15S154 84,687,639 293 293 293 287 293 287 293 287 293 293 293 295 293 295 293 287 293 291 293 297

ALPK3 85,359,911 4736-

1G>A

4736-

1G>A

4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

  4736-

1G>A

     

D15S152 85,883,052 200 200 200 196 200 206 200 196 200 206 200 196 198 196 200 206 200 196 196 208

D15S999 86,245,405 168 168 168 166 168 168 168 166 168 170 168 172 166 164 168 164 168 166 172 164

D15S201 86,558,539 220 220 220 218 221 219 221 219 221 221 221 219 215 215 221 211 219 215 215 207

D15S1030 87,555,260 205 205 225 205 225 205 x x 225 205 223 221 225 227 225 205 225 205 225 211

D15S199 87,931,682 99 99 99 101 99 99 99 101 99 99 99 99 99 99 99 101 99 99 99 95

D15S979 88,832,472 154 154 154 154 153 147 153 153 153 137 153 159 155 137 153 137 151 151 149 149

D15S1045 89,595,631 204 224 204 214 204 224 204 224 222 216 206 206 216 222 206 222 204 216 204 218

The different alleles for the markers are represented as the size of the PCR product in base pairs. The 

overlapping alleles are indicated in bold. The allele sizes may differ 2 bps for a shared haplotype. 

The positions of the markers are based on NC_000015.10, GRCh37 / hg19.

Crossing over may have occurred in Patient P027, which would explain the aberrant allele sizes.

Supplemental Table 5. Additional pathogenic or likely pathogenic variants identified in the Dutch 

cohort.

Gene Transcript Patient Nucleotide change

Protein 

change gnomAD Splice prediction SIFT PolyPhen-2 CADD 2015 ACMG criteria Classification

LMNA NM_170707.3 P004 c.777T>A p.(Tyr259*) 0 No effect NA NA 36 PVS1 PM2 PP5 P

MYBPC3 NM_000256.3

P038 c.442G>A p.(Gly148Arg) 13/200668 New acceptor site Benign Tolerated 10.59 PVS1 PS4 PP1(S) P

P010 c.1484G>A p.(Arg495Gln) 6/249188 No effect Deleterious

Probably 

damaging 28.7 PS4 PM1 PP3 PP5 P

P037 c.2827C>T p.(Arg943*) 3/247124 No effect NA NA 42 PVS1 PM2 PP5 P

P018 c.2864_2865delCT p.(Pro955fs) 1/264126 No effect NA NA NA PVS1 PM2 PP5 P

MYH7 NM_000257.3 P039 c.287T>A p.(Leu96Gln) 0 No effect Deleterious Probably 

damaging

26.2 PS4 PP1 PP3 LP

TNNI3 NM_000363.4 P027 c.433C>T p.(Arg145Trp) 3/280226 No effect Deleterious Probably 

damaging

25.8 PS4 PM5 PP3 PP5 BP5 LP

PM2 was applied when a variant was absent or extremely rare (<0.004%) in large population cohorts, 

as proposed by ClinGen’s Inherited Cardiomyopathy Expert Panel (Kelly et al., 2018: PMID 29300372).

ACMG=American College of Medical Genetics, CADD=Combined Annotation Dependent Depletion

v1.4, gnomAD=Genome Aggregation Database v2.0, LP=likely pathogenic, NA=not applicable, 

P=pathogenic, PolyPhen-2=Polymorphism Phenotyping v2, SIFT=Sorting tolerant from intolerant.
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Supplemental Table 6. GeneNetwork Assisted Diagnostic Optimization (GADO) predicted ranking.

Human Phenotype Ontology term Rank

HP:0001712 left ventricular hypertrophy 285/56,435

HP:0001644 dilated cardiomyopathy 583/56,435

HP:0001712 left ventricular hypertrophy + HP:0001644 dilated 

cardiomyopathy + HP:0001371 flexion contracture + HP:0000175 cleft palate 235/56,435
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