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1
General Introduction 

Cardiomyopathies, which are characterized by abnormal ventricular myocardial structure or 

function, are the most common cause of childhood heart failure. They affect 1 to 2 individuals 

per 100,000 annually, with the highest incidence in children under age 1 year.1-4 The aetiology 

of paediatric cardiomyopathy is diverse and includes coronary artery abnormalities and 

infectious, environmental (e.g. toxins) and genetic causes. Originally, the Internal Society and 

Federation of Cardiology Task Forces and the World Health Organisation, made a differentiation 

between idiopathic or ‘primary’ heart muscle disorders and heart muscle disorders with similar 

morphological features but distinct aetiology, such as cardiomyopathy due to metabolic, 

neuromuscular, syndromic or inflammatory diseases.5 The genetic revolution of the past decades 

made the term ‘idiopathic’ largely redundant as the ‘idiopathic phenotypes’ were increasingly 

linked to specific genes and gene variants. However, in the clinical setting, classification of 

cardiomyopathies continues to be driven mainly by clinical presentation, morphological criteria 

and heart function.6 

Classification of cardiomyopathies

There are two major classification systems of cardiomyopathy currently being used: the 

classification system of the European Society of Cardiology (ESC)7 and the definition 

and classification system of American College of Cardiology/American Heart Association 

(AHA).8 The ESC classification is primarily based on phenotype and cardiac morphology. 

The AHA classification relies substantially on the aetiology of myocardial diseases and is 

based on advances made in the understanding of the genomic and molecular causes of 

cardiomyopathy. 

According to the ESC “cardiomyopathy” is defined as “a myocardial disorder in which the heart 

muscle is structurally and functionally abnormal, in the absence of coronary artery disease, 

hypertension, valvular disease and congenital heart disease, sufficient to cause the observed 

myocardial abnormality”.7 In this classification system, cardiomyopathies are sub-classified 

into five distinct groups: hypertrophic, dilated, restrictive, arrhythmogenic and “unclassified” 

cardiomyopathies including left ventricular noncompaction (or noncompaction cardiomyopathy, 

NCCM). Each phenotype can be divided into familial/genetic and non-familial/non-genetic 

forms. Familial/genetic cardiomyopathy includes sarcomeric, Z-band, cytoskeletal, nuclear 

membrane and intercalated disk protein defects; inborn errors of metabolism (IEM); syndromic 

cardiomyopathy; mitochondrial diseases and familial amyloidosis. Patients with identified de 

novo variants are allocated to the familial/genetic category as their disorder is caused by the 

genetic aberration and can be passed on to their offspring7 (Figure 1A).
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In the classification system proposed by the AHA, the definition of cardiomyopathy is somewhat 

different from that of the ESC: “Cardiomyopathies are a heterogeneous group of diseases of 

the myocardium associated with mechanical and/or electrical dysfunction that usually (but not 

invariably) exhibit inappropriate ventricular hypertrophy or dilatation and are due to a variety 

of causes that frequently are genetic. Cardiomyopathies are either confined to the heart or are 

part of generalized systemic disorders, and often lead to cardiovascular death or progressive 

heart failure-related disability”.8 The AHA classification system divides the cardiomyopathies 

into two major groups: primary cardiomyopathies that are solely or predominantly confined 

to heart muscle, including genetic, mixed and acquired cardiomyopathies, and secondary 

cardiomyopathies, either genetic or non-genetic, that show myocardial involvement as part 

of a generalized systemic (multi-organ) disorder (Figure 1B). In this classification system, 

hypertrophic cardiomyopathy (HCM), left ventricular noncompaction and arrhythmogenic 

cardiomyopathy (ACM) are categorized as primary genetic cardiomyopathies. Dilated 

cardiomyopathy (DCM) and restrictive cardiomyopathy (RCM) belong to the mixed primary 

subcategory. Mitochondrial disorders and Danon disease are considered primary (genetic) 

cardiomyopathies, while other (genetic) glycogen storage disorders, IEM, neuromuscular 

disorders and malformation syndromes are categorized as secondary cardiomyopathies 

(Figure 1B). While the AHA definition and classification of cardiomyopathy incorporates both 

mechanical and electrical diseases, the ESC rules out ion channel and conduction system 

diseases from the umbrella of cardiomyopathies. 

Both classification systems are aimed at classifying adult-onset cardiomyopathies. In children, 

however, cardiomyopathies often present a mixed phenotype (e.g. DCM/HCM or DCM/

NCCM9), can change from one type to another and have aetiology that often remains unknown. 

Epidemiology

The onset of symptoms in patients with isolated cardiomyopathy usually occurs in early 

adulthood (between 20-40 years of age)10, but may range from prenatal-onset to diagnosis 

after 75 years of age. Disease severity is highly variable, even within families, varying from 

asymptomatic to severe end-stage heart failure requiring cardiac transplantation. Since 1994, 

the Pediatric Cardiomyopathy Registry, funded by the National Heart, Lung and Blood Institute, 

has studied the epidemiologic features and clinical course of paediatric cardiomyopathy in the 

United States.11 A similar, population-based, retrospective cohort study was also performed 

in Australia to document the epidemiology of childhood cardiomyopathy. HCM and DCM 

are the most common disorders with annual incidences of 0.24-0.47/100,0001,3,12 and 0.57-

0.73/100,000 children, respectively.3,13 These studies also reported on the incidence according 

to age at presentation, although a true comparison is hampered by differences in patient selection 

(isolated vs non-isolated), age grouping and data presentation. Most children with DCM were 

diagnosed at <1 year of age, with a median age at diagnosis of 7.5 months - 1.5 years.1,3,13 For 
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HCM, the patient’s ages at diagnosis varied between different studies. Two studies reported a 

higher incidence in infants (aged <1 year)3,12, while (idiopathic) HCM was diagnosed at all ages 

in the study by Arola et al.1. A recent study in the UK showed that 23% of children with HCM 

presented under the age of 1 year and 46% during the pre-adolescent years (1-12 years old), 

with a median age of 5.2 years (range 0-16).14 In general, patients with idiopathic or familial HCM 

tend to present at older ages than patients with a different aetiology for their HCM.1,14 However, 

this peak in early adolescence may partly be explained by current guidelines that recommend 

family screening start at age 1015 or 12 years.16

RCM has an incidence of 0.03-0.04/100,000 children annually and accounts for only 2.5-

4.5% of all paediatric cardiomyopathies.2,3 NCCM was diagnosed in 4.8-9.2% of cases3,9, either 

isolated (23%) or in conjunction with another phenotype (mixed NCCM/DCM 59%, mixed 

NCCM/HCM 11%).9 Although two autosomal recessive forms of ARVC/D are recognized in 

the paediatric population (Carvajal syndrome and Naxos disease), ARVC/D is extremely rare in 

this population, and its exact incidence is unknown. This thesis focuses on the genetic aspects 

of cardiomyopathies in children, particularly in HCM and DCM, either isolated or syndromic. 

Diagnosis, risk factors and treatment

Hypertrophic cardiomyopathy. HCM is the most common genetic heart disease affecting 

approximately 1 in 500 in the general adult population17, and is characterized by an increased 

ventricular wall thickness that is not solely explained by abnormal loading or structural heart 

conditions such as congenital heart disease, valve disease and hypertension. The AHA considers 

HCM a disease resulting from pathogenic variants in genes encoding proteins of the cardiac 

sarcomere. Other inherited diseases may mimic the phenotypic and clinical features of sarcomeric 

HCM, but are caused by variants in other genes. These are considered phenocopies. As discussed 

earlier, the ESC considers all types of asymmetric left ventricular hypertrophy (LVH) as HCM. 

Most adult sarcomere-related HCM patients experience minimal symptoms throughout their 

lifetime18. Sudden cardiac death (SCD), the most feared complication of HCM occurs in <1% of 

patients, but can be higher in a small subset of patients.19-22 In young (asymptomatic) athletes, HCM 

is the most common cause of SCD23,24, and SCD may be the first presenting symptom, particularly in 

adolescents and young adults.25 The most common complications of HCM leading to morbidity and 

mortality are atrial fibrillation (20–25%), heart failure (22%) and end-stage heart failure (3%).26,27 

Due to diastolic dysfunction or left ventricular outflow tract obstruction, patients may complain of 

exertional dyspnoea, exercise intolerance, orthopnoea and peripheral oedema. Some adult patients 

experience ischemic chest pain due to imbalance between myocardial oxygen supply and demand. 

Finally, palpitations, presyncope and syncope, often caused by recurrent nonsustained ventricular 

tachycardia (nsVT), are among the cardinal clinical manifestations in adults. Orthopnoea and 

peripheral oedema are usually symptoms of end-stage HCM with systolic heart failure. 
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Cardiomyopathies

HCM

Non-familial/Non-genetic

UnclassifiedDCM ARVC RCM

Familial/Genetic

Unidentified
Gene defect

Disease 
sub-type

Disease 
sub-type

Idiopathic

A.

Primary cardiomyopathies
(Predominantly involving the heart)

AcquiredGenetic Mixed

Ion channel disorders

HCM

ARVC/D

LVNC

Glycogen storage

Conduction defects

Mitochondrial myopathies

Inflammatory (myocarditis)

Infants of insulin-dependent 
diabetic mothers

Tachycardia-induced

Peripartum

Stress provoked (Tako-tsubo)
DCM Restrictive 

Brugada LQTS Asian 
SUNDS

SQTS CPVT

Secondary cardiomyopathies (systemic diseases involving the heart) are listed as: autoimmune/collagen diseases,
cardiofacial syndromes, electrolyte imbalance, endocrine diseases, endomyocardial diseases, infiltrative diseases
(including amyloidosis and Gaucher, Hurler’s and Hunter’s disease), inflammatory (granulomatous) conditions,
neuromuscular/neurological disorders, nutritional deficiencies, storage disorders (including hemochromatosis, Fabry,
GSD type 2, Niemann-Pick disease) and toxicity (including side-effects of cancer treatment).

B.
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◀ Figure 1. (A) Classification system of cardiomyopathies from the European Society of Cardiology 

Working Group on Myocardial and Pericardial Diseases7. The familial/genetic subgroup is divided into 

a subgroup with unknown genetic aetiology but familial occurrence of the same disorder or the same 

phenotype that could be caused by the same genetic variant and a subgroup of disorders with known 

(de novo or inherited) genetic defect. The non-familial/non-geneti cardiomyopathies are subdivided 

into idiopathic (no identifiable cause) and acquired cardiomyopathies in which ventricular dysfunction 

is a complication of the disorder rather than an intrinsic feature of the disease. HCM=hypertrophic 

cardiomyopathy, DCM=dilated cardiomyopathy, ARVC=arrythmogenic right ventricular cardiomyopathy, 

RCM=restrictive cardiomyopathy. (B) Classification system of cardiomyopathies as detailed in the 

American Heart Association Scientific Statement. GSD=glycogen storage disease, LVNC=left ventricular 

noncompaction, LQTS=long QT syndrome, SQTS=Short QT syndrome, CPVT=catecholaminergic 

ventricular polymorphic tachycardia, SUNDS=sudden unexpected nocturnal death syndrome. Modified 

from.8

The most common ECG abnormalities in adults are voltage changes of LVH, ST-T wave changes and 

deep Q waves probably caused by depolarization of a hypertrophied interventricular septum.28 

ECG abnormalities may precede LVH29, which can be diagnosed with echocardiography or other 

imaging techniques, and is usually most obvious at the anterior part of the interventricular 

septum, resulting in an asymmetrical septal appearance.30 According to the AHA, HCM in an 

adult may be diagnosed by the presence of left ventricular (LV) end diastolic wall thickness 

>13 mm.17 According to the ESC, a LV end diastolic wall thickness of ≥15 mm is diagnostic31, 

which results in a lower sensitivity but higher specificity. In first-degree relatives of patients 

with HCM, LV wall thickness ≥13 mm is sufficient to diagnose HCM.31 In 25-40% of patients, 

LVH is accompanied with systolic anterior motion of the mitral valve leaflets, which may lead to 

left ventricular outflow tract obstruction.32 Other echocardiographic findings may be abnormal 

diastolic function, increased left atrial volume and hyperkinetic myocardial tissue. Myocyte 

hypertrophy, disarray and increased interstitial fibrosis are the pathophysiological hallmarks of 

sarcomere-related HCM.33 Cardiac magnetic resonance imaging (MRI) has emerged as a useful 

tool for providing precise measurements of cardiac structure and to quantify late gadolinium 

enhancement, a marker of interstitial fibrosis.34 Late gadolinium enhancement is frequently 

detectable in patients with HCM, and its extent is associated with adverse clinical outcomes 

including heart failure, SCD and other cardiac arrhythmias.35-37 Therapy includes treatment 

with β-adrenergic receptor blockers, calcium channel blockers, implantable  cardioverter-

defibrillator (ICD) implantation, septal myectomy or alcoholic septal ablation and, more rarely, 

cardiac transplantation. Prognosis of HCM is relatively good, with approximately two thirds of 

patients having a normal life-span without significant morbidity22,38, although aborted SCD, VF, 

haemodynamically significant VT, nsVTs, a family history of premature sudden death and LV wall 

thickness >30 mm are among the risk factors for sudden death.39
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In infants and children with HCM, the majority of cases are genetically uncharacterized and 

most cases are non-familial. Particularly in the paediatric age group, the differences in the 

definition of HCM between the AHA and ESC are confusing, as at least 5-25% of cardiac 

hypertrophy in children results from non-sarcomere related diseases12, in contrast to less 

than 3% in adults.12,40 In the paediatric population, the term HCM is often used to imply the 

phenotype.41 In infants and children increased LV wall thickness (z-score ≥2 above the body-

surface-corrected mean) is sufficient to diagnose HCM (z-score nomograms are described 

by Pettersen et al.42). Prenatally, HCM can present as increased nuchal translucency 

thickness or foetal hydrops, increased cardiothoracic area ratio, tricuspid or mitral valve 

regurgitation, reversed flow in the ductus venosus and absent or reversed end-diastolic 

umbilical artery flow.43,44 In children <1 year of age, a diagnosis of HCM is often made during 

evaluation for a heart murmur or heart failure symptoms, including poor feeding, failure to 

thrive and excessive sweating (Table 1). In older children, symptoms of heart failure are 

rare and cardiac arrest or sudden death may the presenting event, even in a previously 

healthy child. 

Current clinical practice guidelines recommend family screening for first degree child 

relatives from the age of 10 years onwards16,31 or in younger children when they have 

symptoms of HCM, when there is a family history of early onset HCM or sudden death 

in childhood, or when children enrol in a competitive sport program with particularly 

demanding physical activity.15 In asymptomatic children who underwent predictive testing 

after diagnosis of a relative with HCM, approximately 5% received a diagnosis of HCM 

with a median age of 12.2 years (range 5-16.3).45,46 A recently published study by Norrish 

et al. found 57 of 1198 presymptomatic children (4.7%) were diagnosed with HCM. They 

excluded patients with a family history of IEM, neuromuscular disease or a malformation 

syndrome. Age at diagnosis was under 1 year in six patients (11%), 1-6 years in 15 patients 

(26%), 7-12 years in 20 patients (35%) and above 12 years in 16 patients (28%). As the 

majority presented as pre-adolescents, the authors suggest that clinical screening should 

commence before the age 10 years.47 However, they also show that patients with a childhood 

diagnosis were more likely to have a family history of childhood HCM (n=32, 56% vs n=257, 

23%; p <0.001).47

Typical electrocardiographic features in children are repolarisation abnormalities, i.e. 

negative T waves in more than one consecutive inferolateral lead (lead II, III, aVF, V5-V6) and 

pathological Q waves, whereas voltage criteria for LVH are less specific.48 Short PR-interval 

(pre-excitation) or AV-conduction abnormalities may point towards certain subtypes of 

HCM. Medical treatment strategies in paediatric HCM are extrapolated from adult studies, 

as medical therapy for treatment of symptoms has not been rigorously studied in children.49 

Septal myectomy has been proven effective in children50, but data about other therapies 
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in children are limited. ICDs are effective at aborting malignant arrhythmias51,52 but this 

is at the expense of a relatively high rate of ICD complications (9.5% per year), the need 

for (multiple) device replacements and the possible psychological distress.53 In children 

with advanced heart failure, extracorporal membrane oxygenation, which provides total 

cardiopulmonary support, or a ventricular assist device support can be considered as a 

bridge to heart transplantation. In severe end-stage HCM, heart transplantation is the only 

viable life-saving option, but donor availability is limited.

Prediction of clinical outcome for paediatric patients with HCM is challenging because of 

the substantial heterogeneity of the population. Risk factors for poor outcomes are different 

in children as compared to adults, and vary according to HCM subgroup, but they generally 

include young age, low weight, history of (pre)syncope, presence of congestive heart failure, 

lower left ventricular fractional shortening (LV FS), or higher left ventricular posterior 

or septal thickness at the time of diagnosis.54-56 In contrast to adults, the association of 

specific ventricular arrhythmias with the risk of SCD is limited in children.49,54,57 A systematic 

review and meta-analysis of clinical risk factors predicting SCD in 3394 children with HCM 

identified four major factors – previous adverse cardiac event, nsVT, unexplained syncope 

and extreme LVH – although the authors excluded rarer phenocopies such as RASopathies.58 

Furthermore, the usefulness of cardiac MRI to predict adverse outcomes has not been 

widely studied in children.49,59,60 Well-designed multi-centre studies are needed in the future 

to confirm and define major and minor risk factors in paediatric HCM.

Apart from the risk factors mentioned above, survival rate highly depends on aetiology 

(Table 2). For idiopathic HCM (aged 0-18 y), five and ten year survival is 90% and 85%, 

respectively12, although the one year survival from time of diagnosis of (idiopathic) HCM 

is worse for children diagnosed before 1 year of age (85.8% <1 y of age compared with 

99.2% >1 y of age).12 One year transplantation-free survival of HCM (n=21, including 43% 

idiopathic cases) diagnosed prenatally and actively managed was even worse (18%).43 

Table 1. Common sign and symptoms of heart failure in children. Adapted from Das102. 

Infants Toddlers School Age Adolescents

Growth failure Respiratory distress Fatigue Chest pain

Persistent tachypnoea Poor appetite Exercise intolerance Dyspnoea

Hepatomegaly Decreased activity Poor appetite Abdominal pain

Respiratory distress Hepatomegaly Hepatomegaly Nausea/vomiting

Orthopnoea Hepatomegaly

Weight loss Orthopnoea
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Dilated cardiomyopathy. DCM in both children and adults is characterized by systolic dysfunction 

and LV dilation in the absence of abnormal loading conditions such as valve disease. Right 

ventricular dilation or dysfunction may also be present. Clinical symptoms at diagnosis in 

children range from no symptoms (10-30%) to (severe) acute heart failure in the majority of 

patients (70-90%) due to impaired LV systolic function.1,13,61 Young children mostly present 

with symptoms such as feeding difficulties, failure to thrive and dyspnoea, while older children 

commonly present with fatigue and exercise intolerance, but symptoms may also mimic upper 

respiratory tract infections (Table 1). Prenatally, the same presenting symptoms as described 

for HCM may indicate heart failure due to DCM.43,44 Electrocardiographic changes can include 

atrioventricular conduction disorders and signs of inferolateral repolarisation abnormalities. 

Typically, LV enddiastolic dimension is >2 SD above the mean for body surface area and LV FS 

and LV ejection fraction (LVEF), as measured by echocardiography, are >2 SD below the mean 

for age.62 Alternatively LV FS is less than 25% and LVEF is less than 50%.63 Histopathological 

features include myocyte hypertrophy and degeneration, disarrangement of muscle bundles 

and increased interstitial fibrosis. In children fibrosis is often patchy, in contrast to adults, where 

perivascular fibrosis is predominant.64 Several studies have reported risk factors present at 

diagnosis, including older age (>5-6 years), congestive heart failure, lower fractional shortening, 

and higher B-type natriuretic peptide levels.13,65-67 Treatment consists of medical therapies to 

treat symptoms of heart failure, mechanical support and heart transplantation. A recent study 

showed promising results for pulmonary artery banding for functional regeneration of end-

stage DCM in young children.68 Transplant-free survival ranges from 60% to 70% within 5 years 

after diagnosis (Table 2), and 20-45% of patients regain normal cardiac function during the 

same period.61,65,69-71

Table 2. 5-year survival rate from time of diagnosis of cardiomyopathy by aetiology (%, 95% CI). 

Adapted from Colan et al.12 and Towbin et al.13

HCM DCM

IEM 42 (28-55) 83 (71-94)

MFS 74 (63-86) 76 (45-100)

NMD 98 (95-100) 57 (44-70)

idiopathic 90 (87-93) 76 (71-80)

IEM=inborn error of metabolism, MFS=malformation syndrome, NMD=neuromuscular disease.
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Aetiology of HCM and DCM

Most cardiomyopathies, both adult- and paediatric-onset, are isolated (no extracardiac disease) 

and inherited as an autosomal dominant trait. The genetic background of all different types 

of cardiomyopathy is heterogeneous and there is considerable overlap: variants in the same 

gene can result in different subtypes of cardiomyopathy and subtypes of cardiomyopathy can 

be caused by different genes. In both children and adults with isolated HCM, variants occur 

predominantly in MYBPC3, which encodes myosin-binding protein C, and MYH7, which encodes 

myosin heavy chain 7.72-74 In paediatric-onset DCM, TTN (encoding titin), RBM20 (encoding RNA-

binding motif protein 20) and TNNT2 (encoding troponin T2) show the highest contribution, 

although MYH7 variants are enriched in children <1 years of age.75 Most of the genes involved 

in idiopathic/familial DCM, including those encoding components of the sarcomere, Z-band, 

nuclear membrane, desmosome and calcium handling proteins, are also involved in paediatric 

DCM. In children presenting with severe, early-onset cardiomyopathies that are either fatal 

or require transplantation, pathogenic variants in these genes tend to occur de novo.49 Some 

of these paediatric-onset cases have been associated with variants in multiple genes or with 

bi-allelic variants, i.e. a variant in both copies of one gene.76-79 

Pathogenic variants in genes encoding structural components of the heart muscle, however, 

are responsible for only one-fourth to one-third of cases.80 Both HCM and DCM presenting 

in childhood represent a heterogeneous group of disorders, and they can also occur in the 

context of neuromuscular disease, disorders of metabolism and energy production (IEM and 

mitochondrial diseases) or malformation syndromes. Therefore, a thorough medical history, 

including growth, feeding difficulties or intolerances, seizures, vision- and hearing loss, 

and developmental milestone assessment should be performed as well as a comprehensive 

physical examination attending to dysmorphic features suggesting a genetic syndrome. These 

neuromuscular disorders, IEM or genetic syndromes can be autosomal dominant (+ de novo), 

autosomal recessive and X-linked inherited, but chromosomal aberrations81-83, or mitochondrial 

DNA (mtDNA) variants84 may also underlie disease. The most common genes implicated in 

paediatric HCM and DCM are listed in Table 3.
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Table 3. Genes commonly associated with paediatric-onset cardiomyopathy.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

Sarcomere

ACTC1 X X RCM, NCCM AD Atrial septal defect

TNNC1 X X AD

TNNI3 X X RCM, NCCM AD/AR

TNNT2 X X RCM, NCCM AD

TPM1 X X NCCM AD

MYBPC3 X X RCM, NCCM AD

MYH7 X X RCM, NCCM AD Myopathy

MYL2 X (AD) X (AR) AD/AR Infantile type I muscle fibre disease and 

cardiomyopathy (AR)

Hypotonia

MYL3 X RCM AD/AR

Z-disc

ACTN2 X X NCCM AD

CSRP3 X X AD

LDB3 X X NCCM AD Myofibrillar myopathy Muscle weakness, peripheral neuropathy

TCAP X X AD/AR LGMD (AR) Muscle weakness

TTN X X AD/AR Proximal myopathy with early respiratory 

muscle involvement (AD), LGMD (AR), Salih 

myopathy (AR)

Muscle weakness, respiratory failure, joint 

contractures, scoliosis

Desmosome

DSG2 X ACM AD

DSP X ACM AD/AR Carvajal syndrome (AR), lethal acantholytic 

epidermolysis bullosa (AR)

Woolly hair, keratoderma, progressive generalized 

skin erosions, cutis aplasia, alopecia

Cytoskeletal

VCL X X AD

Intermediate filament

DES X AD/AR LGMD (AR), myofibrillar myopathy (AD/AR) Muscle weakness

Nuclear membrane

EMD X XLR EDMD Contractures, muscle weakness

LMNA X X RCM AD/AR Congenital muscular dystrophy (AD), EDMD (AD/

AR), heart-hand syndrome (AD)

Muscle weakness, brachydactyly, symphalangism, 

syndactyly

Plasma membrane

CAV3 X AD/AR LGMD (AD/AR), long QT (AD) Muscle weakness

SGCD X AD/AR LGMD (AR) Muscle weakness
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Table 3. Genes commonly associated with paediatric-onset cardiomyopathy.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

Sarcomere

ACTC1 X X RCM, NCCM AD Atrial septal defect

TNNC1 X X AD

TNNI3 X X RCM, NCCM AD/AR

TNNT2 X X RCM, NCCM AD

TPM1 X X NCCM AD

MYBPC3 X X RCM, NCCM AD

MYH7 X X RCM, NCCM AD Myopathy

MYL2 X (AD) X (AR) AD/AR Infantile type I muscle fibre disease and 

cardiomyopathy (AR)

Hypotonia

MYL3 X RCM AD/AR

Z-disc

ACTN2 X X NCCM AD

CSRP3 X X AD

LDB3 X X NCCM AD Myofibrillar myopathy Muscle weakness, peripheral neuropathy

TCAP X X AD/AR LGMD (AR) Muscle weakness

TTN X X AD/AR Proximal myopathy with early respiratory 

muscle involvement (AD), LGMD (AR), Salih 

myopathy (AR)

Muscle weakness, respiratory failure, joint 

contractures, scoliosis

Desmosome

DSG2 X ACM AD

DSP X ACM AD/AR Carvajal syndrome (AR), lethal acantholytic 

epidermolysis bullosa (AR)

Woolly hair, keratoderma, progressive generalized 

skin erosions, cutis aplasia, alopecia

Cytoskeletal

VCL X X AD

Intermediate filament

DES X AD/AR LGMD (AR), myofibrillar myopathy (AD/AR) Muscle weakness

Nuclear membrane

EMD X XLR EDMD Contractures, muscle weakness

LMNA X X RCM AD/AR Congenital muscular dystrophy (AD), EDMD (AD/

AR), heart-hand syndrome (AD)

Muscle weakness, brachydactyly, symphalangism, 

syndactyly

Plasma membrane

CAV3 X AD/AR LGMD (AD/AR), long QT (AD) Muscle weakness

SGCD X AD/AR LGMD (AR) Muscle weakness
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Table 3. Continued.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

Other

CRYAB X X AD/AR Myofibrillar myopathy (AD/ AR) Muscle weakness, cataract

RBM20 X AD

FLNC X RCM AD Myofibrillar myopathy, distal myopathy Muscle weakness

Mitochondrial

ACAD9 X X AR Mitochondrial complex I deficiency Liver failure, muscle weakness, encephalopathy, 

lactate acidosis, thrombocytopenia

MT-TL1 X X Mt MELAS Hearing loss, cataract, ophthalmoplegia, 

myopathy, diabetes mellitus, seizures

Syndromic 

ALPK3 X X NCCM AR Short stature, facial dysmorphisms, cleft palate, 

joint contractures, scoliosis

BRAF X AD CFC, LEOPARD, Noonan Short stature, (relative) macrocephaly, facial 

dysmorphisms, mild to moderate MR

EPG5 X X AR Vici syndrome Failure to thrive, microcephaly, facial 

dysmorphisms, CNS abnormalities, MR, recurrent 

infections (decreased serum IgG)

HRAS X AD Costello Foetal overgrowth, short stature, facial 

dysmorphisms, deep palmar and plantar creases

KRAS X AD CFC, Noonan Short stature, (relative) macrocephaly, facial 

dysmorphisms, mild to moderate MR

PTPN11 X AD LEOPARD, Noonan Short stature, facial dysmorphisms, lentigines

NF1 X AD Neurofibromatosis type 1*, Watson syndrome Macrocephaly, lisch nodules, renal artery stenosis, 

neurofibromas, CAL spots, neoplasia

SOS1 X AD Noonan Short stature, facial dysmorphisms

SPRED1 X AD Legius Macrocephaly, Noonan-like facial dysmorphisms, 

CAL spots

CDKN1, 

KCNQ1OT1, H19/

ICR1

X AD Beckwith-Wiedemann High birth weight, coarse face, linear ear lobe 

creases, omphalocele, nevus flammeus, renal 

abnormalities, neoplasia

Inborn errors of metabolism

ALMS1 X Alström syndrome Short stature, truncal obesity, hearing loss, 

eye anomalies, acanthosis nigricans, endocrine 

abnormalities including hypothyroidism and 

diabetes insipidus

CPT2 X AR Carnitine palmitoyltransferase II deficiency Hepatomegaly, seizures, hypoketotic 

hypoglycaemia, precipitated by febrile illness and 

fasting
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Table 3. Continued.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

Other

CRYAB X X AD/AR Myofibrillar myopathy (AD/ AR) Muscle weakness, cataract

RBM20 X AD

FLNC X RCM AD Myofibrillar myopathy, distal myopathy Muscle weakness

Mitochondrial

ACAD9 X X AR Mitochondrial complex I deficiency Liver failure, muscle weakness, encephalopathy, 

lactate acidosis, thrombocytopenia

MT-TL1 X X Mt MELAS Hearing loss, cataract, ophthalmoplegia, 

myopathy, diabetes mellitus, seizures

Syndromic 

ALPK3 X X NCCM AR Short stature, facial dysmorphisms, cleft palate, 

joint contractures, scoliosis

BRAF X AD CFC, LEOPARD, Noonan Short stature, (relative) macrocephaly, facial 

dysmorphisms, mild to moderate MR

EPG5 X X AR Vici syndrome Failure to thrive, microcephaly, facial 

dysmorphisms, CNS abnormalities, MR, recurrent 

infections (decreased serum IgG)

HRAS X AD Costello Foetal overgrowth, short stature, facial 

dysmorphisms, deep palmar and plantar creases

KRAS X AD CFC, Noonan Short stature, (relative) macrocephaly, facial 

dysmorphisms, mild to moderate MR

PTPN11 X AD LEOPARD, Noonan Short stature, facial dysmorphisms, lentigines

NF1 X AD Neurofibromatosis type 1*, Watson syndrome Macrocephaly, lisch nodules, renal artery stenosis, 

neurofibromas, CAL spots, neoplasia

SOS1 X AD Noonan Short stature, facial dysmorphisms

SPRED1 X AD Legius Macrocephaly, Noonan-like facial dysmorphisms, 

CAL spots

CDKN1, 

KCNQ1OT1, H19/

ICR1

X AD Beckwith-Wiedemann High birth weight, coarse face, linear ear lobe 

creases, omphalocele, nevus flammeus, renal 

abnormalities, neoplasia

Inborn errors of metabolism

ALMS1 X Alström syndrome Short stature, truncal obesity, hearing loss, 

eye anomalies, acanthosis nigricans, endocrine 

abnormalities including hypothyroidism and 

diabetes insipidus

CPT2 X AR Carnitine palmitoyltransferase II deficiency Hepatomegaly, seizures, hypoketotic 

hypoglycaemia, precipitated by febrile illness and 

fasting
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Table 3. Continued.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

DOLK X AR Congenital disorder of glycosylation, type Im Failure to thrive, hypotonia, seizures, ichthyosis, 

sparse hair

DNAJC19 X NCCM AR 3-methylglutaconic aciduria, type V Growth failure, optic atrophy, hypospadias, 

muscle weakness, MR, cerebellar ataxia

GAA X AR Pompe disease (glycogen storage disease II) Macroglossia, hearing loss, hepatosplenomegaly, 

muscle weakness

GBE1 X AR Glycogen storage disease IV Failure to thrive, hepatosplenomegaly, liver 

cirrhosis, muscle weakness, arthrogryposis 

multiplex

GLB1 X X AR GM1-gangliosidosis Dwarfism, coarse facies, MR, hepatosplenomegaly, 

hypertrichosis

HADHA X X AR Long-chain 3-hydroxyacyl-coenzyme A

dehydrogenase deficiency

Feeding difficulties, myopathy/hypotonia, 

hepatomegaly, retinopathy, SIDS

IDUA X AR Mucopolysaccharidosis I/Hurler syndrome Coarse facies, progressive corneal clouding, 

hearing loss, hepatosplenomegaly, joint stiffness, 

progressive mental deterioration

IDS X XLR Mucopolysaccharidosis II/Hunter syndrome Coarse facies, hearing loss, hepatosplenomegaly, 

neurodegeneration leading to profound MR

LAMP2 X X X-linked Danon disease (glycogen storage disease IIb) Moderate central loss of visual acuity in males, 

proximal muscle weakness, MR

PRKAG2 X X AD Cardiac glycogen storage disease, Wolff–

Parkinson–White

Facial dysmorphisms, macroglossia, respiratory 

failure due to oedema

SLC22A5 X X AR Primary carnitine deficiency Failure to thrive, hepatomegaly, muscle weakness, 

hypoglycaemia episodes

TAZ X X NCCM XLR Barth syndrome Failure to thrive, proximal weakness, neutropenia, 

facial dysmorphisms

Neuromuscular disorders

CHKB X AR Congenital muscular dystrophy, megaconial type Hypotonia, muscle weakness, MR, ichthyosis, 

microcephaly

DMD X X-linked Duchenne/Becker muscular dystrophy Hypotonia, muscle weakness

FKTN X AR Muscular dystrophy-dystroglycanopathy, type A, 

B, C

Microcephaly, microtia, eye anomalies, including 

cataract and coloboma, MR, CNS anomalies

FRDA1 X AR Friedreich ataxia Hypotonia, muscle weakness

POMT1 AR Muscular dystrophy-dystroglycanopathy, type A, 

B, and C

Microcephaly, microtia, eye anomalies, including 

cataract and coloboma, MR, CNS anomalies

AD=autosomal dominant, AR=autosomal recessive, ACM=arrythmogenic cardiomyopathy, CAL=café-au-

lait, CNS=central nervous system, CFC=cardiofaciocutaneous syndrome, DCM=dilated cardiomyopathy, 

EDMD=Emery-Dreifuss muscular dystrophy, HCM=hypertrophic cardiomyopathy, LGMD=Limb-girdle 

muscular dystrophy, 

MELAS=mitochondrial encephalopathy, lactic acidosis, and stroke-like episode, MIM=Mendelian 

Inheritance in Man, Mt=mitochondrial, NCCM=noncompaction cardiomyopathy, MR=mental retardation, 

RCM=restrictive cardiomyopathy, SIDS=sudden infant death syndrome, XLR=X-linked recessive, *50% 

of cases are de novo.
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Table 3. Continued.

Gene (MIM) HCM DCM Other Inheritance Disease Extracardiac manifestations

DOLK X AR Congenital disorder of glycosylation, type Im Failure to thrive, hypotonia, seizures, ichthyosis, 

sparse hair

DNAJC19 X NCCM AR 3-methylglutaconic aciduria, type V Growth failure, optic atrophy, hypospadias, 

muscle weakness, MR, cerebellar ataxia

GAA X AR Pompe disease (glycogen storage disease II) Macroglossia, hearing loss, hepatosplenomegaly, 

muscle weakness

GBE1 X AR Glycogen storage disease IV Failure to thrive, hepatosplenomegaly, liver 

cirrhosis, muscle weakness, arthrogryposis 

multiplex

GLB1 X X AR GM1-gangliosidosis Dwarfism, coarse facies, MR, hepatosplenomegaly, 

hypertrichosis

HADHA X X AR Long-chain 3-hydroxyacyl-coenzyme A

dehydrogenase deficiency

Feeding difficulties, myopathy/hypotonia, 

hepatomegaly, retinopathy, SIDS

IDUA X AR Mucopolysaccharidosis I/Hurler syndrome Coarse facies, progressive corneal clouding, 

hearing loss, hepatosplenomegaly, joint stiffness, 

progressive mental deterioration

IDS X XLR Mucopolysaccharidosis II/Hunter syndrome Coarse facies, hearing loss, hepatosplenomegaly, 

neurodegeneration leading to profound MR

LAMP2 X X X-linked Danon disease (glycogen storage disease IIb) Moderate central loss of visual acuity in males, 

proximal muscle weakness, MR

PRKAG2 X X AD Cardiac glycogen storage disease, Wolff–

Parkinson–White

Facial dysmorphisms, macroglossia, respiratory 

failure due to oedema

SLC22A5 X X AR Primary carnitine deficiency Failure to thrive, hepatomegaly, muscle weakness, 

hypoglycaemia episodes

TAZ X X NCCM XLR Barth syndrome Failure to thrive, proximal weakness, neutropenia, 

facial dysmorphisms

Neuromuscular disorders

CHKB X AR Congenital muscular dystrophy, megaconial type Hypotonia, muscle weakness, MR, ichthyosis, 

microcephaly

DMD X X-linked Duchenne/Becker muscular dystrophy Hypotonia, muscle weakness

FKTN X AR Muscular dystrophy-dystroglycanopathy, type A, 

B, C

Microcephaly, microtia, eye anomalies, including 

cataract and coloboma, MR, CNS anomalies

FRDA1 X AR Friedreich ataxia Hypotonia, muscle weakness

POMT1 AR Muscular dystrophy-dystroglycanopathy, type A, 

B, and C

Microcephaly, microtia, eye anomalies, including 

cataract and coloboma, MR, CNS anomalies

AD=autosomal dominant, AR=autosomal recessive, ACM=arrythmogenic cardiomyopathy, CAL=café-au-

lait, CNS=central nervous system, CFC=cardiofaciocutaneous syndrome, DCM=dilated cardiomyopathy, 

EDMD=Emery-Dreifuss muscular dystrophy, HCM=hypertrophic cardiomyopathy, LGMD=Limb-girdle 

muscular dystrophy, 

MELAS=mitochondrial encephalopathy, lactic acidosis, and stroke-like episode, MIM=Mendelian 

Inheritance in Man, Mt=mitochondrial, NCCM=noncompaction cardiomyopathy, MR=mental retardation, 

RCM=restrictive cardiomyopathy, SIDS=sudden infant death syndrome, XLR=X-linked recessive, *50% 

of cases are de novo.
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Genetic testing in children

Although genetic testing has been firmly embedded in the diagnostic work-up in adult-onset 

cardiomyopathy, guidelines for children <12 years of age have not been published until recently.85 

As a result, and given the rarity of paediatric cardiomyopathy, studies reporting the yield of 

genetic testing are scarce and the extent of genetic testing in children in clinical practice varies 

significantly. Nevertheless, it is very important to establish a genetic diagnosis and to distinguish 

between children with isolated cardiomyopathy and those with non-isolated cardiomyopathy 

i.e. those with extracardiac features, for a number of reasons. Firstly, outcomes for children 

with cardiomyopathy depend highly on disease aetiology (Table 2). For example, patients with 

neuromuscular disorders are 3.4 times more likely to die due to comorbidity (such as aspiration 

pneumonia) than children with isolated DCM71, but this is also because they are less likely to 

be eligible for heart transplantation. Secondly, there may be extra medical needs and additional 

or alternative treatment options in children with extracardiac features. In RASopathies such 

as Noonan syndrome, where the mortality rate is worse than that of infants and children with 

other causes of HCM86,87, children may benefit from rapamycin.88-90 In IEM such as Pompe 

disease or lysosomal storage diseases, patients may profit by enzyme replacement therapies91, 

and in primary carnitine deficiency, cardiomyopathy can be reversed by carnitine suppletion.92 

Thirdly, the identification of a genetic cause in childhood cardiomyopathy enables genetic 

testing of at-risk family members, which allows early identification of mutation carriers who 

may be at increased risk for development of cardiomyopathy and SCD. Finally, it may be of help 

in reproductive decision making and -options. 

Until 2011, single-gene molecular tests were the gold standard in cardiogenetic patient care, 

which means that a particular gene was selected for Sanger sequencing according to the 

clinical phenotype of the patient (candidate gene approach). However, for disorders that show 

high locus heterogeneity, like cardiomyopathies, Sanger sequencing was shown to be time-

consuming with limited diagnostic yield. Since the introduction of next-generation sequencing 

(NGS) technology, which enables parallel sequencing of multiple genes93,94, the number of 

patients receiving a genetic diagnosis has increased75 and the time to diagnosis has significantly 

decreased. A further benefit of NGS is that large genes like DMD and TTN (>80 and >400 exons, 

respectively) can be easily included in the analysis. The targeted panel sequencing approach 

(sequencing a subset of the coding DNA (exome) that has first been extracted from the total 

DNA), which has been shown to provide deep coverage of the targeted sequences95, has been 

widely used in the molecular diagnosis of cardiomyopathy. However, these targeted NGS-panels 

are usually developed for adult-onset cardiomyopathy and thus do not include the most common 

and up-to-date neuromuscular, syndromic and metabolic causes of cardiomyopathy in childhood. 

Therefore, other strategies and approaches targeting paediatric-onset cardiomyopathies are 

mandatory. Furthermore novel sequencing and data filtering methods are needed to identify 

genes that are less common involved in cardiomyopathy.
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Aims and outline of this thesis

The current genetic approaches in clinical practice, which are mainly focused on solving 

adult-onset cardiomyopathies, lead to a molecular diagnosis in about one-third of paediatric-

onset cardiomyopathies.40,75,96,97 Novel sequencing methodologies such as whole exome or 

whole genome sequencing (WES/WGS) may increase diagnostic yield, especially in families 

with autosomal recessive inherited cardiomyopathy or in patients with extracardiac features. 

Indeed, the application of WES allowed the discovery of several new genes associated with 

childhood-onset cardiomyopathy, for instance PPCS98 and GATAD199 in autosomal recessive 

cardiomyopathy and MRPL3100 and the genes encoding the GatCAB complex subunits101 in 

mitochondrial disease. However, these studies represent only the tip of an enormous iceberg. 

Systematic analysis of the genome can uncover a genetic diagnosis in a higher proportion of 

children, identify novel genes involved in paediatric cardiomyopathy and elucidate the genetic 

basis of paediatric cardiomyopathy. This will provide novel insights into the mechanisms of 

disease development and progression that will help us better understand the molecular link 

between gene variants, their clinical consequences and the variability of the disease. Ultimately, 

this knowledge may yield novel gene-specific and patient-specific treatment strategies. 

This thesis presents genetic studies in paediatric patients with cardiomyopathy and their 

families. The aims of this thesis were:

1. To determine the yield of genetic testing in paediatric cardiomyopathy, especially DCM.

2. To identify the optimal genetic testing strategy in paediatric DCM, thereby minimizing the 

risk of variants of unknown significance and unsolicited findings.

3. To further clarify the genetic basis of paediatric cardiomyopathy by searching for novel 

disease genes. 

Outline

This thesis is structured in four parts. Part I provides a general introduction. Part II focuses on 

the yield and strategies for genetic testing and data analysis. In part III one rare and two novel 

genes involved in paediatric cardiomyopathy are described. Part IV provides a discussion of the 

clinical implications of current findings and important areas for further research. 

Part I. Following this introductory chapter, Chapter 2 describes the clinical utility of genetic 

testing in isolated (familial) DCM. The genes described in 2013 were the basis of our NGS 

cardiomyopathy gene panel for adult-onset cardiomyopathy and many of these genes are also 

involved in childhood-onset cardiomyopathy. Multiple putative gene variants (two or in rare cases 

three) are shown to cause early-onset cardiomyopathy and may explain variability of disease 

severity and penetrance in a subset of families. Chapter 3 illustrates such an extremely severe 



30

Chapter 1

phenotype resulting in early death in children with bi-allelic truncating variants in MYBPC3, a 

well-known cardiomyopathy-related gene. It also shows that children may present with features 

of more than one type of cardiomyopathy and structural heart defects may accompany primary 

myocardial disease. 

Part II. Chapter 4 describes the application of WES and the yield of genetic testing in paediatric 

DCM. Based on our results, we recommend a standardized, stepwise analysis of the exome. 

Chapter 5 describes a novel computational method to prioritize disease candidate genes by 

looking at the similarity in expression between annotated genes and a set of query genes across 

a large compendium of human RNAseq data. 

Part III. This part focuses on the identification of rare or novel genes involved in paediatric 

cardiomyopathy. Chapter 6 describes a patient in whom establishing an etiological diagnosis had 

been a complex, lengthy and expensive process that involved cumbersome invasive procedures 

including muscle biopsy. Several years after his death, diagnostic WES revealed the genetic cause, 

which has led to adequate counselling of family members and discontinuing cardiac screening in 

first-degree relatives. In chapters 7 and 8 we describe ALPK3, encoding alpha kinase 3, as a novel 

gene implicated in syndromic cardiomyopathy. In chapter 9 we show that damaging variants in 

SOD2, encoding superoxide dismutase 2, lead to severe neonatal-onset DCM. 

Part IV. Finally, chapter 10 and chapter 11 comprise the summary and general discussion of this 

thesis and outlines future perspectives and possible directions for further genetic diagnostics 

and studies in inherited paediatric cardiomyopathies. 
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1. Disease characteristics

1.1 Name of the disease (synonyms)

Idiopathic dilated cardiomyopathy (IDC) is defined by the presence of left ventricular dilatation 

and systolic dysfunction in the absence of an underlying cause, such as hypertension, valve 

disease or coronary artery disease, sufficient to cause global systolic impairment. 

Synonyms: dilated cardiomyopathy (DCM/CMD), dilated cardiomyopathy with conduction 

defect and/or arrhythmia, familial DCM/CMD, IDC, familial idiopathic cardiomyopathy and 

non-ischemic congestive heart failure. 

1.2 OMIM# of the disease

115200 Cardiomyopathy, dilated, 1A; CMD1A. 

600884 Cardiomyopathy, dilated, 1B; CMD1B.

601493 Cardiomyopathy, dilated, 1C; CMD1C.

601494 Cardiomyopathy, dilated, 1D; CMD1D.

601154 Cardiomyopathy, dilated, 1E; CMD1E.

604145 Cardiomyopathy, dilated, 1G; CMD1G.

604288 Cardiomyopathy, dilated, 1H; CMD1H.

604765 Cardiomyopathy, dilated, 1I; CMD1I.

605362 Cardiomyopathy, dilated, 1J; CMD1J.

605582 Cardiomyopathy, dilated, 1K; CMD1K.

606685 Cardiomyopathy, dilated, 1L; CMD1L.

607482 Cardiomyopathy, dilated, 1M; CMD1M.

607487 Cardiomyopathy, dilated, 1N; CMD1N.

608569 Cardiomyopathy, dilated, 1O; CMD1O.

609909 Cardiomyopathy, dilated, 1P; CMD1P.

609915 Cardiomyopathy, dilated, 1Q; CMD1Q.

613424 Cardiomyopathy, dilated, 1R; CMD1R.

613426 Cardiomyopathy, dilated, 1S; CMD1S.

613740 Cardiomyopathy, dilated, 1T; CMD1T.

613694 Cardiomyopathy, dilated, 1U; CMD1U.

613697 Cardiomyopathy, dilated, 1V; CMD1V.

611407 Cardiomyopathy, dilated, 1W; CMD1W.

611615 Cardiomyopathy, dilated, 1X; CMD1X.

611878 Cardiomyopathy, dilated, 1Y; CMD1Y.

611879 Cardiomyopathy, dilated, 1Z; CMD1Z.

612158 Cardiomyopathy, dilated, 1AA; CMD1AA.

612877 Cardiomyopathy, dilated, 1BB; CMD1BB.
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613122 Cardiomyopathy, dilated, 1CC; CMD1CC.

613172 Cardiomyopathy, dilated, 1DD; CMD1DD.

613252 Cardiomyopathy, dilated, 1EE; CMD1EE.

613286 Cardiomyopathy, dilated, 1FF; CMD1FF.

613642 Cardiomyopathy, dilated, 1GG; CMD1GG.

613881 Cardiomyopathy, dilated, 1HH; CMD1HH.

611880 Cardiomyopathy, dilated, 2A; CMD2A.

614672 Cardiomyopathy, dilated, 2B; CMD2B.

302060 Cardiomyopathy, dilated, 3A; CMD3A.

302045 Cardiomyopathy, dilated, 3B; CMD3B.

The symbol CMD1F was formerly used for a disorder later found to be the same as desmin-

related myopathy (601419 Myopathy, myofibrillar, 1; MFM1).

1.3 Name of the analysed genes or DNA/chromosome segments

1. Sarcomeric protein genes:

a.  Alpha tropomyosin 1 gene (TPM1) locus 15q22.1q22.2.

b.  Cardiac alpha-myosin heavy chain 6 gene (MYH6) locus 14q11.2-q12.

c.  Cardiac beta-myosin heavy chain 7 gene (MYH7) locus 14q11.2-q12.

d.  Cardiac myosin-binding protein-C gene (MYBPC3) locus 11p11.2.

e.  Cardiac troponin I gene (TNNI3) locus 19q13.42.

f.  Cardiac troponin T2 gene (TNNT2) locus 1q32.1. 

g.  Homolog of rat nexilin gene (NEXN) locus 1p31.1.

h.  Slow troponin C gene (TNNC1) locus 3p21.1.

2. Cytoskeletal protein genes:

a.  Alpha-actinin 2 gene (ACTN2) locus 1q43.

b.  Alpha-cardiac actin 1 gene (ACTC1) locus 15q14. 

c.  Alpha-crystallin B gene (CRYAB) locus 11q23.1. #

d.  Alpha-laminin 4 gene (LAMA4) locus 6q21. #

e.  Cysteine- and glycine-rich protein 3 gene (CSRP3) locus 11p15.1.

f.  Delta-sarcoglycan gene (SGCD) locus 5q33.3.

g.  Desmin gene (DES) locus 2q35.

h.  Dystrophin gene (DMD) locus Xp21.2-p21.1.

i.  Four-and-a-half LIM domains 2 gene (FHL2) locus 2q12.1-q12.2. #

j.  Fukutin gene (FKTN) locus 9q31.2.

k.  Fukutin-related protein gene (FKRP) locus 19q13.32. #

l.  Integrin-linked kinase gene (ILK) locus 11p15.4. #

m.  LIM domain-binding 3 gene (LDB3) locus 10q23.2. 
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n.  Myopalladin gene (MYPN) locus 10q21.1. #

o.  PDZ and LIM domain protein 3 gene (PDLIM3) locus 4q35.1. #

p.  Titin-cap gene (TCAP) locus 17q12.

q.  Titin gene (TTN) locus 2q31.2.

r.  Vinculin gene (VCL) locus 10q22.2.

3. Nuclear envelope protein genes:

a.  Emerin gene (EMD) locus Xq28. #

b.  Lamin A/C gene (LMNA) locus 1q22.

c.  Thymopoietin gene (TMPO) locus 12q23.1.

4. Desmosomal protein genes:

a.  Desmocollin 2 gene (DSC2) locus 18q12.1.#

b.  Desmoglein 2 gene (DSG2) locus 18q12.1.

c.  Desmoplakin gene (DSP) locus 6p24.3. #

d.  Junction plakoglobin gene (JUP) locus 17q21.2.

e.  Plakophilin 2 gene (PKP2) locus 12p11.21. #

5. Calcium/sodium-handling genes: 

a.  ATP-binding cassette, subfamily C, member 9 gene (ABCC9) locus 12p12.1.

b.  Phospholamban gene (PLN) locus 6q22.31.

c.  Ryanodine receptor 2 gene (RYR2) locus 1q43. #

d.  Sodium channel, voltage-gated, type V, alpha subunit gene (SCN5A) locus 3p22.2.

6. Transcription factor genes:

a.  Ankyrin repeat domain-containing protein 1 gene (ANKRD1) locus 10q23.3. #

b.  T-box 20 gene (TBX20) locus 7p14.2. #

7. Other genes:

a.  BCL2-associated athanogene 3 gene (BAG3) locus 10q26.11.

b.  Caveolin 3 gene (CAV3) locus 3p25.3. #

c.  Eyes absent 4 gene (EYA4) locus 6q23.2.

d.  GATA zinc-finger domain-containing protein 1 gene (GATAD1) locus 7q21.2.

e. Lysosome-associated membrane protein 2 gene (LAMP2) locus Xq24. #

f.  Presenilin 1 gene (PSEN1) locus 14q24.2. 

g.  Presenilin 2 gene (PSEN2) locus 1q42.13.

h.  RNA-binding motif protein 20 gene (RBM20) locus 10q25.2. 

i.  Succinate dehydrogenase complex, subunit A, flavoprotein gene (SDHA) locus 5p15.33.

j.  Tafazzin gene (TAZ) locus Xq28.
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k.  Thioredoxin reductase 2 gene (TXNRD2) locus 22q11.21. #

# =  gene not yet annotated as DCM-related in the OMIM database.

Several additional loci for familial dilated cardiomyopathy have been mapped:

CMD1B on 9q13.

CMD1H on 2q14-q22.

CMD1K on 6q12-q16.

CMD1Q on 7q22.3-q31.1.

1.4 OMIM# of the gene(s)

1. Sarcomeric protein genes:

a.  *191010 Alpha tropomyosin 1 gene (TPM1) locus 15q22.1q22.2.

b.  *160710 Cardiac alpha-myosin heavy chain 6 gene (MYH6) locus 14q11.2-q12.

c.  *160760 Cardiac beta-myosin heavy chain 7 gene (MYH7) locus 14q11.2-q12.

d. *600958 Cardiac myosin-binding protein-C gene (MYBPC3) locus 11p11.2.

e.  *191044 Cardiac troponin I gene (TNNI3) locus 19q13.42.

f.  *191045 Cardiac troponin T2 gene (TNNT2) locus 1q32.1. 

g.  *613121 Homolog of rat nexilin gene (NEXN) locus 1p31.1.

h.  *191040 Slow troponin C gene (TNNC1) locus 3p21.1.

2. Cytoskeletal protein genes:

a.  *102573 Alpha-actinin 2 gene (ACTN2) locus 1q43. 

b.  *102540 Alpha-cardiac actin 1 gene (ACTC1) locus 15q14.

c.  *123590 Alpha-crystallin B gene (CRYAB) locus 11q23.1. #

d.  *600133 Alpha-laminin 4 gene (LAMA4) locus 6q21. #

e.  *600824 Cysteine- and glycine-rich protein 3 gene (CSRP3) locus 11p15.1.

f.  *601411 Delta-sarcoglycan gene (SGCD) locus 5q33.3.

g.  *125660 Desmin gene (DES) locus 2q35.

h.  *300377 Dystrophin gene (DMD) locus Xp21.2-p21.1.

i.  *602633 Four-and-a-half LIM domains 2 gene (FHL2) locus 2q12.1-q12.2. #

j.  *607440 Fukutin gene (FKTN) locus 9q31.2.

k.  *606596 Fukutin-related protein gene (FKRP) locus 19q13.32. #

l.  *602366 Integrin-linked kinase gene (ILK) locus 11p15.4. #

m.  *605906 LIM domain-binding 3 gene (LDB3) locus 10q23.2.

n.  *608517 Myopalladin gene (MYPN) locus 10q21.1. #

o.  *605889 PDZ and LIM domain protein gene 3 (PDLIM3) locus 4q35.1. #

p.  *604488 Titin-cap gene (TCAP) locus 17q12.

q.  *188840 Titin gene (TTN) locus 2q31.2.

r.  *193065 Vinculin gene (VCL) locus 10q22.2.
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3. Nuclear envelope protein genes:

a.  *300384 Emerin gene (EMD) locus Xq28. #

b.  *150330 Lamin A/C gene (LMNA) locus 1q22.

c.  *188380 Thymopoietin gene (TMPO) locus 12q23.1.

4. Desmosomal protein genes:

a.  *125645 Desmocollin 2 (DSC2) locus 18q12.1. #

b. *125671 Desmoglein 2 gene (DSG2) locus 18q12.1.

c.  *125647 Desmoplakin gene (DSP) locus 6p24.3. #

d.  *173325 Junction plakoglobin gene (JUP) locus 17q21.2.

e.  *602861 Plakophilin 2 gene (PKP2) locus 12p11.21. #

5. Calcium/sodium-handling genes: 

a.  *601439 ATP-binding cassette, subfamily C, member 9 gene (ABCC9) locus 12p12.1.

b.  *172405 Phospholamban gene (PLN) locus 6q22.31.

c.  *180902 Ryanodine receptor 2 gene (RYR2) locus 1q43. #

d.  *600163 Sodium channel, voltage-gated type V, alpha subunit gene (SCN5A) locus 3p22.2.

6. Transcription factor genes:

a.  *609599 Ankyrin repeat domain-containing protein 1 gene (ANKRD1) locus 10q23.3. #

b.  *606061 T-box 20 gene (TBX20) locus 7p14.2. #

7. Other genes:

a.  *603883 BCL2-associated athanogene 3 gene (BAG3) locus 10q26.11.

b.  *601253 Caveolin 3 gene (CAV3) locus 3p25.3. #

c.  *603550 Eyes absent 4 gene (EYA4) locus 6q23.2.

d.  *614518 GATA zinc-finger domain-containing protein 1 gene (GATAD1) locus 7q21.2.

e.  *309060 Lysosome-associated membrane protein 2 gene (LAMP2) locus Xq24. #

f.  *104311 Presenilin 1 gene (PSEN1) locus 14q24.2.

g.  *600759 Presenilin 2 gene (PSEN2) locus 1q42.13.

h.  *613171 RNA-binding motif protein 20 gene (RBM20) locus 10q25.2.

i.  *600857 Succinate dehydrogenase complex, subunit A, flavoprotein gene (SDHA) locus 

5p15.33.

j.  *300394 Tafazzin gene (TAZ) locus Xq28.

k.  *606448 Thioredoxin reductase 2 gene (TXNRD2) locus 22q11.21. #

# =  gene not yet annotated as DCM-related in the OMIM database.
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1.5 Mutational spectrum

Until now, 51 DCM genes have been reported. The majority of the mutations in these genes 

are missense mutations. Less frequently, other types of mutations, such as splice site, frameshift 

(due to small insertions/deletions) and nonsense mutations, and large deletions or insertions are 

detected. For instance, in TTN, a large number of truncating (splice site, frameshift and nonsense) 

mutations have recently been reported in about 25% of familial DCM cases, whereas large 

deletions/insertions of one or more exons have been described in DMD, LMNA and BAG3.1-5

1.6 Analytical methods

Sanger-sequencing of coding regions and their flanking intronic sequences is used in combination 

with pre-screening methods, such as DGGE, DHPLC, CSCE and so on. For a subset of genes, the 

multiplex ligation-dependent probe amplification (MLPA) technique is used in order to identify 

deletions or duplications of whole exons.

1.7 Analytical validation

Sequencing of both strands. When a mutation is identified, it is recommended to validate 

this in an independent experiment by direct sequencing or MLPA (in case of a large deletion/

duplication) using a freshly prepared DNA dilution.

1.8 Estimated frequency of the disease 

Incidence at birth (‘birth prevalence’) or population prevalence. If known to be variable between 

ethnic groups, please report:

An epidemiological study on idiopathic DCM from 1989 estimated the incidence of the disease 

at 6 per 100,000 per year and the prevalence at 36.5 per 100,000.6 However, a recent review 

suggests that these numbers are likely to underestimate the condition significantly.7 No 

additional, up-to-date epidemiological studies are available.

1.9 Diagnostic setting

Yes No

A. (Differential) diagnostics ☑ ☐

B. Predictive testing ☑ ☐

C. Risk assessment in relatives ☑ ☐

D. Prenatal ☑ ☐ 
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Comment: The most frequently mutated DCM genes are TTN, LMNA, MYH7 and TNNT2. A 

recent study of a small cohort of idiopathic DCM patients reported that the frequency of TTN 

mutations was 25% in familial DCM and 18% in apparently sporadic cases.1 MYH7 and TNNT2 

mutations are identified with a frequency of 4-5% and 3%, respectively.8 LMNA mutations are 

also frequently detected in up to 6% of cases and in particular in the subgroup of idiopathic DCM 

associated with conduction disease (30-33%).9,10

In certain populations, specific mutations may be overrepresented due to a common founder 

mutation, for example, the LMNA p.(Ser143Pro) in 7% of the Finnish idiopathic DCM population 

or the PLN p.(Arg14del) in up to 15% of Dutch idiopathic DCM patients.11,12 

Several studies have reported that DCM patients carrying more than one disease-associated 

mutation have an early onset, severe disease expression and a bad prognosis, which is most likely 

due to a gene-dosage effect.13-16 It is expected that next generation sequencing techniques will 

identify an increasing number of patients with such complex genotypes.
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2. Test characteristics

Present Absent 

Genotype or disease 

Positive 

Te
st

 

A 

C D 

B 

A: True positives C: False negative 
B: False positives D: True negative 
 
Sensitivity:  A/(A+C) 
Specificity:  D/(D+B) 
Pos. predict. value: A/(A+B) 
Neg. predict. value: D/(C+D) Negative 

2.1 Analytical sensitivity 

(proportion of positive tests if the genotype is present)

Almost 100%, also depending on the analytical method used. Preferential amplification of one 

allele may occur when one of the primers is located on a SNP. To prevent this, primers have to be 

verified using the SNPCheck software (https://ngrl.manchester.ac.uk/SNPCheckV3/snpcheck.

htm) yearly. 

2.2 Analytical specificity 

(proportion of negative tests if the genotype is not present)

Almost 100%, depending on the analytical method used. 

2.3 Clinical sensitivity

(proportion of positive tests if the disease is present)

The clinical sensitivity is dependent on variable factors such as age, disease manifestation and 

family history.

Mutational analysis of the 51 currently known DCM genes may explain the genetic background 

in up to 50% of familial DCM cases.1 The yield of genetic testing varies considerably. The 

mutation detection rates for the most prevalent DCM-related genes are: TTN: 18-25%, LMNA: 

6%, MYH7: 4-5%, MYH6: 3-4%, MYBPC3: 2-4%, TNNT2: 3%, BAG3: 2-3%.5,8 If cardiac conduction 

disease accompanies idiopathic DCM, an LMNA gene mutation can be identified in up to one-

third of cases.9,10 

However, large differences in the yield of genetic testing have been observed, which are most 

likely explained by differences in sample size, variability in frequency of founder mutations and 

ethnicity.
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2.4 Clinical specificity 

(proportion of negative tests if the disease is not present)

The clinical specificity is dependent on variable factors such as age, disease manifestation and 

family history. 

As the penetrance of inherited DCM is incomplete and age dependent, the clinical specificity 

is <100%.

2.5 Positive clinical predictive value 

(life-time risk to develop the disease if the test is positive)

Probably reaches 100% at advanced age because the clinical penetrance is age dependent (<20 

years: 10%, 20 to 30 years: 34%; 30 to 40 years: 60%; >40 years: 90%), with onset generally in 

the fourth decade of life.17

2.6 Negative clinical predictive value

(probability not to develop the disease if the test is negative)

Assume an increased risk based on family history for a non-affected person. Allelic and locus 

heterogeneity may need to be considered.

Index case in that family had been tested:

If a pathogenic mutation is found in the index patient, the risk of being a carrier for a first-degree 

relative is 50% (assuming autosomal dominant inheritance of a familial mutation). If a pathogenic 

mutation is identified in the index patient, and this mutation is absent in another family member, 

this family member is generally believed not to be at increased risk for developing DCM. 

However, because carriership of multiple putative disease-causing mutations in more than one 

gene has been reported, it cannot be excluded that this mutation-negative family member may 

carry a still unidentified DCM-related mutation. The chance of carrying such an additional DCM-

related mutation is believed to be <3%.7,15,16

Index case in that family had not been tested:

Idiopathic DCM is believed to be familial in about 30%-50% of cases. Therefore, if an index 

patient has been clinically diagnosed with idiopathic DCM, and no genetic test has been 

performed, the chance for a first-degree relative to develop DCM may reach up to 15-25%. 
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3. Clinical utility

3.1 (Differential) diagnosis: the tested person is clinically affected 

(To be answered if in 1.9 ‘A’ was marked)

3.1.1 Can a diagnosis be made other than through a genetic test?

No ☐ (continue with 3.1.4)

Yes ☑

Clinically ☐

Imaging ☑

Endoscopy ☐

Biochemistry ☐

Electrophysiology ☐

other (please describe):

Comment: The clinical diagnosis of familial DCM is generally made by echocardiography based 

upon the criteria proposed by Mestroni et al.18; that is, a reduced ejection fraction of the left 

ventricle (<0.45; >2 SD) and/or fractional shortening (<25%; >2 SD); left ventricular end 

diastolic diameter >117% of the predicted value (corrected for age and body surface area). 

However, it is of great importance to exclude other disorders that may give rise to phenocopies. 

Therefore, additional investigations (imaging modalities and blood testing) have to be carried 

out to exclude, for example, ischemic heart disease, diabetes and thyroid disease.

3.1.2 Describe the burden of alternative diagnostic methods to the patient

Electrocardiography, echocardiography and magnetic resonance imaging are non-invasive 

imaging techniques with negligible risks and little inconvenience to the patient. 

If DCM is diagnosed using these methods, additional techniques (CT-angiography and coronary 

angiography) have to be used to exclude other causes such as coronary artery disease.

3.1.3 How is the cost effectiveness of alternative diagnostic methods to be judged? 

When a pathogenic mutation is identified in an index-patient, cascade genetic screening (= 

targeted genetic testing for the identified mutation in the family) can be offered to first degree, 

apparently healthy relatives, to establish whether they are mutation carriers or not. 

Mutation-carrying relatives are advised to be screened regularly by a cardiologist to detect 

early cardiac disease in order to initiate timely treatment. In addition, specific advice regarding 

physical or occupational activities might be discussed, as well as general lifestyle advices. 
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Non-mutation carriers can be reassured and dismissed from regular clinical follow-up if the 

DCM phenotype in that family is consistent with carriership of a single mutation. This method 

has been shown to be cost-effective for HCM, but no formal cost-effectiveness studies in DCM 

are available yet.19

3.1.4 Will disease management be influenced by the result of a genetic test?

No ☑

Yes ☐

Therapy (please describe) 

Prognosis (please describe) 

Management (please describe)

Possible exceptions are LMNA gene mutation carriers, who may benefit from early 

implantable  cardioverter defibrillator (ICD) therapy if they develop conduction disease.20 

Moreover, a recent study showed that male patients and patients with either non-sustained 

ventricular tachycardias or left ventricular ejection fraction of <45% carrying a non-missense 

mutation in LMNA have a higher risk for developing malignant ventricular arrhythmias.21

3.2 Predictive Setting: The tested person is clinically unaffected but carries an increased 

risk based on family history

(To be answered if in 1.9 ‘B’ was marked)

3.2.1 Will the result of a genetic test influence lifestyle and prevention?

If the test result is positive, regular cardiological evaluation is recommended to detect signs of 

DCM and initiate early medical treatment when indicated. The treatment might also include 

pacemaker and/or ICD implantation. Advice regarding lifestyle and physical activity is also 

provided. In addition, mutation carriers will receive genetic counselling on risks for their 

offspring and other close relatives.

If the genetic test result is negative, family members without the mutation can be discharged 

from regular cardiological follow-up. However, because carriership of multiple putative disease-

causing mutations in more than one gene have been reported, it cannot be excluded that this 

mutation-negative family member may carry a still unidentified DCM-related mutation (see 

also 2.6).

3.2.2 Which options in view of lifestyle and prevention does a person at-risk have if no genetic 

test has been done (please describe)?

These are similar to those who have a positive genetic test.
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3.3 Genetic risk assessment in family members of a diseased person 

(To be answered if in 1.9 ’C’ was marked)

Predictive genetic testing of asymptomatic relatives is only offered when a pathogenic mutation 

has been identified in an affected individual. Because the predominant mode of inheritance in 

idiopathic DCM is autosomal-dominant, first-degree family members of an affected patient 

generally have a 50% risk of having inherited the same mutation.

3.3.1 Does the result of a genetic test resolve the genetic situation in that family?

If a pathogenic mutation is identified in the affected index patient, and the clinical phenotype is 

in line with what is known about that specific mutation or gene, the genetic situation is resolved. 

3.3.2 Can a genetic test in the index patient save genetic or other tests in family members?

Yes, a positive test in the index patient enables the possibility of predictive cascade genetic 

screening (= targeted testing for the identified mutation in the family). Non-carriers can 

be dismissed from regular cardiological evaluation and this results in saving the costs of 

cardiological investigations, unless carriership of multiple mutations can be expected (see also 

2.6). When the test in the index patient is negative, all relatives are advised to continue regular 

cardiological follow-up. 

3.3.3 Does a positive genetic test result in the index patient enable a predictive test in a family 

member?

Yes, once a pathogenic mutation is identified, a predictive genetic test is possible in family 

members.

3.4 Prenatal diagnosis 

(To be answered if in 1.9 ‘D’ was marked)

3.4.1 Does a positive genetic test result in the index patient enable a prenatal diagnosis?

Prenatal genetic diagnosis in DCM is technically possible when a pathogenic mutation has been 

identified. However, requests for prenatal diagnosis in late-onset genetic disease are uncommon 

and only rarely performed. It is not actively offered in non-syndromic late-onset DCM. Recently, 

pre-implantation genetic diagnosis has been reported in a DCM family.22
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4. If applicable, further consequences of testing

Please assume that the result of a genetic test has no immediate medical consequences. Is there 

any evidence that a genetic test is nevertheless useful for the patient or his/her relatives? (Please 

describe).

The major advantage is that close relatives who are under regular cardiological surveillance can 

be dismissed from regular follow-up once it has been proven that they do not carry the mutation 

present in the index patient.
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Chapter 3
Compound heterozygous or homozygous truncating 

MYBPC3 mutations cause lethal cardiomyopathy with 
features of noncompaction and septal defects
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Abstract

Familial hypertrophic cardiomyopathy (HCM) is usually caused by autosomal dominant 

pathogenic mutations in genes encoding sarcomeric or sarcomere-associated cardiac muscle 

proteins. The disease mainly affects adults, although young children with severe HCM have also 

been reported. We describe four unrelated neonates with lethal cardiomyopathy, and performed 

molecular studies to identify the genetic defect. We also present a literature overview of 

reported patients with compound heterozygous or homozygous pathogenic MYBPC3 mutations 

and describe their clinical characteristics. 

All four children presented with feeding difficulties, failure to thrive, and dyspnoea. They died 

from cardiac failure before age 13 weeks. Features of left ventricular noncompaction were 

diagnosed in three patients. In the fourth, hypertrabeculation was not a clear feature, but could 

not be excluded. All of them had septal defects. Two patients were compound heterozygotes 

for the pathogenic c.2373dup p.(Trp792fs) and c.2827C>T p.(Arg943*) mutations, and two 

were homozygous for the c.2373dup and c.2827C>T mutations. All patients with biallelic 

truncating pathogenic mutations in MYBPC3 reported so far (n = 21) were diagnosed with severe 

cardiomyopathy and/or died within the first few months of life. In 62% (13/21), septal defects or a 

patent ductus arteriosus accompanied cardiomyopathy. In contrast to heterozygous pathogenic 

mutations, homozygous or compound heterozygous truncating pathogenic MYBPC3 mutations 

cause severe neonatal cardiomyopathy with features of left ventricular noncompaction and 

septal defects in approximately 60% of patients. 
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Introduction

Hypertrophic cardiomyopathy (HCM) is a major cause of sudden cardiac death in people 

younger than age 35 years under physical stress, and a major cause of mortality and morbidity 

in the elderly. It has an estimated prevalence of 1 in 500 individuals. In approximately 60% of 

cases, a pathogenic variant in one of the sarcomeric contractile protein genes is found.1,2 

Familial HCM is usually autosomal dominantly transmitted due to heterozygous pathogenic 

gene mutations with incomplete penetrance. Variants in genes encoding proteins involved in 

the sarcomere, cytoskeleton and Z-disk, in calcium handling, and in mitochondrial and lysosomal 

functions have been associated with HCM.3 To date, > 1,000 different pathogenic mutations 

have been found in genes that encode sarcomeric proteins, such as β-cardiac myosin heavy chain 

7 (MYH7), and cardiac myosin-binding protein-C (MYBPC3).4 

Interfamilial and intrafamilial clinical variability in HCM is high, and it is difficult to establish 

genotype-phenotype correlations.4 In addition to the primary genetic defect, the effects of 

modifier genes or additional sarcomeric gene variants may contribute to the phenotypic 

expression of HCM.5 Childhood-onset cardiac hypertrophy is also genetically determined in 

the majority of cases, and two-thirds of familial cases of childhood-onset cardiac hypertrophy 

are caused by a pathogenic mutation in one of the sarcomeric protein genes.6 

We describe four unrelated children with severe cardiomyopathy, features of ventricular 

noncompaction, and septal defects due to compound heterozygosity or homozygosity for 

truncating pathogenic mutations in MYBPC3, resulting in early death. 
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Materials and methods

Clinical diagnosis

Four unrelated families with an index patient with severe neonatal cardiomyopathy were 

studied, after obtaining informed consent. Clinical evaluation included clinical history and 

physical examination, electrocardiography (ECG) and 2D and M-mode echocardiography. The 

clinical diagnosis of HCM is made when there is a hypertrophied (often asymmetric), non-dilated 

left ventricle on echocardiography (LVW ≥ 15 mm) in the absence of other cardiac or systemic 

diseases.1 In children, diagnosis is made on the basis of left ventricular wall thickness two or more 

standard deviations above the normal population mean for body surface area.7 Noncompaction 

of the left ventricle was diagnosed based upon three echocardiographic criteria defined by Jenni 

et al.8, including (1) a thick noncompacted (NC) endocardial layer in end systole at the parasternal 

short-axis views (ratio NC/C >2) with numerous, excessively prominent trabeculations and deep 

intertrabecular recesses, (2) these recesses were perfused on colour Doppler studies, and (3) 

predominantly apical localization. 

Pathologic studies

Microscopic examination and electron microscopy of cardiac septal autopsy material of patient 1 

were performed with standard techniques (hematoxylin and eosin staining, magnification x 100).

Molecular analysis

Genomic DNA of the patients was isolated from blood samples or fibroblasts. All coding regions 

and intron-exon boundaries of the MYBPC3 gene were analysed by direct sequencing analysis 

as described.9 In addition, MLPA analysis of the MYBPC3 gene was performed (SALSA MLPA kit 

P100, MRC Holland, Amsterdam, the Netherlands) to detect possible genomic rearrangements. 

(MYBPC3 exon numbering according to NG_007667.1, DNA variants were numbered according 

to reference sequence LRG_386 (identical to reference sequence NM_000256.3) using HGVS 

nomenclature (www.HGVS.org)). Variants have been submitted to the Leiden Open Variation 

Database (http:// databases.lovd.nl/shared/genes/MYBPC3 (patient IDs: 00019603 – 00019606). 

Literature review

We searched the literature for clinical and molecular data of patients with neonatal 

cardiomyopathy and biallelic MYBPC3 variants, focusing on English-language articles published 

in PubMed and EMBASE between 1995 and January 2013. We identified articles in which 

the title/abstract included one of the following terms: double MYBPC3 mutations, biallelic 

MYBPC3 mutations, homozygous or compound heterozygous MYBPC3 mutations or neonatal 

hypertrophic cardiomyopathy. We then assessed all the references cited by these articles. In our 

analysis, we only used reports if pathogenic homozygous or compound heterozygous MYBPC3 

variants were identified. 
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Results

Table 1 summarizes the characteristics of the patients and their parents.

Patient 1 

Patient 1 was hospitalized at age 5 weeks because of feeding problems and cyanosis. X-thorax 

showed a grossly enlarged heart. Echocardiography revealed a moderately dilated left 

ventricle with severe systolic dysfunction. The apical wall of the left ventricle was excessively 

thickened with prominent hypertrabeculation. The left and right atria showed mild dilatation. 

A small secundum atrial septal defect (ASD) was also present. Within two weeks X-thorax and 

echocardiography revealed further enlargement of the heart (heart-thorax ratio ± 0.7) with 

severe left ventricular hypertrophy and deep trabeculations in the apex (interventricular septum 

in diastole (IVSd) 12 mm, Z+10, left ventricular posterior wall in diastole (LVPWd) 10 mm, Z+10) 

and a fractional shortening (FS) of the left ventricle of 10% (left ventricular internal dimension 

(LVID) 23/26). The child died from cardiac failure at age 12 weeks. Macroscopic examination 

of the heart revealed severe cardiomegaly and dilatation with a total weight of 115 g (normal 

weight at this age, 30 g). Right ventricular thickening was noted, especially of the posterior wall. 

The anterior wall of the left ventricle was severely thickened and showed abnormal trabeculation 

and multiple intertrabecular recesses as seen in noncompaction cardiomyopathy. Secundum 

ASD was confirmed. No other congenital malformations were found. Microscopic examination 

of cardiac tissue (Figure 1A) showed myofibrillar disarray in both the ventricular septum and 

the left ventricular wall. Hypertrophic myocytes with a diameter of 20-30 µm (normal 12 µm) 

and multiple vacuoles on electron microscopy suggested glycogenosis (Figure  1B). As the 

echocardiographic images and ECG did not suggest Pompe disease and urine oligosaccharide 

analysis was normal, no α-glucosidase enzyme or molecular assay was performed.

MYBPC3 mutation analysis revealed compound heterozygosity for the pathogenic mutations 

c.2373dup p.(Trp792fs) and c.2827C>T p.(Arg943*). Both pathogenic mutations are known 

founder mutations within the Dutch HCM population.10,11 Neither parent had cardiac symptoms. 

Initial echocardiography revealed no abnormalities in the 32-year old mother, who was 

heterozygous for c.2373dup, nor in the 31-year old father, heterozygous for c.2827C>T. ECG 

in the father showed mild repolarization abnormalities (ST elevation of 0.5 mm in V1, followed 

by a negative T in V1-V4). Re-evaluation after 7 years revealed moderate septal hypertrophy 

(HCM) with an interventricular septum of 14 mm in the mother, and interventricular septal 

measurements at the upper limit of the normal range (12 mm) in the father. The family history 

of both parents was positive for HCM and sudden death (Figure 2A). 
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Table 1. Clinical and molecular characteristics of the four patients and their parents.

Patient 1 2 3 4

Gender Male Male Female Female

Gestational age (weeks) 40 38 42 40

Birth weight (g) 3110 3345 3750 2950

Age of diagnosis (weeks) 5 4 7 6

Noncompaction LV LV Not evident LV

Structural defect ASD VSD OFO ASDII

Pathology Myofibrillar disarray

LVNC

Not performed Not performed Not performed

Viral serology Normal Normal Normal Normal

Metabolic screening Normal Normal Normal Normal

Age of death (weeks) 12 12 13 7

MYBPC3 genotype c.[2373dup];[2827C>T]

p.[(Trp792fs)];[(Arg943*)] 

c.[2373dup];[2827C>T]

p.[(Trp792fs)];[(Arg943*)]

c.[2373dup];[2373dup]

p.[(Trp792fs)];[(Trp792fs)]

c.[ 2827C>T];[2827C>T]

p.[(Arg943*)];[(Arg943*)]

Family history (SCD, HCM) Positive Unknown Positive Positive

Parental consanguinity No No Yes Yes

Father genotype c.[2827C>T];[=]

p.[(Arg943*)];[(=)]

Not performed c.[2373dup];[=]

p.[(Trp972fs)];[(=)]

c.[2827C>T];[=]

p.[(Arg943*)];[(=)]

   phenotype  Echocardiography Normal (age 31 years) Not performed Normal Normal

     ECG Repolarisation abnormal Not performed Normal Incomplete RBBB

     Follow-up IVS 12 mm (age 38 years) Not performed Low ECG voltages (age 38 

years)

Unknown

Mother genotype c.[2373dup];[=]

p.[(Trp972fs)];[(=)]

Not performed c.[2373dup];[=]

p.[(Trp972fs)];[(=)]

c.[2827C>T];[=]

p.[(Arg943*)];[(=)]

   phenotype  Echocardiography Normal (age 32 years) Not performed Normal HCM (age 27 yrs)

     ECG Normal (age 32 years) Not performed Normal LVH, abnormal repolarisation

     Follow-up IVS 14 mm (age 39 years) Not performed IVS 11 mm (age 41 years) Unknown

ASD=atrial septal defect, ECG=electrocardiography, g=grams, HCM=hypertrophic cardiomyopathy, 

IVS=interventricular septum, LV=left ventricle, LVH=left ventricle hypertrophy, 

LVNC=left ventricular noncompaction, OFO=open foramen ovale, RBBB=right bundle branch block, 

SCD=sudden cardiac death, VSD=ventricular septal defect.
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Table 1. Clinical and molecular characteristics of the four patients and their parents.

Patient 1 2 3 4

Gender Male Male Female Female

Gestational age (weeks) 40 38 42 40

Birth weight (g) 3110 3345 3750 2950

Age of diagnosis (weeks) 5 4 7 6

Noncompaction LV LV Not evident LV

Structural defect ASD VSD OFO ASDII

Pathology Myofibrillar disarray

LVNC

Not performed Not performed Not performed

Viral serology Normal Normal Normal Normal

Metabolic screening Normal Normal Normal Normal

Age of death (weeks) 12 12 13 7

MYBPC3 genotype c.[2373dup];[2827C>T]

p.[(Trp792fs)];[(Arg943*)] 

c.[2373dup];[2827C>T]

p.[(Trp792fs)];[(Arg943*)]

c.[2373dup];[2373dup]

p.[(Trp792fs)];[(Trp792fs)]

c.[ 2827C>T];[2827C>T]

p.[(Arg943*)];[(Arg943*)]

Family history (SCD, HCM) Positive Unknown Positive Positive

Parental consanguinity No No Yes Yes

Father genotype c.[2827C>T];[=]

p.[(Arg943*)];[(=)]

Not performed c.[2373dup];[=]

p.[(Trp972fs)];[(=)]

c.[2827C>T];[=]

p.[(Arg943*)];[(=)]

   phenotype  Echocardiography Normal (age 31 years) Not performed Normal Normal

     ECG Repolarisation abnormal Not performed Normal Incomplete RBBB

     Follow-up IVS 12 mm (age 38 years) Not performed Low ECG voltages (age 38 

years)

Unknown

Mother genotype c.[2373dup];[=]

p.[(Trp972fs)];[(=)]

Not performed c.[2373dup];[=]

p.[(Trp972fs)];[(=)]

c.[2827C>T];[=]

p.[(Arg943*)];[(=)]

   phenotype  Echocardiography Normal (age 32 years) Not performed Normal HCM (age 27 yrs)

     ECG Normal (age 32 years) Not performed Normal LVH, abnormal repolarisation

     Follow-up IVS 14 mm (age 39 years) Not performed IVS 11 mm (age 41 years) Unknown

ASD=atrial septal defect, ECG=electrocardiography, g=grams, HCM=hypertrophic cardiomyopathy, 

IVS=interventricular septum, LV=left ventricle, LVH=left ventricle hypertrophy, 

LVNC=left ventricular noncompaction, OFO=open foramen ovale, RBBB=right bundle branch block, 

SCD=sudden cardiac death, VSD=ventricular septal defect.
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A B

Figure  1. (A) Microscopic postmortem examination of heart muscle from patient 1. Hypertrophic 

myocytes with myofibrillar disarray typical of HCM due to sarcomeric protein variations were present, 

albeit without a significant amount of interstitial fibrosis (hematoxylin and eosin staining, magnification 

x 100). (B) Electron micrograph showing a large, irregular vacuole. 

Patient 2 

Patient 2 had feeding problems in the first weeks of life and dyspnoea and mild hypotonia 

were noticed at age 4 weeks. A grossly enlarged heart was observed on the X-thorax (heart-

thorax ratio 0.8%) and low oxygen saturation blood levels were found. Echocardiography 

revealed moderately dilated ventricles with severe diastolic and systolic dysfunction. 

Hypertrabeculation with flow perfused intertrabecular recesses was present in both 

ventricles, including the apical walls (Figure 3). An apical muscular ventricular septal defect 

(VSD) was visualized, although deep recessal flow complicated interpretation of the images. 

Unfortunately, owing to the critically ill status of the patient, there are no reliable M-mode 

measurements of the left ventricle. A muscle computed tomography scan showed no signs of 

atrophy, and a muscular biopsy revealed no congenital myopathy. His condition deteriorated 

at age 12 weeks and he died.

In this case too, we identified compound heterozygosity for the pathogenic c.2373dup 

p.(Trp792fs) and c.2827C>T p.(Arg943*) mutations in the MYBPC3 gene. The parents agreed 

neither to an autopsy on the child nor to cardiologic evaluation for themselves or pedigree 

analysis. 

Patient 3

The third proband presented with severe feeding problems and signs of cardiac decompensation 

at age 7 weeks. Cardiomegaly was seen on chest X-ray, and echocardiography showed HCM 

with dilated ventricles. M-mode measurements were unavailable. Noncompaction was not 

a clear feature, but could not be excluded. There was a small foramen ovale and mitral valve 
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insufficiency. The condition of the patient deteriorated owing to a viral infection and she died 

at age 12 weeks. The parents did not give permission for autopsy and, at that time, molecular 

analysis of genes involved in cardiomyopathy was not available. Cardiac analyses of first-degree 

relatives were normal.

Eleven years later, a cousin of the father presented with cardiac arrest due to HCM. He had 

a heterozygous pathogenic c.2373dup p.(Trp792fs) mutation in MYBPC3. We subsequently 

confirmed homozygosity for the c.2373dup variant in DNA isolated from stored fibroblasts from 

the deceased proband. Both parents of the probands were heterozygous for this truncating 

variant (Figure 2B). Cardiac re-evaluation showed only slightly reduced ECG voltages in the 

father (age 38) and borderline hypertrophy (septal thickness 11 mm) in the mother (age 41).

Patient 4

Patient 4 presented with dyspnoea, hypotension, feeding difficulties, and failure to thrive at age 

6 weeks. Echocardiography showed severe HCM with features of noncompaction, and severe 

diastolic and systolic left ventricular dysfunction (IVSd 11 mm, Z+10; LVPWd 10 mm, Z+10; FS 

13% (LVID 17/20) and left ventricular mass 255 g/m2). A secundum ASD with a left-right shunt 

was also observed. One week later she died after an unsuccessful resuscitation. Homozygosity 

for the c.2827C>T p.(Arg943*) nonsense mutation in MYBPC3 was found. Both parents were 

heterozygous for this pathogenic mutation. 

Her mother was diagnosed with postpartum HCM with diastolic dysfunction, confirmed 

by cardiac MRI, at age 26. Echocardiography of the father was normal; ECG showed a right 

bundle branch block. A paternal uncle of patient 4 had died aged 3 months of unknown cause 

(Figure 2C).

Literature review

The results of our literature review are summarized in Table 2, showing 21 cases (including our 

four cases) of double-truncating pathogenic mutations, all presented in the neonatal period 

or in early childhood. Fifteen died before the age of 1 year; the others had either undergone 

transplantations or were severely affected. Structural defects were detected in 13 cases, but 

neither hypertrabecularization nor deep intertrabecular recesses were described in any of the 

previously reported cases.
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Figure 2. Pedigrees of patients 1, 3 and 4.
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Figure 3. Echocardiographic studies in patient 2 showing cardiomyopathy with LVNC. The four-

chamber view shows excessive trabeculation at the apical right ventricular wall, whereas the left 

ventricular wall also showed numerous deep trabeculae and recesses.
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Table 2. Patients with cardiomyopathy due to two variants in the MYBPC3 genea.

MYBPC3/variant 1 MYBPC3/variant 2 Phenotype Structural Severity Age at first study Reference

Compound heterozygous or homozygous variants in MYBPC3

c.2618C>A p.(Pro873His) c.2618C>A p.(Pro873His) HCM Moderate/severe 27 years Nanni et al.21

c.2429G>A p.(Arg810His) c.2429G>A p.(Arg810His) HCM Severe 39 years Nanni et al.21

c.1504C>T p.(Arg502Trp) c.13G>C p.(Gly5Arg)b HCM c d Van Driest et al.15

c.2864_2865del p.(Pro955fs) c.772G>A p.(Glu258Lys) HCM c d Van Driest et al.15

c.1880C>T p.(Ala627Val) c.1880C>T p.(Ala627Val) HCM Severe 47 years Garcia-Castro et al.28

c.2618C>A p.(Pro873His) c.2234A>G p.(Asp745Gly) HCM Severe 29 years Ingles et al.23

c.1624G>C p.(Glu542Gln) c.2552C>T p.(Ala851Val) HCM Severe 34 years Ingles et al.23

c.226C>T p.(Gln76*) c.770A>C p.(His257Pro) HCM Mild symptoms 24 years Richard et al.14

c.226C>T p.(Gln76*) c.770A>C p.(His257Pro) Childhood HCM Mild symptoms 14 years Richard et al.14

c.3083C>G p.(Thr1028Ser) c.3490+2T>G Childhood HCM Before 15 years Morita et al.6

c.1504C>T p.(Arg502Trp) c.2573G>A p.(Ser858Asn) Childhood HCM Before 15 years Morita et al.6

c.461T>C p.(Ile154Thr) c.1814_1816del p.(Asp605del) Childhood HCM Before 15 years Morita et al.6

c.1091+1G>T c.2504G>T p.(Arg835Leu)e HCM Moderate 43 years Otsuka et al.24

c.1777del p.(Ser593fs) c.3370T>C p.(Cys1124Arg)e Childhood HCM Severe 17 years Otsuka et al.24

c.3776del p.(Gln1259fs) c.3599T>C p.(Leu1200Pro) Neonatal HCM/LVNC 9 weeks † 11 days Dellefave et al.25

c.2234A>G p.(Asp745Gly) c.2618C>A p.(Pro873His)e HCM Severe 35 years Maron et al.20

c.1624G>C p.(Glu542Gln) c.2552C>T p.(Ala851Val)e HCM Severe 41 years Maron et al.20

c.2234A>G p.(Asp745Gly) c.2618C>A p.(Pro873His)e None 43 years Maron et al.20

c.3794A>T p.(Glu1265Val)d c.3796T>C p.(Cys1266Arg)e HCM Severe 46 years Maron et al.20

c.2905C>T p.(Gln969*) c.2003G>A p.(Arg668His)f HCM Moderate 48 years Girolami et al.26

c.772G>A p.(Glu258Lys) c.805-1G>A Neonatal HCM 1 month † 2 days Marziliano et al.27

c.772G>A p.(Glu258Lys) c.805-1G>A Neonatal HCM 2 days † 2 days Marziliano et al.27

c.1880C>T p.(Ala627Val) c.1880C>T p.(Ala627Val) Childhood HCM Severe 16 years Garcia-Castro et al.28

c.1504C>T p.(Arg502Trp) c.2573G>A p.(Ser858Asn) Childhood HCM Moderate 6 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.1624G>C p.(Glu542Gln) Childhood HCM Severe, SCD 5 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.1624G>C p.(Glu542Gln) Childhood HCM Severe 2 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.442G>A p.(Gly148Arg) Childhood HCM Severe 12 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.442G>A p.(Gly148Arg) Childhood HCM 10 years † 6 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.442G>A p.(Gly148Arg) Childhood HCM Moderate 8 years Saltzman et al.29

c.3628-41_3628-17del c.3656T>C p.(Leu1219Pro) HCM Moderate 68 years Bashyam et al.30

c.456del p.(Ile154fs) c.2128G>A p.(Glu710Lys) HCM Moderate 40 years Bashyam et al.30

c.772+5G>Ag c.772+5G>Ag HCM Severe 28 years Ortiz et al.34

c.772+5G>Ag c.772+5G>Ag HCM Severe 34 years Ortiz et al.34
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Table 2. Patients with cardiomyopathy due to two variants in the MYBPC3 genea.

MYBPC3/variant 1 MYBPC3/variant 2 Phenotype Structural Severity Age at first study Reference

Compound heterozygous or homozygous variants in MYBPC3

c.2618C>A p.(Pro873His) c.2618C>A p.(Pro873His) HCM Moderate/severe 27 years Nanni et al.21

c.2429G>A p.(Arg810His) c.2429G>A p.(Arg810His) HCM Severe 39 years Nanni et al.21

c.1504C>T p.(Arg502Trp) c.13G>C p.(Gly5Arg)b HCM c d Van Driest et al.15

c.2864_2865del p.(Pro955fs) c.772G>A p.(Glu258Lys) HCM c d Van Driest et al.15

c.1880C>T p.(Ala627Val) c.1880C>T p.(Ala627Val) HCM Severe 47 years Garcia-Castro et al.28

c.2618C>A p.(Pro873His) c.2234A>G p.(Asp745Gly) HCM Severe 29 years Ingles et al.23

c.1624G>C p.(Glu542Gln) c.2552C>T p.(Ala851Val) HCM Severe 34 years Ingles et al.23

c.226C>T p.(Gln76*) c.770A>C p.(His257Pro) HCM Mild symptoms 24 years Richard et al.14

c.226C>T p.(Gln76*) c.770A>C p.(His257Pro) Childhood HCM Mild symptoms 14 years Richard et al.14

c.3083C>G p.(Thr1028Ser) c.3490+2T>G Childhood HCM Before 15 years Morita et al.6

c.1504C>T p.(Arg502Trp) c.2573G>A p.(Ser858Asn) Childhood HCM Before 15 years Morita et al.6

c.461T>C p.(Ile154Thr) c.1814_1816del p.(Asp605del) Childhood HCM Before 15 years Morita et al.6

c.1091+1G>T c.2504G>T p.(Arg835Leu)e HCM Moderate 43 years Otsuka et al.24

c.1777del p.(Ser593fs) c.3370T>C p.(Cys1124Arg)e Childhood HCM Severe 17 years Otsuka et al.24

c.3776del p.(Gln1259fs) c.3599T>C p.(Leu1200Pro) Neonatal HCM/LVNC 9 weeks † 11 days Dellefave et al.25

c.2234A>G p.(Asp745Gly) c.2618C>A p.(Pro873His)e HCM Severe 35 years Maron et al.20

c.1624G>C p.(Glu542Gln) c.2552C>T p.(Ala851Val)e HCM Severe 41 years Maron et al.20

c.2234A>G p.(Asp745Gly) c.2618C>A p.(Pro873His)e None 43 years Maron et al.20

c.3794A>T p.(Glu1265Val)d c.3796T>C p.(Cys1266Arg)e HCM Severe 46 years Maron et al.20

c.2905C>T p.(Gln969*) c.2003G>A p.(Arg668His)f HCM Moderate 48 years Girolami et al.26

c.772G>A p.(Glu258Lys) c.805-1G>A Neonatal HCM 1 month † 2 days Marziliano et al.27

c.772G>A p.(Glu258Lys) c.805-1G>A Neonatal HCM 2 days † 2 days Marziliano et al.27

c.1880C>T p.(Ala627Val) c.1880C>T p.(Ala627Val) Childhood HCM Severe 16 years Garcia-Castro et al.28

c.1504C>T p.(Arg502Trp) c.2573G>A p.(Ser858Asn) Childhood HCM Moderate 6 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.1624G>C p.(Glu542Gln) Childhood HCM Severe, SCD 5 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.1624G>C p.(Glu542Gln) Childhood HCM Severe 2 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.442G>A p.(Gly148Arg) Childhood HCM Severe 12 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.442G>A p.(Gly148Arg) Childhood HCM 10 years † 6 years Saltzman et al.29

c.1504C>T p.(Arg502Trp) c.442G>A p.(Gly148Arg) Childhood HCM Moderate 8 years Saltzman et al.29

c.3628-41_3628-17del c.3656T>C p.(Leu1219Pro) HCM Moderate 68 years Bashyam et al.30

c.456del p.(Ile154fs) c.2128G>A p.(Glu710Lys) HCM Moderate 40 years Bashyam et al.30

c.772+5G>Ag c.772+5G>Ag HCM Severe 28 years Ortiz et al.34

c.772+5G>Ag c.772+5G>Ag HCM Severe 34 years Ortiz et al.34
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Table 2. Continued.

MYBPC3/variant 1 MYBPC3/variant 2 Phenotype Structural Severity Age at first study Reference

Double truncating mutations in MYBPC3

c.226C>T p.(Gln76*) c.226C>T p.(Gln76*) Neonatal HCM 9 months † ? Richard et al.14

c.1624+1G>A c.2373dup p.(Trp792fs) Neonatal HCM 5 weeks † 3 days Lekanne Deprez et al.32

c.2827C>T p.(Arg943*) c.3288del p.(Glu1096fs) Neonatal HCM VSD 6 weeks † 2 weeks Lekanne Deprez et al.32

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD 6 weeks † <4 weeks Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM 7 months † ? Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD Severe Newborn Zahka et al.33

c.3330+2T>G c.3330+2T>G HCM Severe 3 months Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD 5 weeks † Newborn Zahka et al.33

c.3330+2T>G c.3330+2T>G HCM Severe 5 months Zahka et al.33

c.3330+2T>G c.3330+2T>G HCM Severe 2 months Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM 6 months † 3 weeks Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM PDA, ASD 4 months † 2 weeks Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD Severe Newborn Zahka et al.33

c.2827C>T p.(Arg943*) c.2827C>T p.(Arg943*) HCM/skeletal myopathy Severe 8 weeks Tajsharghi et al.35

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD 1 weeks-10 months † Newborn-3 weeks Xin et al.31 (3 patients)

c.2827C>T p.(Arg943*) c.2373dup p.(Trp792fs) HCM ASD 12 weeks † 5 weeks This study

c.2827C>T p.(Arg943*) c.2373dup p.(Trp792fs) Neonatal HCM VSD 12 weeks † 4 weeks This study

c.2373dup p.(Trp792fs) c.2373dup p.(Trp792fs) HCM OFO 12 weeks † 7 weeks This study

c.2827C>T p.(Arg943*) c.2827C>T p.(Arg943*) HCM ASD 7 weeks † 6 weeks This study

aThe pathogenicity of some of the missense variants listed here is uncertain.
bThe mean allele frequency of this variant is 0.1%; therefore, this is probably a polymorphism.
cMore severe HCM and a higher incidence of myectomy compared with patients with single pathogenic 

MYBPC3 mutations.15 
dDiagnosis at a younger age (between 0.2 and 37.4 years) compared with patients with single pathogenic 

MYBPC3 mutations.15 

eNot clear whether these variants are in cis or in trans.

fA third variant in MYH7 was found.
gc.772+5G>A (IVS6+5G>A) is an intronic variant not affecting the canonical consensus splice site. Given 

the later age of onset, this is probably not a truncating mutation, but a hypomorphic allele leading to less 

efficient normal splicing. Consistent with this notion both patients had no septal defect.

†=deceased, ASD=atrial septal defect, OFO=open foramen ovale, PDA=patent ductus arteriosus, 

SCD=sudden cardiac death, VSD=ventricular septal defect.

Mutations in italic are functional 0-alleles.
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Table 2. Continued.

MYBPC3/variant 1 MYBPC3/variant 2 Phenotype Structural Severity Age at first study Reference

Double truncating mutations in MYBPC3

c.226C>T p.(Gln76*) c.226C>T p.(Gln76*) Neonatal HCM 9 months † ? Richard et al.14

c.1624+1G>A c.2373dup p.(Trp792fs) Neonatal HCM 5 weeks † 3 days Lekanne Deprez et al.32

c.2827C>T p.(Arg943*) c.3288del p.(Glu1096fs) Neonatal HCM VSD 6 weeks † 2 weeks Lekanne Deprez et al.32

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD 6 weeks † <4 weeks Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM 7 months † ? Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD Severe Newborn Zahka et al.33

c.3330+2T>G c.3330+2T>G HCM Severe 3 months Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD 5 weeks † Newborn Zahka et al.33

c.3330+2T>G c.3330+2T>G HCM Severe 5 months Zahka et al.33

c.3330+2T>G c.3330+2T>G HCM Severe 2 months Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM 6 months † 3 weeks Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM PDA, ASD 4 months † 2 weeks Zahka et al.33

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD Severe Newborn Zahka et al.33

c.2827C>T p.(Arg943*) c.2827C>T p.(Arg943*) HCM/skeletal myopathy Severe 8 weeks Tajsharghi et al.35

c.3330+2T>G c.3330+2T>G Neonatal HCM VSD 1 weeks-10 months † Newborn-3 weeks Xin et al.31 (3 patients)

c.2827C>T p.(Arg943*) c.2373dup p.(Trp792fs) HCM ASD 12 weeks † 5 weeks This study

c.2827C>T p.(Arg943*) c.2373dup p.(Trp792fs) Neonatal HCM VSD 12 weeks † 4 weeks This study

c.2373dup p.(Trp792fs) c.2373dup p.(Trp792fs) HCM OFO 12 weeks † 7 weeks This study

c.2827C>T p.(Arg943*) c.2827C>T p.(Arg943*) HCM ASD 7 weeks † 6 weeks This study

aThe pathogenicity of some of the missense variants listed here is uncertain.
bThe mean allele frequency of this variant is 0.1%; therefore, this is probably a polymorphism.
cMore severe HCM and a higher incidence of myectomy compared with patients with single pathogenic 

MYBPC3 mutations.15 
dDiagnosis at a younger age (between 0.2 and 37.4 years) compared with patients with single pathogenic 

MYBPC3 mutations.15 

eNot clear whether these variants are in cis or in trans.

fA third variant in MYH7 was found.
gc.772+5G>A (IVS6+5G>A) is an intronic variant not affecting the canonical consensus splice site. Given 

the later age of onset, this is probably not a truncating mutation, but a hypomorphic allele leading to less 

efficient normal splicing. Consistent with this notion both patients had no septal defect.

†=deceased, ASD=atrial septal defect, OFO=open foramen ovale, PDA=patent ductus arteriosus, 

SCD=sudden cardiac death, VSD=ventricular septal defect.

Mutations in italic are functional 0-alleles.
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Discussion

We describe four unrelated newborns with severe cardiomyopathy due to compound 

heterozygosity or homozygosity for pathogenic truncating mutations in the MYBPC3 gene. All 

of them died soon after birth. Although initially their cardiomyopathies were described as severe 

atypical HCM, HCM with features of left ventricular noncompaction (LVNC) was considered 

after re-evaluation of serial ultrasounds and pathologic examination in three of them. Like 

HCM, LVNC is genetically heterogeneous.9,12 Recently, LVNC was shown to be mainly caused 

by heterozygous variants in genes encoding sarcomeric proteins, including MYH7, ACTC1 and 

TNNT2.9,12 This study confirms our previous results demonstrating that pathogenic variants in 

another sarcomeric protein gene, MYBPC3, can also lead to LVNC (OMIM number #615396, 

LVNC10).9,13 MYBPC3 mutations in HCM lead to an altered primary contractile function. 

Whether contractile dysfunction is the mechanism that links mutant sarcomere protein to the 

morphologic features of LVNC is still uncertain.13 

In the majority of patients with familial cardiomyopathy owing to a variant in one of the genes 

encoding sarcomeric proteins, a single autosomal dominant pathogenic mutation is found. 

In contrast, our four patients were compound heterozygotes (two patients) or homozygous 

(two patients) for two truncating MYBPC3 variants, suggesting a cumulative effect. Pathogenic 

mutations in the MYBPC3 gene are one of the most common genetic causes of HCM in many 

populations, found in 20-40% of individuals with HCM.14,15 Autosomal dominant variants in the 

MYBPC3 gene, which are mostly truncating pathogenic mutations and sometimes missense 

variants, give rise to HCM with an age of onset after the third decade, moderate left ventricular 

hypertrophy, and a favourable prognosis.16 As variants in MYBPC3 (and MYH7) are the most 

common genetic cause of familial HCM6, compound heterozygous or homozygous variants 

should be considered in a neonate who presents with severe HCM or LVNC, even in the absence 

of symptoms in family members. This is illustrated by patients 1 and 2 who were compound 

heterozygotes for the two most common Dutch pathogenic founder mutations for HCM: 

c.2373dup p.(Trp792fs) and c.2827C>T p.(Arg943*).10,11 Patients 3 and 4 were homozygous 

for the c.2373dup p.(Trp792fs) and c.2827C>T p.(Arg943*) mutations, respectively. 

The pathogenic c.2373dup p.(Trp792fs) mutation accounts for approximately one-fifth of all 

HCM cases in the Netherlands. It is an important founder mutation in the Dutch HCM population 

and is also present in other populations.10,11,14 It creates a new aberrant splice donor site leading 

to skipping of exon 24, resulting in a frameshift after p.Gln791 and a premature stop codon.17 

No truncated protein product from the c.2373dup p.(Trp792fs) allele could be detected in the 

sarcomere-using antibodies, suggesting that the truncated protein was unstable, or the aberrant 

transcript was degraded by cell surveillance mechanisms such as nonsense-mediated decay.18 
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The c.2827C>T p.(Arg943*) nonsense mutation was found in three of our patients and 

is located in exon 27, leading to a premature stop codon and protein truncation beyond 

domain C7 of MYBPC3. It is thought to lead to reduction in MYBPC3 owing to protein 

instability and/or loss of the C-terminus of MYBPC3 that binds myosin thick filaments and 

titin, which is required to incorporate MYBPC3 normally into the A-band of the sarcomere.19 

Consequently, MYBPC3 protein was not expected to be incorporated into the sarcomere 

in any of these four patients. This may explain the early and severe presentation of their 

cardiomyopathy. 

In larger series, approximately 3-5% of adult HCM patients prove to be compound or double 

heterozygotes for two disease-causing variants in the same or different sarcomeric protein 

genes.14,15 However, most of these are missense variants and their pathogenic nature is not 

always easy to establish. In these adult cases, a more severe HCM phenotype is generally 

seen, characterized by an earlier age of onset around the second decade or in childhood 

(Table 2).6,14,15,20-30 In a recent study on sarcomeric protein gene variants in childhood-onset 

HCM, 6 out of 84 children (7%) had compound variants.6 This suggests that a gene-dosage 

effect might be responsible for manifestations at a younger age. As Table 2 shows, all patients 

with two functional null alleles died within the first year of life. Patients with a missense variant 

and a truncating pathogenic mutation, or patients with two missense variants in MYBPC3, had 

a milder phenotype and an onset of cardiomyopathy at a more advanced age. This might be 

explained by some residual activity of the MYBPC3 protein.

All cases with biallelic truncating MYBPC3 mutations present as neonates. Nevertheless, we do 

expect prenatal onset of HCM in these patients. One of the reasons that prenatal presentation 

has not yet been reported, could be that prenatal ultrasounds in the Netherlands, as well as in 

most other European countries, are not performed at a regular basis after 22 weeks of gestation. 

Also, mutation analysis of sarcomeric genes is not always performed in pregnancies of foetuses 

with cardiomyopathy, and some of these foetuses might die before a molecular diagnosis can be 

made. In addition, prenatal circulation is different from postnatal circulation, after the foetus is 

disconnected from the umbilical vessels. Owing to the loss of tremendous blood flow through 

the placenta, the systemic vascular resistance at birth doubles. As resistance rises, aortic and 

left ventricular pressure increase. The neonatal heart adapts (remodels) to sudden increased 

systolic pressures following birth, by increasing ventricular wall thickness and stiffness (i.e. 

tensile strength). This is a result of a twofold increase in the number of fibroblasts and the 

formation, compaction, and alignment of collagen fibrils that envelop myocytes. We hypothesize 

that absence of MYBPC3 protein would impair this process, leading to HCM with features of 

noncompaction in neonates.
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Few neonatal cases with severe cardiomyopathy owing to homozygous or compound 

heterozygous truncating pathogenic mutations in MYBPC3 have been described.14,31-35 

A homozygous truncating pathogenic splice site variant c.3330+2T>G in MYBPC3 was 

reported in three neonates with severe HCM who all died at an average age of 3-4 months in a 

consanguineous Old Order Amish pedigree with severe HCM.31 This variant was also reported 

in another cohort of 10 neonates with severe infantile HCM of Old Order Amish descent, 

suggesting a founder effect.33 Of note, several of the affected Amish neonates with homozygous 

MYBPC3 truncating variants also presented with septal defects including apical muscular VSD, 

ASD and patent ductus arteriosus. Septal defects were also present in the neonates with severe 

HCM owing to compound heterozygous truncating pathogenic mutations described by Lekanne 

et al.32 and in three of our cases. Different congenital heart malformations (septal defects, patent 

ductus arteriosus, aortic aneurysm, and Ebstein anomaly) have been reported in families with 

pathogenic mutations in sarcomeric protein genes, including MYBPC3, MYH6, MYH7, MYH11, 

and ACTC1.31,36-38 In children with noncompaction cardiomyopathy, Tsai et al.39 showed that 78% 

had a congenital heart defect. These data suggest that sarcomeric cardiac muscle proteins are 

not only involved in cardiomyopathies but also in congenital heart malformations.40 Table 2 

shows that only patients with double-truncating pathogenic mutations have a septal defect, 

suggesting that functional MYBPC3 protein has a crucial role in septal development. Septal 

defects have not been reported in patients with missense variants, or with a missense variant 

in combination with a truncating variant. In conclusion, the absence of functional MYBPC3 

from the sarcomere can lead to a phenotype of severe HCM with features of ventricular 

noncompaction and septal defects, which appears to be lethal in the postnatal period.
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Abstract

Purpose We evaluated the diagnostic yield in paediatric dilated cardiomyopathy (DCM) of 

combining exome sequencing (ES)-based targeted analysis and genome-wide copy-number 

variation (CNV) analysis. Based on our findings, we retrospectively designed an effective 

approach for genetic testing in paediatric DCM.

Methods We identified 95 patients (in 85 families) with paediatric onset of DCM. We initially 

excluded 13 of these families because they already had a genetic diagnosis, leaving a total of 

31 probands for single-nucleotide polymorphism (SNP) array and trio-ES. We used Human 

Phenotype Ontology (HPO)-based filtering for our data analysis.

Results We reached a genetic diagnosis in 15/31 (48.4%) families. ES yielded a diagnosis in 

13 probands (13/15; 86.7%), with most variants being found in genes encoding structural 

cardiomyocyte components. Two large deletions were identified using SNP array. If we had 

included the 13 excluded families, our estimated yield would have been 54%.

Conclusion We propose a standardized, stepwise analysis of (i) well-known cardiomyopathy 

genes, (ii) CNVs, (iii) all genes assigned to HPO cardiomyopathy, and (iv) if appropriate, genes 

assigned to other HPO terms. This diagnostic approach yields the highest increase at each 

subsequent step and reduces analytic effort, cost, the number of variants of unknown clinical 

significance, and the chance of incidental findings.
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Introduction

Dilated cardiomyopathy (DCM), characterized by dilation and impaired contraction of the left 

ventricle or both ventricles, is the most common type of cardiomyopathy (CM) among children 

younger than 18 years, with an incidence of 0.57 (95% CI: 0.52-0.63) per 100,000 children in 

the United States.1 The aetiology of paediatric DCM encompasses most of the genetic causes 

that also lead to isolated CM in adults2,3, and is usually autosomal dominantly (AD) inherited. 

However, in 14% of paediatric cases, DCM is associated with extracardiac features, pointing 

toward a wider spectrum of causes, including malformation syndromes, neuromuscular diseases, 

and metabolic disorders.1 These are often de novo cases or show an X-linked, autosomal recessive 

(AR) or mitochondrial inheritance pattern. Furthermore, copy-number variants (CNVs) may be 

identified in patients with multiple congenital anomalies and/or intellectual disability presenting 

with DCM4,5 as well as in patients with isolated DCM.6-9

The cause of DCM in children is an independent predictor of the combined outcome of death 

or transplantation.1 An early genetic diagnosis is therefore very important in determining the 

aetiology, disease course, and prognosis, and may guide rational and personalized treatment 

choices. In addition, the diagnosis has major implications for family screening and provides 

insight into the risk of recurrence.

The high degree of genetic heterogeneity in paediatric DCM can currently be addressed via 

next-generation sequencing (NGS). Most diagnostic labs have developed a targeted NGS 

panel for adult-onset DCM, but this does not generally encompass the most common and up-

to-date neuromuscular, syndromic and metabolic causes of DCM in childhood. Moreover, the 

continuous discovery of new disease genes makes it difficult for diagnostic labs to keep up to 

date on all the genes identified as being involved in paediatric CM; this is a major disadvantage of 

targeted sequencing using an enriched gene panel. By contrast, exome sequencing (ES), followed 

by targeted analysis of a regularly updated gene panel, has increasingly become the first-choice 

approach for heterogeneous diseases (see refs. 10-13 for examples). Pugh et al. showed that the 

detection rate of pathogenic variants increased from 7-10% to 27-37% by including larger 

numbers of genes, but there is an increased likelihood of identifying variants of uncertain clinical 

significance (VUS)2 and of incidental findings (IFs) that do not explain the patient’s phenotype. 

Human Phenotype Ontology (HPO) has become a useful tool in precision medicine by providing 

standardized terms to describe phenotypic abnormalities. Each term in the HPO is linked to 

associated diseases listed in Online Mendelian Inheritance in Man (OMIM) and to related genes 

by a combination of automated matching of the OMIM Clinical Synopsis to HPO term labels and 

manual curation of each term.14-17 These HPO terms are updated monthly and can be used for 

‘personalized’ targeted data analysis, thereby reducing the chance of VUS and IFs.
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There have been few reports on the diagnostic yield of genetic testing in paediatric DCM. Only 

one study reported a genetic cause of DCM, in 15 of 41 children (37%); familial disease in this 

cohort was high (35/41 cases, 85%) and only a limited set of 15 genes was sequenced in 13 

patients.18 In Pugh and colleagues’ cohort,2 37% were paediatric DCM cases but an overall 

diagnostic yield for their paediatric population was not reported. Both studies and current 

recommendations19,20 endorse genetic testing in the paediatric population. Schedules that 

define the order of analyses can help reduce the analytical effort needed to detect a genetic 

cause while minimizing the chance of IFs and the number of VUS. As far as we know, there are 

no studies reporting the yield and most effective diagnostic approach for genetic testing in 

patients with childhood-onset DCM.

We therefore had two aims. The first was to evaluate the diagnostic yield of trio-ES-based 

targeted analysis of genes involved in paediatric DCM in a cohort of thoroughly phenotyped 

patients, irrespective of their possible disease aetiology. Since our current variant-calling 

pipeline does not detect CNVs (apart from small insertion-deletions), all probands were also 

subjected to CNV analysis. The second aim was to determine, on the basis of these findings, 

the optimal diagnostic approach for establishing a genetic diagnosis in as many patients as 

possible. This involved obtaining the highest increase in yield for each subsequent diagnostic 

step while minimizing the chance of IFs and the number of VUS, in line with international 

recommendations.20
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Materials and methods

Patient Selection

The University Medical Centre Groningen’s (UMCG’s) medical research ethics committee 

approved this study (approval no. 2014092), and written informed consent was obtained from 

all participants or their legal representatives.

We identified 95 patients (from 85 families) with familial and nonfamilial DCM or a mixed cardiac 

phenotype with age of onset of CM <18 years. These included patients with extracardiac features 

or possible myocarditis, or childhood cancer survivors who developed DCM after anthracycline 

treatment, as well as patients who experienced partial recovery from their DCM (Supplemental 

Tables 1–3). All patients were referred to either UMCG or Leiden University Medical Centre 

(LUMC), The Netherlands, between May 1993 and April 2017 for genetic counselling. DCM 

was defined by the presence of left ventricle (LV) dilatation (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) not explained by abnormal loading conditions20 or evidence 

for DCM from autopsy.

Patients with a genetic diagnosis explaining their phenotype and the course of their disease 

were excluded from our ES and CNV analysis for this project (Supplemental Table 1). We did, 

however, offer ES to patients with a (likely) pathogenic variant that may not fully explain their 

phenotype or disease course, for example, a 9-year-old patient with a dramatic disease course 

who carried a truncating TTN variant, which is usually associated with adult onset and a relative 

benign course.21 We recontacted all the remaining gene/mutation-elusive DCM patients who 

had been evaluated before the introduction of diagnostic ES.

All patients were phenotyped by a cardiologist and clinical geneticist, sometimes accompanied 

by a paediatric neurologist, all of whom reviewed the case. The clinical geneticist examined the 

patient to look for dysmorphisms and other extracardiac features at the time of counselling for 

ES and CNV analysis and took a three-generation family history. 

CNV analysis and homozygosity mapping (single-nucleotide polymorphism (SNP) array)

Genomic DNA from the affected child and its parents was extracted from peripheral blood or 

fibroblasts. Genome-wide genotyping, using HumanCytoSNP-850K SNP array according to 

the manufacturer’s protocols (Illumina, San Diego, CA), was performed to identify CNVs and/

or copy-number neutral homozygous regions, as described in Supplementary Materials and 

methods. 



86

Chapter 4

Exome sequencing and data analysis

Exome sequencing and variant calling are described in the Supplementary Materials and 

methods. Briefly, the exome was captured with the Agilent Sureselect XT Human All Exon 

V5 or V6 kit (Agilent, Santa Clara, CA). Exome libraries were sequenced on an HiSeq2500 or 

a NextSeq500 machine (Illumina, San Diego, CA) with 2 x 100 bp and 2 x 150 bp paired-end 

reads, respectively, at an average coverage of 100 x and with >90% of the exome covered 

>20x. Sequence reads were aligned to the human reference genome GRCh37/hg19 with 

the Burrows-Wheeler Aligner version 0.7.5a.22 Variants were called using Genome Analysis 

Toolkit (GATK) software.23,24 For two patients (F6P1 and F26P1), whole-genome sequencing 

(WGS) was performed to avoid time-consuming capturing steps because of their severe 

clinical conditions and young age, as described previously25 (Supplementary Materials 

and methods).

A gene list of 310 genes was created based on the HPO term cardiomyopathy (HP:0001638; 

http://www.human-phenotype-ontology.org/), supplemented with genes not included in this 

HPO term but associated with CM in recent scientific reports26 (Supplemental Table 4). To 

generate a ‘private’ gene panel, this gene list was expanded with genes assigned to other 

HPO terms for individual patients when appropriate (Supplemental Table 5). In order to 

define the most relevant HPO terms, a clinical geneticist discussed the patients’ phenotypes 

with a paediatric cardiologist, a paediatrician, a neurologist, and/or other relevant physicians.

Potentially relevant variants were evaluated in a multidisciplinary meeting with at least a clinical 

geneticist, a molecular geneticist, and a laboratory technician present. When necessary, a 

cardiologist, neurologist and/or paediatrician were also consulted. An independent expert panel 

was set up to discuss the clinical relevance of IFs, predefined as likely or definitely pathogenic 

variants in known disease genes unrelated to the patient’s current phenotype, as described 

elsewhere.25

Calculation of internal and potential diagnostic yield

The internal yield was calculated as the number of families in which a genetic diagnosis was found 

divided by the total number of families subjected to CNV analysis and ES. Since we excluded 13 

families whose genetic diagnosis had been established by other techniques (multiplex ligation-

dependent probe amplification (MLPA), Sanger sequencing, or targeted NGS), the internal yield 

is an underestimation of the yield in an unselected cohort. To adjust for this, these 13 families 

were included in our analysis retrospectively.
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The potential yield, assuming that all 85 families were offered ES/CNV analysis as routine genetic 

testing, was estimated as the internal yield plus a proportion of the 13 families who were not 

included initially (because in this group too, a subset of patients may not respond to the invitation 

or may refrain from further testing). We applied a correction factor of 0.43 (proportion of 

families subjected to ES/SNP array divided by the total number of families eligible for ES/CNV 

analysis; 31/72). The 95% confidence intervals of the potential yields were calculated as exact 

binomial confidence intervals.
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Results

The clinical and genetic results for all 35 patients are summarized in Tables 1-3 and Supplemental 

Tables 1, 2 and 6.

Subjects and clinical characteristics

Figure 1 depicts the study setup. After excluding 16 patients (13 families) who already had 

a genetic diagnosis that explained their phenotype and young age at onset (Supplemental 

Table 1), we identified 79 patients from 72 families that fulfilled our inclusion criteria. For 19 

families, either no DNA or tissue for a deceased patient was available for testing or it was not 

feasible to inform patients/families about new diagnostic possibilities (i.e. NGS); another 14 

patients (14 families) did not respond to the invitation, and 9 patients (8 families) refrained from 

further testing. We performed trio-based ES (WGS in two) and CNV analysis in 31 unrelated 

families (31 probands and 4 siblings in total; patient characteristics are shown in Table 1 and 

Supplemental Table 2).

Internal yield

A genetic diagnosis could be made in 15 of 31 families (48.4%, 95% CI: 30.2-66.9%) (Table 2). 

In 14 families (45.2%), the identified genetic defect could explain their DCM. The mutation in 

the 15th family has not been associated with DCM so far, but it does explain additional clinical 

features seen in the patient (see also below and Supplementary Data 2). Exome sequencing 

yielded a diagnosis in 13/15 families (86.7%). Except for one, these pathogenic or likely 

pathogenic variants were identified in eight CM-associated genes. Ten of the 13 variants (76.9%) 

were heterozygous and found in genes encoding structural components of cardiomyocytes, two 

of these were de novo (Table 2).

In 2/13 (15.4%) families diagnosed by ES, we identified causal variants in less well-known CM 

genes: one homozygous variant in the beta-1 galactosidase (GLB1) gene and one homozygous 

variant in the SPEG complex locus (SPEG) gene. In one patient (F6P1) carrying the GLB1 

mutation, we found an additional likely pathogenic variant in the T-box 20 (TBX20) gene. The 

probands in both these families had consanguineous parents and showed extracardiac features 

(Table 2).
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All patients  
N = 95 (85 families) 

N = 79 (72 families) 

Known genetic diagnosis  
N = 16 (13 families) 

Patients we could not inform 
about new diagnostic 

possibilities  
N = 21 (19 families) 

Patients that were subjected to 
ES/SNP array 

N = 35 (31 families) 

No response  
N = 14 (14 families) 

Patients who refrained from 
further testing  
N = 9 (8 families) 

Diagnosis made by  
ES/SNP array  

N = 18 (15 families) 

No diagnosis made by ES/SNP 
array  

N = 17 (16 families) 

Diagnoses that WOULD 
potentially be made by ES/SNP 

array  
N = 14 (11 families) 

Diagnoses that would NOT be 
made by ES/SNP array  
N = 2 (2 families) 

Patients with characteristic 
features of mitochondrial 

disorders mtDNA analysis N = 2 
(2 families) 

Patients not included  
N = 44 (41 families) 

Patients without characteristic 
features of mitochondrial 

disorders 
N = 14 (13 families) 

Figure 1. Study profile and diagnostic yield. We could not reach or test 19 families because, for example, 

an address was unavailable or the patient had died and no DNA/tissue was available. Of the 72 families 

who initially had no genetic diagnosis, 31 (43%) were subjected to ES/CNV analysis. Characteristic 

features of mitochondrial disease were reviewed by Leonard and Schapira.40 ES/CNV=exome sequencing/

copy-number variation, mtDNA=mitochondrial DNA, ES/SNP=exome sequencing/single-nucleotide 

polymorphism.
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Table 1. Characteristics of 31 index patients and four siblings who underwent ES/WGS and CNV 

analysis. 

n %

Male 18/35 51.4%

Age group

< 1 year

1 to <6 years

6 to <12 years

≥ 12 years 

14/35

4/35

8/35

9/35

40.0%

11.4%

22.9%

25.7%

Race 

White 

Black or African

South Asian

31/35

1/35

3/35

88.6%

2.9%

8.6%

Prodromal symptoms 13/35 37.1%

History of childhood cancer - chemotherapy 2/35 6.7%

Endpoint

No

LVAD

HtX

Death

22/35

1/35

3/35

9/35

62.9%

2.9%

8.6%

25.7%

Features of LVNC identified during follow-up or at postmortem investigation 4/35 11.4%

Extracardiac features 16/35 45.7%

Consanguineous parents 5/31 16.1%

Positive family history for cardiomyopathy 7/16 43.8%

Cardiac screening was advised for first-degree relatives in 26 families, and relatives of at least 16 index 

patients underwent electrocardiography and echocardiography. CNV=copy-number variation, ES/

WGS=exome sequencing/whole-genome sequencing, HtX=heart transplantation, LVAD=left ventricular 

assist device, LVNC= left ventricular noncompaction.



More than 50% diagnostic yield in paediatric DCM cases

91

4

Expanding our virtual gene panel by adding HPO terms to the filtering tree in patients with 

additional features identified compound heterozygous variants c.874C>T, p.(Arg292*) and 

c.3118_3121delAACA, p.(Asn1040Glufs*9) in CEP135 in patient F25P1. These explain her 

microcephaly and developmental delay, but it is unclear whether they also explain her DCM (for 

further discussion, see Supplementary Data).

In addition to the 13 families diagnosed by ES, two diagnoses were made by SNP array (2/15; 

13.3%, Table 2). In patient F29P1, who presented with a severe dilated left ventricle, several 

apical VSDs, and an open ductus arteriosus at age 2 weeks, a de novo 1p36.33p36.32 deletion 

was identified consistent with chromosome 1p36 deletion syndrome (MIM607872). In patient 

F31P1, who presented with decompensated heart failure at age 16 years, a de novo 10q25.2 

deletion was identified encompassing the RNA-binding motif protein 20 (RBM20) gene. A 

deletion including this gene has not been described before, although RBM20 missense variants 

have been associated with early-onset DCM, end-stage heart failure, and high mortality;27 

several studies suggest a loss-of-function effect.28,29 

Importantly, we determined a genetic diagnosis for 6/13 patients (46.1%) with possible acute 

myocarditis. Although they did not meet the Dallas criteria30, they suffered from prodromal 

symptoms mimicking a viral infection, including abdominal pain, vomiting, upper respiratory 

tract infections, and coughing. We further reached a genetic diagnosis in 1/2 patients treated 

with anthracycline.
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Table 2. Paediatric DCM patients analysed with trio-exome sequencing and SNP array, with a genetic 

diagnosis.

ID Cardiac phenotype HPO terms Trio-exome sequencing SNP array

F1P1 DCM with features of LVNC 

Dysplastic tricuspid valve

Cardiomyopathy (HP:0001638)

Abnormality of the tricuspid valve (HP:0001702)

MYH7 (NM_000257.2) c.3113T>C, p.(Leu1038Pro), pat (P)

GYS1 (NM_002103.4) c.1204delA, p.(Arg402Glyfs*15), pat (AR) (P)

Normal

F1P2 DCM with features of LVNC

Dysplastic tricuspid valve

Cardiomyopathy (HP:0001638)

Abnormality of the tricuspid valve (HP:0001702)

MYH7 (NM_000257.2) c.3113T>C, p.(Leu1038Pro), pat (P)

RBM20 (NM_001134363.1) c.2042A>G, p.(Tyr681Cys), pat

NP

F2P1 DCM Cardiomyopathy (HP:0001638) TNNT2 (NM_001276347.1) c.629_631delAGA, p.(Lys210del), de novo (P)

CSRP3 (NM_003476.4) c.85A>G, p.(Ser29Gly), mat

PTPN11 (NM_002834.3) c.455G>A, p.(Arg152His), pat

Normal

F3P1 DCM Cardiomyopathy (HP:0001638) MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys), mat (P)

TTN (NM_001267550.1) c.62710T>C, p.(Cys20904Arg), mat

NP

F3P2 DCM Cardiomyopathy (HP:0001638) MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys), mat (P)

MYH7 (NM_000257.2) c.328G>A, p.(Gly110Ser), pat

SYNE1 (NM_182961.3) c.18727G>A, p.(Glu6243Lys), mat

FHL1 (NM_001159702.2) 968C>T, p.(Pro323Leu), mat

NP

F3P3 DCM Cardiomyopathy (HP:0001638) MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys), pat (P) NP

F4P1 DCM Cardiomyopathy (HP:0001638)

Multifocal atrial tachycardia (HP:0011701)

Supraventricular tachycardia (HP:004755)

SCN5A (NM_001099404.1) c.2512G>A, p.(Ala838Thr), mat (LP)

RAB3GAP2 (NM_012414.3) c.1613C>T, p.(Pro538Leu), mat

POLG (NM_002693.2) c.2542G>A, p.(Gly848Ser), mat

TNNC1 (NM_003280.2) c.304C>T, p.(Arg102Cys), pat

LDB3 (NM_007078.2) c.1051A>G, p.(Thr351Ala), pat

MYH6 (NM_002471.3) c.4193G>A, p.(Arg1398Gln), pat

ANKRD11 (NM_001256182.1) c.244C>T, p.(Arg82Trp), pat

DTNA (NM_001198939.1) c.153C>G, p.(His51Gln), pat

DTNA (NM_001198939.1) c.239G>A, p.(Arg80His), pat

Normal

F5P1 DCM Cardiomyopathy (HP:0001638)

Leukopenia (HP:0001882)

Inflammation of the large intestine (HP:0002037)

Hyperammonemia (HP:0001987)

TTN (NM_001267550.1) c.89314G>T, p.(Glu29772*), pat (LP)

SGSH (NM_000199.3) c.892T>C, p.(Ser298Pro) (AR) (P)

CPS1 (NM_001875.4) c.295C>A, p.(Pro99Thr)

WFS1 (NM_006005.3) c.605A>G, p.(Glu202Gly)

SYNE2 (NM_182914.2) c.20039G>A, p.(Arg6680Gln)

PLEKHM2 (NM_015164) c.820G>A, p.(Glu274Lys)

Dup1q21.1q21.2 (2.0 Mb)

Del 5q31.3 (178.0 Kb)
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Table 2. Paediatric DCM patients analysed with trio-exome sequencing and SNP array, with a genetic 

diagnosis.

ID Cardiac phenotype HPO terms Trio-exome sequencing SNP array

F1P1 DCM with features of LVNC 

Dysplastic tricuspid valve

Cardiomyopathy (HP:0001638)

Abnormality of the tricuspid valve (HP:0001702)

MYH7 (NM_000257.2) c.3113T>C, p.(Leu1038Pro), pat (P)

GYS1 (NM_002103.4) c.1204delA, p.(Arg402Glyfs*15), pat (AR) (P)

Normal

F1P2 DCM with features of LVNC

Dysplastic tricuspid valve

Cardiomyopathy (HP:0001638)

Abnormality of the tricuspid valve (HP:0001702)

MYH7 (NM_000257.2) c.3113T>C, p.(Leu1038Pro), pat (P)

RBM20 (NM_001134363.1) c.2042A>G, p.(Tyr681Cys), pat

NP

F2P1 DCM Cardiomyopathy (HP:0001638) TNNT2 (NM_001276347.1) c.629_631delAGA, p.(Lys210del), de novo (P)

CSRP3 (NM_003476.4) c.85A>G, p.(Ser29Gly), mat

PTPN11 (NM_002834.3) c.455G>A, p.(Arg152His), pat

Normal

F3P1 DCM Cardiomyopathy (HP:0001638) MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys), mat (P)

TTN (NM_001267550.1) c.62710T>C, p.(Cys20904Arg), mat

NP

F3P2 DCM Cardiomyopathy (HP:0001638) MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys), mat (P)

MYH7 (NM_000257.2) c.328G>A, p.(Gly110Ser), pat

SYNE1 (NM_182961.3) c.18727G>A, p.(Glu6243Lys), mat

FHL1 (NM_001159702.2) 968C>T, p.(Pro323Leu), mat

NP

F3P3 DCM Cardiomyopathy (HP:0001638) MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys), pat (P) NP

F4P1 DCM Cardiomyopathy (HP:0001638)

Multifocal atrial tachycardia (HP:0011701)

Supraventricular tachycardia (HP:004755)

SCN5A (NM_001099404.1) c.2512G>A, p.(Ala838Thr), mat (LP)

RAB3GAP2 (NM_012414.3) c.1613C>T, p.(Pro538Leu), mat

POLG (NM_002693.2) c.2542G>A, p.(Gly848Ser), mat

TNNC1 (NM_003280.2) c.304C>T, p.(Arg102Cys), pat

LDB3 (NM_007078.2) c.1051A>G, p.(Thr351Ala), pat

MYH6 (NM_002471.3) c.4193G>A, p.(Arg1398Gln), pat

ANKRD11 (NM_001256182.1) c.244C>T, p.(Arg82Trp), pat

DTNA (NM_001198939.1) c.153C>G, p.(His51Gln), pat

DTNA (NM_001198939.1) c.239G>A, p.(Arg80His), pat

Normal

F5P1 DCM Cardiomyopathy (HP:0001638)

Leukopenia (HP:0001882)

Inflammation of the large intestine (HP:0002037)

Hyperammonemia (HP:0001987)

TTN (NM_001267550.1) c.89314G>T, p.(Glu29772*), pat (LP)

SGSH (NM_000199.3) c.892T>C, p.(Ser298Pro) (AR) (P)

CPS1 (NM_001875.4) c.295C>A, p.(Pro99Thr)

WFS1 (NM_006005.3) c.605A>G, p.(Glu202Gly)

SYNE2 (NM_182914.2) c.20039G>A, p.(Arg6680Gln)

PLEKHM2 (NM_015164) c.820G>A, p.(Glu274Lys)

Dup1q21.1q21.2 (2.0 Mb)

Del 5q31.3 (178.0 Kb)
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Table 2. Continued.

ID Cardiac phenotype HPO terms Trio-exome sequencing SNP array

F6P1* DCM Cardiomyopathy (HP:0001638)

Hepatomegaly (HP:0002240)

Right ventricular failure (HP:0001708)

GLB1 (NM_000404.2) c.176G>A, p.(Arg59His) (homozygous), pat, mat* 

(P)

TBX20 (NM_001077653.2) c.456C>G, p.(Ile152Met) (LP)

MYBPC3 (NM_000256.3) c.194C>T, p.(Thr65Met)

MYH6 (NM_002471.3) c.4037G>A, p.(Arg1346Gln)

RAF1 (NM_002880.3) c.29C>T, p.(Thr10Met)

LIAS (NM_006859.3) c.1114C>A, p.(Leu372Ile)

ABCB4 (NM_018849.2) c.3829G>T, p.(Val1277Phe)

SERPINA1 (NM_001127701.1) c.936A>T, p.(Leu312Phe)

SERPINA1 (NM_001127701.1) c.952A>T, p.(Thr318Ser)

FANCA (NM_001286167.1) c.871A>G, p.(Thr291Ala)

PTRF (NM_012232.5) c.7G>A, p.(Asp3Asn)

SDHAF1 (NM_001042631.2) c.334C>T, p.(Pro112Ser)

XIAP (NM_001167.3) c.838A>C, p.(Asn280His)

10 homozygous regions > 

10 Mb

F7P1 DCM Cardiomyopathy (HP:0001638) 

Myopathy (HP:0003198)

SPEG (NM_005876) c.9185_9187delTGG; p.(Val3062del) (homozygous) 

(P)

6 homozygous regions > 

10 Mb

F8P1 DCM with

LVH

Cardiomyopathy (HP:0001638)

Myopathy (HP:0003798)

TPM1 (NM_001018004.1) c.475G>A, p.(Asp159Asn), de novo (P)

MYPN (NM_032578.3) c.416_412delinsTGG, p.(Gln139_

Cys141delinsLeuGly), pat

PDE11A (NM_016953.3) c.919C>T p.(Arg307*), mat

NEBL (NM_006393.2) c.1715C>T, p.(Ser572Phe), pat

COQ4 (NM_016035.4) c.653delT, p.(Leu218*), mat (AR)

Normal

F9P1 DCM Cardiomyopathy (HP:0001638)

Hypertension (HP:0000822)

MYH7 (NM_000257.2) c.3100-2A>C, pat (LP)

PEX1 (NM_000466.2) c.2528G>A, p.(Gly843Asp), mat (AR) (P)

FHL2 (NM_201555.1) c.487_488delGT, p.(Val163Serfs*42), mat

DSP (NM_004415.2) c.8300C>G, p.(Thr2767Ser), pat 

Normal

F10P1 DCM Cardiomyopathy (HP:0001638) 

Abnormality of metabolism/homeostasis 

(HP:0001939)

MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala) (LP)

TMPO (NM_001032283.2) c.232G>C, p.(Gly78Arg)

PCCA (NM_000282.3) c.1896A>G, p.(=)

FKBP10 (NM_021939.3) c.210C>G, p.(Asn70Lys)

PCK1 (NM_002591.3) c.1375G>A, p.(Ala459Thr)

Normal

F14P1 DCM

Myxoid mitral valve

Cardiomyopathy (HP:0001638)

Abnormality of the heart valves (HP:0001654)

MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala), mat (LP) Normal

F25P1 DCM Cardiomyopathy (HP:0001638)

Microcephaly (HP:000252)

Developmental delay (HP:0001263)

CEP135 (NM_025009.4) c.874C>T, p.(Arg292*), pat

c.3118_3121delAACA, p.(Asn1040Glufs*9), mat 

DMD (NM_004006.2) c.1536C>A, p.(His512Gln), mat

PCCA (NM_000282.3) c.1289G>A, p.(Arg430Gln), mat

PCCB (NM_001178014.1) c.875G>A, p.(Arg292Gln), mat

Normal
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Table 2. Continued.

ID Cardiac phenotype HPO terms Trio-exome sequencing SNP array

F6P1* DCM Cardiomyopathy (HP:0001638)

Hepatomegaly (HP:0002240)

Right ventricular failure (HP:0001708)

GLB1 (NM_000404.2) c.176G>A, p.(Arg59His) (homozygous), pat, mat* 

(P)

TBX20 (NM_001077653.2) c.456C>G, p.(Ile152Met) (LP)

MYBPC3 (NM_000256.3) c.194C>T, p.(Thr65Met)

MYH6 (NM_002471.3) c.4037G>A, p.(Arg1346Gln)

RAF1 (NM_002880.3) c.29C>T, p.(Thr10Met)

LIAS (NM_006859.3) c.1114C>A, p.(Leu372Ile)

ABCB4 (NM_018849.2) c.3829G>T, p.(Val1277Phe)

SERPINA1 (NM_001127701.1) c.936A>T, p.(Leu312Phe)

SERPINA1 (NM_001127701.1) c.952A>T, p.(Thr318Ser)

FANCA (NM_001286167.1) c.871A>G, p.(Thr291Ala)

PTRF (NM_012232.5) c.7G>A, p.(Asp3Asn)

SDHAF1 (NM_001042631.2) c.334C>T, p.(Pro112Ser)

XIAP (NM_001167.3) c.838A>C, p.(Asn280His)

10 homozygous regions > 

10 Mb

F7P1 DCM Cardiomyopathy (HP:0001638) 

Myopathy (HP:0003198)

SPEG (NM_005876) c.9185_9187delTGG; p.(Val3062del) (homozygous) 

(P)

6 homozygous regions > 

10 Mb

F8P1 DCM with

LVH

Cardiomyopathy (HP:0001638)

Myopathy (HP:0003798)

TPM1 (NM_001018004.1) c.475G>A, p.(Asp159Asn), de novo (P)

MYPN (NM_032578.3) c.416_412delinsTGG, p.(Gln139_

Cys141delinsLeuGly), pat

PDE11A (NM_016953.3) c.919C>T p.(Arg307*), mat

NEBL (NM_006393.2) c.1715C>T, p.(Ser572Phe), pat

COQ4 (NM_016035.4) c.653delT, p.(Leu218*), mat (AR)

Normal

F9P1 DCM Cardiomyopathy (HP:0001638)

Hypertension (HP:0000822)

MYH7 (NM_000257.2) c.3100-2A>C, pat (LP)

PEX1 (NM_000466.2) c.2528G>A, p.(Gly843Asp), mat (AR) (P)

FHL2 (NM_201555.1) c.487_488delGT, p.(Val163Serfs*42), mat

DSP (NM_004415.2) c.8300C>G, p.(Thr2767Ser), pat 

Normal

F10P1 DCM Cardiomyopathy (HP:0001638) 

Abnormality of metabolism/homeostasis 

(HP:0001939)

MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala) (LP)

TMPO (NM_001032283.2) c.232G>C, p.(Gly78Arg)

PCCA (NM_000282.3) c.1896A>G, p.(=)

FKBP10 (NM_021939.3) c.210C>G, p.(Asn70Lys)

PCK1 (NM_002591.3) c.1375G>A, p.(Ala459Thr)

Normal

F14P1 DCM

Myxoid mitral valve

Cardiomyopathy (HP:0001638)

Abnormality of the heart valves (HP:0001654)

MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala), mat (LP) Normal

F25P1 DCM Cardiomyopathy (HP:0001638)

Microcephaly (HP:000252)

Developmental delay (HP:0001263)

CEP135 (NM_025009.4) c.874C>T, p.(Arg292*), pat

c.3118_3121delAACA, p.(Asn1040Glufs*9), mat 

DMD (NM_004006.2) c.1536C>A, p.(His512Gln), mat

PCCA (NM_000282.3) c.1289G>A, p.(Arg430Gln), mat

PCCB (NM_001178014.1) c.875G>A, p.(Arg292Gln), mat

Normal
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Table 2. Continued.

ID Cardiac phenotype HPO terms Trio-exome sequencing SNP array

F29P1 DCM

PDA 

Multiple apical VSDs

Postmortem: hypertrabecularisation, 

subendocardial fibroelastosis

Cardiomyopathy (HP:0001638) FLNC (NM_001458) c.1673G>A, p.(Arg558His)

SPEG (NM_005876.4) c.4822G>A, p.(Gly1608Ser)

TTN (NM_001267550.2) c.103879G>C, p.(Asp34627His)

Del 1p36.33p36.32 (3,6 

Mb), de novo (P)

F30P1 DCM Cardiomyopathy (HP:0001638) MYH7 (NM_000257.2) c.1633G>A p.(Asp545Asn) and c.2863G>A 

p.(Asp955Asn) in cis, pat (P)

Normal

F31P1 DCM with features of LVNC Cardiomyopathy (HP:0001638) Negative Del 10q25.2 (204.4 Kb), 

de novo (P)

Variants classified as pathogenic (P) or likely pathogenic (LP) are indicated in bold, other variants are 

classified as of unknown significance (VUS). Ten of the 13 variants (76.9%) were heterozygous and found 

in genes encoding structural components of cardiomyocytes: one in cardiac troponin T2 (TNNT2), one 

in sodium channel, voltage gated, type V, alpha (SCN5A), one in titin (TTN), one in alpha tropomyosin 1 

(TPM1), two in regulatory light chain-2 of myosin (MYL2), and four in the cardiac beta-myosin heavy chain 

7 (MYH7) gene. Two of these were de novo variants, c.629_631delAGA, p.(Lys201del) in TNNT2 and 

c.475G>A, p.(Asp159Asn) in TPM1. We identified no genomic deletion harbouring autosomal recessive 

(AR) disease genes on the other allele in any patients who carried a heterozygous pathogenic AR disease 

mutation. 

DCM=dilated cardiomyopathy, del=deletion, dup=duplication, F1P1=family 1 - patient 1, HPO=Human 

Phenotype Ontology, LVH=left ventricular hypertrophy, LVNC=left ventricular noncompaction, 

mat=maternal, NP=not performed, pat=paternal, PDA=patent ductus arteriosus, SNP=single-nucleotide 

polymorphism, VSD=ventricular septal defect.

*In patient F6P1, who carried a homozygous GLB1 mutation, we confirmed GM1 gangliosidosis by 

β-galactosidase enzyme analysis in peripheral blood leukocytes (1% residual activity). 
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Table 2. Continued.

ID Cardiac phenotype HPO terms Trio-exome sequencing SNP array

F29P1 DCM

PDA 

Multiple apical VSDs

Postmortem: hypertrabecularisation, 

subendocardial fibroelastosis

Cardiomyopathy (HP:0001638) FLNC (NM_001458) c.1673G>A, p.(Arg558His)

SPEG (NM_005876.4) c.4822G>A, p.(Gly1608Ser)

TTN (NM_001267550.2) c.103879G>C, p.(Asp34627His)

Del 1p36.33p36.32 (3,6 

Mb), de novo (P)

F30P1 DCM Cardiomyopathy (HP:0001638) MYH7 (NM_000257.2) c.1633G>A p.(Asp545Asn) and c.2863G>A 

p.(Asp955Asn) in cis, pat (P)

Normal

F31P1 DCM with features of LVNC Cardiomyopathy (HP:0001638) Negative Del 10q25.2 (204.4 Kb), 

de novo (P)

Variants classified as pathogenic (P) or likely pathogenic (LP) are indicated in bold, other variants are 

classified as of unknown significance (VUS). Ten of the 13 variants (76.9%) were heterozygous and found 

in genes encoding structural components of cardiomyocytes: one in cardiac troponin T2 (TNNT2), one 

in sodium channel, voltage gated, type V, alpha (SCN5A), one in titin (TTN), one in alpha tropomyosin 1 

(TPM1), two in regulatory light chain-2 of myosin (MYL2), and four in the cardiac beta-myosin heavy chain 

7 (MYH7) gene. Two of these were de novo variants, c.629_631delAGA, p.(Lys201del) in TNNT2 and 

c.475G>A, p.(Asp159Asn) in TPM1. We identified no genomic deletion harbouring autosomal recessive 

(AR) disease genes on the other allele in any patients who carried a heterozygous pathogenic AR disease 

mutation. 

DCM=dilated cardiomyopathy, del=deletion, dup=duplication, F1P1=family 1 - patient 1, HPO=Human 

Phenotype Ontology, LVH=left ventricular hypertrophy, LVNC=left ventricular noncompaction, 

mat=maternal, NP=not performed, pat=paternal, PDA=patent ductus arteriosus, SNP=single-nucleotide 

polymorphism, VSD=ventricular septal defect.

*In patient F6P1, who carried a homozygous GLB1 mutation, we confirmed GM1 gangliosidosis by 

β-galactosidase enzyme analysis in peripheral blood leukocytes (1% residual activity). 
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Table 3. Paediatric DCM patients analysed with trio-exome sequencing and SNP array, without a 

genetic diagnosis to explain their DCM.

ID Cardiac phenotype HPO terms Result SNP array

F11P1 DCM Cardiomyopathy (HP:0001638) PRDM16 (NM_022114) c.1882G>A, p.(Asp628Asn) Dup 20p12.3-p12.2 (512 Kb), 

mat

F12P1 DCM Cardiomyopathy (HP:0001638)

Arrhythmia (HP:0011675)

TERT (NM_198253.2) c.1323_1325delGGA, p.(Glu441del), mat

KCNH2 (NM_000238.3) c.3052C>G, p.(Pro1018Ala), mat

NP

F13P1 DCM with restrictive component

Recently revised as constrictive 

pericarditis

Cardiomyopathy (HP:0001638) GSN (NM_000177.4) c.130dupG, p.(Val44Glyfs*68), mat 

KRAS (NM_033360.2) c.540T>A, p.(Cys180*), pat

DMD (NM_004006.2) c.3816G>C, p.(Leu1272Phe), mat 

Normal

F15P1 DCM Cardiomyopathy (HP:0001638) SYNE1 (NM_182961.3) c.25381G>A, p.(Glu8461Lys), pat

SYNE1 (NM_182961.3) c.26165G>A, p.(Gly8722Asp), pat

RYR2 (NM_001035.2) c.14757-7_14757-6delinsAT, pat

SCN5A (NM_001099404.1) c.2924G>A, p.(Arg975Gln), mat

NDUFA11 (NM_001193375.1) c.685T>C, p.(*229Argext*21), mat

Normal

F16P1 DCM Cardiomyopathy (HP:0001638) TNNT2 (NM_001276347.1) c.522G>C, p.(Lys174Asn), mat

FLNC (NM_001458) c.5791C>T, p.(Arg1931Cys), pat

Dup 4q35.2 (666 Kb)

Several homozygous regions > 

3 Mb

F16P2 DCM

ASD type II

Cardiomyopathy (HP:0001638)

Abnormality of the kidney (HP:0000077)

Abnormality of the cardiac septa (HP:001671) 

TNNT2 (NM_001276347.1) c.522G>C, p.(Lys174Asn), mat 

APC (NM_000038.5) c.4625C>G, p.(Pro1542Arg), mat 

SYNE1 (NM_182961.3) c.6589T>C, p.(Ser2197Pro), mat 

OCA2 (NM_000275.2) c.1327G>A, p.(Val443Ile), mat

SLC26A4 (NM_000441.1) c.2235G>A, p.(=), de novo 

CTNNA3 (NM_013266) c.2314A>G, p.(Ile772Val), mat

Several homozygous regions > 

3 Mb

F17P1 SCD

Autopsy: DCM/NCCM with RVH/

LVH 

Cardiomyopathy (HP:0001638)

Seizures (HP:001250)

PMM2 (NM_000303.2) c.422G>A, p.(Arg141His), mat (AR)

DPYD (NM_000110.3) c.557A>G, p.(Tyr186Cys), pat 

NDUFA10 (NM_004544.3) c.332A>G, p.(Asn111Ser), pat 

NDUFA10 (NM_004544.3) c.506T>C, p.(Phe169Ser), mat 

SCN5A (NM_001099404.1) c.5860G>A, p.(Glu1954Lys), pat

Normal

F18P1 DCM Cardiomyopathy (HP:0001638) LDB3 (NM_001171610) c.676G>A, p.(Gly226Arg), pat Normal

F19P1 DCM Cardiomyopathy (HP:0001638) DTNA (NM_001392.4) c.*5A>G, mat, pat NP

F20P1 DCM Cardiomyopathy (HP:0001638)

Arrhythmia (HP:0011675) 

SDHA (NM_001294332.1) c.544G>C, p.(Glu182Gln), pat

ERCC6 (NM_000124.2) c.1670G>A, p.(Arg557His), pat

NP

F21P1 DCM Cardiomyopathy (HP:0001638) TTN (NM_001267550.1) c.98119G>C, p.(Asp32707His), mat

TTN (NM_001267550.1) c.11996A>G, p.(Asn3999Ser), mat

PLEC (NM_201380.3) c.8321C>T, p.(Ala2774Val), mat 

PLEC (NM _201380.3) c.10964A>G, p.(His3655Arg), pat

ANKRD1 (NM_014391.2) c.461G>A, p.(Arg154Gln), mat

Normal

F22P1 DCM

HLHS

Cardiomyopathy (HP:0001638)

Hypoplastic left heart (HP:0004383)

Congenital malformation of the left heart 

(HP:00045017)

NDUFS4 (NM_002495.2) c.278A>G, p.(Asn93Ser), mat 

DSG2 (NM_001943.3) c.2623A>G, p.(Met875Val) , pat

Del 1q44 (323.9 Kb)
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Table 3. Paediatric DCM patients analysed with trio-exome sequencing and SNP array, without a 

genetic diagnosis to explain their DCM.

ID Cardiac phenotype HPO terms Result SNP array

F11P1 DCM Cardiomyopathy (HP:0001638) PRDM16 (NM_022114) c.1882G>A, p.(Asp628Asn) Dup 20p12.3-p12.2 (512 Kb), 

mat

F12P1 DCM Cardiomyopathy (HP:0001638)

Arrhythmia (HP:0011675)

TERT (NM_198253.2) c.1323_1325delGGA, p.(Glu441del), mat

KCNH2 (NM_000238.3) c.3052C>G, p.(Pro1018Ala), mat

NP

F13P1 DCM with restrictive component

Recently revised as constrictive 

pericarditis

Cardiomyopathy (HP:0001638) GSN (NM_000177.4) c.130dupG, p.(Val44Glyfs*68), mat 

KRAS (NM_033360.2) c.540T>A, p.(Cys180*), pat

DMD (NM_004006.2) c.3816G>C, p.(Leu1272Phe), mat 

Normal

F15P1 DCM Cardiomyopathy (HP:0001638) SYNE1 (NM_182961.3) c.25381G>A, p.(Glu8461Lys), pat

SYNE1 (NM_182961.3) c.26165G>A, p.(Gly8722Asp), pat

RYR2 (NM_001035.2) c.14757-7_14757-6delinsAT, pat

SCN5A (NM_001099404.1) c.2924G>A, p.(Arg975Gln), mat

NDUFA11 (NM_001193375.1) c.685T>C, p.(*229Argext*21), mat

Normal

F16P1 DCM Cardiomyopathy (HP:0001638) TNNT2 (NM_001276347.1) c.522G>C, p.(Lys174Asn), mat

FLNC (NM_001458) c.5791C>T, p.(Arg1931Cys), pat

Dup 4q35.2 (666 Kb)

Several homozygous regions > 

3 Mb

F16P2 DCM

ASD type II

Cardiomyopathy (HP:0001638)

Abnormality of the kidney (HP:0000077)

Abnormality of the cardiac septa (HP:001671) 

TNNT2 (NM_001276347.1) c.522G>C, p.(Lys174Asn), mat 

APC (NM_000038.5) c.4625C>G, p.(Pro1542Arg), mat 

SYNE1 (NM_182961.3) c.6589T>C, p.(Ser2197Pro), mat 

OCA2 (NM_000275.2) c.1327G>A, p.(Val443Ile), mat

SLC26A4 (NM_000441.1) c.2235G>A, p.(=), de novo 

CTNNA3 (NM_013266) c.2314A>G, p.(Ile772Val), mat

Several homozygous regions > 

3 Mb

F17P1 SCD

Autopsy: DCM/NCCM with RVH/

LVH 

Cardiomyopathy (HP:0001638)

Seizures (HP:001250)

PMM2 (NM_000303.2) c.422G>A, p.(Arg141His), mat (AR)

DPYD (NM_000110.3) c.557A>G, p.(Tyr186Cys), pat 

NDUFA10 (NM_004544.3) c.332A>G, p.(Asn111Ser), pat 

NDUFA10 (NM_004544.3) c.506T>C, p.(Phe169Ser), mat 

SCN5A (NM_001099404.1) c.5860G>A, p.(Glu1954Lys), pat

Normal

F18P1 DCM Cardiomyopathy (HP:0001638) LDB3 (NM_001171610) c.676G>A, p.(Gly226Arg), pat Normal

F19P1 DCM Cardiomyopathy (HP:0001638) DTNA (NM_001392.4) c.*5A>G, mat, pat NP

F20P1 DCM Cardiomyopathy (HP:0001638)

Arrhythmia (HP:0011675) 

SDHA (NM_001294332.1) c.544G>C, p.(Glu182Gln), pat

ERCC6 (NM_000124.2) c.1670G>A, p.(Arg557His), pat

NP

F21P1 DCM Cardiomyopathy (HP:0001638) TTN (NM_001267550.1) c.98119G>C, p.(Asp32707His), mat

TTN (NM_001267550.1) c.11996A>G, p.(Asn3999Ser), mat

PLEC (NM_201380.3) c.8321C>T, p.(Ala2774Val), mat 

PLEC (NM _201380.3) c.10964A>G, p.(His3655Arg), pat

ANKRD1 (NM_014391.2) c.461G>A, p.(Arg154Gln), mat

Normal

F22P1 DCM

HLHS

Cardiomyopathy (HP:0001638)

Hypoplastic left heart (HP:0004383)

Congenital malformation of the left heart 

(HP:00045017)

NDUFS4 (NM_002495.2) c.278A>G, p.(Asn93Ser), mat 

DSG2 (NM_001943.3) c.2623A>G, p.(Met875Val) , pat

Del 1q44 (323.9 Kb)
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Table 3. Continued.

ID Cardiac phenotype HPO terms Result SNP array

F23P1 DCM with LVH Cardiomyopathy (HP:0001638)

Seizures (HP:0001250)

TTN (NM_001267550.1) c.35189_35191delAAG, 

p.(Glu11730del), pat 

JUP (NM_002230.2) c.778G>A, p.(Ala260Thr), pat

Normal

F24P1 DCM 

Multiple VSDs

ASD

Cardiomyopathy (HP:0001638) ANKRD11 (NM_001256182.1) c.2880G>C, p.(Glu960Asp), pat

TTN (NM_001267550.1) c.51443C>G, p.(Pro17148Arg), mat

Del 17q21.31 (676 Kb), de novo 

(P) - Koolen-de Vries syndrome 

(OMIM #610443)

F26P1 DCM Cardiomyopathy (HP:0001638) TTN (NM_001267550.1) c.13048G>A, p.(Val4350Met)

JUP (NM_002230.2) c.1571T>C, p.(Ile524Thr)

Normal

F27P1 DCM Cardiomyopathy (HP:0001638) RAB3GAP2 (NM_012414.3) c.683_684delTT, 

p.(Leu228Profs*16), pat (AR)

TTN (NM_001267550.1) c.55355C>G, p.(Ser18452Cys), pat

TTN (NM_001267550.1) c.43700G>C, p.(Arg14567Thr), pat

COL7A1 (NM_000094.3) c.6977C>A, p.(Pro2326Gln), pat

POLG (NM_002693.2) c.3064C>G, p.(Leu1022Val), mat

EPG5 (NM_020964.2) c.4169A>G, p.(Tyr1390Cys), pat

Normal

F28P1 DCM Cardiomyopathy (HP:0001638) RBM20 (NM_001134363.2) c.2042A>G, p.(Tyr681Cys), pat Normal

Variants classified as definitely pathogenic (P) or likely pathogenic (LP) are indicated in bold, other variants 

are classified as of unknown significance (VUS). 

AR=autosomal recessive, ASD=atrial septal defect, DCM=dilated cardiomyopathy, del=deletion, 

dup=duplication, HLHS=hypoplastic left heart syndrome, HPO=human phenotype ontology, LVH=left 

ventricular hypertrophy, LVNC=left ventricular noncompaction, mat=maternal, NCCM=noncompaction 

cardiomyopathy, NP= not performed, pat=paternal, RVH=right ventricular hypertrophy, SCD=sudden 

cardiac death, SNP=single-nucleotide polymorphism, VSD=ventricular septal defect.
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Table 3. Continued.

ID Cardiac phenotype HPO terms Result SNP array

F23P1 DCM with LVH Cardiomyopathy (HP:0001638)

Seizures (HP:0001250)

TTN (NM_001267550.1) c.35189_35191delAAG, 

p.(Glu11730del), pat 

JUP (NM_002230.2) c.778G>A, p.(Ala260Thr), pat

Normal

F24P1 DCM 

Multiple VSDs

ASD

Cardiomyopathy (HP:0001638) ANKRD11 (NM_001256182.1) c.2880G>C, p.(Glu960Asp), pat

TTN (NM_001267550.1) c.51443C>G, p.(Pro17148Arg), mat

Del 17q21.31 (676 Kb), de novo 

(P) - Koolen-de Vries syndrome 

(OMIM #610443)

F26P1 DCM Cardiomyopathy (HP:0001638) TTN (NM_001267550.1) c.13048G>A, p.(Val4350Met)

JUP (NM_002230.2) c.1571T>C, p.(Ile524Thr)

Normal

F27P1 DCM Cardiomyopathy (HP:0001638) RAB3GAP2 (NM_012414.3) c.683_684delTT, 

p.(Leu228Profs*16), pat (AR)

TTN (NM_001267550.1) c.55355C>G, p.(Ser18452Cys), pat

TTN (NM_001267550.1) c.43700G>C, p.(Arg14567Thr), pat

COL7A1 (NM_000094.3) c.6977C>A, p.(Pro2326Gln), pat

POLG (NM_002693.2) c.3064C>G, p.(Leu1022Val), mat

EPG5 (NM_020964.2) c.4169A>G, p.(Tyr1390Cys), pat

Normal

F28P1 DCM Cardiomyopathy (HP:0001638) RBM20 (NM_001134363.2) c.2042A>G, p.(Tyr681Cys), pat Normal

Variants classified as definitely pathogenic (P) or likely pathogenic (LP) are indicated in bold, other variants 

are classified as of unknown significance (VUS). 

AR=autosomal recessive, ASD=atrial septal defect, DCM=dilated cardiomyopathy, del=deletion, 

dup=duplication, HLHS=hypoplastic left heart syndrome, HPO=human phenotype ontology, LVH=left 

ventricular hypertrophy, LVNC=left ventricular noncompaction, mat=maternal, NCCM=noncompaction 

cardiomyopathy, NP= not performed, pat=paternal, RVH=right ventricular hypertrophy, SCD=sudden 

cardiac death, SNP=single-nucleotide polymorphism, VSD=ventricular septal defect.
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Potential yield

Because we excluded patients with a known genetic diagnosis, our overall diagnostic yield is an 

underestimation. To compensate, we included these families retrospectively and calculated the 

potential yield. If we had included the 13 families who were initially excluded, the estimated yield 

would have been 53.9% (95% CI: 37.4-68.7%) (Figure 2).

Step 1: WES filter 
gene panel of 60 
CMP genes 

Step 2: CNV analysis 
using SNP array 

Step 3: WES filter 
virtual gene panel of 
250 CM genes 

Step 4: WES filter 
virtual gene panel 
with extra HPO 
terms 

All variants WES All variants WES 

Of the 13 families with a 
known genetic diagnosis (who 
were initially excluded from 
WES/CNV analysis), this 
number would have been 
identified by our approach (x 
0.43) 

+7 

+3 

+1 

+0 

Internal yield Potential yield 

32.3%  
(10/31) 

38.7% 
(12/31) 

45.2% 
(14/31) 

48.4% 
(15/31) 

35.6% 

44.6% 

51.2% 

53.9% 

VUS  
(mean number 

per person) 

37 
(1.06) 

42 
(1.20) 

84 
(2.40) 

96 
(2.74) 

Figure 2. Our proposed stepwise diagnostic approach for analysing paediatric DCM patients and the 

resulting internal and potential yields. Step 1. Analysis of a limited selection of 60 genes, encoding mostly 

structural components of cardiomyocytes. Step 2. CNV analysis, including homozygosity analysis. Step 3. 

Reanalysis of the data by filtering for variants in a comprehensive virtual gene panel, based on the HPO term 

“cardiomyopathy”. Step 4. Adding more HPO terms for filtering in those patients presenting with additional 

cardiac and/or noncardiac features. In the group without a diagnosis, 43% (31/72 families) agreed to undergo 

ES and CNV analysis. We reasoned that the group of 16 patients (from 13 families, Supplemental Table 1) with 

a known genetic diagnosis, to whom we did not offer ES/CNV analysis, would not differ much from the group 

that was eligible for ES/CNV analysis (e.g., no bias in severity of DCM or number of familial cases). Therefore, 

the same percentage of inclusions should also be applicable to this ‘not offered ES/CNV analysis’ group. Eleven 

of these 13 families would have been identified by our approach if ES/CNV analysis had been performed as the 

first-tier test. The potential yield would therefore be the sum of the internal yield (15/31 families) plus the 0.43 

proportion of the excluded patients who already had a genetic diagnosis (15+(11*0.43))/(31+(13*0.43)), which 

is 53.9%. CM=cardiomyopathy, CNV=copy-number variation, DCM=dilated cardiomyopathy, ES=exome 

sequencing, HPO=Human Phenotype Ontology, SNP=single-nucleotide polymorphism, VUS=variant of 

unknown significance, WES= whole-exome sequencing.
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Variants of unknown significance

We identified up to 11 VUS per patient (n = 96, mean 2.74 per patient), including 5 chromosomal 

CNVs (Tables 2 and 3). During our study, the MYL2 c.263A>C, p.(Glu88Ala) variant (identified in 

two patients) was reclassified as likely pathogenic, based on segregation analysis in three families 

and the identification of a common haplotype (Supplementary Data 1 and Supplemental 

Figure 1).

Incidental findings

No IFs in AD inherited disease genes were found. A pathogenic variant in AR inherited disease 

genes was identified in 5 of the 35 patients (14.3%) (Tables 2 and 3): in GYS1 (Glycogen storage 

disease 0, muscle, OMIM 138570), in SGSH (Mucopolysaccharidosis type IIIA, OMIM 252900), 

in PEX1 (peroxisome biogenesis disorder 1A, OMIM 214100), in PMM2 (congenital disorder 

of glycosylation type Ia, OMIM 212065), and in RAB3GAP2 (Warburg micro syndrome 2, 

OMIM 614225; Martsolf syndrome, OMIM 212720). None of the patients’ phenotypes fits 

the respective disease, and the carrier frequency of a disease-causing mutation in each of the 

five genes is <1/60. 

Toward the most effective analysis strategy

Based on our results, we retrospectively tested a stepwise analysis on our data. To determine 

the most effective approach for genetic testing and data analysis, leading to the highest increase 

in yield at each subsequent diagnostic step, we also included the patients who already had a 

diagnosis. Most such genetic diagnoses would have been made by analysing only a limited 

selection of well-known CM genes (35.6%; 95% CI: 22.7-53.0%) (Figure 2, step 1). Subsequently, 

adding CNV analysis would have resulted in an increase in diagnostic yield to 44.6% (95% CI: 

29.9-61.1%) (Figure 2, step 2). Finally, filtering the data by generating a virtual gene panel based 

on the HPO term cardiomyopathy (HP:0001638) in the patients still without a genetic diagnosis 

and subsequently adding more HPO terms, where appropriate, would have led to an increase 

of up to 51.2% (95% CI: 34.8-66.2%) and 53.9% (95% CI: 37.4-68.7 %) diagnoses, respectively.

The numbers of VUS identified per step are shown in Figure 2. We only encountered carriers 

of AR diseases at step 3 in this study and no IFs.
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Discussion

Paediatric DCM is a relatively rare but life-threatening disease with a strong genetic component. 

Genetic testing improves its clinical management and has become an essential part of contemporary 

care for children with DCM and their families. NGS technology offers excellent opportunities for 

efficient genetic diagnostics in general, but little has been reported for paediatric DCM. We had a 

relatively large cohort of unselected, well-phenotyped patients that provided a unique opportunity 

to implement and test the efficacy of an approach involving CNV analysis and trio-based ES with 

analysis of a virtual gene panel of more than 310 CM-related genes. The use of HPO terms for 

data filtering has major advantages over a fixed gene panel as they are automatically updated 

and patient-specific terms can be used. Testing 31 probands with DCM and their parents, our 

approach yielded a diagnosis in 48.4% (15/31). Applying this approach retrospectively to all our 

cases, including those who already had a genetic diagnosis, would have resulted in a yield > 50%.

We have also shown that the same genetic workup is justified in patients with possible myocarditis 

and childhood cancer survivors in whom DCM presents as a toxic side effect. The high yield 

obtained with our approach also holds an important implication: that in many cases, a ‘genetics-

first’ approach can reduce or even avoid costly intensive care for some children (e.g., F6P1 and 

F29P1) or replace other time-consuming and/or invasive, nongenetic diagnostic testing (e.g., 

F7P1). Moreover, a prospective study by Stark et al.31 showed that ES used early in the diagnostic 

pathway more than triples the diagnostic rate for one-third of the cost per diagnosis.

Stepwise diagnostic approach

To reduce the analytic effort, the number of VUS, the cost and the chance of identifying IFs, 

we now propose a standardized, stepwise analysis of a subset of genomic data in paediatric 

DCM cases (Figure 2). We prioritized the diagnostic steps according to the highest increase 

in yield per step. We do not claim that this strategy provides the best or quickest analytical 

path in general; rather, it represents an ad hoc approach inferred from our current results. The 

generalizability of our stepwise approach needs to be corroborated in larger cohorts, which 

also may lead to obtain greater insight into the meaning of variants in genes that are less often 

associated with CM.

Our study shows that restricting the analysis to genes encoding desmosomal cell adhesion 

proteins, sarcomeric proteins, and a few other, well-established CM genes (n = 60), would 

potentially yield a diagnosis in 35.6% of paediatric patients. This is slightly lower than the 

37% yield in a paediatric cohort reported by Rampersaud et al.18 However, they included 

predominantly familial DCM (85% of cases), whereas we included both familial cases (23%) and 

patients with a negative family history for CM (77%), although cardiac screening was performed 

in most, but not all, first-degree relatives.
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The addition of a CNV analysis would increase our potential yield to 44.6%. This rise can be 

explained by the relatively high percentage of patients diagnosed with Duchenne Muscular 

Dystrophy (Supplemental Table 1) who carry a deletion/duplication of (at least) the DMD gene.

Finally, reanalysing the data by filtering for variants in a comprehensive, but personalized, virtual 

gene panel based on HPO cardiomyopathy, plus additional HPO terms where appropriate, 

would have resulted in a total diagnostic potential of 51.2% and 53.9%, respectively (Figure 2, 

steps 3 and 4). Therefore, the presence/absence of syndromic or extracardiac features should 

indicate the extent of genetic analysis required in a clinical setting. The use of HPO terms and 

stepwise data analysis reduces the number of VUS and the chance of identifying IFs, which is 

in accordance with current guidelines for genetic testing in minors32 and more specifically for 

DCM.19

Pros and cons of our ES-based approach

Currently, the strategies for NGS of patients with CM can be divided into two fundamentally 

different approaches: targeted gene panel sequencing, with capture of a restricted set of genes, 

and ES/WGS. The pros and cons of these approaches for other patient categories have been 

extensively reviewed.33 Our approach combines the following advantages of both methods 

(for related examples from our cohort, see Supplementary Data 2). (1)  Although ES data 

interpretation is, in general, more complicated and time-consuming than targeted gene panel 

sequencing, using virtual gene panels to filter ES data reduces the number of genetic variants 

needing to be interpreted. Moreover, by filtering for variants in the genes of interest, the number 

of IFs and VUS is reduced. (2) In consanguineous families, variant filtering may first be restricted 

to homozygous regions. (3) Multiple relevant variants in one patient can be detected.18,34-36 (4) 

Novel traits may be identified by using additional HPO terms. (5) Our filter strategy can be 

applied to all cardiomyopathies that show clinical and genetic overlap and that are sometimes 

difficult to classify on echocardiographic parameters. (6) Having the full exome available offers 

the option to broaden the analysis if a diagnosis cannot be made and/or if clinical development 

indicates that other approaches are needed. This may involve alternative filtering or “opening” 

the exome, which could lead to identification of novel genes associated with paediatric CM, as 

we recently showed for ALPK3.37

However, an ES-based diagnostic approach also has some disadvantages: (1) A potentially 

lower vertical coverage of some regions compared to targeted gene panel sequencing may 

lead to some mutations being missed, although LaDuca et al. showed that ES covered 99.6% 

of mutations identified on a targeted NGS panel for cardiovascular diseases.38 Nevertheless, in 

patients for whom a specific disease, such as DMD, is strongly suspected, targeted sequencing 

of the candidate gene, including MLPA, may be preferred to ES. (2) Broadening analysis to a 

larger gene panel runs the risk of identifying VUS, as seen by the 2.5-fold higher yield of VUS 
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when we used expanded gene panels in our study. However, ES does allow for stepwise data 

analysis to minimize the number of additional VUS. The accuracy of variant interpretation can 

be improved by access to larger libraries of comprehensive sequencing data in well-phenotyped 

CM patients and well-documented controls, and with the availability of affected family members 

for segregation analyses. (3) A longer turnaround time. During our study, turnaround time was 

cut from > 26 weeks to 6 weeks, with the potential for even shorter times. (4) ES-based analysis 

is more expensive than targeted NGS. However, continuous technological innovations have 

already reduced its cost, and this trend will continue. (5) ES cannot be used to detect mutations 

in noncoding regions or in mitochondrial DNA (mtDNA), and, at the moment, our ES pipeline is 

not able to detect CNVs. However, several algorithms have been developed using a read-depth 

approach to identify CNVs in ES data39, which could increase our yield further.

WGS has several advantages over ES, including the possibility of detecting mtDNA sequence 

variants and CNVs and the elimination of time-consuming capturing steps, which is important 

for critically ill patients for whom a rapid diagnosis may influence treatment options.25 WGS may 

therefore be preferred over combined ES/CNV analysis in the future. However, given the extra 

cost of WGS, ES followed by virtual targeted stepwise analyses is currently still our preferred 

approach in a clinical diagnostic setting.

Future work and perspectives

We are now analysing the full exomes for our cohort in a research setting, using a gene-

prioritization method based on gene coexpression networks. We are also exploring the possibility 

of parallel ES and RNA sequencing to help pinpoint candidate genes and mutations. Careful 

family and cascade screening will offer more insight into the putative pathogenesis of VUS, 

while data sharing, mining and curation, in vitro and in vivo functional analyses, RNA-sequencing 

studies, and metabolomics are essential to gaining more insight into the pathogenicity of novel 

variants in genes implicated in paediatric DCM.

Conclusion

We have demonstrated that combining CNV analysis with trio-based ES yields a fast diagnosis in 

more than 50% of paediatric DCM probands, including those with possible myocarditis. To reach 

the highest increase in yield and reduce the chance of detecting noncontributory VUS or IFs, we 

propose a standardized, stepwise analysis of: (i) well-known CM genes, (ii) CNVs, (iii) all genes 

assigned to HPO cardiomyopathy, and (iv) if appropriate, genes assigned to other HPO terms in 

paediatric DCM cases. Stepwise filtering for variants in a virtual and flexible gene panel based 

on HPO terms is an effective diagnostic strategy for paediatric DCM. We report on a relatively 

small patient cohort, owing to the rarity of this disorder. However, the relevance of our approach 

should be explored in other and/or larger patient cohorts to confirm the superiority of CNV-

analysis and ES combined with targeted data analysis over other molecular and bioinformatic 
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diagnostic approaches. This also applies to the proposed strategy for adult DCM/CM patients, in 

whom an AD mode of inheritance is more prevalent than in children and in whom the phenotype 

has become clearer regarding noncardiac symptoms. The need for rapid diagnosis is generally 

less urgent in adults than in children. DCM in children may demand a different genetic approach 

from that used for adults.
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Supplemental Information

Supplementary Materials and methods

CNV-Analysis and homozygosity mapping (SNP array)

Genome-wide genotyping, using HumanCytoSNP-850K SNP array was performed, according 

to the manufacturer’s protocols (Illumina, San Diego, CA, USA). Raw data were normalized 

and converted into genotypes using GenomeStudio data analysis software and NEXUS 

(BioDiscovery Inc., El Segundo, CA, USA). CNVs were predefined as the loss of regions of DNA 

>150 kb or of at least 1 exon of a gene associated with disease in OMIM (http://ncbi.nlm.nih.gov/

omim), or the gain of regions of DNA >200 kb in size. CNVs were classified as VUS if no OMIM 

genes were located in the CNV, the deletion/duplication had not been related to a phenotype or 

reported in the literature, or the CNV did not explain the phenotype or had been described at 

least five times in a healthy control population (http://dgv.tcag.ca/dgv/app/home). Genotype files 

were uploaded into the web-based tool HomozygosityMapper in order to detect homozygous 

stretches (>10 Mb) (UCSC Genome Browser 2009 (GRCh37/hg19, http://genome.ucsc.edu/).

Exome sequencing and data analysis

Exome sequencing was performed in DNA of patients, including deceased ones, and of their 

parents. Genomic DNA was sheared by sonication (Covaris, Woburn, MA, USA). The exome was 

captured with the Agilent Sureselect XT Human All Exon V5 or V6 kit (Agilent, Santa Clara, CA, 

USA). Exome libraries were sequenced on an Illumina HiSeq2500 or a NextSeq500 instrument 

(Illumina, San Diego, CA, USA) with 2x 100 bp and 2x 150 bp paired-end reads, respectively, at 

an average coverage of 100x and with >90% of the exome covered >20x. The mean coverage 

for the coding regions of 60 well-known cardiomyopathy genes, as embedded in our targeted 

NGS panel, was 96% >20x. 

The exome sequencing data was analysed by converting the Bcl files from the sequencer to 

human readable format with the BclToFastQ tool (Illumina, San Diego, CA, USA), producing 

FastQ format. The resulting reads (in FastQ) were aligned to the human reference genome 

GRCh37/hg19 with the Burrows-Wheeler Aligner version 0.7.5a.1 Sambamba was used 

for processing the aligned reads and duplicate removal2 and then Genome Analysis Tool Kit 

(GATK) was applied for variant calling using standard settings.3,4 

WGS was done on two flow cells on a HiSeq2500HT instrument (Illumina) set to rapid-run 

modus, using 2x 100 bp paired-end sequencing (patient F26P1), or on a NextSeq500 machine 

(Illumina) on one high-output flow cell using 2x 150 bp paired-end sequencing (patient F6P1) .
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For data interpretation full data files were uploaded to Cartagenia NGS bench version 4.1 

or 4.3 (Cartagenia, Leuven, Belgium) and filtered by using an automated filter tree. We then 

generated a virtual gene panel of monogenic diseases based on the HPO term ‘cardiomyopathy’ 

(HP:0001638; http://www.human-phenotype-ontology.org/) and additional HPO terms, 

when appropriate. We supplemented the gene panel with genes absent from the HPO term 

cardiomyopathy, but associated with cardiomyopathy according to recent scientific reports.5 

At the time the data were analysed, our virtual panel consisted of at least 310 genes, when 

using only the term HP:0001638 cardiomyopathy (Supplemental Table 4). The respective 

gene panels were used for further bioinformatic filtering of the data. Variants were filtered 

on quality (read depth ≥20) and location (presence in or near (+/- 5 bp of intronic sequence) 

an exon or untranslated region). Moreover, we excluded variants with a minor allele frequency 

(MAF) of >0.5% for heterozygous variants in an autosomal dominant inheritance model and 

with a MAF>2% for homozygous or compound heterozygous variants using an autosomal 

recessive inheritance model in public databases (Genome of the Netherlands6, Exome 

Aggregation Consortium7, 1000Genomes8), as well as in our in-house database. For patients 

with consanguineous parents, homozygous stretches of >1 Mb were analysed without using 

HPO terms for filtering.

Variants were classified based on international guidelines9 using in silico prediction programs 

(Alamut, Interactive Biosoftware, Rouen, France), frequency data from the above databases, 

and information available from the literature and disease- or locus-specific databases. Likely 

pathogenic variants (class 4) affect protein function with a likelihood of 95-99% and class 

5 mutations are clearly pathogenic with sufficient genetic and/or functional evidence10 

(Supplemental Table  6). All apparently de novo variants were confirmed by conventional 

Sanger sequencing. Data analysis and interpretation for patients who underwent WGS was 

also performed as above.
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Supplementary Data 1: Evidence supporting the MYL2 variant of unknown significance 

being re-interpreted as a likely pathogenic (LP) variant

The MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala) variant was identified in two patients. Family 

studies revealed that this variant was inherited from the affected father in one family (Family 10,  

Supplemental Figure 1A). In the other family this variant was identified in the mother, who 

showed a dilated left ventricle (LV) with posterolateral hypokinesia at age 42, and in the maternal 

grandfather who was reported to have a left bundle branch block (LBBB) and a dilated LV with 

poor contractility (Family 14, Supplemental Figure 1B). In our laboratory, the same variant 

was detected in another family (A) with adult-onset DCM and non-compaction cardiomyopathy 

(NCCM) (data not shown). Haplotype analysis was performed in DNA of 3 probands and 4 

affected relatives using 14 microsatellite markers around MYL2. A shared haplotype of at least 

four markers was found covering at least a 3,932,987 bp region surrounding MYL2, suggesting 

a founder mutation. The haplotype shared between the three families is indicated in dark red. 

Index patient F10 and family A share a larger haplotype indicated in light red. Indicated in light 

yellow are the markers linked to the variant only shared by the affected family members of family 

F14 and indicated in light green are the markers linked to the variant only shared by the members 

of family A. Marker lengths (indicated as number of dinucleotide repeats) on the shared alleles 

are indicated in bold, except for those that deviate from the shared length. This difference is 

most likely the result of slippage events during replication of the respective dinucleotide repeats, 

resulting in either the insertion or deletion of one such dinucleotide. Together, our data provide 

sufficient evidence to reclassify this VUS as likely pathogenic.
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Shared haplotype surrounding the MYL2 c.263A>C mutation in patients from three different families.

NC_000012.12 release 108   Grandfather Mother Index (child) Index (child) Index Mother Uncle

CRCh38.p7   F14 F14 F14 F10 A A A

106669637 D12S1342 268 270 268 276 268 272 270 278 270 278 270 268 270 268

108310245 D12S1605 194 198 194 202 194 200 198 200 198 198 198 198 198 198

108628292 D12S84 211 205 211 215 211 213 199 213 217 203 217 203 217 203

108881391 D12S105 141 139 141 139 141 143 141 147 141 139 141 147 141 149

109386924 D12S1583 233 243 233 231 233 237 221 221 221 221 221 221 221 221

109629981 D12S1339 267 263 267 263 267 271 267 259 269 267 269 265 269 265

110121159 L1 197 203 197 205 197 193 197 197 197 197 197 203 197 203

110910819 MYL2                            

111887695 D12S1344 233 233 233 225 233 233 233 235 233 233 233 235 233 235

112856604 D12S1616 212 214 212 216 212 210 212 212 214 216 212 216 212 216

113562968 L2 182 184 182 188 182 182 186 190 190 184 188 184 188 194

114003087 L3 339 339 339 341 339 351 339 339 353 339 353 351 351 339

114690119 D12S354 189 187 189 197 189 185 189 191 195 195 195 189 195 189

115173660 D12S369 219 199 219 215 219 215 213 213 213 215 213 215 213 217

115635127 D12S1665 223 223 223 223 223 223 223 223 221 223 221 221 221 225
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Shared haplotype surrounding the MYL2 c.263A>C mutation in patients from three different families.

NC_000012.12 release 108   Grandfather Mother Index (child) Index (child) Index Mother Uncle

CRCh38.p7   F14 F14 F14 F10 A A A

106669637 D12S1342 268 270 268 276 268 272 270 278 270 278 270 268 270 268

108310245 D12S1605 194 198 194 202 194 200 198 200 198 198 198 198 198 198

108628292 D12S84 211 205 211 215 211 213 199 213 217 203 217 203 217 203

108881391 D12S105 141 139 141 139 141 143 141 147 141 139 141 147 141 149

109386924 D12S1583 233 243 233 231 233 237 221 221 221 221 221 221 221 221

109629981 D12S1339 267 263 267 263 267 271 267 259 269 267 269 265 269 265

110121159 L1 197 203 197 205 197 193 197 197 197 197 197 203 197 203

110910819 MYL2                            

111887695 D12S1344 233 233 233 225 233 233 233 235 233 233 233 235 233 235

112856604 D12S1616 212 214 212 216 212 210 212 212 214 216 212 216 212 216

113562968 L2 182 184 182 188 182 182 186 190 190 184 188 184 188 194

114003087 L3 339 339 339 341 339 351 339 339 353 339 353 351 351 339

114690119 D12S354 189 187 189 197 189 185 189 191 195 195 195 189 195 189

115173660 D12S369 219 199 219 215 219 215 213 213 213 215 213 215 213 217

115635127 D12S1665 223 223 223 223 223 223 223 223 221 223 221 221 221 225



116

Chapter 4

A

B



More than 50% diagnostic yield in paediatric DCM cases

117

4

◀ Supplemental Figure 1. Pedigrees of two families with the MYL2 c.263A>C, p.(Glu88Ala) variant. 

(A) F10P1. 3-methylcrotonyl-CoA-carboxylase deficiency (3-MCCD) was confirmed by enzyme analysis, 

however no likely pathogenic or pathogenic variant in MCCC1 or MCCC2 was identified (by WES and 

Sanger sequencing). This family was first reported by Visser et al.11 (B) F14P1. 

+=MYL2 variant present. 3-MCCD=3-methylcrotonyl-CoA-carboxylase deficiency,  AV=atrioventricular, 

DCM=dilated cardiomyopathy, LBBB=left bundle branch block, LV=left ventricle, mo=months, y=year. 

Supplementary Data 2: Examples illustrating the advantages of whole exome sequencing

The numbers correspond to the numbers in the main text (section headed ‘Pros and cons of our 

ES-based approach’). 

(3) In patient F6P1 we identified an additional likely pathogenic variant in TBX20. This variant 

was described by Kirk et al. in a three-generation family with three affected individuals with 

septal defects, although their cardiac valves and left ventricular (LV) function were normal.12 

However, as other TBX20 variants have been implicated in DCM, we cannot rule out that this 

variant contributes to our patient’s severe cardiac phenotype. 

(4) In patient F25P1 we identified two compound heterozygous truncating mutations in 

CEP135 as the result of analysing microcephaly related genes (HP:000252) in addition to 

cardiomyopathy-associated genes. This gene was recently associated with primary microcephaly, 

but cardiomyopathy was not reported.13,14 In 1991, Winship et al.15 reported a family with 

autosomal recessive inherited microcephaly-cardiomyopathy, an entity which was later 

confirmed by Kennedy et al.16 Interestingly, the disease course resembled that of our patient 

and bilateral fifth finger clinodactyly was observed in their patients as well as in our patient. This 

example underscores the value of adding extra HPO terms in the analysis of syndromic cases, as 

variants in genes not yet associated to the cardiomyopathy would have been missed if we had 

used solely HP:0001638 (cardiomyopathy). Moreover, this case illustrates the importance of 

a thorough physical examination by a clinical geneticist and other clinical specialists to identify 

extracardiac features that may guide optimal data analysis. 

(6) Patient F6P1, aged 3 months, presented with heart failure, which was initially misdiagnosed 

as an upper respiratory tract infection. During the clinical course, she developed an enlarged 

liver and urine analysis was compatible with GM1 gangliosidosis. More extensive analysis of 

310 cardiomyopathy-associated genes confirmed this diagnosis.
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Supplemental Table 1. Characteristics of 16 patients from 13 families excluded from ES/CNV 

analysis.

ID Cardiac phenotype Age of onset Family history Extracardiac features Genetic diagnosis SNP array

F32P1 DCM 5 weeks Consanguinity Retinitis pigmentosa ALMS1 (NM_015120) c.10483C>T, 

p.(Q3495*), homozygous

dup 4q31.21, 

five homozygous 

regions > 10 Mb

F33P1# DCM with restrictive 

component and LVH

5 months negative Hypotonia

Generalized myopathy

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

normal

F34P1* DCM neonatal Consanguinity no ALPK3 (NM_020778.4) c.4736-1G>A, 

p.Val1579Glyfs*30, homozygous

NP

F35P1 DCM

Third degree AV-block

16 yr Mild developmental delay in brother Ataxia

Diabetes mellitus

Progressive learning disabilities

External opthalmoplegia

Epilepsy

Kearns Sayre-syndrome, mtDNA del 6 Kb in 

40% of muscle cells

NP

F36P1# DCM 6 months Paternal grandfather DCM

3rd degree family member SCD 46 y

Brother DCM

Hypotonia

Areflexia

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

normal

F36P2# DCM with restrictive 

component and IVS and RV 

hypertrophy

4 months Paternal grandfather DCM

3rd degree family member SCD 46 y

Sister DCM

Hypotonia (mild)

Myoclonus

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

NP

F37P1 DCM 8 months negative Hypotonia 

Myoclonus

Developmental delay

Plagiocephaly

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

normal

F38P1 DCM 13 yr Brother DMD Myopathy DMD (NM_004006) del exons 51-53, mat NP

F38P2 DCM 16 yr Brother DMD Myopathy, muscle biopsy: 

dystrophinopathy

DMD (NM_004006) del exons 51-53 NP

F39P1 DCM 4 months 3rd degree family member SCD 54 y, post- 

mortal diagnosis: cardiomyopathy

Mild developmental delay

Neuropathy

Neutropenia

Anaemia

TAZ (NM_181311) c.523del, 

p.(leu175Serfs*13)

NP

F40P1 DCM 11 yr Brother DMD Motor developmental delay

M. quadriceps hypertrophy

Progressive myopathy

Muscle biopsy: dystrophinopathy

DMD (NM_004006): del promotor, exon 1 NP

F40P2 DCM 14 yr Brother DMD M. quadriceps hypertrophy

Progressive myopathy

DMD (NM_004006): del promotor, exon 1 NP

F41P1 DCM 16 yr Maternal grandfather muscle disease not 

otherwise specified

Fatigue DMD (NM_004006): dup exons 35-40
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Supplemental Table 1. Characteristics of 16 patients from 13 families excluded from ES/CNV 

analysis.

ID Cardiac phenotype Age of onset Family history Extracardiac features Genetic diagnosis SNP array

F32P1 DCM 5 weeks Consanguinity Retinitis pigmentosa ALMS1 (NM_015120) c.10483C>T, 

p.(Q3495*), homozygous

dup 4q31.21, 

five homozygous 

regions > 10 Mb

F33P1# DCM with restrictive 

component and LVH

5 months negative Hypotonia

Generalized myopathy

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

normal

F34P1* DCM neonatal Consanguinity no ALPK3 (NM_020778.4) c.4736-1G>A, 

p.Val1579Glyfs*30, homozygous

NP

F35P1 DCM

Third degree AV-block

16 yr Mild developmental delay in brother Ataxia

Diabetes mellitus

Progressive learning disabilities

External opthalmoplegia

Epilepsy

Kearns Sayre-syndrome, mtDNA del 6 Kb in 

40% of muscle cells

NP

F36P1# DCM 6 months Paternal grandfather DCM

3rd degree family member SCD 46 y

Brother DCM

Hypotonia

Areflexia

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

normal

F36P2# DCM with restrictive 

component and IVS and RV 

hypertrophy

4 months Paternal grandfather DCM

3rd degree family member SCD 46 y

Sister DCM

Hypotonia (mild)

Myoclonus

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

NP

F37P1 DCM 8 months negative Hypotonia 

Myoclonus

Developmental delay

Plagiocephaly

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

normal

F38P1 DCM 13 yr Brother DMD Myopathy DMD (NM_004006) del exons 51-53, mat NP

F38P2 DCM 16 yr Brother DMD Myopathy, muscle biopsy: 

dystrophinopathy

DMD (NM_004006) del exons 51-53 NP

F39P1 DCM 4 months 3rd degree family member SCD 54 y, post- 

mortal diagnosis: cardiomyopathy

Mild developmental delay

Neuropathy

Neutropenia

Anaemia

TAZ (NM_181311) c.523del, 

p.(leu175Serfs*13)

NP

F40P1 DCM 11 yr Brother DMD Motor developmental delay

M. quadriceps hypertrophy

Progressive myopathy

Muscle biopsy: dystrophinopathy

DMD (NM_004006): del promotor, exon 1 NP

F40P2 DCM 14 yr Brother DMD M. quadriceps hypertrophy

Progressive myopathy

DMD (NM_004006): del promotor, exon 1 NP

F41P1 DCM 16 yr Maternal grandfather muscle disease not 

otherwise specified

Fatigue DMD (NM_004006): dup exons 35-40



120

Chapter 4

Supplemental Table 1. Continued.

ID Cardiac phenotype Age of onset Family history Extracardiac features Genetic diagnosis SNP array

F42P1 DCM 15 yr negative Brachycephaly

Motor developmental delay

M. quadriceps hypertrophy

Progressive myopathy

Muscle biopsy: dystrophinopathy

DMD (NM_004006) c.9204_9207del, 

p.Asn3068Lysfs*20

NP

F43P1# DCM with features of 

LVNC

neonatal 

(day 5)

negative Hypotonia

Myoclonus

Hyperreflexia

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

normal

F44P1 DCM 10 yr Mother and brother MELAS syndrome Mental retardation

Mild mixed hearing loss

MELAS syndrome: m.3243A>G (A:37.2% / 

G: 62.8%)

NP

#patients previously reported by Weterman et al.17

*patient previously reported by Almomani et al.18

AV=atrioventricular, DCM=dilated cardiomyopathy, DMD=Duchenne muscular dystrophy, 

IVS=interventricular septum, LVNC=left ventricular noncompaction, NP=not performed, LVH=left 

ventricular hypertrophy, MELAS=mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke, 

mtDNA=mitochondrial DNA, RV= right ventricle, SCD=sudden cardiac death, uk=unknown, yr=years.

Supplemental Table 2. Clinical characteristics of patients included for ES/CNV analysis. 

The patient ID is given in bold when a genetic diagnosis could be made. 

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F1P1 DCM with features of 

LVNC

Dysplastic tricuspid 

valve

no no uk 15 yr 12 uk no 46 Father DCM + 

myopathy

Brother DCM 

with features of 

LVNC

yes, father DCM, 

brother DCM with 

features of LVNC

- 7 yr

F1P2 DCM with features of 

LVNC

Dysplastic tricuspid 

valve

no no uk 14 yr 27 43 

(last 

visit)

no uk Father DCM + 

myopathy

Sister DCM with 

features of LVNC

yes, father DCM, 

sister DCM with 

features of LVNC

- 5 yr

F2P1 DCM facial 

dysmorphisms: 

synophris, 

strabismus

coughing 1 w neg. 10 yr 7 uk mild LV 

conduction 

defect

199 neg. Not advised LVAD, HtX 1 yr:9 

months

F3P1 DCM no no IgG EBV pos. 

in blood

antenatal 26 37 no 404 Maternal 

grandmother 

DCM 32 yr

yes, normal - 10 yr

F3P2 DCM no no NP 8 yr 30 uk no NP Mother DCM, 

Maternal 

grandmother 

DCM

yes, mother DCM - 10 yr
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Supplemental Table 1. Continued.

ID Cardiac phenotype Age of onset Family history Extracardiac features Genetic diagnosis SNP array

F42P1 DCM 15 yr negative Brachycephaly

Motor developmental delay

M. quadriceps hypertrophy

Progressive myopathy

Muscle biopsy: dystrophinopathy

DMD (NM_004006) c.9204_9207del, 

p.Asn3068Lysfs*20

NP

F43P1# DCM with features of 

LVNC

neonatal 

(day 5)

negative Hypotonia

Myoclonus

Hyperreflexia

MYL2 (NM_000432.3) 403-1G>C, 

homozygous

normal

F44P1 DCM 10 yr Mother and brother MELAS syndrome Mental retardation

Mild mixed hearing loss

MELAS syndrome: m.3243A>G (A:37.2% / 

G: 62.8%)

NP

#patients previously reported by Weterman et al.17

*patient previously reported by Almomani et al.18

AV=atrioventricular, DCM=dilated cardiomyopathy, DMD=Duchenne muscular dystrophy, 

IVS=interventricular septum, LVNC=left ventricular noncompaction, NP=not performed, LVH=left 

ventricular hypertrophy, MELAS=mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke, 

mtDNA=mitochondrial DNA, RV= right ventricle, SCD=sudden cardiac death, uk=unknown, yr=years.

Supplemental Table 2. Clinical characteristics of patients included for ES/CNV analysis. 

The patient ID is given in bold when a genetic diagnosis could be made. 

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F1P1 DCM with features of 

LVNC

Dysplastic tricuspid 

valve

no no uk 15 yr 12 uk no 46 Father DCM + 

myopathy

Brother DCM 

with features of 

LVNC

yes, father DCM, 

brother DCM with 

features of LVNC

- 7 yr

F1P2 DCM with features of 

LVNC

Dysplastic tricuspid 

valve

no no uk 14 yr 27 43 

(last 

visit)

no uk Father DCM + 

myopathy

Sister DCM with 

features of LVNC

yes, father DCM, 

sister DCM with 

features of LVNC

- 5 yr

F2P1 DCM facial 

dysmorphisms: 

synophris, 

strabismus

coughing 1 w neg. 10 yr 7 uk mild LV 

conduction 

defect

199 neg. Not advised LVAD, HtX 1 yr:9 

months

F3P1 DCM no no IgG EBV pos. 

in blood

antenatal 26 37 no 404 Maternal 

grandmother 

DCM 32 yr

yes, normal - 10 yr

F3P2 DCM no no NP 8 yr 30 uk no NP Mother DCM, 

Maternal 

grandmother 

DCM

yes, mother DCM - 10 yr
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Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F3P3 DCM NP uk NP neonatal 

(dayr 8)

<10 uk no NP DCM 3rd degree 

family member

yes, normal partly 

recovered

23 yr

F4P1 DCM no coughing, 

tiredness 1 w

Corona virus 

pos. in blood

7 yr 11 uk atrial 

tachycardia

After 

ablation atrial 

bigeminy, 

torsades de 

pointes and 

long QTc, nsVT 

46-

259

neg. yes, mother 

polymorphic 

ventricular heart 

rhythm disorder

EP study 

with 

ablation, 

ICD

4 yr

F5P1* DCM GSD type 1B, 

leukopenia,

IBD, 

Hyperammonemia

no neg. 9 yr 10-

11

20 no 13-

98

neg. yes, normal, father 

not alive

died 1 yr:3 

months

F6P1 DCM high reflexes,

high muscular 

tone of upper 

extremities,

hepatomegaly

URTI RSV, 

Rhinovirus, 

Influenza B 

pos. in naso-

pharynx

3 mo uk 10-15 no 47-

134

consanguinity not advised died 9 days

F7P1 DCM myopathy abdominal 

pain, 

pneumonia

uk 7 yr uk uk no 60 consanguinity yes, normal, father 

not alive 

died 10 yr:7 

months

F8P1 DCM with LV 

hypertrophy

hypotonia no neg. antenatal uk uk no uk neg. not advised died 6 weeks

F9P1 DCM hypertension no neg. neonatal 

(dayr 5)

20 uk no 106-

666

neg. uk recovered 11 days

F10P1# DCM 3-MCCD uk uk 4 mo 8 uk no 19-

32

Father DCM 

41 yr, possibly 

3-MCCD

Brother 

3-MCCD, no 

DCM 

yes, father DCM died 9 yr:8 

months

F11P1 DCM acanthosis 

nigricans,

obesity,

strabismus 

convergens

pneumonia,

decreased 

exercise 

tolerance,

abdominal 

pain, vomiting

neg. 17 yr uk uk VT 20-

342

SPCm SCD

PPCm SCD 67 yr

yes, normal died 22 days
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Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F3P3 DCM NP uk NP neonatal 

(dayr 8)

<10 uk no NP DCM 3rd degree 

family member

yes, normal partly 

recovered

23 yr

F4P1 DCM no coughing, 

tiredness 1 w

Corona virus 

pos. in blood

7 yr 11 uk atrial 

tachycardia

After 

ablation atrial 

bigeminy, 

torsades de 

pointes and 

long QTc, nsVT 

46-

259

neg. yes, mother 

polymorphic 

ventricular heart 

rhythm disorder

EP study 

with 

ablation, 

ICD

4 yr

F5P1* DCM GSD type 1B, 

leukopenia,

IBD, 

Hyperammonemia

no neg. 9 yr 10-

11

20 no 13-

98

neg. yes, normal, father 

not alive

died 1 yr:3 

months

F6P1 DCM high reflexes,

high muscular 

tone of upper 

extremities,

hepatomegaly

URTI RSV, 

Rhinovirus, 

Influenza B 

pos. in naso-

pharynx

3 mo uk 10-15 no 47-

134

consanguinity not advised died 9 days

F7P1 DCM myopathy abdominal 

pain, 

pneumonia

uk 7 yr uk uk no 60 consanguinity yes, normal, father 

not alive 

died 10 yr:7 

months

F8P1 DCM with LV 

hypertrophy

hypotonia no neg. antenatal uk uk no uk neg. not advised died 6 weeks

F9P1 DCM hypertension no neg. neonatal 

(dayr 5)

20 uk no 106-

666

neg. uk recovered 11 days

F10P1# DCM 3-MCCD uk uk 4 mo 8 uk no 19-

32

Father DCM 

41 yr, possibly 

3-MCCD

Brother 

3-MCCD, no 

DCM 

yes, father DCM died 9 yr:8 

months

F11P1 DCM acanthosis 

nigricans,

obesity,

strabismus 

convergens

pneumonia,

decreased 

exercise 

tolerance,

abdominal 

pain, vomiting

neg. 17 yr uk uk VT 20-

342

SPCm SCD

PPCm SCD 67 yr

yes, normal died 22 days
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Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F12P1 DCM no syncope uk 5 yr uk uk polymorph VT, 

Brugada-like 

ECG

22-

138

Mother 

mitral valve 

insufficiency and 

MVP

uk ICD, LVAD, 

HtX

15 yr

F13P1 DCM with restrictive 

component

Diagnosis recently 

revised as pericarditis 

constrictiva

no sore throat 

4 w,

abdominal 

pain/fever 

2 w

IgG anti-HSV 

type 1 en 2 

pos. in blood

14 yr 24 44 SVTs 38-

94

PPCp SCD 57 yr uk - 6.5 yr

F14P1 DCM,

Myxoid MV

no coughing, 

failure to 

thrive

neg. 3 mo 17 uk atrial flutter 77 PMCm heart 

failure

yes, mother mildly 

dilated LV with 

hypokinesia + 

MVP

St Jude 

mechanical 

valve 

implantation

15 yr

F15P1 DCM no abdominal 

pain 6 w, no 

fever

vomiting, 

diarrhoea 1 w

neg. 17 yr uk 10 no 267-

2232

MPCp enlarged 

heart 

PPCp SCD 75 yr

PMCp ischemic 

CMP, SVTs, ICD

yes, father WPW ECMO, 

LVAD, HtX

7 yr

F16P1 DCM no no neg. 7 mo 10 uk nodal 

tachycardia 

with AV 

dissociation

33-

73

consanguinity yes, mother NCCM, 

brother neonatal 

DCM

- 14.5 yr

F16P2 DCM

ASD type II

hydrops foetalis,

renal cysts

no uk antenatal uk uk bradycardia uk consanguinity yes, mother NCCM, 

sister DCM

died -

F17P1 SCD

Autopsy: DCM/NCCM 

with RVH/LVH 

epilepsy no uk 10 yr uk uk uk uk Mother LVH 

(hypertension)

Father AF

yes, normal died -

F18P1 DCM no no neg. 4 yr 20 uk no 22-

52

consanguinity

SCD 14 yr, 3rd 

degree family 

member

SCD 22 yr, 3rd 

degree family 

member

HCM 4th degree 

family member

yes, normal partly 

recovered

21 yr
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Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F12P1 DCM no syncope uk 5 yr uk uk polymorph VT, 

Brugada-like 

ECG

22-

138

Mother 

mitral valve 

insufficiency and 

MVP

uk ICD, LVAD, 

HtX

15 yr

F13P1 DCM with restrictive 

component

Diagnosis recently 

revised as pericarditis 

constrictiva

no sore throat 

4 w,

abdominal 

pain/fever 

2 w

IgG anti-HSV 

type 1 en 2 

pos. in blood

14 yr 24 44 SVTs 38-

94

PPCp SCD 57 yr uk - 6.5 yr

F14P1 DCM,

Myxoid MV

no coughing, 

failure to 

thrive

neg. 3 mo 17 uk atrial flutter 77 PMCm heart 

failure

yes, mother mildly 

dilated LV with 

hypokinesia + 

MVP

St Jude 

mechanical 

valve 

implantation

15 yr

F15P1 DCM no abdominal 

pain 6 w, no 

fever

vomiting, 

diarrhoea 1 w

neg. 17 yr uk 10 no 267-

2232

MPCp enlarged 

heart 

PPCp SCD 75 yr

PMCp ischemic 

CMP, SVTs, ICD

yes, father WPW ECMO, 

LVAD, HtX

7 yr

F16P1 DCM no no neg. 7 mo 10 uk nodal 

tachycardia 

with AV 

dissociation

33-

73

consanguinity yes, mother NCCM, 

brother neonatal 

DCM

- 14.5 yr

F16P2 DCM

ASD type II

hydrops foetalis,

renal cysts

no uk antenatal uk uk bradycardia uk consanguinity yes, mother NCCM, 

sister DCM

died -

F17P1 SCD

Autopsy: DCM/NCCM 

with RVH/LVH 

epilepsy no uk 10 yr uk uk uk uk Mother LVH 

(hypertension)

Father AF

yes, normal died -

F18P1 DCM no no neg. 4 yr 20 uk no 22-

52

consanguinity

SCD 14 yr, 3rd 

degree family 

member

SCD 22 yr, 3rd 

degree family 

member

HCM 4th degree 

family member

yes, normal partly 

recovered

21 yr
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Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F19P1 DCM hepatomegaly URTI, no 

fever

NP neonatal 

(dayr 8)

<10 uk no NP consanguinity

MPCm rhythm 

disorder,

enlarged heart 

3rd degree family 

member

yes (only in brother), 

normal

partly 

recovered

2.5 yr

F20P1 DCM no no uk 6 yr 33 uk >20% SVES 

(RBBB-

configuration), 

multiple SVT

Father 

pericarditis

PPCp SCD 49 yr

SCD 49 yr 3rd 

degree family 

member

PM 3rd degree 

family member

yes, normal rhythm 

disorder 

partly 

recovered, 

LV dilation 

stable

5 yr

F21P1 DCM no uk uk 10 yr 27 uk multiple VES 

(bigeminy)

31 Father AF,

SMCm SIDS

yes, normal - >22 yr

F22P1 DCM

HLHS

no no Adenovirus 

pos. in faces.

Rhinovirus 

pos. in naso-

pharynx

Pos. Borrelia 

IgG in blood

12 mo uk uk no 33-

98

PPCp SCD

PMCp valve 

leakage, CVA 58

3rd degree family 

member 

CoA

uk died 11 months

F23P1 DCM with LVH epilepsy,

cerebral sclerosis 

(meso temporal),

ID

no CMV pos. 

in urine and 

naso-pharynx

neonatal uk uk mild IV 

conduction 

defect

44-

104

neg. uk - 18 yr

F24P1 DCM 

Multiple VSDs

ASD

SGA, failure to 

thrive,

hypotonia,

CLP, ID, partial 

ACC,

colpocephaly,

epilepsy,

pre-auricular pits,

brachydactyly,

retractile testis,

hypermobility,

hypermetropy

vomiting, 

URTI, no 

fever

Influenza B 

pos. in naso-

pharynx

15 yr 22 uk no 31-

49

SCD 50-60 yrs: 5 

3rd degree family 

members

uk - 1 yr
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Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F19P1 DCM hepatomegaly URTI, no 

fever

NP neonatal 

(dayr 8)

<10 uk no NP consanguinity

MPCm rhythm 

disorder,

enlarged heart 

3rd degree family 

member

yes (only in brother), 

normal

partly 

recovered

2.5 yr

F20P1 DCM no no uk 6 yr 33 uk >20% SVES 

(RBBB-

configuration), 

multiple SVT

Father 

pericarditis

PPCp SCD 49 yr

SCD 49 yr 3rd 

degree family 

member

PM 3rd degree 

family member

yes, normal rhythm 

disorder 

partly 

recovered, 

LV dilation 

stable

5 yr

F21P1 DCM no uk uk 10 yr 27 uk multiple VES 

(bigeminy)

31 Father AF,

SMCm SIDS

yes, normal - >22 yr

F22P1 DCM

HLHS

no no Adenovirus 

pos. in faces.

Rhinovirus 

pos. in naso-

pharynx

Pos. Borrelia 

IgG in blood

12 mo uk uk no 33-

98

PPCp SCD

PMCp valve 

leakage, CVA 58

3rd degree family 

member 

CoA

uk died 11 months

F23P1 DCM with LVH epilepsy,

cerebral sclerosis 

(meso temporal),

ID

no CMV pos. 

in urine and 

naso-pharynx

neonatal uk uk mild IV 

conduction 

defect

44-

104

neg. uk - 18 yr

F24P1 DCM 

Multiple VSDs

ASD

SGA, failure to 

thrive,

hypotonia,

CLP, ID, partial 

ACC,

colpocephaly,

epilepsy,

pre-auricular pits,

brachydactyly,

retractile testis,

hypermobility,

hypermetropy

vomiting, 

URTI, no 

fever

Influenza B 

pos. in naso-

pharynx

15 yr 22 uk no 31-

49

SCD 50-60 yrs: 5 

3rd degree family 

members

uk - 1 yr



128

Chapter 4

Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F25P1 DCM microcephaly,

ID,

feeding difficulties 

needing GE-tube,

facial 

dysmorphisms: 

hooded eyelids, 

mild upslant, 

low posterior 

and anterior 

hairline, low-set 

ears, prominent 

columella with 

anteverted nares.

Short fifth fingers 

with clinodactyly

no Rhinovirus 

pos. in naso-

pharynx

4 mo 13 28 no 347-

782

neg. uk partly 

recovered

5 yr

F26P1 DCM no no Rhinovirus 

pos. in naso-

pharynx

4 mo 14 30 no 47-

84

neg. uk - 3 yr

F27P1 DCM post-

chemotherapy

malaise, 

tiredness, 

vomiting 3 w

neg. 10 yr 13 22 no 28-

149

neg. uk - 3 yr

F28P1 DCM no no uk 17 yr 12 24 multiple VES 

(bigeminy, 

trigeminy, 

quadrigeminy, 

10%), SVES 

18%, sinus 

arrhythmia

uk neg. uk - 3 months

F29P1 DCM

PDA

Multiple apical VSDs

Post-mortum: 

hypertrabecularisation, 

subendocardial fibro-

elastosis

IUGR,

facial 

dysmorphisms: 

high forehead, 

low-set ears 

with abnormal 

shaped helices and 

triangular conchae

no neg. 2 w uk uk 1st degree 

AV-block

62-

133

SCD 52 yr 3rd 

degree family 

member

SCD 7 yr 3rd 

degree family 

member

Amyloidosis 3rd 

degree family 

member

not advised external PM, 

died

1 week
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Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F25P1 DCM microcephaly,

ID,

feeding difficulties 

needing GE-tube,

facial 

dysmorphisms: 

hooded eyelids, 

mild upslant, 

low posterior 

and anterior 

hairline, low-set 

ears, prominent 

columella with 

anteverted nares.

Short fifth fingers 

with clinodactyly

no Rhinovirus 

pos. in naso-

pharynx

4 mo 13 28 no 347-

782

neg. uk partly 

recovered

5 yr

F26P1 DCM no no Rhinovirus 

pos. in naso-

pharynx

4 mo 14 30 no 47-

84

neg. uk - 3 yr

F27P1 DCM post-

chemotherapy

malaise, 

tiredness, 

vomiting 3 w

neg. 10 yr 13 22 no 28-

149

neg. uk - 3 yr

F28P1 DCM no no uk 17 yr 12 24 multiple VES 

(bigeminy, 

trigeminy, 

quadrigeminy, 

10%), SVES 

18%, sinus 

arrhythmia

uk neg. uk - 3 months

F29P1 DCM

PDA

Multiple apical VSDs

Post-mortum: 

hypertrabecularisation, 

subendocardial fibro-

elastosis

IUGR,

facial 

dysmorphisms: 

high forehead, 

low-set ears 

with abnormal 

shaped helices and 

triangular conchae

no neg. 2 w uk uk 1st degree 

AV-block

62-

133

SCD 52 yr 3rd 

degree family 

member

SCD 7 yr 3rd 

degree family 

member

Amyloidosis 3rd 

degree family 

member

not advised external PM, 

died

1 week
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Supplemental Table 2. Continued.

ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F30P1 DCM horseshoe shaped 

kidney,

post-

chemotherapy

tiredness, 

abdominal 

pain, 

diarrhoea 

2 w

uk 16 yr 15 uk multiple VES, 

VT

71-

105

SCD 58 PPCp yes, father DCM 57, 

brother DCM 22

ICD 20 yr

F31P1 DCM with features of 

LVNC

no vomiting, 

fever 10 d

IgG anti-

CMV, IgG 

anti-VZV pos. 

in blood

16 yr 8 uk nsVT uk neg. not advised LVAD 1 month

* = this patient carried compound heterozygous mutations in G6PT (c.1184G>T and c.1212T>C).

# = this family was previously published by Visser et al.11

3-MCCD=3-Methylcrotonyl-CoA-carboxylase deficiency, ACC=agenesis of the corpus callosum, 

AF=atrial fibrillation, CK=creatine kinase, CLP=cleft lip/palate, CMV=cytomegalovirus, CoA=coarctatio 

aortae, CVA=cerebrovascular accident, d=days, DCM=dilated cardiomyopathy, EBV=Epstein-Barr 

virus, ECG=electrocardiogram, ECMO=extracorporeal membrane oxygenation, EP=electrophysiology, 

GSD=glycogen storage disorder, HCM=hypertrophic cardiomyopathy, HLHS=hypoplastic left heart 

syndrome, HSV=Herpes simplex virus, HtX=heart transplantation, IBD=inflammatory bowel disease, 

ICD=implantable cardioverter defibrillator, ID=intellectual disability, 

IUGR=intra-uterine growth retardation, IV=interventricular, LVAD=left ventricular assistance device, 

LVEF=left ventricular ejection fraction, LVH=left ventricular hypertrophy, LVNC=left ventricular 

noncompation, mo=months, MV=mitral valve, MVP=mitral valve prolapse, neg.=negative, nsVT=non-

sustained ventricular tachycardia, PDA=patent ductus arteriosus, PM=pacemaker, pos.=positive, 

PVC=premature ventricular complex, RBBB=right bundle branch block, RSV=respiratory syncytial virus, 

RVH=right ventricular hypertrophy, SCD=sudden cardiac death, SF=shortening fraction, SGA=small for 

gestational age, SIDS=sudden infant death syndrome, SVT=supraventricular tachycardia, uk=unknown, 

URTI=upper respiratory tract infection, VSD=ventricular septal defect, VT=ventricular tachycardia, 

w=weeks, WPW=Wolff-Parkinson-White syndrome, yr=years.
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ID Cardiac phenotype Extracardiac 

features

Prodrome Viral 

aetiology

Age of 

onset

SF 

(%)

LV-

EF (%)

Rhythm 

disorder

CK 

(U/l)

Family history Cardiac screening 

first degree relatives

Endpoint Follow-up 

period

F30P1 DCM horseshoe shaped 

kidney,

post-

chemotherapy

tiredness, 

abdominal 

pain, 

diarrhoea 

2 w

uk 16 yr 15 uk multiple VES, 

VT

71-

105

SCD 58 PPCp yes, father DCM 57, 

brother DCM 22

ICD 20 yr

F31P1 DCM with features of 

LVNC

no vomiting, 

fever 10 d

IgG anti-

CMV, IgG 

anti-VZV pos. 

in blood

16 yr 8 uk nsVT uk neg. not advised LVAD 1 month

* = this patient carried compound heterozygous mutations in G6PT (c.1184G>T and c.1212T>C).

# = this family was previously published by Visser et al.11

3-MCCD=3-Methylcrotonyl-CoA-carboxylase deficiency, ACC=agenesis of the corpus callosum, 

AF=atrial fibrillation, CK=creatine kinase, CLP=cleft lip/palate, CMV=cytomegalovirus, CoA=coarctatio 

aortae, CVA=cerebrovascular accident, d=days, DCM=dilated cardiomyopathy, EBV=Epstein-Barr 

virus, ECG=electrocardiogram, ECMO=extracorporeal membrane oxygenation, EP=electrophysiology, 

GSD=glycogen storage disorder, HCM=hypertrophic cardiomyopathy, HLHS=hypoplastic left heart 

syndrome, HSV=Herpes simplex virus, HtX=heart transplantation, IBD=inflammatory bowel disease, 

ICD=implantable cardioverter defibrillator, ID=intellectual disability, 

IUGR=intra-uterine growth retardation, IV=interventricular, LVAD=left ventricular assistance device, 

LVEF=left ventricular ejection fraction, LVH=left ventricular hypertrophy, LVNC=left ventricular 

noncompation, mo=months, MV=mitral valve, MVP=mitral valve prolapse, neg.=negative, nsVT=non-

sustained ventricular tachycardia, PDA=patent ductus arteriosus, PM=pacemaker, pos.=positive, 

PVC=premature ventricular complex, RBBB=right bundle branch block, RSV=respiratory syncytial virus, 

RVH=right ventricular hypertrophy, SCD=sudden cardiac death, SF=shortening fraction, SGA=small for 

gestational age, SIDS=sudden infant death syndrome, SVT=supraventricular tachycardia, uk=unknown, 

URTI=upper respiratory tract infection, VSD=ventricular septal defect, VT=ventricular tachycardia, 

w=weeks, WPW=Wolff-Parkinson-White syndrome, yr=years.
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Supplemental Table 3. Genes already tested in patients for which they had proved negative.

F1P1 MYBPC3, TNNI3, TNNT2, Notch1

F1P2 -

F2P1 DES, LMNA, MYH7, PLN

F3P1 -

F3P2 -

F3P3 -

F4P1 Targeted NGS panel v1, KCNQ1, KCNH2, KCNE1, KCNE2, KCNJ2

F5P1 Targeted NGS panel v2

F6P1 -

F7P1 FKRP, RYR2, SEPN1 

F8P1 -

F9P1 -

F10P1 MCCC1, MCCC2

F11P1 ALMS1, MLPA LMNA, targeted NGS panel v1

F12P1 SCN5A, TNNT2

F13P1 ACTC1, DES, MYH7, PLN, TNNI3, TNNT2

F14P1 FLNC, MLPA LMNA, targeted NGS panel v1

F15P1 DES, DSP, MYBPC3, MYH7, PLN, PRKAG2, TNNI3, TNNT2

F16P1 TNNT2

F16P2 LMNA (+MLPA), TAZ, TNNT2

F17P1 targeted NGS panel v1

F18P1 -

F19P1 targeted NGS panel v1

F20P1 -

F21P1 targeted NGS panel v2

F22P1 Notch1

F23P1 mtDNA

F24P1 targeted NGS panel v1

F25P1 ASPM, POMT1, targeted NGS panel v1

F26P1 -

F27P1 POLG

F28P1 -

F29P1 -

F30P1 -

F31P1 -
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Supplemental Table 3. Continued.

Targeted NGS panel v1: ABCC9, ACTC1, ACTN2, ANKRD1, BAG3, CALR3, CAV3, CRYAB, CSRP3, DES, DMD, 

DSC2, DSG2, DSP, DTNA, EMD, EYA4, GATAD1, GLA, JPH2, JUP, LAMA4, LAMP2, LDB3, LMNA, MYBPC3, 

MYH6, MYH7, MYL2, MYL3, MYPN, MYOZ1, MYOZ2, NEXN, PKP2, PLN, PRKAG2, PSEN1, PSEN2, RBM20, 

RYR2, SCN5A, SGCD, SOD2, TAZ, TBX2O, TCAP, TMEM43, TNNC1, TNNI3, TNNT2, TPM1, TTN, TXNRD2, 

VCL

Targeted NGS panel v2: Targeted NGS panel v1 + ANO5, + CTNNA3, + FHL1, + FKTN, + HCN4, + ILK, + 

MIB1, + MYLK2, + PRDM16, + TTR, - CTNNA3, - EYA4, - GATAD1, - PSEN1, - PSEN2, - SOD2

mtDNA=mitochondrial DNA
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Supplemental Table 4. The 310 genes included in our virtual panel (genes assigned to HPO term 

cardiomyopathy, supplemented with genes known to be associated with CM from literature). Genes in 

our core NGS targeted gene panel (designed for adult-onset cardiomyopathy) are shown in bold.

AARS2 BCS1L CTNNA3 FANCI GPR101 LAMA4 NDUFA1 PET100 PRPS1 SLC25A4 TTPA

ABCC6 BOLA3 D2HGDH FANCL GSN LAMP2 NDUFA11 PEX1 PSEN SLC2A10 TTR

ABCC9 BRAF DCAF8 FANCM GTPBP3 LCRB NDUFAF1 PEX10 PSEN2 SLX4 TXNRD2

ACAD8 BRCA2 DCHS1 FASTKD2 GYS1 LDB3 NDUFAF2 PEX11B PTPN11 SNAP29 UBR1

ACAD9 BRCC3 DES FBN1 H19 LIAS NDUFAF3 PEX12 RAB3GAP2 SOD2 VCL

ACADS BRIP1 DLD FBXL4 HADH LMNA NDUFAF4 PEX13 RAD51C SOS1 VPS13A

ACADVL BSCL2 DMD FHL1 HADHA MAP2K1 NDUFAF5 PEX14 RAF1 SPEG WFS1

ACTA1 C10ORF2 DMPK FHL2 HADHB MAP2K2 NDUFB3 PEX16 RBCK1 SYNE1 XK

ACTC1 CALR3 DNAJC19 FIG4 HAMP MGME1 NDUFB9 PEX19 RBM20 SYNE2 XPNPEP3

ACTN2 CASQ1 DOLK FKRP HBB MIB1 NDUFS1 PEX2 RET TACO1 YARS2

ADCY5 CAV1 DPM3 FKTN HCCS MLYCD NDUFS2 PEX26 RIT1 TAZ

AGK CAV3 DSC2 FLNA HCN4 MRPL3 NDUFS3 PEX3 RMND1 TBX20

AGL CDKN1C DSG2 FLNC HFE MRPL44 NDUFS4 PEX5 RMRP TCAP

AGPAT2 CHKB DSP FOS HFE2 MRPS22 NDUFS6 PEX6 RYR2 TERT

AHCY CHRM2 DTNA FOXD4 HGSNAT MTCP1 NDUFV1 PEX7 SCARB2 TGFB1

AIP CISD2 DYSF FOXRED1 HPS1 MTO1 NDUFV2 PGM1 SCN5A TGFB3

LG1 COA5 ELAC2 FTO HRAS MURC NEBL PHYH SCO2 TMEM126A

ALG6 COG7 EMD FXN HSD17B10 MUT NEU1 PIGT SDHA TMEM43

ALMS1 COL7A1 EPG5 GAA HSPB6 MYBPC3 NEXN PKP2 SDHAF1 TMEM70

ALPK3 COQ2 ERBB3 GATA4 IDH2 MYH6 NF1 PLEC SEPN1 TMPO

ANKRD1 COQ4 ERCC4 GATAD1 IDUA MYH7 NKX2-5 PLEKHM2 SGCA TNNC1

ANKRD11 COX10 EYA4 GBE1 ILK MYL2 NPPA PLN SGCB TNNI3

ANKS6 COX14 FAH GJA5 ISL1 MYL3 NRAS PMM2 SGCD TNNI3K

ANO5 COX20 FANCA GLA ITGB1BP2 MYLK2 NSD1 PNPLA2 SGSH TNNT2

APOPT1 COX6B1 FANCB GLB1 JPH2 MYOT NUBPL POLG SHOC2 TPI1

ARSB COX7B FANCC GMPPB JUP MYOZ1 PALB2 POMT1 SKI TPM1

ATP5E CPT1A FANCD2 GNAS KCNH2 MYOZ2 PCCA POU1F1 SLC19A2 TPM3

ATPAF2 CPT2 FANCE GNPTAB KCNQ1OT1 MYPN PCCB PPARG SLC22A5 TRNT1

BAG3 CRYAB FANCF GNS KLF1 NAGA PDGFRA PRDM16 SLC25A20 TSFM

BBS2 CSRP3 FANCG GPC3 KRAS NAGLU PDLIM3 PRKAG2 SLC25A3 TTN
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Supplemental Table 4. The 310 genes included in our virtual panel (genes assigned to HPO term 

cardiomyopathy, supplemented with genes known to be associated with CM from literature). Genes in 

our core NGS targeted gene panel (designed for adult-onset cardiomyopathy) are shown in bold.

AARS2 BCS1L CTNNA3 FANCI GPR101 LAMA4 NDUFA1 PET100 PRPS1 SLC25A4 TTPA

ABCC6 BOLA3 D2HGDH FANCL GSN LAMP2 NDUFA11 PEX1 PSEN SLC2A10 TTR

ABCC9 BRAF DCAF8 FANCM GTPBP3 LCRB NDUFAF1 PEX10 PSEN2 SLX4 TXNRD2

ACAD8 BRCA2 DCHS1 FASTKD2 GYS1 LDB3 NDUFAF2 PEX11B PTPN11 SNAP29 UBR1

ACAD9 BRCC3 DES FBN1 H19 LIAS NDUFAF3 PEX12 RAB3GAP2 SOD2 VCL

ACADS BRIP1 DLD FBXL4 HADH LMNA NDUFAF4 PEX13 RAD51C SOS1 VPS13A

ACADVL BSCL2 DMD FHL1 HADHA MAP2K1 NDUFAF5 PEX14 RAF1 SPEG WFS1

ACTA1 C10ORF2 DMPK FHL2 HADHB MAP2K2 NDUFB3 PEX16 RBCK1 SYNE1 XK

ACTC1 CALR3 DNAJC19 FIG4 HAMP MGME1 NDUFB9 PEX19 RBM20 SYNE2 XPNPEP3

ACTN2 CASQ1 DOLK FKRP HBB MIB1 NDUFS1 PEX2 RET TACO1 YARS2

ADCY5 CAV1 DPM3 FKTN HCCS MLYCD NDUFS2 PEX26 RIT1 TAZ

AGK CAV3 DSC2 FLNA HCN4 MRPL3 NDUFS3 PEX3 RMND1 TBX20

AGL CDKN1C DSG2 FLNC HFE MRPL44 NDUFS4 PEX5 RMRP TCAP

AGPAT2 CHKB DSP FOS HFE2 MRPS22 NDUFS6 PEX6 RYR2 TERT

AHCY CHRM2 DTNA FOXD4 HGSNAT MTCP1 NDUFV1 PEX7 SCARB2 TGFB1

AIP CISD2 DYSF FOXRED1 HPS1 MTO1 NDUFV2 PGM1 SCN5A TGFB3

LG1 COA5 ELAC2 FTO HRAS MURC NEBL PHYH SCO2 TMEM126A

ALG6 COG7 EMD FXN HSD17B10 MUT NEU1 PIGT SDHA TMEM43

ALMS1 COL7A1 EPG5 GAA HSPB6 MYBPC3 NEXN PKP2 SDHAF1 TMEM70

ALPK3 COQ2 ERBB3 GATA4 IDH2 MYH6 NF1 PLEC SEPN1 TMPO

ANKRD1 COQ4 ERCC4 GATAD1 IDUA MYH7 NKX2-5 PLEKHM2 SGCA TNNC1

ANKRD11 COX10 EYA4 GBE1 ILK MYL2 NPPA PLN SGCB TNNI3

ANKS6 COX14 FAH GJA5 ISL1 MYL3 NRAS PMM2 SGCD TNNI3K

ANO5 COX20 FANCA GLA ITGB1BP2 MYLK2 NSD1 PNPLA2 SGSH TNNT2

APOPT1 COX6B1 FANCB GLB1 JPH2 MYOT NUBPL POLG SHOC2 TPI1

ARSB COX7B FANCC GMPPB JUP MYOZ1 PALB2 POMT1 SKI TPM1

ATP5E CPT1A FANCD2 GNAS KCNH2 MYOZ2 PCCA POU1F1 SLC19A2 TPM3

ATPAF2 CPT2 FANCE GNPTAB KCNQ1OT1 MYPN PCCB PPARG SLC22A5 TRNT1

BAG3 CRYAB FANCF GNS KLF1 NAGA PDGFRA PRDM16 SLC25A20 TSFM

BBS2 CSRP3 FANCG GPC3 KRAS NAGLU PDLIM3 PRKAG2 SLC25A3 TTN
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Supplemental Table 6. Variant interpretation.

ID Mutation/variant Class Evidence

F1P1 MYH7 (NM_000257.2) c.3113T>C, p.(Leu1038Pro)

GYS1 (NM_002103.4) c.1204delA, p.(Arg402Glyfs*15)

P

P (AR; 1 mut)

PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype

PVS1, PM2 (absent)

F1P2 MYH7 (NM_000257.2) c.3113T>C, p.(Leu1038Pro)

RBM20 (NM_001134363.1) c.2042A>G, p.(Tyr681Cys)

P

VUS

PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype

PM2 (22/180914; 0.01%), PP3,

F2P1 TNNT2 (NM_001276347.1) c.629_631delAGA, p.(Lys210del), de novo

CSRP3 (NM_003476.4) c.85A>G, p.(Ser29Gly)

PTPN11 (NM_002834.3) c.455G>A, p.(Arg152His)

P

VUS

VUS

PS2, PM2 (absent), PP1_strong, PP5, multiple literature reports

PM2 (absent), PP3

PM2 (4/277062; 0.001%), PP2, PP3

F3P1 MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys)

TTN (NM_001267550.1) c.62710T>C, p.(Cys20904Arg)

P

VUS

PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype, multiple 

literature reports

PM2 (absent), PP3

F3P2 MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys)

MYH7 (NM_000257.2) c.328G>A, p.(Gly110Ser)

SYNE1 (NM_182961.3) c.18727G>A, p.(Glu6243Lys)

FHL1 (NM_001159702.2) 968C>T, p.(Pro323Leu), mat

P

VUS

VUS

VUS

PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype, multiple 

literature reports 

PM2 (4/246172; 0.002%)

PM2 (10/277176; 0.004%), PP3

PM2 (1/ 178805; 0.0006%), PP3

F3P3 MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys) P PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype, multiple 

literature reports 

F4P1 SCN5A (NM_001099404.1) c.2512G>A, p.(Ala838Thr)

RAB3GAP2 (NM_012414.3) c.1613C>T, p.(Pro538Leu)

POLG (NM_002693.2) c.2542G>A, p.(Gly848Ser)

TNNC1 (NM_003280.2) c.304C>T, p.(Arg102Cys)

LDB3 (NM_007078.2) c.1051A>G, p.(Thr351Ala)

MYH6 (NM_002471.3) c.4193G>A, p.(Arg1398Gln)

ANKRD11 (NM_001256182.1) c.244C>T, p.(Arg82Trp)

DTNA (NM_001198939.1) c.153C>G, p.(His51Gln), pat

DTNA (NM_001198939.1) c.239G>A, p.(Arg80His), pat

LP

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

PM2 (absent), PP1, PP3, PP4

PM2 (10/246116; 0.004%), PP3

PM2 (49/277176; 0.02%), PP3, described for progressive external ophthalmoplegia, not cardiac anomalies.

PM2 (3/246248; 0.001%), PP3

PM2 (118/273888; 0.04%), population freq. is high, but multiple literature reports 

PM2 (102/277070; 0.04%), population freq. is high, but multiple literature reports, PP3

PM2 (absent), PP3

PM2 (1/ 245064; 0.0004%), PP3

PM2 (17/ 277018; 0.006%), PP3

F5P1 TTN (NM_001267550.1) c.89314G>T, p.(Glu29772*)

SGSH (NM_000199.3) c.892T>C, p.(Ser298Pro)

CPS1 (NM_001875.4) c.295C>A, p.(Pro99Thr)

WFS1 (NM_006005.3) c.605A>G, p.(Glu202Gly)

SYNE2 (NM_182914.2) c.20039G>A, p.(Arg6680Gln)

PLEKHM2 (NM_015164) c.820G>A, p.(Glu274Lys)

LP

P (AR; 1 mut)

VUS

VUS

VUS

VUS

PVS1, PM2 (absent)

PM2 (30/276828; 0.01%), multiple literature reports 

PM2 (13/276936; 0.005%), PP3

PM2 (1/244766; 0.0004%), PP3

PM2 (7/244792; 0.003%)

PM2 (12/192336; 0.006%), PP3
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Supplemental Table 6. Variant interpretation.

ID Mutation/variant Class Evidence

F1P1 MYH7 (NM_000257.2) c.3113T>C, p.(Leu1038Pro)

GYS1 (NM_002103.4) c.1204delA, p.(Arg402Glyfs*15)

P

P (AR; 1 mut)

PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype

PVS1, PM2 (absent)

F1P2 MYH7 (NM_000257.2) c.3113T>C, p.(Leu1038Pro)

RBM20 (NM_001134363.1) c.2042A>G, p.(Tyr681Cys)

P

VUS

PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype

PM2 (22/180914; 0.01%), PP3,

F2P1 TNNT2 (NM_001276347.1) c.629_631delAGA, p.(Lys210del), de novo

CSRP3 (NM_003476.4) c.85A>G, p.(Ser29Gly)

PTPN11 (NM_002834.3) c.455G>A, p.(Arg152His)

P

VUS

VUS

PS2, PM2 (absent), PP1_strong, PP5, multiple literature reports

PM2 (absent), PP3

PM2 (4/277062; 0.001%), PP2, PP3

F3P1 MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys)

TTN (NM_001267550.1) c.62710T>C, p.(Cys20904Arg)

P

VUS

PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype, multiple 

literature reports

PM2 (absent), PP3

F3P2 MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys)

MYH7 (NM_000257.2) c.328G>A, p.(Gly110Ser)

SYNE1 (NM_182961.3) c.18727G>A, p.(Glu6243Lys)

FHL1 (NM_001159702.2) 968C>T, p.(Pro323Leu), mat

P

VUS

VUS

VUS

PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype, multiple 

literature reports 

PM2 (4/246172; 0.002%)

PM2 (10/277176; 0.004%), PP3

PM2 (1/ 178805; 0.0006%), PP3

F3P3 MYH7 (NM_000257.2) c.5754C>G, p.(Asn1918Lys) P PM2 (absent), PP1_strong, PP2, PP3, multiple unrelated probands with same phenotype, multiple 

literature reports 

F4P1 SCN5A (NM_001099404.1) c.2512G>A, p.(Ala838Thr)

RAB3GAP2 (NM_012414.3) c.1613C>T, p.(Pro538Leu)

POLG (NM_002693.2) c.2542G>A, p.(Gly848Ser)

TNNC1 (NM_003280.2) c.304C>T, p.(Arg102Cys)

LDB3 (NM_007078.2) c.1051A>G, p.(Thr351Ala)

MYH6 (NM_002471.3) c.4193G>A, p.(Arg1398Gln)

ANKRD11 (NM_001256182.1) c.244C>T, p.(Arg82Trp)

DTNA (NM_001198939.1) c.153C>G, p.(His51Gln), pat

DTNA (NM_001198939.1) c.239G>A, p.(Arg80His), pat

LP

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

PM2 (absent), PP1, PP3, PP4

PM2 (10/246116; 0.004%), PP3

PM2 (49/277176; 0.02%), PP3, described for progressive external ophthalmoplegia, not cardiac anomalies.

PM2 (3/246248; 0.001%), PP3

PM2 (118/273888; 0.04%), population freq. is high, but multiple literature reports 

PM2 (102/277070; 0.04%), population freq. is high, but multiple literature reports, PP3

PM2 (absent), PP3

PM2 (1/ 245064; 0.0004%), PP3

PM2 (17/ 277018; 0.006%), PP3

F5P1 TTN (NM_001267550.1) c.89314G>T, p.(Glu29772*)

SGSH (NM_000199.3) c.892T>C, p.(Ser298Pro)

CPS1 (NM_001875.4) c.295C>A, p.(Pro99Thr)

WFS1 (NM_006005.3) c.605A>G, p.(Glu202Gly)

SYNE2 (NM_182914.2) c.20039G>A, p.(Arg6680Gln)

PLEKHM2 (NM_015164) c.820G>A, p.(Glu274Lys)

LP

P (AR; 1 mut)

VUS

VUS

VUS

VUS

PVS1, PM2 (absent)

PM2 (30/276828; 0.01%), multiple literature reports 

PM2 (13/276936; 0.005%), PP3

PM2 (1/244766; 0.0004%), PP3

PM2 (7/244792; 0.003%)

PM2 (12/192336; 0.006%), PP3
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Supplemental Table 6. Continued.

ID Mutation/variant Class Evidence

F6P1 GLB1 (NM_000404.2) c.176G>A, p.(Arg59His) (homozygous)

TBX20 (NM_001077653.2) c.456C>G, p.(Ile152Met) (LP)

MYBPC3 (NM_000256.3) c.194C>T, p.(Thr65Met)

MYH6 (NM_002471.3) c.4037G>A, p.(Arg1346Gln)

RAF1 (NM_002880.3) c.29C>T, p.(Thr10Met)

LIAS (NM_006859.3) c.1114C>A, p.(Leu372Ile)

ABCB4 (NM_018849.2) c.3829G>T, p.(Val1277Phe)

SERPINA1 (NM_001127701.1) c.936A>T, p.(Leu312Phe)

SERPINA1 (NM_001127701.1) c.952A>T, p.(Thr318Ser)

FANCA (NM_001286167.1) c.871A>G, p.(Thr291Ala)

PTRF (NM_012232.5) c.7G>A, p.(Asp3Asn)

SDHAF1 (NM_001042631.2) c.334C>T, p.(Pro112Ser)

XIAP (NM_001167.3) c.838A>C, p.(Asn280His)

P

LP

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

PM2 (9/246126; 0.004%), PP3, PP4, PP5, multiple literature reports 

PM2 (5/246272; 0.002%), variant previously described in literature15

PM2 (absent), PP3

PM2 (2/276434; 0.0007%), PP3

PM2 (3/246242; 0.001%), PP3

PM2 (absent)

PM2 (1/246156; 0.0004%), PP3

PM2 (1/246080; 0.0004%)

PM2 (absent)

PM2 (2/245958; 0.0008%)

PM2 (absent)

PM2 (36/172058; 0.03%)

PM2 (3/173424; 0.002%), PP3

F7P1 SPEG (NM_005876) c.9185_9187delTGG, p.Val3062del (homozygous) P PM2 (absent), PP2, PP3, PP4

F8P1 TPM1 (NM_001018004.1) c.475G>A, p.(Asp159Asn), de novo

MYPN (NM_032578.3) c.416_421delinsTGG, p.(Gln139_

Cys141delinsLeuGly)

NEBL (NM_006393.2) c.1715C>T, p.(Ser572Phe)

COQ4 (NM_016035.4) c.653delT, p.(Leu218*), mat (AR)

P

VUS

VUS

VUS

PS2, PM2 (absent), PP2, PP3

PM2 (absent)

PM2 (2/245406; 0.002%), PP3

PM2 (absent)

F9P1 MYH7 (NM_000257.2) c.3100-2A>C

PEX1 (NM_000466.2) c.2528G>A, p.(Gly843Asp)

FHL2 (NM_201555.1) c.487_488delGT, p.(Val163Serfs*42)

DSP (NM_004415.2) c.8300C>G, p.(Thr2767Ser)

LP

P (AR; 1 mut)

VUS

VUS

PM2 (5/277180; 0.002%), PP1, PP3 (RNA splice predictions), multiple unrelated probands with 

same phenotype

PM2 (87/277072; 0.03%), PP3, multiple literature reports

PM2 (absent)

PM2 (absent)

F10P1 MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala)

TMPO (NM_001032283.2) c.232G>C, p.(Gly78Arg)

PCCA (NM_000282.3) c.1896A>G, p.(=)

FKBP10 (NM_021939.3) c.210C>G, p.(Asn70Lys)

PCK1 (NM_002591.3) c.1375G>A, p.(Ala459Thr)

LP

VUS

VUS

VUS

VUS

PM2 (absent), PP1_moderate, PP3, PP4, see also Supplemental data 1

PM2 (absent)

PM2 (111/176396; 0.07%), PP3 (RNA splice predictions)

PM2 (5/246084; 0.002%), PP3

PM2 (2/246234; 0.0008%)

F11P1 PRDM16 (NM_022114) c.1882G>A, p.(Asp628Asn) VUS PM2 (35/265194; 0.02%); PP3

F12P1 TERT (NM_198253.2) c.1323_1325delGGA, p.(Glu441del)

KCNH2 (NM_000238.3) c.3052C>G, p.(Pro1018Ala) 

VUS

VUS

PM2 (9/14600; 0.062%); PP2

PM2 (4/150574; 0.003%), PP2

F13P1 GSN (NM_000177.4) c.130dupG, p.(Val44Glyfs*68)

KRAS (NM_033360.2) c.540T>A, p.(Cys180*)

DMD (NM_004006.2) c.3816G>C, p.(Leu1272Phe)

VUS

VUS

VUS

PM2 (absent)

PM2 (22/ 276946); 0.008%)

PM2 (39/199818 ; 0.02%), PP3

F14P1 MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala), mat (LP) LP PM2 (absent), PP1_moderate, PP3, PP4, see also Supplemental data 1

F15P1 SYNE1 (NM_182961.3) c.25381G>A, p.(Glu8461Lys)

SYNE1 (NM_182961.3) c.26165G>A, p.(Gly8722Asp)

RYR2 (NM_001035.2) c.14757-7_14757-6delinsAT

SCN5A (NM_001099404.1) c.2924G>A, p.(Arg975Gln)

NDUFA11 (NM_001193375.1) c.685T>C, p.(*229Argext*21)

VUS

VUS

VUS

VUS

VUS

PP3, variant previously described in literature16

PM2 (absent)

PM2 (absent), multiple literature reports

PM2 (10/270136; 0.003%)

PM2 (absent)
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Supplemental Table 6. Continued.

ID Mutation/variant Class Evidence

F6P1 GLB1 (NM_000404.2) c.176G>A, p.(Arg59His) (homozygous)

TBX20 (NM_001077653.2) c.456C>G, p.(Ile152Met) (LP)

MYBPC3 (NM_000256.3) c.194C>T, p.(Thr65Met)

MYH6 (NM_002471.3) c.4037G>A, p.(Arg1346Gln)

RAF1 (NM_002880.3) c.29C>T, p.(Thr10Met)

LIAS (NM_006859.3) c.1114C>A, p.(Leu372Ile)

ABCB4 (NM_018849.2) c.3829G>T, p.(Val1277Phe)

SERPINA1 (NM_001127701.1) c.936A>T, p.(Leu312Phe)

SERPINA1 (NM_001127701.1) c.952A>T, p.(Thr318Ser)

FANCA (NM_001286167.1) c.871A>G, p.(Thr291Ala)

PTRF (NM_012232.5) c.7G>A, p.(Asp3Asn)

SDHAF1 (NM_001042631.2) c.334C>T, p.(Pro112Ser)

XIAP (NM_001167.3) c.838A>C, p.(Asn280His)

P

LP

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

PM2 (9/246126; 0.004%), PP3, PP4, PP5, multiple literature reports 

PM2 (5/246272; 0.002%), variant previously described in literature15

PM2 (absent), PP3

PM2 (2/276434; 0.0007%), PP3

PM2 (3/246242; 0.001%), PP3

PM2 (absent)

PM2 (1/246156; 0.0004%), PP3

PM2 (1/246080; 0.0004%)

PM2 (absent)

PM2 (2/245958; 0.0008%)

PM2 (absent)

PM2 (36/172058; 0.03%)

PM2 (3/173424; 0.002%), PP3

F7P1 SPEG (NM_005876) c.9185_9187delTGG, p.Val3062del (homozygous) P PM2 (absent), PP2, PP3, PP4

F8P1 TPM1 (NM_001018004.1) c.475G>A, p.(Asp159Asn), de novo

MYPN (NM_032578.3) c.416_421delinsTGG, p.(Gln139_

Cys141delinsLeuGly)

NEBL (NM_006393.2) c.1715C>T, p.(Ser572Phe)

COQ4 (NM_016035.4) c.653delT, p.(Leu218*), mat (AR)

P

VUS

VUS

VUS

PS2, PM2 (absent), PP2, PP3

PM2 (absent)

PM2 (2/245406; 0.002%), PP3

PM2 (absent)

F9P1 MYH7 (NM_000257.2) c.3100-2A>C

PEX1 (NM_000466.2) c.2528G>A, p.(Gly843Asp)

FHL2 (NM_201555.1) c.487_488delGT, p.(Val163Serfs*42)

DSP (NM_004415.2) c.8300C>G, p.(Thr2767Ser)

LP

P (AR; 1 mut)

VUS

VUS

PM2 (5/277180; 0.002%), PP1, PP3 (RNA splice predictions), multiple unrelated probands with 

same phenotype

PM2 (87/277072; 0.03%), PP3, multiple literature reports

PM2 (absent)

PM2 (absent)

F10P1 MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala)

TMPO (NM_001032283.2) c.232G>C, p.(Gly78Arg)

PCCA (NM_000282.3) c.1896A>G, p.(=)

FKBP10 (NM_021939.3) c.210C>G, p.(Asn70Lys)

PCK1 (NM_002591.3) c.1375G>A, p.(Ala459Thr)

LP

VUS

VUS

VUS

VUS

PM2 (absent), PP1_moderate, PP3, PP4, see also Supplemental data 1

PM2 (absent)

PM2 (111/176396; 0.07%), PP3 (RNA splice predictions)

PM2 (5/246084; 0.002%), PP3

PM2 (2/246234; 0.0008%)

F11P1 PRDM16 (NM_022114) c.1882G>A, p.(Asp628Asn) VUS PM2 (35/265194; 0.02%); PP3

F12P1 TERT (NM_198253.2) c.1323_1325delGGA, p.(Glu441del)

KCNH2 (NM_000238.3) c.3052C>G, p.(Pro1018Ala) 

VUS

VUS

PM2 (9/14600; 0.062%); PP2

PM2 (4/150574; 0.003%), PP2

F13P1 GSN (NM_000177.4) c.130dupG, p.(Val44Glyfs*68)

KRAS (NM_033360.2) c.540T>A, p.(Cys180*)

DMD (NM_004006.2) c.3816G>C, p.(Leu1272Phe)

VUS

VUS

VUS

PM2 (absent)

PM2 (22/ 276946); 0.008%)

PM2 (39/199818 ; 0.02%), PP3

F14P1 MYL2 (NM_000432.3) c.263A>C, p.(Glu88Ala), mat (LP) LP PM2 (absent), PP1_moderate, PP3, PP4, see also Supplemental data 1

F15P1 SYNE1 (NM_182961.3) c.25381G>A, p.(Glu8461Lys)

SYNE1 (NM_182961.3) c.26165G>A, p.(Gly8722Asp)

RYR2 (NM_001035.2) c.14757-7_14757-6delinsAT

SCN5A (NM_001099404.1) c.2924G>A, p.(Arg975Gln)

NDUFA11 (NM_001193375.1) c.685T>C, p.(*229Argext*21)

VUS

VUS

VUS

VUS

VUS

PP3, variant previously described in literature16

PM2 (absent)

PM2 (absent), multiple literature reports

PM2 (10/270136; 0.003%)

PM2 (absent)
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Supplemental Table 6. Continued.

ID Mutation/variant Class Evidence

F16P1 TNNT2 (NM_001276347.1) c.522G>C, p.(Lys174Asn)

FLNC (NM_001458) c.5791C>T, p.(Arg1931Cys)

VUS

VUS

PM2 (absent), PP3

PM2 (12/277190; 0.004%), PP3

F16P2 TNNT2 (NM_001276347.1) c.522G>C, p.(Lys174Asn)

APC (NM_000038.5) c.4625C>G, p.(Pro1542Arg)

SYNE1 (NM_182961.3) c.6589T>C, p.(Ser2197Pro)

OCA2 (NM_000275.2) c.1327G>A, p.(Val443Ile)

SLC26A4 (NM_000441.1) c.2235G>A, p.(=), de novo

CTNNA3 (NM_013266) c.2314A>G, p.(Ile772Val)

VUS

VUS

VUS

VUS

VUS

VUS

PM2 (absent), PP3

PM2 (absent)

PM2 (absent)

PM2 (834/275824; 0.3%), multiple literature reports

PM2 (3/245930; 0.001%), PP3 (RNA splice predictions)

PM2 (1/245982; 0.0004%), PP3

F17P1 PMM2 (NM_000303.2) c.422G>A, p.(Arg141His)

DPYD (NM_000110.3) c.557A>G, p.(Tyr186Cys)

NDUFA10 (NM_004544.3) c.332A>G, p.(Asn111Ser) 

NDUFA10 (NM_004544.3) c.506T>C, p.(Phe169Ser)

SCN5A (NM_001099404.1) c.5860G>A, p.(Glu1954Lys)

P (AR; 1 mut)

VUS

VUS

VUS

VUS

PP3, PP5, multiple literature reports

PP3, PP5

PM2 (5/277246; 0.002%)

PM2 (5/277238; 0.002%), PP3

PM2 (12/274284; 0.004%)

F18P1 LDB3 (NM_001171610) c.676G>A, p.(Gly226Arg) VUS PM2 (12/261298; 0.005%), PP3

F19P1 DTNA (NM_001392.4) c.*5A>G VUS PM2 (absent)

F20P1 SDHA (NM_001294332.1) c.544G>C, p.(Glu182Gln)

ERCC6 (NM_000124.2) c.1670G>A, p.(Arg557His)

VUS

VUS

PM2 (absent)

PM2 (56/276682; 0.02%), PP3

F21P1 TTN (NM_001267550.1) c.98119G>C, p.(Asp32707His)

TTN (NM_001267550.1) c.11996A>G, p.(Asn3999Ser)

PLEC (NM_201380.3) c.8321C>T, p.(Ala2774Val)

PLEC (NM_201380.3) c.10964A>G, p.(His3655Arg)

ANKRD1 (NM_014391.2) c.461G>A, p.(Arg154Gln)

VUS

VUS

VUS

VUS

VUS

PM2 (6/276158; 0.002%), PP3

PM2 (34/ 276138; 0.01%), PP3

PM2 (5/255398); 0.002%)

PM2 (8/277150; 0.003%)

PM2 (1/245554; 0.0004%), PP3

F22P1 NDUFS4 (NM_002495.2) c.278A>G, p.(Asn93Ser)

DSG2 (NM_001943.3) c.2623A>G, p.(Met875Val)

VUS

VUS

PM2 (17/277058; 0.006%)

PM2 (10/ 276172; 0.004%)

F23P1 TTN (NM_001267550.1) c.35189_35191delAAG, p.(Glu11730del)

JUP (NM_002230.2) c.778G>A, p.(Ala260Thr)

VUS

VUS

PM2 (0.0017%)

PM2 (6/276954; 0.002%), PP3

F24P1 ANKRD11 (NM_001256182.1) c.2880G>C, p.(Glu960Asp)

TTN (NM_001267550.1) c.51443C>G, p.(Pro17148Arg)

VUS

VUS

PM2 (25/275802; 0.009%)

PM2 (absent), PP3

F25P1 CEP135 (NM_025009.4) c.874C>T, p.(Arg292*)

c.3118_3121delAACA, p.(Asn1040Glufs*9)

DMD (NM_004006.2) c.1536C>A, p.(His512Gln)

PCCA (NM_000282.3) c.1289G>A, p.(Arg430Gln)

PCCB (NM_001178014.1) c.875G>A, p.(Arg292Gln)

P

P

VUS

VUS

VUS

PVS1, PM2 (10/276804; 0.004%), PP4

PVS1, PM2 (5/119936; 0.004%), PP4

PM2 (5/200311; 0.003%), PP3

PM2 (11/245084; 0.004%), PP3

PM2 (514/277186; 0.2%), PP3

F26P1 TTN (NM_001267550.1) c.13048G>A, p.(Val4350Met)

JUP (NM_002230.2) c.1571T>C, p.(Ile524Thr)

VUS

VUS

PM2 (9/245196; 0.004%)

PM2 (absent), PP3

F27P1 RAB3GAP2 (NM_012414.3) c.683_684delTT, p.(Leu228Profs*16)

TTN (NM_001267550.1) c.55355C>G, p.(Ser18452Cys)

TTN (NM_001267550.1) c.43700G>C, p.(Arg14567Thr)

COL7A1 (NM_000094.3) c.6977C>A, p.(Pro2326Gln)

POLG (NM_002693.2) c.3064C>G, p.(Leu1022Val)

EPG5 (NM_020964.2) c.4169A>G, p.(Tyr1390Cys)

P (AR; 1 mut)

VUS

VUS

VUS

VUS

VUS

PVS1, PM2 (0.0004%)

PM2 (5/241876; 0.002%)

PM2 (4/237594; 0.002%)

PM2 (3/277156; 0.001%)

PM2 (absent)

PM2 (2/245178; 0.0008%)
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Supplemental Table 6. Continued.

ID Mutation/variant Class Evidence

F16P1 TNNT2 (NM_001276347.1) c.522G>C, p.(Lys174Asn)

FLNC (NM_001458) c.5791C>T, p.(Arg1931Cys)

VUS

VUS

PM2 (absent), PP3

PM2 (12/277190; 0.004%), PP3

F16P2 TNNT2 (NM_001276347.1) c.522G>C, p.(Lys174Asn)

APC (NM_000038.5) c.4625C>G, p.(Pro1542Arg)

SYNE1 (NM_182961.3) c.6589T>C, p.(Ser2197Pro)

OCA2 (NM_000275.2) c.1327G>A, p.(Val443Ile)

SLC26A4 (NM_000441.1) c.2235G>A, p.(=), de novo

CTNNA3 (NM_013266) c.2314A>G, p.(Ile772Val)

VUS

VUS

VUS

VUS

VUS

VUS

PM2 (absent), PP3

PM2 (absent)

PM2 (absent)

PM2 (834/275824; 0.3%), multiple literature reports

PM2 (3/245930; 0.001%), PP3 (RNA splice predictions)

PM2 (1/245982; 0.0004%), PP3

F17P1 PMM2 (NM_000303.2) c.422G>A, p.(Arg141His)

DPYD (NM_000110.3) c.557A>G, p.(Tyr186Cys)

NDUFA10 (NM_004544.3) c.332A>G, p.(Asn111Ser) 

NDUFA10 (NM_004544.3) c.506T>C, p.(Phe169Ser)

SCN5A (NM_001099404.1) c.5860G>A, p.(Glu1954Lys)

P (AR; 1 mut)

VUS

VUS

VUS

VUS

PP3, PP5, multiple literature reports

PP3, PP5

PM2 (5/277246; 0.002%)

PM2 (5/277238; 0.002%), PP3

PM2 (12/274284; 0.004%)

F18P1 LDB3 (NM_001171610) c.676G>A, p.(Gly226Arg) VUS PM2 (12/261298; 0.005%), PP3

F19P1 DTNA (NM_001392.4) c.*5A>G VUS PM2 (absent)

F20P1 SDHA (NM_001294332.1) c.544G>C, p.(Glu182Gln)

ERCC6 (NM_000124.2) c.1670G>A, p.(Arg557His)

VUS

VUS

PM2 (absent)

PM2 (56/276682; 0.02%), PP3

F21P1 TTN (NM_001267550.1) c.98119G>C, p.(Asp32707His)

TTN (NM_001267550.1) c.11996A>G, p.(Asn3999Ser)

PLEC (NM_201380.3) c.8321C>T, p.(Ala2774Val)

PLEC (NM_201380.3) c.10964A>G, p.(His3655Arg)

ANKRD1 (NM_014391.2) c.461G>A, p.(Arg154Gln)

VUS

VUS

VUS

VUS

VUS

PM2 (6/276158; 0.002%), PP3

PM2 (34/ 276138; 0.01%), PP3

PM2 (5/255398); 0.002%)

PM2 (8/277150; 0.003%)

PM2 (1/245554; 0.0004%), PP3

F22P1 NDUFS4 (NM_002495.2) c.278A>G, p.(Asn93Ser)

DSG2 (NM_001943.3) c.2623A>G, p.(Met875Val)

VUS

VUS

PM2 (17/277058; 0.006%)

PM2 (10/ 276172; 0.004%)

F23P1 TTN (NM_001267550.1) c.35189_35191delAAG, p.(Glu11730del)

JUP (NM_002230.2) c.778G>A, p.(Ala260Thr)

VUS

VUS

PM2 (0.0017%)

PM2 (6/276954; 0.002%), PP3

F24P1 ANKRD11 (NM_001256182.1) c.2880G>C, p.(Glu960Asp)

TTN (NM_001267550.1) c.51443C>G, p.(Pro17148Arg)

VUS

VUS

PM2 (25/275802; 0.009%)

PM2 (absent), PP3

F25P1 CEP135 (NM_025009.4) c.874C>T, p.(Arg292*)

c.3118_3121delAACA, p.(Asn1040Glufs*9)

DMD (NM_004006.2) c.1536C>A, p.(His512Gln)

PCCA (NM_000282.3) c.1289G>A, p.(Arg430Gln)

PCCB (NM_001178014.1) c.875G>A, p.(Arg292Gln)

P

P

VUS

VUS

VUS

PVS1, PM2 (10/276804; 0.004%), PP4

PVS1, PM2 (5/119936; 0.004%), PP4

PM2 (5/200311; 0.003%), PP3

PM2 (11/245084; 0.004%), PP3

PM2 (514/277186; 0.2%), PP3

F26P1 TTN (NM_001267550.1) c.13048G>A, p.(Val4350Met)

JUP (NM_002230.2) c.1571T>C, p.(Ile524Thr)

VUS

VUS

PM2 (9/245196; 0.004%)

PM2 (absent), PP3

F27P1 RAB3GAP2 (NM_012414.3) c.683_684delTT, p.(Leu228Profs*16)

TTN (NM_001267550.1) c.55355C>G, p.(Ser18452Cys)

TTN (NM_001267550.1) c.43700G>C, p.(Arg14567Thr)

COL7A1 (NM_000094.3) c.6977C>A, p.(Pro2326Gln)

POLG (NM_002693.2) c.3064C>G, p.(Leu1022Val)

EPG5 (NM_020964.2) c.4169A>G, p.(Tyr1390Cys)

P (AR; 1 mut)

VUS

VUS

VUS

VUS

VUS

PVS1, PM2 (0.0004%)

PM2 (5/241876; 0.002%)

PM2 (4/237594; 0.002%)

PM2 (3/277156; 0.001%)

PM2 (absent)

PM2 (2/245178; 0.0008%)
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Supplemental Table 6. Continued.

ID Mutation/variant Class Evidence

F28P1 RBM20 (NM_001134363.2) c.2042A>G, p.(Tyr681Cys), pat VUS PM2 (22/180914; 0.01%), PP3

F29P1 FLNC (NM_001458) c.1673G>A, p.(Arg558His)

SPEG (NM_005876.4) c.4822G>A, p.(Gly1608Ser) (AR)

TTN (NM_001267550.2) c.103879G>C, p.(Asp34627His)

VUS

VUS

VUS

PM2 (11/277132 ; 0.004%), PP3

PM2 (absent), PP3

PM2 (absent), PP3

F30P1 MYH7 (NM_000257.2) c.1633G>A, p.(Asp545Asn) and c.2863G>A, 

p.(Asp955Asn) in cis

P PM2 (absent), PP1_strong, PP2, PP3, multiple literature reports, multiple unrelated probands with 

same phenotype

F31P1 Negative

Supplemental Table 6. Variant interpretation.

Variants were classified based on the recommendations of Richard et al.9 The following criteria 

were applied: 

PVS1, null variant (nonsense, frameshift, canonical ± 1 or 2 splice sites, initiation codon, single 

or multi-exon deletion) in a gene where loss of function (LoF) is a known mechanism of disease; 

PS2, de novo (both maternity and paternity confirmed) in a patient with the disease and no family 

history; 

PM2, absent from controls (or extremely rare, note the difference between AD or AR 

inheritance), and indicated between brackets are allele count/allele number and allele frequency 

for gnomAD ALL. 

PP1, cosegregation with disease in multiple affected family members in a gene definitively known 

to cause the disease. Note: this may be used as stronger evidence with increasing segregation 

data. When appropriate, indicated as PP1_moderate or PP1_strong; 

PP2, missense variant (or in frame indel) in a gene that has a low rate of benign missense variation 

and in which missense variants are a common mechanism of disease; 

PP3, multiple lines of computational evidence support a deleterious effect on the gene or the 

gene product (conservation, evolutionary, splicing, impact); 

PP4, patient’s phenotype or family history is highly specific for a disease with a single genetic 

aetiology; 
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Supplemental Table 6. Continued.

ID Mutation/variant Class Evidence

F28P1 RBM20 (NM_001134363.2) c.2042A>G, p.(Tyr681Cys), pat VUS PM2 (22/180914; 0.01%), PP3

F29P1 FLNC (NM_001458) c.1673G>A, p.(Arg558His)

SPEG (NM_005876.4) c.4822G>A, p.(Gly1608Ser) (AR)

TTN (NM_001267550.2) c.103879G>C, p.(Asp34627His)

VUS

VUS

VUS

PM2 (11/277132 ; 0.004%), PP3

PM2 (absent), PP3

PM2 (absent), PP3

F30P1 MYH7 (NM_000257.2) c.1633G>A, p.(Asp545Asn) and c.2863G>A, 

p.(Asp955Asn) in cis

P PM2 (absent), PP1_strong, PP2, PP3, multiple literature reports, multiple unrelated probands with 

same phenotype

F31P1 Negative

PP5, reputable source has recently reported variant as pathogenic, but the evidence is not 

available to the laboratory for them to perform an independent evaluation. 

In addition we have added the criteria “multiple unrelated probands with same phenotype” and 

“multiple reports in literature” or “described in literature”. Variants classified as pathogenic (P) or likely 

pathogenic (LP), as well as the criteria that contributed to these classifications are indicated in bold. 
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Additional material

Supplemental Table 5 (HPO terms) is linked to the online version of the paper at 

https://www.nature.com/articles/gim20189#Sec22.
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large-scale gene expression analysis 
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Abstract

The diagnostic yield of exome and genome sequencing remains low (8-70%), due to incomplete 

knowledge on the genes that cause disease. To improve this, we use RNA-seq data from 31,499 

samples to predict which genes cause specific disease phenotypes, and develop GeneNetwork 

Assisted Diagnostic Optimization (GADO). We show that this unbiased method, which does 

not rely upon specific knowledge on individual genes, is effective in both identifying previously 

unknown disease gene associations, and flagging genes that have previously been incorrectly 

implicated in disease. GADO can be run on www.genenetwork.nl by supplying HPO terms 

and a list of genes that contain candidate variants. Finally, applying GADO to a cohort of 61 

patients for whom exome-sequencing analysis had not resulted in a genetic diagnosis, yields 

likely causative genes for ten cases.
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Introduction

Diagnostic yield is steadily improving with the increasing use of whole-exome sequencing 

(WES) and whole-genome sequencing (WGS) to diagnose patients with a suspected genetic 

disorder.1 Although many genes have been associated to Mendelian diseases, the diagnostic 

yield of genome sequencing remains limited, varying from 8% to 70%.2

Tools exist that can help prioritize candidate genes based on existing knowledge, of which some 

use human phenotype ontology (HPO) terms3 to denote the phenotype of a patient. However, 

these methods are often limited in their ability to identify previously unknown disease-gene 

associations.4 For instance, AMELIE prioritizes candidate genes using an automated literature 

analysis, but cannot pinpoint genes, unknown to cause a certain disease.5 In contrast, Exomiser 

can aid in disease-gene discovery by using existing (knock out) annotations for genes or 

orthologues in other organisms.6 Also, the tissue specificity of gene expression has been shown 

to be informative for predicting disease relevance.7 While each of these methods have proven 

highly valuable, one challenge remains: for most protein-coding and non-coding genes very 

little is known, making it also very challenging to infer whether a mutation in those genes cause 

a specific phenotype.

Another problem is that some genes or variants that have previously been implicated in the 

prevalence of a specific disease are now reported as either being false positive associations 

or having limited penetrance.8,9 Often these likely false associations are identified because the 

presumed causative variant alleles turn out to be too common in large populations, such as 

present in ExAC.10,11 Alternatively, the effects of variants in some genes could not be replicated in 

population-based biobanks.12 Although only few genes have been definitely refuted in literature, 

it has been shown that many genes reported in rare disease databases only have limited evidence 

to link the gene to the disease.13 

Here, we present a method to overcome some of these challenges. By using 31,499 RNA-

sequencing (RNA-seq) samples of a wide range of tissues and cell types, we can predict gene 

functions and disease associations, while not being biased towards existing gene annotations 

by using a leave-one-out procedure. Using gene co-regulation allows us to accurately predict 

gene functions and to prioritize candidate disease genes with high accuracy. This is possible 

because if genes are known to cause a specific disease or disease symptom they often have 

similar molecular functions or are involved in the same biological process or pathway.14 

When the reported disease associations cannot be predicted this may indicate false positive 

associations. 
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We introduce a user-friendly web-based tool called GADO (GeneNetwork Assisted Diagnostic 

Optimization, available at www.genenetwork.nl) and a command line version (available at 

https://github.com/molgenis/systemsgenetics/wiki/GADO-Command-line) that can prioritize 

variants in known and unknown genes using HPO terms to describe a patient’s phenotype. 

GADO ranks variants using HPO terms to describe a patient’s phenotype. We validate our 

prioritization method by testing how well our method predicts disease-causing genes based 

on HPO terms described for each of the genes in the OMIM database. Exome sequencing data 

of patients with a known genetic diagnosis are used to benchmark GADO. Finally, we apply 

our methodology to previously inconclusive WES data and identify several genes that contain 

variants that likely explain the phenotype of the respective patients. Thus, we show that our 

methodology is successful in identifying variants in previously unknown, likely relevant genes 

explaining the patient’s phenotype. 
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Results

Gene prioritization using GADO

We have developed GADO, a method that can perform gene prioritizations, which uses as input 

a list of phenotypes (described using HPO terms15) that have been observed in a patient. In 

combination with a list of candidate genes (i.e., genes harbouring rare and possibly damaging 

variants), GADO reports a ranked list of genes with the most likely candidate genes on top 

(Figure 1A). These gene prioritizations are based on the predicted involvement of the candidate 

genes for the specified set of HPO terms. These predictions are made by analysing public RNA-

seq data from 31,499 samples (Figure 1B), resulting in a gene prioritization Z-score for each 

HPO term. These predictions are solely based on observed co-regulation of genes annotated 

to a certain HPO term with other genes. This makes it possible to also prioritize genes that 

currently lack any biological annotation.

Public RNA-seq data acquisition and quality control

To predict functions of genes and HPO term associations, all human RNA-seq samples that 

were publicly available in the European Nucleotide Archive (accessed June 30, 2016) were 

downloaded (Supplementary Data 1).16 Gene-expression was quantified by using Kallisto17 and 

samples for which a limited number of reads are mapped, were removed. A principal component 

analysis (PCA) on the correlation matrix was used to remove low quality samples and to remove 

samples that were falsely annotated as RNA-seq but turned out to be DNA-seq. Finally, 31,499 

samples were included and gene expression levels for 56,435 genes (of which 22,375 are 

protein-coding) were quantified. 

Although these samples are generated in many different laboratories, we previously observed 

that, after correcting for technical biases, it is possible to integrate these samples into a single 

expression dataset.18 We validated that this is also true for our dataset by visualizing the data 

using t-Distributed Stochastic Neighbour Embedding (t-SNE). We labelled the samples based 

on cell-type or tissue and we observed that samples cluster together based on cell-type or tissue 

origin (Figure 2). Technical biases, such as whether single-end or paired-end sequencing had 

been used, did not lead to erroneous clusters, which suggests that this heterogeneous dataset 

can be used to ascertain co-regulation between genes and can thus serve as the basis for 

predicting the functions of genes (Supplementary Methods 1).

Prediction of gene HPO associations and gene functions

To predict HPO term associations and putative gene functions (Figure  1B), we used a co-

regulation method that we had previously developed and applied to public expression 

microarrays.14 However, since microarrays only cover a subset of the protein-coding genes (n 

= 14,510), we decided to use public RNA-seq data here instead. This allows for more accurate 
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quantification of lower expressed genes and the expression quantification of many more genes, 

including a large number of non-protein-coding genes.19 Our method uses principal component 

analysis to identify a set of components that describe co-regulation between genes. While 

some of this co-regulation between genes is determined by pairs of genes that are specifically 

expressed in certain tissues (i.e., tissue-specific expression), a considerable proportion of this 

co-regulation reflects pairs of genes that are involved in the same biological pathways. 

Figure 1. Schematic overview of GADO. (A) Per patient, GADO requires a set of phenotypic features 

(encoded using HPO terms) and a list of candidate genes (gene names either entered using HGNC 

symbols or Ensembl IDs). This gene list should contain genes in which rare variants have been observed 

for the patient. It then ascertains whether any of these genes have been predicted to cause the phenotypic 

features, observed in the patient. These HPO phenotype predictions per gene are based on observed 

co-regulation with sets of genes that are already known to be associated with these phenotypes. (B) 

Overview of how disease symptoms are predicted using gene expression data from 31,499 human RNA-

seq samples. A principal component analysis on the co-expression matrix results in the identification 

of 1,588 significant principal components. For each HPO term we investigate every component: per 

component we test whether there is a significant difference between eigenvector coefficients of genes 

known to cause a specific phenotype and a background set of genes. This results in a matrix that indicates 

which principal components are informative for every HPO term. By correlating this matrix to the 

eigenvector coefficients of every individual gene, it is possible to infer the likely HPO disease phenotype 

term that would be the result of a pathogenic variant in that gene. 

A

B
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Figure 2. A compendium of gene expression profiles that can be used for gene function prediction. 

We downloaded 31,499 RNA-seq samples from European Nucleotide Archive. These samples come from 

many different studies. They show coherent clustering after correcting for technical biases. Generally, 

samples originating from the same tissue, cell-type or cell-line cluster together. The two axes denote the 

two t-SNE components. The number of samples per tissue or cell-type are mentioned, and after the colon 

the number of unique studies is mentioned, indicating that samples cluster by tissue or cell-type, and 

that this clustering is not due to systematic technical confounding due to the fact that for a given tissue, 

samples come from only a single laboratory. 
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We applied this prediction methodology14 to the HPO gene sets and also to Reactome20, KEGG 

pathways21, Gene Ontology (GO) molecular function, GO biological process and GO cellular 

component22 gene sets. For 5,088 of the 8,657 gene sets (59%) with at least 10 genes annotated, 

the gene function predictions had significant predictive power (see Methods). For the 8,657 

gene sets with at least 10 genes annotated, the median predictive power, denoted as Area Under 

the Curve (AUC), ranged between 0.73 (HPO) to 0.87 (Reactome) (Table 1). 

Table 1. Gene function prediction accuracy. Gene co-expression information of 31,499 samples is 

used to predict gene functions. We show the prediction accuracy for gene sets from different databases. 

AUC=Area Under the Curve, GO=Gene Ontology, HPO=Human Phenotype Ontology.

Database Number of 

gene sets

Gene sets 

≥ 10 genes

Gene sets with significant 

predictive power

Median 

AUC

Reactome 2,143 1,388 1,150 0.87

GO molecular function 4,070 726 398 0.82

GO biological process 11,753 2,576 1,115 0.82

GO cellular component 1,609 500 370 0.84

KEGG 186 186 168 0.84

HPO 7,920 3,281 1,887 0.73

Prioritization of known disease genes using the annotated HPO terms

Once we had calculated the prioritization Z-scores of HPO disease phenotypes, we leveraged 

these scores to prioritize genes found by sequencing the DNA of a patient. For each individual 

HPO term-gene combination, we calculated a prioritization Z-score that can be used to rank genes. 

In practice, however, patients often present with not one feature but a combination of multiple 

phenotypic features. Therefore, we combined the prioritization Z-scores for each HPO term to 

generate an overall prioritization Z-score that explains the full spectrum of features in a patient. 

GADO uses these combined prioritization Z-scores to prioritize the candidate genes: the higher 

the combined prioritization Z-score for a gene, the more likely it explains the patient’s phenotype. 

Because many HPO terms have fewer than 10 genes annotated, and since we were unable to 

make significant predictions for some HPO terms, certain HPO terms are not suitable to use 

for gene prioritization. To overcome this problem we take advantage of the way HPO terms 

are structured: each term has at least one parent HPO term that describes a more generic 

phenotype and thus has also more genes assigned to it. Therefore, if an HPO term cannot be 

used, GADO will make suggestions for suitable parental terms (Supplemental Figure 1).

To benchmark our prioritization method, we used the OMIM database.23 Due to our leave-one-out 

approach (see Methods) we could directly test how well our method was able to retrospectively 

rank disease-causing genes listed in OMIM based on the annotated symptoms of these diseases. 
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For each OMIM disease gene (n = 3,382) we used the associated disease features (on average 15 

HPO terms per gene) as input for GADO. We found that GADO ranks the causative gene in the 

top 5% for 49% of the diseases (Figure 3A, Supplemental Figure 2). However, in clinical practice it 

is not uncommon that only a subset of the features of a patient have been recorded. We therefore 

repeated this analysis while randomly selecting at most five HPO terms per disease. We found 

that the GADO scores remained stable and are strongly correlated (Pearson correlation r = 0.86) 

compared to using all HPO terms (Supplemental Figure 3). 

Gene predictability scores explain performance differences

For some diseases in OMIM, GADO could not predict gene-phenotype combinations, as indicated by 

a prioritization Z-score close to 0 or below 0 (Figure 3A). For example, variants in SLC6A3 are known 

to cause infantile parkinsonism-dystonia (MIM 613135)24-26, but GADO was unable to predict the 

annotated HPO terms related to parkinsonism-dystonia for this gene. This may, however, be due to 

very low expression levels of SLC6A3 in most tissues except specific brain regions.27 

To better understand why we cannot predict HPO terms for all genes, we used the Reactome, 

GO and KEGG prioritization Z-scores. Jointly these databases comprise thousands of gene sets. 

Since these databases describe such a wide range of biology, we assumed that if a gene does not 

show any prediction signal for any gene set in these databases, gene co-expression is probably 

not informative for this gene. To quantify this, we calculated, per gene, the average skewness of 

the pathway prioritization Z-score distribution of the Reactome, GO and KEGG gene sets. This 

average we use as the ‘gene predictability score’ for every gene that is independent of whether 

this gene is already known to play a role in any a disease or pathway (Figure 3C, Supplemental 

Figure 2). We then ascertained whether these ‘gene predictability scores’ are correlated with 

the HPO-based prioritization Z-score of the OMIM diseases, and found a strong correlation (r: 

0.54, p-value: 1.14×10-332) between the gene predictability scores and GADO’s ability to identify 

a known disease gene (Figure 3C, Supplementary Data 2). 

Prioritization of disease genes with limited evidence

We used a set of disease genes that had been systematically studied by Strande et al.13 to ascertain 

the burden of evidence that exists for these genes, and complemented this list with a set of refuted 

genes.8,12 We observed that the GADO prioritization scores are related to this burden of evidence: 

refuted genes and genes with limited evidence have significantly lower prioritization Z-scores, 

compared to genes with more supporting evidence (Spearman p-value: 1.01×10-4) (Figure 3B). 

Our prioritization Z-scores are also correlated to the number of times an allele within a gene 

has been reported to be pathogenic or likely pathogenic in ClinVar28 (r: 0.14, p-value: 1.67×10 23) 

(Figure 3D), which indicates that if many independent submissions have implicated the same 

gene in disease, that gene is more likely to be a true disease-causing gene. This is corroborated 

by the significant correlation between the ExAC missense constraint score10 (a metric denoting 
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a depletion of missense variation in a gene) and the number of submissions to ClinVar (r: 0.12, 

p-value: 8.81×10-17) (Supplemental Figure 4A). Interestingly, we do not observe a correlation 

between our prioritization Z-scores and the ExAC missense constraints (Supplemental Figure 4B). 

A linear model to explain the number of ClinVar submissions using both our prioritization Z-scores 

together with the ExAC constraints performs significantly better than when solely using the ExAC 

constraints to predict the number of pathogenic or likely pathogenic variants in ClinVar (r: 0.21 vs 

r: 0.12, ANOVA p-value: 1.24×10-34). This indicates that GADO is informative for predicting the 

involvement of genes in disease, independent from ClinVar and ExAC. 

A set of genes known to cause cardiomyopathy was scored for the amount of evidence in 

literature that these genes are involved in cardiomyopathy. Here, we again observe that genes 

with limited evidence have lower prioritization Z-scores (Spearman p-value: 8.71×10-04) 

(Supplemental Figure 5), suggesting these could potentially reflect false-positive associations. 

We were somewhat worried that such false-positive associations could detrimentally affect our 

gene-phenotype predictions. To ascertain this, we randomly added 10% more genes to each HPO 

term and recalculated the predictions. We then observed that our predictions were robust, and that 

AUC values (indicating to what extent gene co-regulation can predict gene-phenotype associations) 

were very similar to the original AUC values (Pearson correlation r = 0.97, Supplemental Figure 5).

Figure 3. Performance of disease gene prioritization compared to random permutation. (A) OMIM 

disease genes and provisional disease genes have significantly stronger prioritization Z-scores compared 

to permuted disease genes (T-test p-values: 2.16×10-532 and 5.38×10-80, respectively). We also observe 

that the predictions of the provisional OMIM genes are, on average, weaker than the other OMIM 

disease genes (T-test p-value: 1.89×10-7). Because we use a leave-one-out strategy when calculating 

prioritization Z-scores for genes that have already been associated to an HPO term, there is no prediction 

bias towards known associations. Therefore, this benchmark is informative of the power to predict novel 

associations (see Methods). (B) We observe a significant relation (Spearman p-value: 1.01×10-4) between 

the burden of evidence that a gene is associated to a disease and the GADO prioritization Z-score. Most 

genes are scored by Strande et al.13 Some additional refuted genes, denoted as squares or diamonds, are 

reported by ref.8 and ref.12 (C) We observe a clear relation between the prioritization Z-scores and the 

gene predictability scores (Pearson r = 0.54). We do not observe this relation in the permuted results. (D) 

Our gene prioritization Z-scores are significantly correlated (Pearson p-value: 1.67×10-23) to the number 

of likely pathogenic (LP) and pathogenic (P) variants reported for a gene in ClinVar. ▶
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Benchmarking GADO using cases with realistic phenotyping

Although these in silico benchmarking demonstrated the potential of GADO, it used all annotated 

HPO terms for a disease. In practice, however, patients may only present with a limited number 

of the annotated features of a disease. To perform a validation that was a realistic reflection of 

clinical practice, we used exome sequencing data of 83 patients with a known genetic diagnosis. 

We used their phenotypic features as listed in their medical records prior to when the genetic 

diagnosis had been made (Supplemental Table 1). Per patient, our exome-sequencing pipeline 

GAVIN29 returned a median of 55 possible disease-causing genes with variants that are rare and 

predicted to be deleterious (Supplementary Data 3). We then ran GADO and observed that 

for 41% of these patients the actual causative gene ranked in the top 3 (median rank was 6.5 

for all 83 patients, Supplemental Figure 6). Using a stringent threshold (prioritization Z-score 

≥ 5), which we also used for the prioritization of unsolved cases (see below), to select strong 

candidate genes, we identified the causative gene for 17 cases (20%) while only needing to 

follow-up a single variant (range 0-5) per patient on average. 

Because of our leave-one-out procedure when calculating prioritization Z-scores for known 

disease genes (see Methods), our performance in solved cases is indicative of the power of 

GADO to prioritize novel disease-associated genes without prior annotations or associations. 

However, these unbiased predictions can sometimes cause problems when using GADO in 

clinical practice, because GADO cannot predict every known gene-HPO combination accurately. 

As such some of these known gene-HPO combinations might have rather insignificant Z-scores. 

To make sure GADO is also suited for cases with variants in currently known disease associated 

genes, we adjusted our prediction matrix to ensure that known HPO term associations for 

genes are also prioritized (see Methods). This does not affect GADO’s ability to prioritize novel 

diseases genes, but solely helps the prioritization performance of known disease genes, but 

ensures that users of the GADO website will see these known disease-phenotype as top-ranking 

genes. By doing this we achieved a similar prioritization performance as compared to Exomiser 

(Supplemental Table 2, Figure 4A). For this comparison, we used both methods to rank the on 

average 663 variants that are selected by Exomiser. For Exomiser, we used the default ‘combined 

prioritization’ strategy that is based on the variant score and the gene score, whereas in GADO 

we solely used the prioritization Z-scores (Supplementary Methods 2). Although our median 

rank of the causative gene is better compared with Exomiser (GADO: 12.5 vs Exomiser: 21), 

Exomiser on the other hand, is able to rank more genes in the top 3 (Exomiser: 28 vs GADO: 14). 

Clustering of HPO terms 

In addition to ranking potentially causative genes based on a patient’s phenotype, GADO can 

be used to cluster HPO terms based on the genes that are predicted to be associated to these 

HPO terms. This can help to identify pairs of symptoms that often occur together, as well as 

symptoms that rarely co-occur. In a patient diagnosed with a glycogen storage disease, GSD 
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type Ib, caused by compound heterozygous variants in SLC37A4 (MIM 602671) and dilated 

cardiomyopathy (DCM) that is probably caused by a truncating variant in TTN (MIM 188840) 

HPO terms related to GSD type Ib (‘leukopenia’ (HP:0001882) and ‘inflammation of the large 

intestine’ (HP:0002037)) cluster together, while ‘cardiomyopathy’ (HP:0001638) was only 

weakly correlated to these specific features (Figure 4B). 

Reanalysis of previously unsolved cases

To assess GADO’s ability to discover previously unknown disease genes, we applied it to data 

from 61 patients who are suspected to have a Mendelian disease but who did not receive a genetic 

diagnosis. All patients had undergone prior genetic testing (WES with analysis of a gene panel 

according to their phenotype, Supplemental Table 3). On average GADO reported 2.9 genes 

with a prioritization Z-score ≥ 5 (which we used as an arbitrary cut-off and that corresponds to a 

p-value ≤ 5.7×10-7) and which were further assessed. In ten cases, we identified variants in genes 

not associated to a disease in OMIM or other databases, but for which we could find literature 

or for which we gained functional evidence implicating their disease relevance (Table 2). For 

example, we identified two patients with DCM with rare compound heterozygous variants in the 

OBSCN gene (MIM 608616) that are predicted to be damaging. In literature, inherited variant(s) 

in OBSCN, encoding obscurin, are associated with hypertrophic cardiomyopathy30 and DCM.31 

Furthermore, obscurin is a known interaction partner of titin (TTN), a well-known DCM-related 

protein.30 Another example came from a patient with ichthyotic peeling skin syndrome, which 

is caused by a damaging variant in FLG2 (MIM 616284). We recently published this case where 

we prioritized this gene using an alpha version of GADO.32
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Figure 4. Performance of GeneNetwork on solved cases. (A) Comparison between using GADO and 

Exomiser to rank candidate variants. (B) Our cohort contained a case with two distinct conditions, and 

clustering showed the HPO terms of the same disease are closest to each other. Note, the HPO term 

“Inflammation of the large intestine” did not yield a significant prediction profile and therefore the parent 

terms “Abnormality of the large intestine”, “Increased inflammatory response” and “Functional abnormality 

of the gastrointestinal tract” were used for this case. 
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We compared GADO with Exomiser, ENDEAVOR33 and ToppGene34 on our unsolved cases for which 

we identify a strong candidate (Supplementary Note 2). Exomiser could be run directly using the 

HPO terms. The other tools required a list of training genes (i.e., the genes known to cause a specific 

HPO term), but provided no options to integrate the results of multiple sets of training genes. We 

therefore only used ENDEAVOR and ToppGene for those cases with a single reported HPO term. 

ENDEAVOR supported a maximum of 200 input genes in the training set (i.e., those genes linked to 

a specific HPO term) and at most 200 genes to prioritize (i.e., those genes in which rare variants had 

been observed). If for an HPO term over 200 genes were known, we selected a random subset of 

200 genes. If a patient had candidate variants in more than 200 genes, we trimmed this set to 200 

genes by randomly removing genes, while ensuring that the known causative gene was retained. 

The median rank of these genes was 3 for GADO, 68.5 for Exomiser, 7.5 for ENDEAVOR and 24 

for ToppGene (Supplementary Data 4). The Exomiser ranks however, are not directly comparable 

since Exomiser does its own variant selection which yields more variants than GAVIN, the method 

we used prior to running GADO, ENDEAVOR and ToppGene. To overcome this, we also calculated 

the percentile of the candidate gene among the total genes selected either by GAVIN or Exomiser, 

the median percentile for GADO was 1.2 and for Exomiser 7.9.

GADO webserver & standalone command line 

All analyses described in this paper can be performed using our online toolbox at www.genenetwork.nl.  

Users can perform gene prioritizations using GADO by providing a set of HPO terms and a list of 

candidate genes (Figure 5A). We have also made a standalone command line version of GADO that 

can easily be integrated in a bioinformatics pipeline (https://github.com/molgenis/systemsgenetics/

wiki/GADO-Command-line).

Per gene, it is also possible to download all prioritization Z-scores for the HPO terms and pathways. 

Furthermore, the predicted pathway and HPO annotations of genes can be used to perform function 

enrichment analysis (Figure 5B). We also support automated queries to our database using a 

http+JSON api.
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◀ Figure 5. (A) Prioritization results of one of our previously solved cases (www.genetwork.nl). This patient was 

diagnosed with Kleefstra syndrome. The patient only showed a few of the phenotypic features associated with 

Kleefstra syndrome and additionally had a neoplasm of the pituitary (which is not associated with Kleefstra 

syndrome). Despite this limited overlap in phenotypic features, GADO was able to rank the causative gene 

(EHMT1) second. Here, we also show the value of the HPO clustering heatmap: the two terms related to the 

neoplasm cluster separately from the intellectual disability and the facial abnormalities that are associated to 

Kleefstra syndrome. (B) Clustering of a set of genes allowing function/HPO enrichment of all genes or specific 

enrichment of automatically defined sub-clusters. Here, we loaded all known DCM genes and OBSCN, and 

we focus on a sub-cluster of genes containing OBSCN (highlighted by the arrow). We see that it is strongly co-

regulated with many of the known DCM genes. Pathway enrichment of this sub-cluster reveals that these genes 

are most strongly enriched for the muscle contraction Reactome pathway. DCM=dilated cardiomyopathy. 
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Table 2. Unsolved cases with new candidate genes. In 10 out of 61 unsolved patients we identified likely 

causative genes that were previously unknown. For these genes we found literature that indicates these genes 

fit the phenotype of these patients or we gained functional evidence implicating their disease relevance.

HPO terms 

used

Number of genes with 

candidate variant

Number of genes with

 Z ≥ 5 

Candidate gene Variants CADD 

scores

GnomAD minor 

allele frequency

Supporting papers Expression in 

relevant tissue

HP:0001644 215 5 OBSCN NM_001098623.2:c.

[15037C>T];

[20963delC]

24.8

25.2

8.0 × 10-5

1.7 × 10-3

30,31 Yes

HP:0001644 226 3 OBSCN NM_001098623.2:c.

[5545C>T];

[22384+3

_22384+21del]

14.7

7.8

3.2 × 10-4

0

30,31 Yes

HP:0008066 

HP:0008064

359 3 FLG2 NM_001014342.2:c.

[632C>G];[632C>G] 35.0 1.1 × 10-5

49 Yes

HP:0001263 

HP:0001249 

HP:0000717 

HP:0000708 

HP:0002167 

HP:0002360 

HP:0000664

206 12 INO80 NM_017553.2:c.

[898C>T] 34 0

50,51 Yes

HP:0001644 120* 2 MB NM_00203377.1:c.

[214G>A] 22.4 3.6 × 10-5

52 Yes

HP:0001644 120* 1 SYNPO2L** NM_001114133.2:c.

[473G>A] 24.1 5.4 × 10-4

53 Yes

HP:0001638 292 4 NRAP** NM_001261463.1:c.

[4648C>T] 20.4 8.7 × 10-4

54 Yes

HP:0004322 

HP:0001249

381 10 CCNB2 NM_004701.3:c.

25-3_25delCAGG 24.5 0

55 Yes

HP:0003493 

HP:0002583 

246 6 LY75 NM_002349.2:

c.3476C>T(;)

23C>G

22.7

24.1

3.2 × 10-3

2.6 × 10-3

56 Yes

HP:0012649 

HP:0002583 

HP:0001890

318 8 AGAP2 NM_001122772.1:c.

421delC 27.2 0

57 Yes

HP:0001644=Dilated cardiomyopathy, HP:0008066=Abnormal blistering of the skin, 

HP:0008064=Ichthyosis, HP:0001263=Global developmental delay, HP:0001249=Intellectual disability, 

HP:0000717=Autism, HP:0000708=Behavioural abnormality, HP:0002167=Neurological speech 

impairment, HP:0002360=Sleep disturbance, HP:0000664=Synophrys, HP:0001638=Cardiomyopathy, 

HP:0004322=Short stature, HP:0001249=Intellectual disability, HP:0003493=Antinuclear 

antibody positivity, HP:0002583=Colitis, HP:0012649=Increased inflammatory response, 

HP:0001890=Autoimmune haemolytic anaemia. 

*These variants where pre-filtered for family segregation. 

**The variants in these genes do not fully explain the phenotype but are likely contributing to the phenotype. 



GeneNetwork Assisted Diagnostic Optimization

165

5

Table 2. Unsolved cases with new candidate genes. In 10 out of 61 unsolved patients we identified likely 

causative genes that were previously unknown. For these genes we found literature that indicates these genes 

fit the phenotype of these patients or we gained functional evidence implicating their disease relevance.

HPO terms 

used

Number of genes with 

candidate variant

Number of genes with

 Z ≥ 5 

Candidate gene Variants CADD 

scores

GnomAD minor 

allele frequency

Supporting papers Expression in 

relevant tissue

HP:0001644 215 5 OBSCN NM_001098623.2:c.

[15037C>T];

[20963delC]

24.8

25.2

8.0 × 10-5

1.7 × 10-3

30,31 Yes

HP:0001644 226 3 OBSCN NM_001098623.2:c.

[5545C>T];

[22384+3

_22384+21del]

14.7

7.8

3.2 × 10-4

0

30,31 Yes

HP:0008066 

HP:0008064

359 3 FLG2 NM_001014342.2:c.

[632C>G];[632C>G] 35.0 1.1 × 10-5

49 Yes

HP:0001263 

HP:0001249 

HP:0000717 

HP:0000708 

HP:0002167 

HP:0002360 

HP:0000664

206 12 INO80 NM_017553.2:c.

[898C>T] 34 0

50,51 Yes

HP:0001644 120* 2 MB NM_00203377.1:c.

[214G>A] 22.4 3.6 × 10-5

52 Yes

HP:0001644 120* 1 SYNPO2L** NM_001114133.2:c.

[473G>A] 24.1 5.4 × 10-4

53 Yes

HP:0001638 292 4 NRAP** NM_001261463.1:c.

[4648C>T] 20.4 8.7 × 10-4

54 Yes

HP:0004322 

HP:0001249

381 10 CCNB2 NM_004701.3:c.

25-3_25delCAGG 24.5 0

55 Yes

HP:0003493 

HP:0002583 

246 6 LY75 NM_002349.2:

c.3476C>T(;)

23C>G

22.7

24.1

3.2 × 10-3

2.6 × 10-3

56 Yes

HP:0012649 

HP:0002583 

HP:0001890

318 8 AGAP2 NM_001122772.1:c.

421delC 27.2 0

57 Yes

HP:0001644=Dilated cardiomyopathy, HP:0008066=Abnormal blistering of the skin, 

HP:0008064=Ichthyosis, HP:0001263=Global developmental delay, HP:0001249=Intellectual disability, 

HP:0000717=Autism, HP:0000708=Behavioural abnormality, HP:0002167=Neurological speech 

impairment, HP:0002360=Sleep disturbance, HP:0000664=Synophrys, HP:0001638=Cardiomyopathy, 

HP:0004322=Short stature, HP:0001249=Intellectual disability, HP:0003493=Antinuclear 

antibody positivity, HP:0002583=Colitis, HP:0012649=Increased inflammatory response, 

HP:0001890=Autoimmune haemolytic anaemia. 

*These variants where pre-filtered for family segregation. 

**The variants in these genes do not fully explain the phenotype but are likely contributing to the phenotype. 
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Discussion

The identification of new disease-causing genes is a daunting process. GADO can aid in the 

discovery of these unknown disease genes. The main advantage of our methodology is that 

it does not rely on any prior knowledge about the genes that we prioritize and can therefore 

also detect genes for which nothing is known. Instead, we used predicted gene functions based 

on co-regulation networks extracted from a large compendium of publicly available RNA-seq 

samples allowing accurate expression quantification of many genes, including lowly expressed 

genes and non-coding genes.18 A realistic benchmark using real cases and features listed in the 

medical records allowed us to identify the causative gene for 20% of the cases, while requiring 

us to follow-up on average only a single gene per patient. 

GADO is trained in such a way that for each gene–phenotype combination that is already known, 

this knowledge is not used when using co-regulation information to make inferences on that specific 

gene-phenotype association. A major advantage of this is that our gene–phenotype predictions 

are not biased towards known associations. However, since we do not incorporate these known 

disease associations into our model, the performance of GADO is lower when studying patients 

with mutations in well-established genes, as compared to methods that explicitly use these known 

gene–phenotype associations. To accommodate this issue, we have added these known gene–

phenotypes to GADO, to ensure GADO users will not miss out on known associations. This is useful 

for genes with a low predictability score indicating that gene expression data is not informative 

for its function predictions and for genes such as TTR that act in a unique manner compared to 

other genes that give rise to cardiomyopathy. TTR is implicated in hereditary amyloidosis (MIM 

105210)35 and there is a large amount of evidence linking this gene to cardiomyopathy. Mutations 

in TTR cause accumulation of the transthyretin protein in different organ systems, including 

the heart, resulting in cardiomyopathy. However, this gene is primarily expressed in the liver. 

Therefore, its disease mechanism is different from other mechanisms resulting in cardiomyopathy, 

as many inherited cardiomyopathies are caused by deleterious variants in genes highly expressed 

in the heart and directly affecting the function of the cardiac sarcomere.36 Because this gene is 

expressed in a different tissue type than all other cardiomyopathy-related genes, co-expression is 

not informative and as a result the phenotypic function prediction for this gene is worse than we 

would expect based on the predictability score. 

Finally, we used GADO on 61 unsolved cases and identified potential disease genes that are 

strong candidates based on literature or functional evidence in 10 patients (16.4%). All these 

samples already went through an extensive diagnostic procedure so these findings are on top 

of the normal diagnostic yield. When applying GADO, we could identify a very likely causative 

gene for 16.4% of these unsolved cases, based on the existence of circumstantial evidence in 

literature on these genes. This is only a bit lower than what we observed for solved cases where 



GeneNetwork Assisted Diagnostic Optimization

167

5

the causative gene is known: when we assumed that the causative gene was not yet known, 

GADO identified the causative gene for 20% of the cases. We should note that this 16.4% yield 

in unsolved cases might actually be an underestimate: GADO also had prioritized genes with 

a high prioritization Z-score for some of the other unsolved cases, of which some are likely to 

be responsible for the phenotypes observed in these patients. Regretfully, for these genes no 

literature currently exists that supports their role in the features of these patients. This is one 

of the pertinent issues when it comes down to diagnosing patients. Additional repositories that 

use orthogonal data to make inferences on the phenotypic consequences of mutations in genes 

and initiatives like Genematcher37 therefore remain urgently needed, in order to increase the 

diagnostic yield. 

Given that nearly 5% of patients with a Mendelian disease have another genetic disease38, it is 

important to consider that multiple genes might each contribute to specific phenotypic effects. 

Clinically, it can be difficult to assess if a patient suffers from two inherited conditions, which 

may hinder variant interpretation based on HPO terms. We showed that GADO can disentangle 

the phenotypic features of two different conditions manifesting in one patient by correlating 

and subsequently clustering the profiles of HPO terms describing the patient’s phenotype. If 

the HPO terms observed for a patient do not correlate, it is more likely that they are caused 

by two different disorders. An early indication that this might be the case for a specific patient 

can simplify subsequent analysis because the geneticist or laboratory specialist performing 

the variant interpretation can take this in consideration. GADO also facilitates separate 

prioritizations on subsets of the phenotypic features.

We compared GADO with Exomiser, which is closely related to GADO as it prioritizes genes 

based on specified HPO terms and also infers HPO annotation for unknown genes.6 The gene 

prioritization by Exomiser is based on the effects of orthologs in model organisms and applies 

a guilt-by-association method using protein-protein associations provided by STRING.39 

Exomiser performs similar to GADO in ranking known disease-causing genes (Supplemental 

Figure 7, Supplemental Table 2) and is also able to identify potential new genes in human 

disease. However, only a subset of the protein-coding genes have orthologous genes in other 

species for which a knockout model also exists and the used STRING interactions are biased 

towards well-studied genes and rely heavily on existing annotations to biological pathways 

(Supplemental Figure 8). There are however, still 3,922 protein-coding genes that are not 

currently annotated in any of the databases we used, and there are even more non-coding genes 

for which the biological function or role in disease is unknown. Since GADO does not rely on 

prior knowledge, it can be used to prioritize variants in both coding and non-coding genes (for 

which no or limited information is available). GADO thus enables the discovery of novel human 

disease genes and can complement existing tools in analysing the genomic data of patients who 

have a broad spectrum of phenotypic abnormalities.
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Other tools such as ENDEAVOR33, ToppGene34 and Suspects40 are not directly comparable 

to GADO, since these tools work by either supplying a single HPO term or a set of training 

genes. However, these tools can be used to successfully prioritize disease genes.41 In some 

cases, a single HPO term might be sufficient or a custom gene can be useful when a specific 

syndrome is suspected and several other genes have already been implicated for this syndrome. 

Unfortunately, in clinical practice often multiple HPO terms are needed to describe a patient’s 

phenotype (e.g., for our set of solved cases we used two HPO terms on average). Moreover, it 

is also often unclear which syndrome a patient has, which inhibits the ability to prioritize genes 

based on known associated genes to a certain syndrome. 

We found that for some disease genes GADO is unable to predict the already known phenotypic 

consequences. This is partially explained by genes for which gene-expression data is not 

informative for function predictions. For instance, because a gene has very low gene expression, 

because different splice variants have different functions, or because the regulation of a gene 

its function relies heavily on post-translation modification. We have defined an empirical 

measurement called ‘gene predictability’ that indicates how informative gene expression is for 

function prediction of individual genes. We found a strong correlation between this predictability 

metric and our ability to predict known phenotypic consequences of disease associated genes. 

This however does not fully explain our inability to predict known phenotypic consequences, in 

some cases this can simply be due to an alternative disease mechanism.

GADO can also point to genes that may have been falsely associated to a disease. Genes for 

which there is limited evidence to link them to a disease have, on average, lower prioritization 

Z-scores compared to well established genes and genes that have been refuted in literature 

have even lower scores. In addition, we found a statistically significant association between 

the prioritization Z-scores of known disease-gene combinations and the number of pathogenic 

or likely pathogenic alleles reported in ClinVar, thereby assuming that the genes with many 

submissions are more likely to be truly related to human disease. We also observed a statistically 

significant correlation between the ExAC missense constraint and the number of alleles 

submitted to ClinVar. Interestingly, the ExAC missense constraints are not correlated to our 

prediction scores showing that both can be used as independent predictors of potential false-

positive disease associations.

The median prediction performance of HPO terms is lower compared to the other gene sets 

databases used in our study, such as Reactome. This may be due to the fact that phenotypes 

can arise by disrupting multiple distinct biological pathways. For instance, DCM can be caused 

by variants in sarcomeric protein genes, but also by variants in calcium/sodium handling genes 

or by transcription factor genes.36 As our methodology makes guilt-by-association predictions 

based on whether genes are showing correlated gene expression levels, the fact that multiple 
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separately working processes can cause the same phenotype can reduce the accuracy of the 

predictions (although it is often still possible to use these predictions, e.g., for DCM, the HPO 

phenotype prediction performance AUC = 0.76). We envision that by creating sub-clusters, 

based on these different pathways, and redoing our gene-expression based predictions, it 

might be possible to further improve the performance of HPO based prioritizations. Insufficient 

statistical power might also hinder accurate predictions for HPO terms. This may specifically 

be true for genes that are poorly expressed or expressed in only a few of the available RNA-seq 

samples. The latter issue we expect to overcome in the near future as the availability of RNA-seq 

data in public repositories is rapidly increasing. Initiatives such as Recount42 or SkyMap43 enable 

easy analyses on these samples, allowing us to update our predictions, thereby increasing our 

prediction accuracy.

We have developed GADO, a method that can aid users in prioritizing genes using multiple 

patient-specific HPO terms. We performed our GADO benchmarking while using GAVIN for the 

selection of genes that contain (likely pathogenic) rare variants. However, GADO can work with 

any other methodology for identification of genes harbouring rare and potentially pathogenic 

variants. GADO prioritizes variants in coding and non-coding genes, including genes for which 

there is no current knowledge about their function and those that have not been annotated in 

any ontology database. This gene prioritization is based on co-regulation of genes identified 

by analysing 31,499 publicly available RNA-seq samples. Therefore, in contrast to many other 

existing prioritization tools, GADO has the ability to identify novel genes involved in human 

disease. By providing a statistical measure of the significance of the ranked candidate variants, 

GADO can provide an indication for which genes its predictions are reliable. GADO can also 

detect phenotypes that do not cluster together, which can alert users to the possible presence 

of a second genetic disorder and facilitate the diagnostic process in patients with multiple non-

specific phenotypic features. GADO can easily be combined with any filtering tool to prioritize 

variants within WES or WGS data and can also be used in gene panels such as PanelApp.44 

Finally, GADO can aid in the identification of genes falsely associated to diseases. GADO is 

freely available at www.genenetwork.nl and https://github.com/molgenis/systemsgenetics/wiki/

GADO-Command-line to help guide the differential diagnostic process in medical genetics.
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Methods

Gene co-regulation and function predictions

We used publicly available RNA-seq samples from the European Nucleotide Archive (ENA) 

database45 to predict gene functions and gene-HPO term associations. After processing and 

quality control we included 31,499 samples for which we have expression quantification on 

56,435 genes (in-depth details are provided in Supplementary Methods 1). We subsequently 

performed a PCA on the gene correlation matrix and selected 1,588 reliable principal 

components (PCs) (Cronbach’s Alpha ≥ 0.7).

We used the eigenvectors of these 1,588 PCs to predict gene functions using a method we 

published earlier46 (Figure 1). Per PC we used the eigenvector coefficients for the genes that 

are part of a gene set and the eigenvector coefficients of the background genes that are not 

in the current gene set. We used a student’s T-test to compare the eigenvector coefficients 

of the genes in the gene set to the eigenvector coefficients of the background genes. We then 

calculated a T-test p-value and converted this to a Z-score. This resulted in a matrix where for 

each gene set for each of the 1,588 PCs a Z-score had been calculated. These Z-scores reflect 

the importance of a specific component for predicting which genes are part of a specific gene 

set. In order to finally predict which genes are part of a specific gene set, we calculated the 

correlation between the 1,588 T-test Z-scores for a given gene set and the 1,588 eigenvector 

coefficients of each gene. The rationale here is that if the same components are relevant for 

an individual gene (as determined through the eigenvector coefficients) and also for a specific 

pathway (large Z-score from the T-test) then this indicates that the expression regulation of that 

gene is similar to the expression regulation pattern of that pathway. The p-value that belongs to 

this correlation was subsequently transformed to a Z-score and was used as the prioritization 

Z-score (where a high score makes it more likely that a gene is part of a gene set).

Leave-one-out procedure

However, there is one exception to this procedure when we want to calculate the prioritization 

Z-score for a gene-gene set combination when that gene-gene set is already known: If we would 

include this gene when conducting the 1,588 T-tests and subsequent Z-scores (for determining 

the importance of each component when predicting this gene-set), a positive correlation between 

the 1,588 eigenvector coefficients and the 1,588 Z-scores is expected, which leads to a bias in the 

predictions towards genes with a known HPO annotation. To prevent this bias, we used a leave-

one-out procedure where we always exclude the current gene from the gene set and recalculate 

the Z-scores derived from the T-tests before correlating the profile of a gene set to the eigenvector 

coefficients of this gene. This ensures that there is no inflation of prioritization Z-score for genes 

that already have been annotated to the corresponding gene set. It also allows use to calculate a 

reliable Area Under the Curve (AUC) based on the current annotations to a gene set.46 
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To determine the accuracy of our predictions, we assessed our ability to predict known gene set 

annotations: for each gene set, we calculated an AUC using the prioritization Z-scores of the 

genes that are part of a set versus those that are not part of a set. We used a Mann–Whitney U 

test to calculate if the prioritization Z-score of currently annotated genes are significantly larger 

than the genes not annotated to this gene set. If this is not the case, we concluded that we could 

not make meaningful prioritizations for this gene set by using the 1,588 PCs. 

We applied this methodology to the gene sets described by terms in the following databases: 

Reactome and KEGG pathways, Gene Ontology (GO) molecular function, GO biological process 

and GO cellular component terms and finally to HPO terms. We excluded gene sets with fewer 

than 10 annotated genes and with a p-value ≤ 0.05 (Bonferroni corrected for the number of 

pathways in a database). 

Gene predictability scores

To explain why for some genes we cannot predict known HPO annotation, we have established 

a gene predictability score. We have calculated this gene predictability using the prioritization 

Z-scores based on Reactome, GO and KEGG. For each gene and for each database we calculated 

the skewness in the distribution of the pathway prioritization Z-scores of the gene sets. We used 

the average skewness as the gene predictability score.

GADO predictions

To identify potential causative variants in patients, we used HPO terms to describe a patient’s 

features. We only used the HPO terms which have significant predictive power (Bonferroni 

corrected p-value of U test to calculate the AUC ≤ 0.05). If the predictions for a patient’s 

HPO term were not significant, the parent/umbrella HPO terms were used (Supplemental 

Figure 1). The online GADO tool suggests the parent terms from which the user can then 

select which terms should be used in the analysis. The gene prioritization Z-scores for an 

HPO term were used to rank the genes. If a patient’s phenotype was described by more 

than one HPO term, a meta-analysis was conducted to integrate the predictions of the 

used HPO terms. In these cases a combined prioritization Z-score was calculated using 

the Z-transform test.47 This was done by adding the prioritization Z-scores for each of the 

patient’s HPO terms and then dividing by the square root of the number of HPO terms. This 

will result in a combined prioritization Z-score reflecting the predictions of all the supplied 

HPO terms. The genes with the highest prioritization Z-scores are predicted to be the most 

likely candidate causative genes for a case. 
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In addition to the predictions described above, we have created a GADO option which ensures 

any HPO term associated to a gene obtains a minimum prioritization Z-score of 3 for this 

gene. This option is not used for the benchmark results shown within this manuscript with the 

exception of the comparison against Exomiser using previously solved cases which was ran once 

with, and once without this option. Gene prioritization analysis using HPO terms and a list of 

candidate genes can be performed at https://www.genenetwork.nl. 

Validation of disease-gene predictions

To benchmark our method we used the OMIM morbid map23 downloaded on March 26, 2018, 

containing all disease-gene-phenotype entries. From this list, we extracted the disease-gene 

associations, excluding non-disease and susceptibility entries. We extracted the provisional 

disease-gene associations separately. For each disease in OMIM, we used GADO to determine 

the rank of the causative gene among all genes in the OMIM morbid map. For this we used all 

phenotypes annotated to the OMIM disease. If any of the HPO terms did not have significant 

predictive power, the parent terms were used. 

To determine if these distributions were significantly different from what we expect by chance, 

we permuted the data. We replaced the existing gene-OMIM annotation but assigned every 

gene to a new disease (keeping the phenotypic features for a disease together), assuring that the 

randomly selected gene was not already annotated to any of the phenotypes of the original gene.

Cohort of previously solved cases

Whole exome sequencing was performed in all patients in accordance with the regulations 

and ethical guidelines of the University Medical Center Groningen (UMCG Medical Ethics 

Committee). To test if GADO could help prioritize genes that contain the causative variant, 

we used 83 samples of patients who were previously genetically diagnosed through whole 

exome analysis or gene panel analysis. These samples encompass a wide variety of different 

Mendelian disorders (Supplemental Table  1). To assess which genes harbour potentially 

causative variants, we first annotated the variants from the exome sequencing using GAVIN. 

For 11 of the previously solved cases, GAVIN did not flag the causative variant as a candidate. 

Since this is the result of the specificity and sensitivity trade-off made by GAVIN, we added 

the causative genes that had been missed by GAVIN for these 11 cases, so that we could still 

benchmark GADO on these patients. 

The phenotypic features of a patient were translated into HPO terms, which were used as input 

to GADO. Here we only used features reported in the medical records prior to the molecular 

diagnosis. If any of the HPO terms did not have significant predictive power, the parent terms were 

used. From the resulting list of ranked genes, the known disease genes harbouring a potentially 

causative variant were selected. Next, we determined the rank of the gene with the known 



GeneNetwork Assisted Diagnostic Optimization

173

5

causative variant among the selected genes. If a patient harboured multiple causative variants in 

different genes, the median rank of these genes was reported (Supplemental Table 1).

Cohorts of unsoved cases

In addition to the patients with a known genetic diagnosis, we tested 61 unsolved cases 

(Supplemental Table 2). These are patients with mainly cardiomyopathies or developmental 

delay. All patients were previously investigated using exome sequencing, by analysing a gene 

panel appropriate for their phenotype. To allow discovery of potential novel disease genes, we 

used GADO to rank genes with candidate variants that are identified using GAVIN. For genes 

with a prioritization Z-score ≥ 5, a literature search for supporting evidence was performed to 

assess whether these genes are likely candidate genes. 

Variant calling and processing of benchmark samples

The solved and unsolved samples where processed in the following manner.

For variant calling, we used the available WES or WGS data from patients with and without genetic 

diagnosis. These samples were genotyped using a relatively standard BWA and GATK pipeline. For 

a detailed description of the genotype pipeline see: https://molgenis.gitbooks.io/ngs_dna/ (version 

3.4.0). For the WGS samples, we confined our analysis to the exome. We used GAVIN to annotate 

our variants to obtain a list of candidate variants. GAVIN prioritizes genes based on, among other 

factors, minor allele frequency and gene-recalibrated CADD scores (for details see29). 

Comparing GADO and Exomiser on cases with known disease genes

To evaluate GADO’s performance, we compared GADO with Exomiser48 (version 10.1.0, 

with exomiser-phenotype-1802 and exomiser-genome-hg19-1805 files from https://data.

monarchinitiative.org/exomiser/data/). 

Both GADO and Exomiser were given each patient candidate gene list along with their 

respective set of phenotypes as input. Default settings were used. We used the gene rankings 

based on “EXOMISER_GENE_COMBINED_SCORE” and identified the rank of the causative 

gene (Supplemental Table 2). In case of a tie, the average rank of the ties was reported. If a 

patient harboured multiple causative variants, the median rank of the genes harbouring the 

causative variants was reported. To ensure a fair comparison, we used GADO on the set of genes 

reported by Exomiser (Supplemental Table 2). 

Website

To make our method and data available, we have developed a website, www.genenetwork.nl, 

that can be used to run GADO, lookup gene functions predictions, visualise networks using co-

regulation scores and perform function enrichments of sets of genes (Supplementary Note 3).
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GADO prediction of false positives

Gene confidence annotations were retrieved from previous studies.13 We used annotations 

from13 in our figure. We added an additional 4 genes from to the refuted category as the 

variants associated to the diseases have been found to be to common.8,12 We assigned a score 

of 1 to the refuted genes, 2 to limited genes, 3 to moderate genes, 4 to strong genes and 5 to 

definitive genes. Next, we calculated the Spearman-rank correlation between these values and 

the prioritization Z-scores for the corresponding genes (Figure 3B). 
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Data availability

The used RNA-seq data is available at the European nucleotide archive (https://www.ebi.

ac.uk/ena), the used samples are listed in Supplementary Data 1. The matrices needed for the 

command line version of GADO are hosted on figshare and are listed at https://github.com/

molgenis/systemsgenetics/wiki/GADO-Command-line. We are not allowed to share the exome 

sequencing data of the solved and unsolved cases. The matrix with gene prioritization Z-scores 

for HPO terms is available at: https://doi.org/10.6084/m9.figshare.8144291.

Code availability

The source code of GADO can be found at: https://github.com/molgenis/systemsgenetics/wiki/

GADO-Command-line.

Additional material

Supplementary material is linked to the online version of the paper at https://www.nature.com/

articles/s41467-019-10649-4.

Supplementary Data

Supplementary Data 1. A list of samples annotated in the European Nucleotide Archive June 30, 

2016. Samples that are download from the ENA database. The total number of reads assessed 

and mapped, and the percentage of reads mapped, are based on Kallisto summary reports. 

Supplementary Data 2. OMIM disease gene relations, prioritization Z-score and predictability 

scores. Per OMIM disease we report the prioritization Z-scores of the associated genes. For 

each gene we also list the gene predictability score. 

Supplementary Data 3. Candidate genes for solved and unsolved cases. Lists of candidate 

genes identified in each patient, using GAVIN, that are used for benchmarking. 

Supplementary Data 4. Prioritization performance comparison in unsolved cases. For the 

unsolved cases for which GADO identified a strong candidate gene we tested the performance 

of Exomiser, ENDEAVOR and ToppGene to show how GADO is complementary to existing tools 

to identify novel disease genes.
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Supplemental Notes 

Supplementary Note 1. Processing and quality control of public RNA-seq data.

Supplementary Note 2. Using alternative tools to prioritize the candidate genes found using 

GADO .

Supplementary Note 3. GeneNetwork website. 

Supplemental Figures 

Supplemental Figure  1. Selection of parent HPO term if GADO does not have significant 

predictive power for query term. 

Supplemental Figure  2. Performance of disease gene prioritization compared to random 

permutation. 

Supplemental Figure 3. The prioritization Z-score when using a maximum of 5 random HPO 

terms to predict known diseases genes are strongly correlated to using all annotated HPO terms. 

Supplemental Figure 4. Correlation between the GADO prioritization Z-scores and the ExAC 

missense constraint. 

Supplemental Figure 5. Comparison of GADO performance with the level of evidence for each 

cardiomyopathy-related gene. 

Supplemental Figure  6. Including 10% random genes when predicting HPO terms has a 

marginal effect on prediction accuracy. 

Supplemental Figure 7. Rank of the known causative gene among the candidate disease causing 

variants. 

Supplemental Figure 8. Correcting for biases in co-expression networks. 

Supplemental Figure 9. Histogram of the gene types included in our analyses. 

Supplemental Figure 10. PCA plot of 36,761 samples. 

Supplemental Figure 11. Investigation of principal components capturing technical biases. 

Supplemental Figure 12. Variance explained by first 1,588 PCs. 
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Supplemental Figure 13. Visualization of PC1 to PC 10 of PCA over gene correlation matrix. 

Supplemental Figure 14. Outlier genes in PC 8 and PC 9 of PCA over gene correlation matrix. 

Supplemental Figure 15. PC sample scores to distinguish different tissues. 

Supplemental Figure 16. Outlier samples in PC sample scores of PC 8 and PC 9. 

Supplemental Tables 

Supplemental Table  1. A list of 83 diagnosed patients with Mendelian disorders and 

corresponding predictions with GADO.

Supplemental Table 2. Comparison between GADO and Exomiser predictions using a list of 83 

diagnosed patients with Mendelian disorders. 

Supplemental Table 3. A list of 61 undiagnosed patients with suspected Mendelian disorders.

Acknowledgements

We are grateful for the participation of the patients and their parents in this study. We thank 

Kate McIntyre for editing the manuscript and Marieke Bijlsma, Gerben van der Vries, Sido 

Haakma and Pieter Neerincx for support with the computational analyses. This work was carried 

out on the computer cluster of the Genomics Coordination Center, hosted at the University 

of Groningen, Center for Information Technology (Strikwerda, W. Albers, R. Teeninga, H. 

Gankema and H. Wind) and Target storage (E. Valentyn and R. Williams). Target is supported 

by Samenwerkingsverband Noord Nederland, the European Fund for Regional Development, 

the Dutch Ministry of Economic Affairs, Pieken in de Delta and the provinces of Groningen and 

Drenthe. 

Conflict of Interest

The authors declare no conflict of interest.



178

Chapter 5

Funding

This work is supported by a grant from the European Research Counsil (ERC Starting Grant 

agreement number 637640 ImmRisk) to Lude Franke and two VIDI grants (917.14.374 and 

917.16.455) from the Netherlands Organization for Scientific Research (NWO) to Lude Franke 

and Morris Swertz. This work was supported by BBMRI-NL, a research infrastructure financed 

by the Dutch government (NOW 184.021.007). Wouter P. te Rijdt is supported by Young Talent 

Program (CVON PREDICT) grant 2017T001 from the Dutch Heart Foundation. Netherlands 

Heart Institute, Utrecht, the Netherlands.



GeneNetwork Assisted Diagnostic Optimization

179

5

References

1.  Brown TL, Meloche TM. Exome sequencing a review of new strategies for rare genomic disease 

research. Genomics 2016;108:109-114.

2.  Wright CF, FitzPatrick DR, Firth HV. Paediatric genomics: diagnosing rare disease in children. Nat Rev 

Genet 2018;19:253-268.

3.  Smedley D, Robinson PN. Phenotype-driven strategies for exome prioritization of human Mendelian 

disease genes. Genome Med 2015;7:81-015-0199-2. eCollection 2015.

4.  Eilbeck K, Quinlan A, Yandell M. Settling the score: variant prioritization and Mendelian disease. Nat 

Rev Genet 2017;18:599-612.

5.  Birgmeier J, Haeussler M, Deisseroth C, et al. AMELIE accelerates Mendelian patient diagnosis directly 

from the primary literature. bioRxiv 171322 2017:2019-https://doi.org/10.1101/171322.

6.  Bone WP, Washington NL, Buske OJ, et al. Computational evaluation of exome sequence data using 

human and model organism phenotypes improves diagnostic efficiency. Genet Med 2016;18:608-617.

7.  Feiglin A, Allen BK, Kohane IS, Kong SW. Comprehensive Analysis of Tissue-wide Gene Expression and 

Phenotype Data Reveals Tissues Affected in Rare Genetic Disorders. Cell Syst 2017;5:140-148.e2.

8.  Nouhravesh N, Ahlberg G, Ghouse J, et al. Analyses of more than 60,000 exomes questions the role 

of numerous genes previously associated with dilated cardiomyopathy. Mol Genet Genomic Med 

2016;4:617-623.

9.  Shah N, Hou YC, Yu HC, et al. Identification of Misclassified ClinVar Variants via Disease Population 

Prevalence. Am J Hum Genet 2018;102:609-619.

10.  Lek M, Karczewski KJ, Minikel EV, et al. Analysis of protein-coding genetic variation in 60,706 humans. 

Nature 2016;536:285-291.

11.  Tarailo-Graovac M, Zhu JYA, Matthews A, van Karnebeek CDM, Wasserman WW. Assessment of 

the ExAC data set for the presence of individuals with pathogenic genotypes implicated in severe 

Mendelian pediatric disorders. Genet Med 2017;19:1300-1308.

12.  Wright CF, West B, Tuke M, et al. Assessing the Pathogenicity, Penetrance, and Expressivity of Putative 

Disease-Causing Variants in a Population Setting. Am J Hum Genet 2019;104:275-286.

13.  Strande NT, Riggs ER, Buchanan AH, et al. Evaluating the Clinical Validity of Gene-Disease Associations: 

An Evidence-Based Framework Developed by the Clinical Genome Resource. Am J Hum Genet 

2017;100:895-906.

14.  Fehrmann RS, Karjalainen JM, Krajewska M, et al. Gene expression analysis identifies global gene 

dosage sensitivity in cancer. Nat Genet 2015;47:115-125.

15.  Kohler S, Vasilevsky NA, Engelstad M, et al. The Human Phenotype Ontology in 2017. Nucleic Acids Res 

2017;45:D865-D876.

16. Leinonen R, Akhtar R, Birney E, et al. The European Nucleotide Archive. Nucleic Acids Res 2011;39:D28-

31.

17.  Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq quantification. Nat 

Biotechnol 2016;34:525-527.

18.  Deelen P, Zhernakova DV, de Haan M, et al. Calling genotypes from public RNA-sequencing data 

enables identification of genetic variants that affect gene-expression levels. Genome Med 2015;7:30-

015-0152-4. eCollection 2015.



180

Chapter 5

19.  Zhao S, Fung-Leung WP, Bittner A, Ngo K, Liu X. Comparison of RNA-Seq and microarray in 

transcriptome profiling of activated T cells. PLoS One 2014;9:e78644.

20.  Fabregat A, Jupe S, Matthews L, et al. The Reactome Pathway Knowledgebase. Nucleic Acids Res 

2018;46:D649-D655.

21.  Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new perspectives on genomes, 

pathways, diseases and drugs. Nucleic Acids Res 2017;45:D353-D361.

22.  The Gene Ontology Consortium. Expansion of the Gene Ontology knowledgebase and resources. 

Nucleic Acids Res 2017;45:D331-D338.

23.  McKusick-Nathans Institute of Genetic Medicine and Johns Hopkins University. Online Mendelian 

Inheritance in Man, OMIM. Available at: https://omim.org/, 2019.

24.  Kurian MA, Zhen J, Cheng SY, et al. Homozygous loss-of-function mutations in the gene encoding the 

dopamine transporter are associated with infantile parkinsonism-dystonia. J Clin Invest 2009;119:1595-

1603.

25.  Puffenberger EG, Jinks RN, Sougnez C, et al. Genetic mapping and exome sequencing identify variants 

associated with five novel diseases. PLoS One 2012;7:e28936.

26.  Kurian MA, Li Y, Zhen J, et al. Clinical and molecular characterisation of hereditary dopamine transporter 

deficiency syndrome: an observational cohort and experimental study. Lancet Neurol 2011;10:54-62.

27.  GTEx Consortium. The Genotype-Tissue Expression (GTEx) project. Nat Genet 2013;45:580-585.

28.  Landrum MJ, Lee JM, Riley GR, et al. ClinVar: public archive of relationships among sequence variation 

and human phenotype. Nucleic Acids Res 2014;42:D980-5.

29.  van der Velde KJ, de Boer EN, van Diemen CC, et al. GAVIN: Gene-Aware Variant INterpretation for 

medical sequencing. Genome Biol 2017;18:6-016-1141-7.

30.  Arimura T, Matsumoto Y, Okazaki O, et al. Structural analysis of obscurin gene in hypertrophic 

cardiomyopathy. Biochem Biophys Res Commun 2007;362:281-287.

31.  Marston S, Montgiraud C, Munster AB, et al. OBSCN Mutations Associated with Dilated 

Cardiomyopathy and Haploinsufficiency. PLoS One 2015;10:e0138568.

32.  Bolling MC, Jan SZ, Pasmooij AMG, et al. Generalized Ichthyotic Peeling Skin Syndrome due to FLG2 

Mutations. J Invest Dermatol 2018;138:1881-1884.

33.  Tranchevent LC, Ardeshirdavani A, ElShal S, et al. Candidate gene prioritization with Endeavour. Nucleic 

Acids Res 2016;44:W117-21.

34.  Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene Suite for gene list enrichment analysis and 

candidate gene prioritization. Nucleic Acids Res 2009;37:W305-11.

35.  Benson MD. Inherited amyloidosis. J Med Genet 1991;28:73-78.

36.  Posafalvi A, Herkert JC, Sinke RJ, et al. Clinical utility gene card for: dilated cardiomyopathy (CMD). 

Eur J Hum Genet 2013;21:10.1038/ejhg.2012.276. Epub 2012 Dec 19.

37.  Sobreira N, Schiettecatte F, Valle D, Hamosh A. GeneMatcher: a matching tool for connecting 

investigators with an interest in the same gene. Hum Mutat 2015;36:928-930.

38.  Posey JE, Harel T, Liu P, et al. Resolution of Disease Phenotypes Resulting from Multilocus Genomic 

Variation. N Engl J Med 2017;376:21-31.

39.  Szklarczyk D, Morris JH, Cook H, et al. The STRING database in 2017: quality-controlled protein-

protein association networks, made broadly accessible. Nucleic Acids Res 2017;45:D362-D368.

40.  Adie EA, Adams RR, Evans KL, Porteous DJ, Pickard BS. Speeding disease gene discovery by sequence 

based candidate prioritization. BMC Bioinformatics 2005;6:55-2105-6-55.



GeneNetwork Assisted Diagnostic Optimization

181

5

41.  Moreau Y, Tranchevent LC. Computational tools for prioritizing candidate genes: boosting disease 

gene discovery. Nat Rev Genet 2012;13:523-536.

42.  Collado-Torres L, Nellore A, Jaffe AE. recount workflow: Accessing over 70,000 human RNA-seq 

samples with Bioconductor. F1000Res 2017;6:1558.

43.  Tsui B, Dow M, Skola D, Carter H. Extracting allelic read counts from 250,000 human sequencing runs 

in Sequence Read Archive. Pac Symp Biocomput 2019;24:196-207.

44.  Genomics England. PanelApp. Available at: https://panelapp.genomicsengland.co.uk/, 2019.

45.  Silvester N, Alako B, Amid C, et al. Content discovery and retrieval services at the European Nucleotide 

Archive. Nucleic Acids Res 2015;43:D23-9.

46.  Fehrmann RS, Karjalainen JM, Krajewska M, et al. Gene expression analysis identifies global gene 

dosage sensitivity in cancer. Nat Genet 2015;47:115-125.

47.  Whitlock MC. Combining probability from independent tests: the weighted Z-method is superior to 

Fisher’s approach. J Evol Biol 2005;18:1368-1373.

48.  Smedley D, Jacobsen JO, Jager M, et al. Next-generation diagnostics and disease-gene discovery with 

the Exomiser. Nat Protoc 2015;10:2004-2015.

49.  Alfares A, Al-Khenaizan S, Al Mutairi F. Peeling skin syndrome associated with novel variant in FLG2 

gene. Am J Med Genet A 2017;173:3201-3204.

50.  Alazami AM, Patel N, Shamseldin HE, et al. Accelerating novel candidate gene discovery in neurogenetic 

disorders via whole-exome sequencing of prescreened multiplex consanguineous families. Cell Rep 

2015;10:148-161.

51.  Runge JS, Raab JR, Magnuson T. Identification of Two Distinct Classes of the Human INO80 Complex 

Genome-Wide. G3 (Bethesda) 2018;8:1095-1102.

52.  Meeson AP, Radford N, Shelton JM, et al. Adaptive mechanisms that preserve cardiac function in mice 

without myoglobin. Circ Res 2001;88:713-720.

53.  van der Harst P, van Setten J, Verweij N, et al. 52 Genetic Loci Influencing Myocardial Mass. J Am Coll 

Cardiol 2016;68:1435-1448.

54.  Truszkowska GT, Bilinska ZT, Muchowicz A, et al. Homozygous truncating mutation in NRAP gene 

identified by whole exome sequencing in a patient with dilated cardiomyopathy. Sci Rep 2017;7:3362-

017-03189-8.

55.  Thiel CT, Horn D, Zabel B, et al. Severely incapacitating mutations in patients with extreme short 

stature identify RNA-processing endoribonuclease RMRP as an essential cell growth regulator. Am 

J Hum Genet 2005;77:795-806.

56.  Hirayama A, Joshita S, Kitahara K, et al. Lymphocyte Antigen 75 Polymorphisms Are Associated with 

Disease Susceptibility and Phenotype in Japanese Patients with Inflammatory Bowel Disease. Dis 

Markers 2016;2016:6485343.

57.  Kim SE, Choo J, Yoon J, et al. Genome-wide analysis identifies colonic genes differentially associated 

with serum leptin and insulin concentrations in C57BL/6J mice fed a high-fat diet. PLoS One 

2017;12:e0171664.





Part III
Rare and novel genes





Anita E. Qualls, Sandra Donkervoort, Johanna C. Herkert, Alissa M. D’Gama, Diana Bharucha-

Goebel, James Collins, Katherine R. Chao, A.  Reghan Foley, Mirthe H. Schoots, Jan D.H. 

Jongbloed, Carsten G. Bönnemann, Pankaj B. Agrawal 

Muscle and Nerve 2019;59(3):357-362

Chapter 6
Novel SPEG mutations in congenital myopathies: 

genotype-phenotype correlations 



186

Chapter 6

Abstract

Introduction Centronuclear myopathies (CNMs) are a subtype of congenital myopathies (CMs) 

characterized by muscle weakness, predominant type 1 fibers, and increased central nuclei. 

SPEG (striated preferentially expressed protein kinase) mutations have recently been identified 

in seven CM patients (six with CNMs). We report two additional patients with SPEG mutations 

expanding the phenotype and evaluate genotype-phenotype correlations associated with SPEG 

mutations. 

Methods Using whole exome/genome sequencing in CM families, we identified novel recessive 

SPEG mutations in two patients. 

Results Patient 1, with severe muscle weakness requiring respiratory support, dilated 

cardiomyopathy, ophthalmoplegia, and findings of nonspecific CM on muscle biopsy carried 

a homozygous SPEG mutation p.(Val3062del). Patient 2, with milder muscle weakness, 

ophthalmoplegia, and CNM carried compound heterozygous mutations p.(Leu728Argfs*82) 

and p.(Val2997Glyfs*52). 

Conclusions The two patients add insight into genotype-phenotype correlations of SPEG-

associated CMs. Clinicians should consider evaluating a CM patient for SPEG mutations even 

in the absence of CNM features.
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Introduction

Congenital myopathies (CMs) are a group of muscle diseases that commonly present at birth 

or during infancy with muscle weakness and hypotonia. The clinical presentation ranges from 

mild hypotonia causing delays in achieving motor skills to severe muscle weakness causing death 

from respiratory involvement.1 Centronuclear myopathies (CNMs) are a subtype characterized 

by increased central nuclei within myofibers, and often associated with disruption of excitation-

contraction coupling.1,2 Approximately 60-80% of CNMs are caused by dominant DNM2 

mutations, dominant and recessive RYR1 and CACNA1S mutations, recessive BIN1 mutations, 

and X-linked recessive MTM1 mutations.3-8 Recently, recessive SPEG mutations have been 

identified in six CNM patients and one patient with non-CNM CM.9-12 Here, we report two 

additional unrelated patients with CMs caused by recessive SPEG mutations, compare the 

clinical findings of all nine patients, and discuss genotype-phenotype correlations thereby 

improving the understanding of SPEG-related CM. 
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Methods

Patient recruitment and genetic analysis

For patient 1, a comparative genomic hybridization (CGH) array was initially performed and 

then whole exome sequencing (WES) was performed in a diagnostic setting with a parent–

offspring trio approach as previously described.13 For patient 2, the patient and her family were 

enrolled in an institutional review board-approved study (NINDS Protocol 12-N-0095). WES 

was initially performed through the National Institutes of Health (NIH) Intramural Sequencing 

Center using the Nimblegen SeqCap EZ Exome+UTR Library and Illumina HiSeq, and variants 

were analysed using Varsifter.14 Whole genome sequencing (WGS) was then performed by the 

Genomics Platform at the Broad Institute using Illumina HiSeq X Ten v2 chemistry, and variants 

were analysed using Variant Effect Predictor.

Histopathology studies

The muscle biopsy samples were frozen and processed using standard histological techniques.15
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Results

Clinical description

Patient 1 was the first child of healthy consanguineous parents, with normal intellect and no family 

history of neuromuscular disease. He has been reported in a large series of cardiomyopathy 

patients with minimal clinical information.13 The pregnancy was reportedly uncomplicated, and 

he was delivered by vacuum extraction at 37 weeks gestation. At birth, he presented with severe 

hypotonia and left-sided inguinal hernia. At age 4, he developed progressive proximal muscle 

weakness and was noted to have marked atrophy of his lower leg muscles, pes planovalgus, and 

a high-arched palate. His history was significant for recurrent abdominal pain and diarrhoea, 

recurrent otitis media, frequent upper airway infections, recurrent pneumonias, and multiple 

bone fractures (distal ulna, medial condyle, distal tibia, all after trauma). His serum creatine 

kinase level ranged from 9 to 60 U/L (normal < 171 U/L).16 At age 6, an electrocardiogram 

(EKG) showed biventricular hypertrophy, and an echocardiogram demonstrated severe left 

ventricular dilation with poor muscle contractility. He was started on digoxin, captopril and 

diuretics, tube feeding, and nocturnal non-invasive ventilation. At age 7, a gastrostomy tube 

was inserted. At age 12, ophthalmoplegia and mild lumbar torsion-scoliosis were diagnosed. His 

dilated cardiomyopathy was progressive; his shortening fraction decreased from 20% at age 10 

to 9% at age 16 with severe mitral valve insufficiency. Despite maximum support, he died at age 

17 due to cardiopulmonary insufficiency.

Patient 2 is a 6.5-year-old female. She was born at term by means of Caesarean section and 

presented with a weak cry, respiratory distress, hypotonia, and reduced deep tendon reflexes. 

She had bilateral vocal cord paralysis, and a gastrostomy tube was placed at age 4 weeks due to 

swallowing concerns. She attained head control at 4 months, rolled over at 6-9 months, got into 

a sitting position at 9-12 months, crawled at 18 months, pulled to stand at 18-20 months, and 

walked at 2 years. EKG at 3 years and 10 months revealed sinus tachycardia; an echocardiogram 

was normal. Her serum creatine kinase level was within normal limits at 89 IU/L. At age 4, she 

had mild lower facial weakness, axial hypotonia, and proximal muscle weakness (MRC 3-4/5 

range) with subgravity neck flexion. She has nearly complete ophthalmoplegia, bilateral ptosis, 

and intermittent strabismus. She has a high-arched palate and nasal speech. She has a weak 

cough and has had recurrent respiratory infections. She has difficulty feeding by mouth and 

receives all nutrition by means of a gastrostomy tube. Although she has a history of delayed 

motor milestones, she continues to demonstrate improvements. At age 4.5, she was still unable 

to run and jump. A nerve conduction study performed at age 5 showed a reduced compound 

muscle action potential (CMAP) amplitude of 2.3 mV (normal > 3.0 mV) of the ulnar motor nerve 

recorded at the abductor digiti minimi muscle.



190

Chapter 6

Muscle biopsy findings

Patient 1 had a quadriceps muscle biopsy at age 9, which is consistent with non-CNM CM and 

shows a mild increase in fiber size variability, several atrophic fibers, and only a few internal/

central nuclei (< 20% of fibers) (Figure 1A). No clear fiber size hypertrophy is noted. Patient 2 

had a quadriceps muscle biopsy at age 3, which is consistent with CNM and shows good fiber 

type differentiation without clear fiber type predominance, hypotrophic type 1 fibers and 

hypertrophic type 2 fibers, and many central nuclei (~50% of fibers and 60% of type 1 fibers) 

(Figure 1B, C). Electron microscopy for patient 2 shows a few myofibers with unstructured 

cores. 

Figure 1. Histological examination of patients’ muscle biopsies and SPEG schematic. (A) Hematoxylin 

and eosin (H&E) staining of patient 1’s muscle biopsy specimen, performed at 9 years of age. The muscle 

biopsy shows a mild increase in fiber size variability, several atrophic fibers, and only a few internal/central 

nuclei, consistent with non-CNM CM. Succinate dehydrogenase (B) and H&E (C) staining of patient 2’s 

muscle biopsy, performed at 3 years of age. The muscle biopsy reveals marked variability in fiber size with 

hypotrophic type 1 fibers and hypertrophic type 2 fibers with many central nuclei, consistent with CNM. 

Scale bar = 50 mm for all images. (D) Schematic of SPEGβ domain organization with positions of identified 

mutations generated by Illustrator for Biological Sequences. Mutations affecting both SPEGα and SPEGβ 

are in black, while mutations affecting only SPEGβ are in pink. 
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Genetic results

Copy number variant analysis for patient 1 using array-CGH identified a deletion of chromosome 

4q35.2 (190,462,807-191,041,681; 579 kb), a deletion of chromosome 7q11.22 (66,692,376-

68,103,955; 1,412 Mb), and copy neutral homozygosity of 6 regions > 10 Mb, confirming 

consanguinity. Both deletions did not correlate to a phenotype and were identified in his father; 

the first includes BC087857 and the second does not include any genes. Sanger sequencing 

of FKRP, SEPN1, and RYR1 was unrevealing. Trio WES identified a homozygous mutation in 

exon 38 of SPEG, c.9185_9187delTGG, p.(Val3062del). The amino acid at this position is highly 

conserved and located in the protein kinase domain, which is critical for SPEG function. This 

variant was heterozygous in the parents and unaffected sister. 

WES analysis for patient 2 initially identified a maternally inherited c.2183delT, 

p.(Leu728Argfs*82) mutation in exon 10 of SPEG. Due to regions of low coverage, 

WGS was then performed, and identified the same maternally inherited mutation in 

compound heterozygosity with a paternally inherited 25 base pair insertion in exon 38, 

c.8962_8963insCGGGGCGAACGTTCGTGGCCAAGAT, p.(Val2997Glyfs*52). These variants 

result in frameshifts and thus are classified as loss-of-function. The variants identified in both 

patients were predicted deleterious by MutationTaster and absent from ExAC, gnomAD, and 

1000 Genomes databases.
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Discussion

We report two additional patients with SPEG-associated CMs, patient 1 with muscle pathology 

consistent with nonspecific CM, and patient 2 with muscle pathology consistent with CNM (P1 

and P2 in Figure 1D). The clinical and molecular findings of all nine patients reported so far 

including ours are summarized in Table 1 and Supplemental Table 1. 

SPEG is alternatively spliced into four tissue-specific isoforms: APEG (aortic preferentially 

expressed gene), BPEG (brain preferentially expressed gene), and SPEGα and SPEGβ (expressed 

in skeletal and cardiac muscle).17 SPEGβ is the longer isoform with SPEGα missing amino acids 

1-854.9 Clinical data from patients 6 and 8 suggest that SPEGα may partially rescue mutations 

affecting only SPEGβ, possibly preserving cardiac function.10,12 This appears to be the case for 

patient 2, who carries one variant sparing SPEGα, and has not yet developed signs of cardiac 

dysfunction. In contrast, patient 1 carried a homozygous mutation affecting SPEGα and SPEGβ, 

and developed dilated cardiomyopathy, also seen in patients 3, 4, 5 and 7 carrying mutations 

affecting both isoforms. Of interest, patient 9, who also carries a mutation affecting both 

isoforms, developed noncompaction cardiomyopathy.11 

Skeletal muscle dysfunction seems more severe in patients with mutations affecting both 

isoforms, as seen in patients 1, 3, and 9 dying early, and patient 4 needing constant mechanical 

ventilation.9,11 The other two patients with both isoforms affected are patients 5 and 7.9,10 In 

patient 5, the disease was relatively mild, likely due to one variant being missense while all SPEG 

variants described so far have been loss-of-function, suggesting haploinsufficiency.9 In patient 7, 

the milder phenotype may be due to the mutation being very close to the C-terminus, thereby 

escaping nonsense mediated decay and potentially having less effect on protein function.10 

Overall, these findings suggest SPEGα has a critical role in skeletal and cardiac function and 

the disease is more severe when both isoforms are affected. Future studies should investigate 

the role of SPEGα in compensating for mutant SPEGβ. The clinical features of all patients have 

phenotypic similarities, most notably the presence of respiratory problems (patients 1-7, and 

9), eye involvement (patients 1, 2, 4, and 6), and scoliosis (patients 1, 6, and 8).9-12

In summary, this study expands the genetic heterogeneity of SPEG-associated CMs and further 

elucidates genotype-phenotype correlations to help guide appropriate clinical screening 

and management. The phenotype of SPEG-associated CM is varied and expanding, including 

ophthalmoplegia, and diagnostic markers that were initially considered, such as the presence 

of centralized nuclei on muscle biopsy and dilated cardiomyopathy, do not capture all cases. 

Thus, it is important for clinicians to consider evaluating a patient with congenital myopathy for 

SPEG mutations using WES even in the absence of type 1 fiber predominance, central nuclei, 

or cardiomyopathy.
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Table 1. Clinical and molecular findings in individuals carrying SPEG mutations.

Patient/sex P1/M (this study) P2/F (this study) P3/F9 P4/F9 P5/M9 P6/M10 P7/M10 P8/M12 P9/M11

Age Died at 17 years 6.5 years Died at 3 weeks 6 years 1.5 years 3 years 7 years 10 years Died at 19 weeks

SPEG exons Exon 38 Exons 10 and 38 Exon 30 Exons 18 and 13 Exons 10 and 35 Exon 4 Exon 40 Exons 4 and 20 Exon 30 

Allele 1 

(maternal)

c.9185_9187delTGG; 

p.(Val3062del)

c.2183delT;

p.(Leu728fs)

c.6697C>T; 

p.(Gln2233*)

c.4276C>T; p.(Arg1426*) c.2915_2916delCCinsA; 

(p.Ala972fs)

c.1627-1628insA; 

p.(Thr544fs)

c.9586C>T; 

p.(Arg3196*)

c.1071_1074dup; 

p.(Lys359fs)

c.7119C>A;

p.(Tyr2373*)

Allele 2 

(paternal)

c.9185_9187delTGG; 

p.(Val3062del)

c.8962_8963ins25; 

p.(Val2997fs)

c.6697C>T; 

p.(Gln2233*)

c.3709_3715+29del36; 

p.(Thr1237fs)

c.8270G>T; 

p.(Gly2757Val)

c.1627-1628insA; 

p.(Thr544fs)

c.9586C>T; 

p.(Arg3196*)

c.4399C>T; 

p.(Arg1467*)

c.7119C>A

p.(Tyr2373*)

Family history Consanguineous parents, 

one healthy sister

No known 

consanguinity

Consanguineous 

parents, two 

sisters died early

No known consanguinity No known consanguinity, 

sibling died early

Parents from same 

village in Turkey

Likely 

consanguineous

No known 

consanguinity

Consanguineous 

parents

Birth history Full term, severely 

hypotonic 

Full-term, hypotonic Full-term, breech 

delivery, severely 

hypotonic

Severely hypotonic Born at 36 weeks of 

gestation, severely 

hypotonic

Full-term, hypotonic Full-term, poor 

foetal movements 

Uneventful 

pregnancy, 

hypotonic 

Uneventful 

pregnancy, severely 

hypotonic

Neurological 

findings

Symmetric atrophy 

of lower extremities, 

wheelchair-bound at 17 

years

Normal early motor 

milestones, walked at 

2 years, unable to run 

or jump 

Died of severe 

muscle weakness

Sit unsupported at 2.5 

years, unable to walk 

unsupported

Head control at 16 

months, sit unsupported 

at 18 months

Head control 

at 6 months, sit 

unsupported at 12 

months, unable to 

walk

Head control at 

18 months, sit 

unsupported at 30 

months, walking at 

4 years

Sit unsupported at 

11 months, walking 

at 30 months, short 

distances

Contracture of right 

ankle and absence 

of deep tendon 

reflexes, antigravity 

movement at 1 

week

Eye findings Ophthalmoplegia Ophthalmoplegia, 

bilateral ptosis

No known 

evaluation

Ophthalmoplegia None Ophthalmoplegia, 

mild ptosis

None None None

Respiratory

issues

Non-invasive ventilation 

during night, recurrent 

pneumonia

Weak cough Insufficient 

respiratory efforts

Tracheostomy, 

mechanical ventilation

Brief NICU stay for 

respiratory issues, no 

assisted ventilation

NICU for apnoea, 

no intubations, 

recurrent lung 

infections

Non-invasive 

ventilation during 

first 48 hours of life

None Intubation required 

immediately after 

birth, weaned at 10 

weeks for palliative 

care

Feeding 

issues

Gastrostomy tube from 

age 6 years

Gastrostomy tube Gastrostomy tube 

early in life

Gastrostomy tube early 

in life

Nasogastric tube feeding None Nasogastric tube 

feeding until day 13

Gastrostomy tube 

from age 9 years

Gastrostomy tube

Cardiac 

issues

DCM at age 7 years, 

severe mitral valve 

insufficiency

No cardiomyopathy 

at 3 years 10 months, 

sinus tachycardia

No cardiac 

evaluation

DCM DCM, mitral valve 

insufficiency

None DCM, mild mitral 

valve insufficiency

Reduced 

myocardial 

contraction, no 

ventricular dilation 

at age 5 years

Enlarged atria, 

hypertrabeculation 

of left ventricle 

Skeletal issues Torsion scoliosis, ulnar 

fracture at age 4, condyle 

fracture at age 5, tibia 

fracture at age 11 (all 

after trauma)

None Not applicable None None Pectus excavatum, 

mild scoliosis

None Scoliosis developed 

at age 4 years

Not applicable

DCM=dilated cardiomyopathy, NICU=neonatal intensive care unit.



SPEG mutations and myopathies

195

6

Table 1. Clinical and molecular findings in individuals carrying SPEG mutations.

Patient/sex P1/M (this study) P2/F (this study) P3/F9 P4/F9 P5/M9 P6/M10 P7/M10 P8/M12 P9/M11

Age Died at 17 years 6.5 years Died at 3 weeks 6 years 1.5 years 3 years 7 years 10 years Died at 19 weeks

SPEG exons Exon 38 Exons 10 and 38 Exon 30 Exons 18 and 13 Exons 10 and 35 Exon 4 Exon 40 Exons 4 and 20 Exon 30 

Allele 1 

(maternal)

c.9185_9187delTGG; 

p.(Val3062del)

c.2183delT;

p.(Leu728fs)

c.6697C>T; 

p.(Gln2233*)

c.4276C>T; p.(Arg1426*) c.2915_2916delCCinsA; 

(p.Ala972fs)

c.1627-1628insA; 

p.(Thr544fs)

c.9586C>T; 

p.(Arg3196*)

c.1071_1074dup; 

p.(Lys359fs)

c.7119C>A;

p.(Tyr2373*)

Allele 2 

(paternal)

c.9185_9187delTGG; 

p.(Val3062del)

c.8962_8963ins25; 

p.(Val2997fs)

c.6697C>T; 

p.(Gln2233*)

c.3709_3715+29del36; 

p.(Thr1237fs)

c.8270G>T; 

p.(Gly2757Val)

c.1627-1628insA; 

p.(Thr544fs)

c.9586C>T; 

p.(Arg3196*)

c.4399C>T; 

p.(Arg1467*)

c.7119C>A

p.(Tyr2373*)

Family history Consanguineous parents, 

one healthy sister

No known 

consanguinity

Consanguineous 

parents, two 

sisters died early

No known consanguinity No known consanguinity, 

sibling died early

Parents from same 

village in Turkey

Likely 

consanguineous

No known 

consanguinity

Consanguineous 

parents

Birth history Full term, severely 

hypotonic 

Full-term, hypotonic Full-term, breech 

delivery, severely 

hypotonic

Severely hypotonic Born at 36 weeks of 

gestation, severely 

hypotonic

Full-term, hypotonic Full-term, poor 

foetal movements 

Uneventful 

pregnancy, 

hypotonic 

Uneventful 

pregnancy, severely 

hypotonic

Neurological 

findings

Symmetric atrophy 

of lower extremities, 

wheelchair-bound at 17 

years

Normal early motor 

milestones, walked at 

2 years, unable to run 

or jump 

Died of severe 

muscle weakness

Sit unsupported at 2.5 

years, unable to walk 

unsupported

Head control at 16 

months, sit unsupported 

at 18 months

Head control 

at 6 months, sit 

unsupported at 12 

months, unable to 

walk

Head control at 

18 months, sit 

unsupported at 30 

months, walking at 

4 years

Sit unsupported at 

11 months, walking 

at 30 months, short 

distances

Contracture of right 

ankle and absence 

of deep tendon 

reflexes, antigravity 

movement at 1 

week

Eye findings Ophthalmoplegia Ophthalmoplegia, 

bilateral ptosis

No known 

evaluation

Ophthalmoplegia None Ophthalmoplegia, 

mild ptosis

None None None

Respiratory

issues

Non-invasive ventilation 

during night, recurrent 

pneumonia

Weak cough Insufficient 

respiratory efforts

Tracheostomy, 

mechanical ventilation

Brief NICU stay for 

respiratory issues, no 

assisted ventilation

NICU for apnoea, 

no intubations, 

recurrent lung 

infections

Non-invasive 

ventilation during 

first 48 hours of life

None Intubation required 

immediately after 

birth, weaned at 10 

weeks for palliative 

care

Feeding 

issues

Gastrostomy tube from 

age 6 years

Gastrostomy tube Gastrostomy tube 

early in life

Gastrostomy tube early 

in life

Nasogastric tube feeding None Nasogastric tube 

feeding until day 13

Gastrostomy tube 

from age 9 years

Gastrostomy tube

Cardiac 

issues

DCM at age 7 years, 

severe mitral valve 

insufficiency

No cardiomyopathy 

at 3 years 10 months, 

sinus tachycardia

No cardiac 

evaluation

DCM DCM, mitral valve 

insufficiency

None DCM, mild mitral 

valve insufficiency

Reduced 

myocardial 

contraction, no 

ventricular dilation 

at age 5 years

Enlarged atria, 

hypertrabeculation 

of left ventricle 

Skeletal issues Torsion scoliosis, ulnar 

fracture at age 4, condyle 

fracture at age 5, tibia 

fracture at age 11 (all 

after trauma)

None Not applicable None None Pectus excavatum, 

mild scoliosis

None Scoliosis developed 

at age 4 years

Not applicable

DCM=dilated cardiomyopathy, NICU=neonatal intensive care unit.



196

Chapter 6

References

1.  Nance JR, Dowling JJ, Gibbs EM, Bonnemann CG. Congenital myopathies: an update. Curr Neurol 

Neurosci Rep 2012;12:165-174.

2.  Pierson CR, Tomczak K, Agrawal P, Moghadaszadeh B, Beggs AH. X-linked myotubular and centronuclear 

myopathies. J Neuropathol Exp Neurol 2005;64:555-564.

3.  Bevilacqua JA, Monnier N, Bitoun M, et al. Recessive RYR1 mutations cause unusual congenital 

myopathy with prominent nuclear internalization and large areas of myofibrillar disorganization. 

Neuropathol Appl Neurobiol 2011;37:271-284.

4.  Bitoun M, Maugenre S, Jeannet PY, et al. Mutations in dynamin 2 cause dominant centronuclear 

myopathy. Nat Genet 2005;37:1207-1209.

5.  Ceyhan-Birsoy O, Agrawal PB, Hidalgo C, et al. Recessive truncating titin gene, TTN, mutations 

presenting as centronuclear myopathy. Neurology 2013;81:1205-1214.

6.  Laporte J, Hu LJ, Kretz C, et al. A gene mutated in X-linked myotubular myopathy defines a new putative 

tyrosine phosphatase family conserved in yeast. Nat Genet 1996;13:175-182.

7.  Nicot AS, Toussaint A, Tosch V, et al. Mutations in amphiphysin 2 (BIN1) disrupt interaction with 

dynamin 2 and cause autosomal recessive centronuclear myopathy. Nat Genet 2007;39:1134-1139.

8.  Schartner V, Romero NB, Donkervoort S, et al. Dihydropyridine receptor (DHPR, CACNA1S) congenital 

myopathy. Acta Neuropathol 2017;133:517-533.

9.  Agrawal PB, Pierson CR, Joshi M, et al. SPEG interacts with myotubularin, and its deficiency causes 

centronuclear myopathy with dilated cardiomyopathy. Am J Hum Genet 2014;95:218-226.

10.  Wang H, Castiglioni C, Kacar Bayram A, et al. Insights from genotype-phenotype correlations by novel 

SPEG mutations causing centronuclear myopathy. Neuromuscul Disord 2017;27:836-842.

11.  Wang H, Schanzer A, Kampschulte B, et al. A novel SPEG mutation causes non-compaction 

cardiomyopathy and neuropathy in a floppy infant with centronuclear myopathy. Acta Neuropathol 

Commun 2018;6:83-018-0589-y.

12.  Lornage X, Sabouraud P, Lannes B, et al. Novel SPEG Mutations in Congenital Myopathy without 

Centralized Nuclei. J Neuromuscul Dis 2018;5:257-260.

13.  Herkert JC, Abbott KM, Birnie E, et al. Toward an effective exome-based genetic testing strategy in 

pediatric dilated cardiomyopathy. Genet Med 2018;20:1374-1386.

14.  Teer JK, Green ED, Mullikin JC, Biesecker LG. VarSifter: visualizing and analyzing exome-scale sequence 

variation data on a desktop computer. Bioinformatics 2012;28:599-600.

15.  Dubowitz V, Sewry C, Oldfors A. Musle biopsy: a practical approach. Amsterdam: Elsevier, 2013.

16.  Schumann G, Bonora R, Ceriotti F, et al. IFCC primary reference procedures for the measurement 

of catalytic activity concentrations of enzymes at 37 degrees C. International Federation of Clinical 

Chemistry and Laboratory Medicine. Part 6. Reference procedure for the measurement of catalytic 

concentration of gamma-glutamyltransferase. Clin Chem Lab Med 2002;40:734-738.

17.  Hsieh CM, Fukumoto S, Layne MD, et al. Striated muscle preferentially expressed genes alpha and 

beta are two serine/threonine protein kinases derived from the same gene as the aortic preferentially 

expressed gene-1. J Biol Chem 2000;275:36966-36973.



SPEG mutations and myopathies

197

6



198

Chapter 6

Supplemental Information

Supplemental Table 1. Pathology findings in individuals carrying SPEG mutations.

Patient/sex P1/M (this study) P2/F (this study) P3/F9 P4/F9 P5/M9 P6/M10 P7/M10 P8/M12 P9/M11

Fiber type Centrally, type 2C 

fibers dominate. More 

laterally, type 1 fibers 

dominate. No type 2A or 

2B fibers

There is good fiber 

type differentiation 

without clear fiber type 

predominance 

Few necklace 

fibers

N/A Type 1 fiber 

predominance

Type 1 fiber predominance Abundant small 

rounded muscle 

fibers, large 

whorled-like 

fibers

No necklace 

fibers

N/A

Fiber size Mild increase in fiber 

size variability, no clear 

fiber size hypertrophy

Type 1 fibers are 

hypotrophic, while 

type 2 fibers are 

hypertrophic

N/A Hypotrophic 

myofibers

Variation in fiber 

size that was 

more prominent 

in some fascicles

Marked variation in fiber 

diameter. Generally, type 

1 fibers were smaller in 

diameter (hypotrophy), 

while type 2 fibers were 

larger compared to an age-

matched control

Increased fiber 

size variability

Hypotrophy 

of both fiber 

types and 

mild fiber size 

heterogeneity

Myopathy 

with increased 

variation in 

muscle fiber 

diameter

Centralized 

nuclei? 

Less than 20% of fibers 

with central nuclei

Approximately 50% of 

all fibers (and 60% of 

all type 1 fibers) have 

central nuclei

Marked increase 

in myofibers with 

central nuclei

Marked 

increase in 

central nuclei

Increased 

central nuclei 

in hypotrophic 

fibers

Increased number of fibers 

with central nuclei

Numerous 

central nuclei

No central 

nuclei

Increased 

variation of 

internalized 

nuclei

Other N/A N/A N/A N/A Myopathic 

changes

Peripheral subsarcolemmal 

halos and central dense 

areas with NADH-TR. 

A few fibers showed 

neonatal myosin

Subsarcolemmal 

peripheral halos 

and central 

dense areas at 

NADH-TR stain

No internal 

nuclei

NADH-TR 

stain shows 

peripheral halos 

and central 

dense areas 
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Supplemental Table 1. Pathology findings in individuals carrying SPEG mutations.
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Biallelic truncating mutations in ALPK3 

cause severe paediatric cardiomyopathy



202

Chapter 7

Abstract

Background Cardiomyopathies are usually inherited and predominantly affect adults, but they 

can also present in childhood. Although our understanding of the molecular basis of paediatric 

cardiomyopathy has improved, the underlying mechanism remains elusive in a substantial 

proportion of cases. 

Objectives This study aimed to identify new genes involved in paediatric cardiomyopathy.

Methods The authors performed homozygosity mapping and whole-exome sequencing in two 

consanguineous families with idiopathic paediatric cardiomyopathy. Sixty unrelated patients with 

paediatric cardiomyopathy were subsequently screened for mutations in a candidate gene. First-

degree relatives were submitted to cardiac screening and cascade genetic testing. Myocardial 

samples from two patients were processed for histological and immunohistochemical studies.

Results We identified five patients from three unrelated families with paediatric cardiomyopathy 

caused by homozygous truncating mutations in ALPK3, a gene encoding a nuclear kinase that 

plays an essential role in early differentiation of cardiomyocytes. All patients with biallelic 

mutations presented with severe hypertrophic and/or dilated cardiomyopathy in utero, at birth 

or in early childhood. Three patients died from heart failure within the first week of life. Moreover, 

two of ten (20%) heterozygous family members showed hypertrophic cardiomyopathy with an 

atypical distribution of hypertrophy. Deficiency of alpha-kinase 3 has previously been associated 

with features of both hypertrophic and dilated cardiomyopathy in mice. Consistent with studies 

in knockout mice, we provide microscopic evidence for intercalated disc remodelling.

Conclusions Biallelic truncating mutations in the newly identified gene ALPK3 give rise to severe, 

early-onset cardiomyopathy in humans. Our findings highlight the importance of transcription 

factor pathways in the molecular mechanisms underlying human cardiomyopathies.
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Introduction 

Cardiomyopathies represent a clinically and genetically heterogeneous group of disorders 

affecting the ventricular myocardium. Among children <18 years of age, overall incidence 

of cardiomyopathy is 1.13 cases per 100,000 annually in the United States.1 Paediatric 

cardiomyopathy is associated with significant morbidity and mortality: up to 40% of affected 

children die or undergo cardiac transplantation within five years of diagnosis.2,3 Cardiomyopathy 

can be classified into five clinical phenotypes based upon morphological and functional 

characteristics: hypertrophic cardiomyopathy (HCM); dilated cardiomyopathy (DCM); 

restrictive cardiomyopathy; arrhythmogenic right ventricular (RV) cardiomyopathy; and 

unclassified cardiomyopathy, including left ventricular (LV) noncompaction.4 Extremely diverse, 

particularly in the paediatric population, the aetiology of cardiomyopathy encompasses both 

nongenetic and genetic causes, including myocarditis, neuromuscular diseases, inborn errors of 

metabolism, malformation syndromes, and familial forms caused by mutations in genes encoding 

the specialized, often structural, components of cardiomyocytes. Because of the routine 

incorporation of genetic testing in the diagnostic evaluation of patients with cardiomyopathy, a 

causal diagnosis can be identified in more than 70% of children.5 Interestingly, the same genetic 

causes that result in cardiomyopathy in adults are prevalent in the paediatric population (e.g., 

sarcomeric or cytoskeletal gene mutations).6 

Despite recent advances in understanding the genetic aetiologies of paediatric cardiomyopathy, 

a substantial number of cases remain unsolved, suggesting that other genes await discovery. 

Establishing an underlying genetic cause for cardiomyopathy allows pre-symptomatic 

identification of family members at risk and facilitates reproductive decision making. Genetic 

and genomic studies continue to provide new insights into the pathophysiological processes 

contributing to cardiomyopathy and will ultimately facilitate development of patient-specific 

prevention and treatment strategies. 

To identify new genes contributing to paediatric cardiomyopathy, we used a combined approach 

of homozygosity mapping and whole-exome sequencing.
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Methods

Patient population

We studied four individuals with paediatric cardiomyopathy from two consanguineous families 

of Dutch and Moroccan descent, respectively (Figures 1A and 1B). A third family of Turkish 

descent was identified by subsequent cohort screening (Figure  1C). Patients underwent 

extensive clinical investigations including high-resolution prenatal ultrasound, physical 

examination, 12-lead electrocardiography, transthoracic echocardiography, and post-mortem 

examination. Mutation screening of up to 48 known cardiomyopathy-related genes per individual 

was negative. A complete overview of the genetic and metabolic tests performed before this 

this study is provided in the Supplemental Information. All asymptomatic siblings and parents 

underwent echocardiographic screening. HCM was defined by the presence of increased LV wall 

thickness (>2 SD above the mean for body surface area in children or ≥13 mm in adult relatives) 

in the absence of hemodynamic stresses sufficient to account for the degree of hypertrophy. 

DCM was defined by the presence of LV dilatation (LV end-diastolic dimension >2 SD above 

the mean for body surface area) and systolic dysfunction (fractional shortening or LV ejection 

fraction >2 SD below the mean for age) in the absence of abnormal loading conditions sufficient 

to cause global systolic impairment.4 A cohort of 60 unrelated patients with idiopathic paediatric 

cardiomyopathy from diverse ethnic backgrounds was available for mutational screening of 

candidate genes. These patients had previously been screened for mutations in 8 to 55 known 

cardiomyopathy-related genes. The medical ethical committees of the University Medical 

Centre Groningen and the Erasmus University Medical Centre approved this study. Written 

informed consent was obtained from all participants or their legal guardians.

Homozygosity mapping

Genomic deoxyribonucleic acid (DNA) was extracted from peripheral blood samples (A-VIII:1, 

VIII:2, IX:1, and IX:2; B-III:1, IV:3, and IV:4), buccal swabs (A-IX:3 and IX:4), amniotic fluid (B-

IV:1), or fibroblasts (B-IV:2) (Figure 1). Genome-wide genotyping was performed using the 

Human610-Quad BeadChip (family A) or HumanCytoSNP-12 v2.1 BeadChip (family B) array 

with raw data normalized and converted into genotypes using GenomeStudio data analysis 

software (Illumina, San Diego, California). Genotype files were uploaded into the web-based 

tool HomozygosityMapper to detect homozygous stretches (>5 Mb) in patients that were not 

present in their unaffected relatives.7

Whole exome sequencing 

Genomic DNA was sheared by sonication, then the size distribution of fragmented DNA was 

analysed, targets were captured, and paired-end sequencing (2 x 101 bp) performed. The 

sequence reads were mapped and aligned against the human reference genome GRCh37/

hg19 (Supplemental Information). Variant calling was performed, and variants were filtered 
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on quality (read depth ≥6) and location (within an exon or first/last 20 bp of introns). Variants 

with a minor allele frequency ≥1% in at least 200 chromosomes in dbSNP, the Genome of 

the Netherlands8, the 1000 Genomes Project9, or an in-house reference set, or a minor allele 

frequency ≥3% in the National Heart, Lung, and Blood Institute’s Go Exome Sequencing Project 

were excluded from further analysis. Assuming an autosomal recessive model of inheritance, 

we selected variants found in the heterozygous state in the father and in the homozygous 

state in the patient. Only variants predicted to change the protein sequence (nonsynonymous 

single nucleotide variants and short insertions and deletions) or the recognition of consensus 

ribonucleic acid (RNA) splice sites were considered. Finally, we filtered for variants present in 

the homozygous regions.

Sanger sequencing 

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

alpha-kinase 3 gene (ALPK3) was performed using polymerase chain reaction (PCR) primers 

(Supplemental Table 1). PCR amplification was performed; PCR fragments were purified and 

sequenced, and then data were analysed (Supplemental Information). For annotation of DNA 

and protein changes, the mutation nomenclature recommendations from the Human Genome 

Variation Society were followed.10 Nucleotide numbering reflects complementary DNA (cDNA) 

numbering with +1 corresponding to the adenine (A) of the ATG translation initiation codon in 

the reference sequence NM_020778.4.

To assess the effect of the sequence variants identified on protein structure and function, 

we used prediction programs integrated in the Alamut Visual v2.6.1 software (Interactive 

Biosoftware, Rouen, France).11-13 Furthermore, possible effects on splicing were predicted using 

various integrated algorithm tools.

Reverse transcriptase PCR analysis

To investigate the effect of the splice site variant c.4736-1G>A at the RNA level, we performed 

reverse-transcription PCR analysis on RNA isolated from fibroblasts of the affected individual 

(A-IX:2) and two age-matched controls. Cells were cultured in Dulbecco’s Modified Eagle 

Medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 1% glucose, 

and 1% glutamax, in atmospheric oxygen and 5% CO
2
 at 37°C. Total RNA was extracted, and 

reverse transcription PCR was performed using gene-specific primers designed to amplify the 

exon expected to be affected by the mutation and flanking sequences (Supplemental Figure 1). 

The resulting PCR products were examined by 2% agarose gel electrophoresis and subsequently 

subjected to Sanger sequencing.



206

Chapter 7

Histology 

Paraffin-embedded or frozen cardiac tissue was available from two affected individuals (A-IX:2 

and B-IV:2). Muscle biopsy specimens from the lateral portion of the quadriceps femoris muscle 

were available from another affected individual (B-IV:3) and her healthy sister (B-IV:4). Tissues 

from age-matched donors were used as controls. All samples were histologically examined after 

haematoxylin and eosin and desmin staining using standard techniques.

Immunohistochemistry

Immunohistochemical analysis was performed on myocardial samples from individual A-IX:2 

and two age-matched controls with no clinical or pathological evidence of heart disease, as 

described previously.14 In brief, glass-mounted sections of formalin-fixed, paraffin-embedded 

myocardium (5 μm) were deparaffinised and rehydrated before antibody retrieval. Primary 

antibodies included mouse monoclonal anti-plakoglobin (1:1,000 dilution), mouse monoclonal 

anti-plakophilin2 (2a+2b, undiluted), mouse monoclonal anti-desmoplakin (1:10 dilution), 

mouse monoclonal anti–pan cadherin (1:400 dilution), rabbit polyclonal anti-43 (1:400 

dilution), and rabbit polyclonal anti-desmin (1:100 dilution). The slides were then incubated with 

indocarbocyanine-conjugated goat anti–mouse or goat anti–rabbit secondary antibodies (1:400 

dilution). Immunostained preparations were analysed by laser scanning confocal microscopy.
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Results

Results are summarized in Table 1. In family A, the second child of healthy Dutch parents was 

born at 35 weeks following an uneventful pregnancy (IX:2) (Figure 1A). At birth, he presented 

with respiratory insufficiency and cyanosis. Echocardiography showed severe LV dilatation (LV 

end-diastolic dimension 23.5 mm; z-score unreliable because of massive edema) with markedly 

reduced contractility of both ventricles, and mitral and tricuspid regurgitation. He died due to 

progressive heart failure at five days. The parents agreed on autopsy (discussed in the Histology 

section later). Genealogical evaluation revealed that the parents were sixth-degree cousins. 

Family history was negative for sudden death or cardiomyopathies. Echocardiography revealed 

no abnormalities in his parents (ages 34 and 31 years), two brothers (ages 9 and 6 years), and 

sister (age 7 years).

In family B, the first pregnancy of these healthy consanguineous Moroccan parents (IV:1) 

(Figure  1B) included prenatal ultrasound examination at 33 weeks of gestation, revealing 

generalized hydrops foetalis and cardiomegaly with reduced contractility. The pregnancy ended 

in intrauterine foetal death at 35 weeks. External examination of the foetus did not show any 

gross abnormalities except massive skin oedema. Autopsy was declined by the parents. Their 

second pregnancy resulted in a spontaneous abortion. During the third pregnancy, ultrasound 

examinations at 20 and 26 weeks of gestation showed an enlarged heart with severely 

reduced contractility, a thickened myocardium with spongy appearance, and severe tricuspid 

regurgitation (Figure 2A). At 30 weeks of gestation, severe foetal hydrops had developed. 

The patient was born at 36 weeks (IV:2) (Figure 1B) and presented with severe respiratory 

distress. Echocardiography revealed severe hypertrophy and dilation of both ventricles. She 

died two hours post-partum. Her parents agreed to a detailed post-mortem examination of 

the heart (discussed in the Histology section later). In the fourth dizygotic twin pregnancy, 

extensive prenatal ultrasounds revealed no abnormalities. The twin girls were born at 37 

weeks. Echocardiography at day 4 showed severe concentric HCM in one of the twins (IV:3) 

(Figure  1B) which remained stable  over subsequent years. Cardiac examination in patient 

IV:3 at age 10 years showed increased thickness of the interventricular septum (IVS) (IVS 

thickness 13 mm, z-score +6) and LV posterior wall (LVPW) (LVPW thickness 15 mm, z-score 

+9.5) (Figures 2B and 2C), biventricular diastolic dysfunction, and repolarization abnormalities. 

There were no ventricular arrhythmias. Family history was negative for sudden cardiac death or 

cardiomyopathies. Echocardiography revealed no abnormalities in either parent (ages 39 and 

22 years) or the twin sister (age 2 months).
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For family C, the index patient (C-V:2) was the second child of consanguineous Turkish 

parents. He was diagnosed with severe HCM at 4 years of age with subsequent slow disease 

progression. Out-of-hospital cardiac arrest occurred at age 7 years due to ventricular 

arrhythmias, after which an implantable cardiac-defibrillator (ICD) was placed; he has since 

experienced several appropriate ICD shocks. Cardiac examination at age 11 years showed 

severe concentric LV hypertrophy (IVS 20 mm, z-score +11.2; LVPW 19 mm, z-score +13.1) 

without LV outflow tract obstruction (Figures 2D and 2E), moderate hypertrophy of the right 

ventricle (RV), and repolarization abnormalities. His father (C-IV:2) was diagnosed with HCM 

at age 27 years. Cardiac magnetic resonance imaging at age 37 years showed concentric LV 

hypertrophy, most pronounced in the septum (IVS 32 mm) with relative sparing of the basal 

segments, and RV hypertrophy (Figure 2F). Echocardiographic screening in the mother (age 

42 years) and older brother (age 19 years) revealed no abnormalities. A paternal uncle (C-IV:1) 

had been diagnosed with HCM at 29 years. Cardiac examination at 45 years of age showed 

asymmetric septal hypertrophy (IVS 17 mm; LVPW 11 mm) and RV hypertrophy (7 to 8 mm; 

normal cutoff: 5 mm).

Homozygosity mapping 

In family A, we identified two chromosomal regions that were homozygous in the affected 

boy (IX:2) and heterozygous in his parents (VIII:1 and VIII:2) and unaffected brother (IX:1): 

15q25.2q25.3 (84,058,592 to 89,164,874) and 21q21.3q22.11 (29,440,969 to 35,838,907). In 

family B, we identified three homozygous chromosomal regions shared by all affected individuals 

Table 1. Clinical features of the affected patients with ALPK3 mutations.

Individual Sex Origin Age at diagnosis Presenting symptoms Outcome Genotype

A-IX:2 M Dutch At birth Severe biventricular dilation D. 5 days postpartum Homozygous c.4736-1G>A, p.(Val1579Glyfs*30)

B-IV:1 F Moroccan 33 weeks gestation Generalized hydrops foetalis, cardiomegaly D. 36 weeks gestation Homozygous c.3781C>T, p.(Arg1261*)

B-IV:2 F Moroccan 20 weeks gestation Generalized hydrops foetalis, severe 

biventricular hypertrophy and dilation, severe 

tricuspid regurgitation

D. 2 hours postpartum Homozygous c.3781C>T, p.(Arg1261*)

B-IV:3 F Moroccan At birth Severe concentric LV hypertrophy Status quo (11 years) Homozygous c.3781C>T, p.(Arg1261*)

C-IV:1 M Turkish 29 years Asymmetrical septum hypertrophy, 

RV hypertrophy

Status quo (45 years) Heterozygous c.5294G>A, p.(Trp1765*)

C-IV:2 M Turkish 27 years Concentric LV hypertrophy with relative sparing 

of basal segments, RV hypertrophy

Status quo (43 years) Heterozygous c.5294G>A, p.(Trp1765*)

C-V:2 M Turkish 4 years Severe concentric LV hypertrophy, 

RV hypertrophy

Ventricular fibrillation, 

ICD implantation (7 years)

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

ALPK3=alpha-kinase 3 gene, D=death, F=female, ICD=implantable cardioverter-defibrillator, LV=left 

ventricular, M=male, RV=right ventricular
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(IV:1, IV:2 and IV:3), whereas the unaffected father (III:1) and sister (IV:4) were heterozygous: 

5q14.3q15 (90,263,863 to 95,782,290), 15q25.1q25.3 (79,333,228 to 87,165,178) and 

16q23.2q24.3 (81,602,681 to 90,148,796) (NCBI Build GRCh37/hg19). A small region (3.1 Mb) 

of homozygosity on chromosome region 15q25 overlapped between the affected individuals 

from both families.

Exome variant filtering 

Exome sequencing was performed to target all exons and exon-intron junction sequences 

of known genes in the human genome for potential disease-causing variants. Using the 

filtering pipeline discussed earlier, affected individuals from families A and B were found to 

harbour a homozygous variant in the ALPK3 gene (Supplemental Table 2), located in the 

overlapping region of homozygosity on chromosome 15q25. Patient A-IX:2 was found to 

carry a homozygous intronic variant in the consensus acceptor splice site sequence of exon 

10 of the ALPK3 gene (c.4736-1G>A) (Figure 3), and this result was validated using Sanger 

sequencing. Both parents and two unaffected siblings (A-IX:1 and IX:3) were heterozygous 

for the mutation. One unaffected sibling (A-IX:4) carried the normal genotype. Patient B-IV:3 

harboured a homozygous variant in exon 6 of the ALPK3 gene introducing a premature stop 

codon (c.3781C>T, p.(Arg1261*)) (Figure  3). Sanger sequencing proved that all affected 

children were homozygous for this mutation. The father and unaffected sibling (B-IV:4) were 

heterozygous for the mutation. The mother was unavailable for testing, but is presumed to 

be a heterozygous carrier of the mutation as well.
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Figure 1. ALPK3-related cardiomyopathy. Pedigrees of families (A, B, and C) with alpha-kinase 3 (ALPK3) 

genetic mutation leading to cardiomyopathy. Asterisks = analysed by exome sequencing, squares = males, 

circles = females, solid symbols = severely affected individuals with homozygous mutations, gray symbols 

= heterozygous individuals with adult-onset disease, open symbols = unaffected individuals, diagonal lines 

= deceased, arrowheads = index patients. ALPK3 genotypes: mut = mutant allele, wt = wild-type allele.
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patient B-IV:2 at 20 weeks of gestation showed an enlarged heart (encircled) with right ventricular (RV) 

hypertrophy. (A) Echocardiographic images of the parasternal long-axis (B) and short-axis (C) views in 

patient B-IV:3 showed severe concentric left ventricular (LV) hypertrophy. Parasternal long-axis (D) 

and 4-chamber (E) views in patient C-V:2 showed severe concentric LV hypertrophy and moderate RV 

hypertrophy. (F) Cardiac magnetic resonance image in patient C-IV:2 showed atypical distribution of LV 

hypertrophy with relative sparing of the basal segments, and RV hypertrophy. Asterisks = interventricular 

septum, arrowhead = RV hypertrophy. Abbreviations as in Figure 1.

Figure 3. ALPK3 gene schematic. The 3 main functional domains - 2 immunoglobulin (Ig)-like domains 

(blue) and 1 alpha-type protein kinase domain (red) - and the positions of identified ALPK3 mutations 

are indicated. Boxes = exons and untranslated regions (UTR), connecting lines = intervening introns. 

Abbreviations as in Figure 1.
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ALPK3 mutational screening

Subsequent Sanger sequencing of all coding regions and flanking intronic sequences of the 

ALPK3 gene in a cohort of 60 unrelated patients with childhood-onset HCM or DCM uncovered 

the homozygous nucleotide substitution c.5294G>A in exon 12 introducing a premature stop 

codon (p.(Trp1765*)) in a third patient (family C) (Figure 1C, Table 1). His affected father and 

paternal uncle were heterozygous carriers; no additional mutation in the known cardiomyopathy 

genes was found (Supplemental Information). In the remaining cohort, no additional mutations 

in ALPK3 were identified. Further studies will be performed in these patients to discover novel 

disease genes.

Splice variant analysis

The c.4736-1G>A variant in intron 9 (family A) was predicted to impair the natural acceptor 

splice site recognition using in silico tools. Sanger sequencing of cDNA from cultured fibroblasts 

of patient A-IX:2 confirmed skipping of exon 10, leading to a deletion of 281 nucleotides 

(Supplemental Figure 1). At the protein level, a frameshift starting at codon Val1579 and ending 

in a stop codon 29 positions downstream (p.(Val1579Glyfs*30)) is predicted.

Histology 

Post-mortem macroscopic examination of the heart of individual A-IX:2 revealed severe 

cardiomegaly (total weight 34.0 g; normal 13.7 g) and biventricular dilation. Microscopic 

examination of the myocardium showed subendocardial fibroelastosis without fatty 

replacement in both ventricles, fragmented elastin fibers, and myxoid degeneration of the 

stroma (Figure 4A). Post-mortem macroscopic examination of the heart of individual B-IV:2 

revealed severe cardiomegaly (total weight 34.7 g; normal 15.5 g) and biventricular dilation 

with a large adherent thrombus to the left ventricle. Microscopic examination showed focal 

hypertrophy of the cardiomyocytes and extensive fibroelastosis in the subendocardial region 

without fatty infiltration (Figures 4B and 4C). No apparent myocyte disarray was observed 

both on evaluation with haematoxylin and eosin staining, and immunohistochemical staining 

for desmin (Figure 4D). Intercalated discs were difficult to recognize in both the patients and 

age-matched controls. Muscle biopsies from individual B-IV:3 (affected) and B-IV:4 (unaffected 

carrier) did not show any changes at routine histological and enzyme histochemical evaluation, 

including acid phosphatase, nicotinamide adenine dinucleotide + hydrogen-tetrazolium 

reductase, succinate dehydrogenase, and cytochrome C oxidase.
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Immunohistochemistry

To determine the effects of ALPK3 mutations at the level of the intercalated discs, we performed 

immunohistochemical analysis of junctional proteins in cardiac tissue from one patient (A-IX:2) 

and two age-matched controls. Immunoreactive signal levels for the desmosomal proteins 

plakoglobin and desmoplakin were absent at intercalated discs in the patient sample. Signal 

levels for the other desmosomal protein plakophilin-2, the adhesion molecule N-cadherin, and 

the gap-junction protein connexin-43 were normal compared with controls (Figure 5). Results 

of desmin staining were inconclusive (data not shown), as intercalated discs were difficult to 

recognize in both the patient and control samples.

Figure  4. Histopathological examination of heart tissue in ALPK3-related cardiomyopathy. In 

patient A-IX:2, Verhoeff-van Gieson staining for elastin at 20 x magnification showed subendocardial 

fibroelastosis (A). In patient B-IV:2, hematoxylin and eosin staining at 100 x (B) and 630 x magnification (C) 

showed focal hypertrophy of cardiomyocytes and subendocardial fibroelastosis without fatty infiltration; 

desmin staining (D) showed no apparent myocyte disarray. Intercalated discs were difficult to recognize 

in patient B-IV:2 and age-matched controls (data not shown). Abbreviations as in Figure 1.
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Figure 5. Immunofluorescence images of myocardial tissue. Immunoreactive signals for plakoglobin 

and desmoplakin are absent at intercalated discs in the sample from patient A-IX:2, whereas signal levels 

for plakophilin-2, N-cadherin and connexin-43 are normal when compared with the control samples.
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Discussion

We identified a novel gene, ALPK3, involved in human cardiomyopathy (Central Illustration). 

Biallelic truncating ALPK3 mutations were identified in five patients with diverse ethnic 

backgrounds who presented with severe, early-onset cardiomyopathy. Four patients were 

diagnosed during foetal life or within hours of birth. The fifth patient was asymptomatic until 

the age of 4 years. Three out of five patients died due to progressive heart failure between 35 

weeks of gestation and five days after birth. The patients who died exhibited features of DCM 

or a combination of DCM and HCM. Two patients, who were still alive at age 11 years, showed 

severe concentric HCM. Although classic HCM and DCM primarily affect the left ventricle, 

three patients also displayed significant RV involvement. Interestingly, two heterozygous family 

members (C-IV:1 and IV:2) were diagnosed with an atypical form of HCM at a young adult age. 

Cardiac examination of the other proven and obligate heterozygotes (n = 8; age range: 2 months 

to 42 years) revealed no evidence of cardiomyopathy. Although these numbers are limited, one 

may surmise that ALPK3 mutation carriers have an increased risk of developing cardiomyopathy; 

therefore, periodic screening should be considered. 

The ALPK3 gene is the human ortholog of the murine Myocytic induction/differentiation 

originator (also known as Midori). In 2001, the Alpk3 gene was identified by applying a 

differential display technique in the P19CL6 cell line, which can be differentiated into beating 

cardiomyocytes upon incubation with dimethyl sulfoxide. Overexpression of Alpk3 promoted 

their differentiation into cardiomyocytes, whereas differentiation was inhibited by blockade 

of Alpk3 expression.15 The gene has been mapped to chromosome 15q25.2 and contains 14 

exons (Figure 3). The ALPK3 protein contains two immunoglobulin (Ig)-like domains and an 

alpha-type protein kinase domain. All three private homozygous mutations identified in this 

study are predicted to create premature stop codons, leading to nonsense-mediated decay 

or truncated proteins with partial or complete removal of the kinase domain (Figure 3). We 

therefore hypothesize that these mutations result in loss of function of ALPK3. Alpha-kinase 

3 belongs to a family of atypical protein kinases that recognize phosphorylation sites in the 

context of alpha-helices. Alpha-kinases are known to regulate a wide range of cellular processes, 

including cell migration, adhesion and proliferation, protein translation, vesicular transport and 

magnesium homeostasis.16,17

In mouse embryos, expression of Alpk3 was restricted to foetal and adult hearts and adult skeletal 

muscle. Interestingly, Alpk3 knockout mice display cardiomyopathy with striking similarities 

to the human phenotype described here.18 Although concentric cardiac hypertrophy of both 

the left and right ventricle was the predominant feature in Alpk3-deficient mice, other changes 

typically associated with DCM were also observed such as increased end-diastolic and end-

systolic LV volume and a reduction in cardiac outflow, stroke volume, and ejection fraction.18
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Detailed histological and ultrastructural analysis of hearts from Alpk3-/- mice showed markedly 

reduced numbers of indistinct and fragmented intercalated discs and diffuse mild myofibrillar 

disarray, resulting in looser arrangement of adjacent myofibrils.18 Interstitial fibrosis, one of the 

pathological hallmarks of cardiomyopathies, was absent. In contrast to the observations in Alpk3 

knockout mice, we observed extensive fibroelastosis without apparent myocyte disarray in our 

human cardiac samples (Figure 4). 

Intercalated discs play an essential role in the mechanical and electrochemical coupling between 

adjacent cardiomyocytes. There are three main junctional complexes within the disc: fascia adherens, 

desmosomes, and gap junctions. At an early age, intercalated discs are difficult to visualize under 

light microscopy, as exemplified in this study. Unfortunately, no patient material was available for 

ultrastructural examination using electron microscopy. However, immunohistochemical analysis 

in myocardial tissue from one patient revealed the absence of desmosomal proteins plakoglobin 

and desmoplakin signals at the intercalated discs, whereas signals for the other junctional proteins 

were normal (Figure 5). Reduced immunoreactive signals for plakoglobin at cell-cell junctions have 

been observed in the majority of patients with arrythmogenic RV cardiomyopathy. The specificity 

of this finding, however, remains under debate.14,19 Redistribution of plakoglobin from intercellular 

junctions to the intracellular space is believed to suppress canonical Wnt/beta-catenin signalling, 

leading to enhanced fibrogenesis and myocyte apoptosis.20 Reduced signal levels for desmoplakin 

at intercalated discs, on the other hand, have mainly been demonstrated in patients with end-stage 

DCM due to mutations in the gene encoding desmin.21 Although our findings support a role for 

ALPK3 in the formation and maintenance of intercalated discs, further studies in a larger cohort 

of patients are needed for validation.

The molecular mechanisms involved in the earliest stages of cardiac development are still 

largely unknown. ALPK3 is expressed from the very early stage of cardiogenesis, before key 

transcription factors, such as the NK-2 class homeobox transcription factor NKX2-5, the GATA-

binding protein GATA4, and the MADS-box transcription enhancer factor MEF2C.15 Some 

cardiac transcription factors (e.g., HEY and HAND proteins) contain a helix-loop-helix domain, 

characterized by two alpha helices separated by a flexible loop structure, and might therefore 

be targets of ALPK3. By regulating the expression of these transcription factors, ALPK3 might 

control initial induction of differentiation and maturation of cardiomyocytes. Mutations in these 

putative downstream targets of ALPK3 have previously been associated with various congenital 

heart malformations and arrhythmias in humans.22 Structural heart abnormalities were not 

observed in the patients described in this study. In recent years, however, some of these genes 

have also been implicated in familial forms of cardiomyopathy, including NKX2-5, GATA4, GATA6, 

and the T-box transcription factors TBX5 and TBX20.23-27 Interestingly, mice lacking Xin actin-

binding repeat-containing protein 1 (Xirp1), a downstream target of Nkx2-5 and Mef2c, display 

intercalated discs abnormalities and cardiac hypertrophy with conduction defects.28 Further 
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research into the transcription factor pathways involved in heart development and the putative 

role of ALPK3 in the related processes will provide more insight into the molecular pathways 

involved in paediatric cardiomyopathy and may have implications for the development of new 

therapeutic strategies.

Central Illustration. ALPK3-related cardiomyopathy: hypothetical disease model. Deficiency of 

alpha-kinase 3 (ALPK3) modifies the expression of other transcription factors and downstream target 

genes. These changes affect desmosome composition and will, putatively via modified Wnt signalling, 

ultimately result in alterations of cellular processes, like subendothelial fibroelastosis and intercalated 

disc remodelling, characteristic of cardiomyopathy.

Study limitations

Although our finding that ALPK3 is the causal gene in three unrelated families of different 

ethnic backgrounds with paediatric cardiomyopathy underscores its contribution to this severe 

disease, studies in other and larger cohorts to substantiate our findings are warranted. Further 

protein studies and electron microscopy examination are needed to fully understand the effects 

of ALPK3 mutations and to enhance our understanding of underlying mechanisms leading to the 

clinical phenotype. For example, immunolabeling with ALPK3 antibodies would give insight into 

its expression in cardiac tissue. Moreover, identifying interacting partner proteins of ALPK3 will 

lead to identifying downstream-acting proteins involved in the pathogenesis and remodelling 

of intercalated discs. Unfortunately, these studies are hampered by the limited availability of 

cardiac tissues of the patients.
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Conclusions

We have shown that biallelic truncating mutations in ALPK3 lead to severe, early-onset paediatric 

cardiomyopathy in humans. Carriers may develop cardiomyopathy as adults. ALPK3-related 

cardiomyopathy has morphological features of both HCM and DCM, and is characterized by 

biventricular involvement and atypical distribution of hypertrophy. Our findings emphasize 

the essential role of cardiac transcription factor pathways in normal myocardial development. 

Further studies are necessary to understand how dysregulation of the transcriptional regulatory 

network results in cardiomyopathy (Central Illustration).
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Supplemental Information

Detailed methods

Overview of previous genetic and metabolic testing

Patient A-IX:2. Biochemical studies, including analysis of blood glucose, lactate, pyruvate, 

creatine kinase, amino acids, acylcarnitines, and sialotransferrin levels were normal. Total and 

free carnitine levels were extremely elevated due to supplementation and massive cellular 

tissue death. Enzyme studies in fibroblasts showed normal carnitine palmitoyltransferase I 

and II, α and β-glucosidase, and β-galactosidase activities. Monolysocardiolipin/cardiolipin 

ratio was normal. Viral serology showed no abnormalities. Sanger sequencing of the 

genes DES (NM_001927.3), LMNA (NM_001257374.2), MYBPC3 (NM_000256.3), MYH7 

(NM_000257.3), MYL2 (exon 7, NM_000432.3), TAZ (NM_181312.3), TNNI3 (NM_000363.4) 

and TNNT2 (NM_001001430.2) revealed no abnormalities.

Patient B-IV:1. Conventional karyotyping results of amniotic fluid cells were normal (46,XX). 

Serological testing for intrauterine infections showed elevated IgM antibodies for herpes 

simplex virus (HSV). Post-mortem nasal and throat swabs were negative for HSV.

Patient B-IV:2. Conventional karyotyping results were normal (46,XX). Microbiological 

studies, including PCR, serology and blood and ascites cultures, were negative. Extensive 

metabolic screening, including analysis of blood glucose, lactate, amino acids, organic acids, 

total and free carnitine, acylcarnitines and very long-chain fatty acids levels revealed no 

evidence of an inborn error of metabolism. Isoelectric focusing of serum transferrin was 

normal. Enzyme studies in fibroblasts showed normal hexosaminidase A and B, β-galactosidase, 

α and β-glucosidase, β-glucuronidase, galactose-6-sulfatase, galactosyl ceramidase, iduronate 

2-sulfatase, α-iduronidase, sphingomyelinase, neuraminidase and phosphomannomutase 

activities. Mutation analysis of common mitochondrial DNA point mutations (A3243G, 

A8344G, T8933G/C, A3260G, A4300G, A4269G and A4317G) and deletions revealed no 

abnormalities.

Patient B-IV:3. Extensive metabolic screening, including analysis of blood glucose, lactate, 

pyruvate, amino acids, organic acids, total and free carnitine, acylcarnitines, oligosaccharides, 

sialic acids, and very long-chain fatty acids levels revealed no evidence of an inborn error of 

metabolism. Isoelectric focusing of serum transferrin was normal. Enzyme activity studies of 

the individual complexes of the respiratory chain showed no abnormalities. Next-generation 

sequencing (paired-end 150 bp, Miseq, Illumina) of 46 cardiomyopathy-related genes showed 

a homozygous variant, c.393-5C>A, in the SCN5A gene (NM_000335.4). This variant has 

been reported in heterozygous state in a patient with long QT syndrome and has been found 

at a low frequency in several populations (rs368678204).1 However, this variant was also 
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present in 3 out of 93 Moroccan control samples. In addition, RT-PCR analysis showed that 

this variant does not affect splicing (data not shown). The variant was therefore classified 

as “likely benign” (class 2). Analysis of the other 45 genes, ABCC9 (NM_020297.2), ACTC1 

(NM_005159.4), ACTN2 (NM_001103.2), ANKRD1 (NM_014391.2), BAG3 (NM_004281.3), 

CALR3 (NM_145046.3), CASQ2 (NM_001232.2), CAV3 (NM_033337.2), CRYAB 

(NM_001885.1), CSRP3 (NM_003476.3), DES (NM_001927.3), EMD (NM_000117.2), FHL1 

(NM_001159702.2), FKTN (NM_001079802.1), GLA (NM_000169.2), ILK (NM_004517.2), 

JPH2 (NM_020433.4), LAMA4 (NM_001105206.1), LAMP2 (NM_002294.2), LDB3 

(NM_007078.2), LMNA (NM_170707.2), MYBPC3 (NM_000256.3), MYH7 (NM_000257.2), 

MYL2 (NM_000432.3), MYL3 (NM_000258.2), MYOZ2 (NM_016599.3), MYPN 

(NM_032578.2), NEXN (NM_144573.3), NRG1 (NM_013956.3), PDLIM3 (NM_014476.4), 

PLN (NM_002667.3), PRKAG2 (NM_016203.3), RBM20 (NM_001134363.1), SGCD 

(NM_000337.5), TAZ (NM_000116.3), TBX20 (NM_001077653.2), TCAP (NM_003673.3), 

TMPO (NM_003276.2), TNNC1 (NM_003280.2), TNNI3 (NM_000363.4), TNNT2 

(NM_001001430), TPM1 (NM_001018005.1), TTN (NM_003319.4), TTR (NM_000371.3) 

and VCL (NM_014000.2) revealed no abnormalities.

Patient C-IV:2. Sanger sequencing of the genes ACTC1 (NM_005159), CSRP3 (NM_003476.2), 

MYBPC3 (NM_000256), MYH7 (NM_000257), MYL2 (NM_000432), TCAP (NM_003673.2), 

TNNI3 (NM_000363), TNNT2 (NM001001430.1) and TPM1 (NM_000366; NM_001018005) 

revealed no abnormalities. Next-generation sequencing (paired-end 150 bp, Miseq, Illumina) of 

48 cardiomyopathy-related genes showed two heterozygous missense variants, c.61922G>A, 

p.(Arg20641Gln) and c.98294C>G, p.(Ala32765Gly), in the TTN gene (NM_001267550.1). 

These variants have been found at a low frequency in various populations (rs199895260 

and rs72648273, respectively) and were classified as “variant of unknown significance” 

(class 3). Analysis of the other 47 genes, ABCC9 (NM_020297.2; NM_020298.2), ACTC1 

(NM_005159.4), ACTN2 (NM_001103.2), ANKRD1 (NM_014391.2), BAG3 (NM_004281.3), 

CALR3 (NM_145046.3), CAV3 (NM_033337.3), CRYAB (NM_001885.1), CSRP3 

(NM_003476.3), CTNNA3 (NM_013266.2), DES (NM_001927.3), DSC2 (NM_024422.3; 

NM_004949.3), DSG2 (NM_001943.3), DSP (NM_004415.2), EMD (NM_000117.2), 

FHL1 (NM_001159699.1; NM_001159701.1; NM_001159702.2; ), GLA (NM_000169.2), 

JPH2 (NM_020433.4; NM_175913.3), JUP (NM_021991.2), LAMA4 (NM_001105206.1; 

NM_001105208.1), LAMP2 (NM001122606.1; NM_002294.2; NM_013995.2), 

LDB3 (NM_001080116.1; NM_007078.2), LMNA (NM_001257374.1; NM005572.3; 

NM170707.3), MIB1 (NM_020774.2), MYBPC3 (NM_000256.3), MYH6 (NM_002471.3), 

MYH7 (NM_000257.2), MYL2 (NM_000432.3), MYL3 (NM_000258.2), MYOZ2 

(NM_016599.3), MYPN (NM_032578.2), NEXN (NM_144573.3), PKP2 (NM_004572.3), 

PLN (NM_002667.3), PRDM16 (NM_22114.3), PRKAG2 (NM_016203.3), RBM20 

(NM_001134363.1), SCN5A (NM_001160160.1; NM_198056.2), TAZ (NM_000116.3), TCAP 
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(NM_003673.3), TMEM43 (NM_024334.2), TNNC1 (NM_003280.2), TNNI3 (NM_000363.4), 

TNNT2 (NM_000364.2; NM_001001430.1), TPM1 (NM000366.5; NM_001018005.1; 

NM_001018020.1), TTR (NM_000371.3) and VCL (NM_014000.2) revealed no abnormalities. 

SNP array analysis (Infinium CytoSNP-850K BeadChip) showed a normal male pattern.

Patient C-V:2. Metabolic screening, including analysis of amino acids, organic acids, sialic 

acids, total and free carnitine, acylcarnitines, oligosaccharides and mucopolysaccharides levels 

revealed no evidence of an inborn error of metabolism. SNP array analysis (Affymetrix GeneChip 

Human Mapping 250K Nsp) showed several large regions of homozygosity, consistent with 

known parental consanguinity.

Whole exome sequencing 

Genomic DNA was sheared by sonication (Covaris, Woburn, MA, USA). Size distribution 

of fragmented DNA was analysed on an Agilent 2100 Bioanalyzer System using the DNA 

1000 kit. Targets were captured with the SureSelect Human All Exon 50 Mb kit V4 (Agilent 

Technologies, Santa Clara, CA, USA). Paired-end sequencing (2x101 bp) was performed on 

an Illumina Hiseq2000 platform (Illumina, San Diego, CA, USA). The sequence reads were 

mapped and aligned against the human reference genome GRCh37/hg19 with the Burrows-

Wheeler Aligner.2 Variant calling was performed using the Genome Analysis Toolkit (GATK) 

and SAMtools.3,4 Variant filtering was performed using Cartagenia Bench Lab NGS version 4.02 

(Cartagenia, Leuven, Belgium).

Sanger sequencing

Polymerase chain reaction (PCR ) was performed prior to Sanger sequencing. PCR primers 

were designed by Primer3 software (http://bioinfo.ut.ee/primer3/). PCR amplification was 

performed using the AmpliTaq Gold 360 Master Mix (Invitrogen, Life Technologies, Carlsbad, 

CA, USA) following the manufacturer’s protocol. PCR fragments were purified with ExoSAP-

IT (Affymetrix, Santa Clara, CA, USA) and subsequently sequenced on an ABI3730xl DNA 

Analyzer using BigDye Terminator v3.1 (Applied Biosystems, Foster City, CA, USA). Analysis of 

sequence data was performed using Mutation Surveyor (SoftGenetics, State College, PA, USA) 

and SeqScape v2.5 software (Applied Biosystems).
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Supplemental Table 1. Primer sequences used for Sanger sequencing.

Name Forward primer Reverse primer Amplicon size

ALPK3_ex1A 5’-GAAGTGTTAATTGAGCCCCTAATCT-3’ 5’-CGCGCCCCTATTTATAGCC-3’ 437

ALPK3_ex1B 5’-GCGCTACTGCAGACACCAG-3’ 5’-CCCTCACAGGGACTGATCC-3’ 498

ALPK3_ex2 5’-ATGGAGCAGGCCAACTAAGAC-3’ 5’-GTTAGTGCACGAGCAGACACTC-3’ 279

ALPK3_ex3 5’-CAGGCATGGTAAGACGGAAG-3’ 5’-GTCACCTCACGTAGTTTTGTGC-3’ 335

ALPK3_ex4 5’-GCCTCTTCCCATTATTTTGGA-3’ 5’-CAGACTGCTCCATTTCTGAGG-3’ 264

ALPK3_ex5A 5’-GTTGTATGTTGTGACGTGTGAGATG-3’ 5’-CAGAAGCAAAACTGTTGATCAGG-3’ 549

ALPK3_ex5B 5’-ACCATGACTGAGTACAAGATCCAC-3’ 5’-GCTGGCTTCCTGGTACTATCTGT-3’ 659

ALPK3_ex5C 5’-GCCTGACTCCTGTGGGACT-3’ 5’-TGCAGCAAGAGTTTCCATGA-3’ 668

ALPK3_ex6A 5’-GGATGCCAGACTGGAAAGAG-3’ 5’-TGGTTCCTGGAGGCTGTTAC-3’ 774

ALPK3_ex6B 5’-ACACAGGAAGACAGAAGGATGC-3’ 5’-CCAGTTCCAGGAAGAGAAGG-3’ 548

ALPK3_ex6C 5’-GTATGGATCAGGGTGGCTGT-3’ 5’-AGGGACAGTGAGGGAGCTG-3’ 671

ALPK3_ex6D 5’-CTGCTGAGCCCCTGTACCT-3’ 5’-CTGCTCTGACCTTAGGGAGAAAT-3’ 433

ALPK3_ex6E 5’-CCCTCCCAAGAGGAGAAGTT-3’ 5’-GTTAGCAGCAGCAGCAGTGT-3’ 483

ALPK3_ex7 5’-GCTTCTCTCTAGCTGAGATGTGTG-3’ 5’-GAATAAAAGGACCTCCCCTGGT-3’ 485

ALPK3_ex8 5’-AGGACTGCAAACCAGACCTGT-3’ 5’-GCCTTCTCTCAAAGATGACTGC-3’ 387

ALPK3_ex9 5’-GGCAGCAGTCATCTTTGAGAG-3’ 5’-AAGGGTGAACTAACTCCTGTGC-3’ 338

ALPK3_ex10 5’-CCTTTTCCTTCCCTGTGAGC-3’ 5’-TACTGGGCATCCTAACAGGAC-3’ 444

ALPK3_ex11 5’-AGTCCCCTAACAGAATAGGTAGCC-3’ 5’-ATTTTGTGAGGCCACTGAGC-3’ 343

ALPK3_ex12 5’-GGCCCTTCTTTTAGGTCCAAG-3’ 5’-CACTATGGCTTTGCCTCCTC-3’ 395

ALPK3_ex13 5’-GCAGGAAGAGACATGGTTCTAAGC-3’ 5’-GCATCAGTAATAGCTGCCACAC-3’ 360

ALPK3_ex14 5’-ATGTACCCTGAGCACGACATC-3’ 5’-GCACCTTCTCCAGTTAGTTCCA-3’ 555

Supplemental Table 2. Whole exome sequence variant filtering.

Filtering step Family A Family B

Input variants 32802 38784

Read depth ≥6 31931 38261

Exons and flanking sequences 28040 28985

Population frequency 2463 2269

Heterozygous in father 1268 893

Homozygous in patient 60 133

Effect on protein 37 107

Presence in homozygous regions 1 8

Overlapping genes 1
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Supplemental Figure  1. Results of reverse transcriptase PCR analysis. To investigate the 

effect of the ALPK3 c.4736-1G>A variant on RNA splicing, we designed a reverse transcriptase 

PCR experiment (RT-PCR) using RNA isolated from fibroblasts of patient A-IX:2 (cDNA 

forward primer sequence 5’-GTGCACCATCCACAATGAGC-3’, cDNA reverse primer sequence 

5’-GACTAGGGAGGCCTTTCTTCTG-3’). Low range DNA ladder is used as size standard. Analysis of the 

resulting RT-PCR product, covering ALPK3 exon 10 and flanking sequences in the wild-type situation, by 

2% agarose gel electrophoresis showed a smaller product in the patient (± 630 nucleotides) compared 

to the controls (± 900 nucleotides). Subsequent Sanger sequencing of the respective RT-PCR products 

confirmed that the ALPK3 c.4736-1G>A mutation leads to complete skipping of exon 10, which comprises 

281 nucleotides.
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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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A B

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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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 



Phenotypic spectrum of ALPK3-related disease

257

8

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.
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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

H. sapiens-mutated F P

P.troglodytes

XP_016782822.1
A S Q A K V I Y G L E N N I P Y A T L E E D

M. musculus

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

B. taurus

XP_015314695.1
A S Q A K V I Y G L E N N I P Y A T L E E D

S. harrisii

XP_012397100.1
A S Q A K V I Y G L E N N I P Y A T L E E Y

A. platyrhynchos

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.

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

H. sapiens-mutated F P

P.troglodytes

XP_016782822.1
A S Q A K V I Y G L E N N I P Y A T L E E D

M. musculus

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

B. taurus

XP_015314695.1
A S Q A K V I Y G L E N N I P Y A T L E E D

S. harrisii

XP_012397100.1
A S Q A K V I Y G L E N N I P Y A T L E E Y

A. platyrhynchos

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



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

Chapter 8

268



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

Phenotypic spectrum of ALPK3-related disease
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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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Abstract

Background Idiopathic dilated cardiomyopathy (DCM) is recognized to be a heritable disorder, 

yet clinical genetic testing does not produce a diagnosis in >50% of paediatric patients. 

Identifying a genetic cause is crucial because this knowledge can affect management options, 

cardiac surveillance in relatives and reproductive decision-making. In this study, we sought to 

identify the underlying genetic defect in a patient born to consanguineous parents with rapidly 

progressive DCM that led to death in early infancy.

Methods & Results Exome sequencing revealed a potentially pathogenic, homozygous missense 

variant, c.542G>T, p.(Gly181Val), in SOD2. This gene encodes superoxide dismutase 2 (SOD2) or 

manganese-superoxide dismutase, a mitochondrial matrix protein that scavenges oxygen radicals 

produced by oxidation-reduction and electron transport reactions occurring in mitochondria 

via conversion of superoxide anion (O
2

–•) into H
2
O

2
. Measurement of hydroethidine oxidation 

showed a significant increase in O
2

−• levels in the patient’s skin fibroblasts, as compared with 

controls, and this was paralleled by reduced catalytic activity of SOD2 in patient fibroblasts 

and muscle. Lentiviral complementation experiments demonstrated that mitochondrial SOD2 

activity could be completely restored on transduction with wild type SOD2. 

Conclusion Our results provide evidence that defective SOD2 may lead to toxic increases in the 

levels of damaging oxygen radicals in the neonatal heart, which can result in rapidly developing 

heart failure and death. We propose SOD2 as a novel nuclear-encoded mitochondrial protein 

involved in severe human neonatal cardiomyopathy, thus expanding the wide range of genetic 

factors involved in paediatric cardiomyopathies.
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Introduction

Dilated cardiomyopathy (DCM) is characterized by left ventricular enlargement and systolic 

dysfunction that can lead to heart failure and sudden cardiac death. DCM is a major cause of 

childhood mortality and the most common indication for heart transplantation in children.1 

Annual incidence of DCM in children is approximately 0.57/100,000 and is even higher in 

children below 12 months of age (8.34/100,000).1 Recognition of idiopathic DCM as a familial 

disease2 has led to the discovery of more than 60, mostly adult-onset, DCM-associated genes 

that encode transcription factors and cytoskeletal, sarcomeric, ion transport, nuclear membrane 

and mitochondrial proteins.3-8 Current next-generation gene panel testing yields a genetic 

diagnosis in  ̴37-50% of paediatric cases.9-11 

Nevertheless, knowledge of the underlying genetic causes of congenital or neonatal DCM 

remains limited. In these cases, DCM often occurs in the context of a malformation syndrome 

or disorders of metabolism and/or energy production, which are generally autosomal recessively 

inherited. Gene panels that target ‘adult-onset’ DCM genes are therefore less appropriate for 

severe infantile forms of DCM.12 In contrast, exome sequencing (ES) (or genome sequencing) 

provides a powerful platform for novel disease gene discovery, particularly in congenital or 

neonatal cardiomyopathy. Successful application of ES to identify novel pathogenic variants in 

paediatric DCM has been recently demonstrated.13-17 

Here, we report a neonate with lethal DCM born to consanguineous parents. ES identified 

a homozygous, damaging variant in SOD2, which encodes superoxide dismutase 2 (SOD2) 

or manganese-superoxide dismutase (MnSOD). Consistent with the function of SOD2, the 

resulting missense variant was shown to affect the catalytic activity of the protein, leading 

to excess oxygen radical levels that can have strongly damaging effects in the neonatal heart. 

Lentiviral gene rescue restored superoxide dismutase activity. Our findings suggest a role for 

SOD2 in inherited cardiomyopathy and add a novel gene to the still-expanding list of genes 

implicated in paediatric-onset cardiomyopathy.
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Patients and methods

Patient 

Medical records of patient X:1 were carefully reviewed. Cardiac evaluation of her parents and 

siblings included echocardiography and electrocardiography (ECG). Diagnostic criteria for DCM 

were left ventricular end-diastolic and/or systolic short-axis chamber dimension Z-score ≥2.0 

and fractional shortening or left ventricular ejection fraction >2 SD below the mean for age in 

the absence of abnormal loading conditions sufficient to cause global systolic impairment.18 

Genomic DNA of patient X:1 and her parents was extracted from peripheral blood. Fibroblast 

cells were established from a postmortem skin biopsy of patient X:1. Enzymatic activity of the five 

respiratory chain complexes and citrate synthase were determined in an enriched mitochondrial 

fraction of fibroblasts by spectrophotometric assays, as described previously.19,20 The parents 

provided informed consent for the DNA studies and diagnostic procedures. The UMCG ethical 

committee approved the study.

Histology 

Heart samples obtained at autopsy from left and right ventricular wall and septum were 

formalin-fixed and paraffin-embedded using standard clinical laboratory protocols. Heart (left 

ventricle) and skeletal muscle samples were frozen and stored at -80°C.

ES, variant filtering and interpretation

ES was performed using a previously described parent–offspring trio approach.9,13 Briefly, the 

exome was captured using the Agilent SureSelect XT Human All Exon V6 kit (Agilent, Santa Clara, 

CA, USA). Exome libraries were sequenced on an Illumina NextSeq500 instrument (Illumina, San 

Diego, CA, USA) with 151 bp paired-end reads. Sequence reads were aligned to the GRCh37/

hg19 reference genome using BWA version 0.7.5a. Local realignment of insertions/deletions 

and base quality score recalibration were performed using the Genome Analysis Toolkit 

Haplotype Caller, version 3.7. Variants were annotated using a custom diagnostic annotation 

pipeline, then filtered for rarity excluding those with a minor allele frequency (MAF) >1% for 

heterozygous variants in an autosomal dominant inheritance model and those with MAF >2% 

for homozygous or compound heterozygous variants in an autosomal recessive inheritance 

model. After exclusion of variants in known cardiomyopathy-related and nuclear-encoded 

mitochondrial genes, we selected variants found in homozygous state in the patient and in 

heterozygous state in both parents.

Variant pathogenicity was assessed using data from the Agilent Alissa clinical informatics 

platform (Cartagenia, Leuven, Belgium) and Alamut Visual software (Interactive Biosoftware, 

Rouen, France), a gene browser that integrates missense prediction tools, allele frequencies 

from different population databases (1000 Genomes Project21, Genome of the Netherlands22, 



SOD2-related cardiomyopathy

291

9

GnomAD23 and disease-specific databases (HGMD, ClinVar, LOVD)) and mRNA splicing 

prediction tools. Literature and allele frequencies from our in-house population database were 

also used for pathogenicity determinations. Classification of variants was based on American 

College of Medical Genetics and Genomics guidelines.24

Sanger sequencing 

Sanger sequencing was performed to confirm the presence/absence of the SOD2 variant in 

patient X:1, her parents and her siblings. We also screened all exons and exon/intron junctions 

of SOD2 in 79 unrelated patients with childhood-onset cardiomyopathy and 161 adult patients 

with DCM (primers available upon request). PCR was performed by using AmpliTaq Gold PCR 

Master Mix (Invitrogen Life Science Technologies, Carlsbad, CA, USA) following the official 

protocol. Resulting fragments were sequenced by the Applied Biosystems 96-capillary 3730XL 

system (Carlsbad, CA, USA). 

Splicing analysis 

RNA was isolated from cultured fibroblasts from patient X:1 and fibroblast cells from a healthy 

control. Cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% 

foetal bovine serum, 1% penicillin/streptomycin, 1% glucose and 1% glutamax in a humidified 

atmosphere of 5% CO
2
 and atmospheric O

2
 at 37°C. RNA was extracted using the RNeasy Mini 

Kit (QIAGEN, Venlo, the Netherlands). cDNA was synthesized from 500 ng of total RNA by 

RevertAid RNaseH-M-MuLV reverse transcriptase in a total volume of 20μl according to the 

supplier’s protocol (MBI-Fermentas, St. Leon-Rot, Germany). 

To investigate whether the SOD2 c.542G>T variant affects mRNA splicing, we performed 

reverse-transcription PCR with gene-specific primers designed to amplify the exon expected to 

be affected by the variant and flanking sequences (primers available upon request). The resulting 

PCR products were examined by 2% agarose gel electrophoresis and subsequently analysed by 

Sanger sequencing. To test whether mRNA is degraded by nonsense-mediated mRNA decay 

(NMD), fibroblasts were treated with the NMD inhibitor cycloheximide for 4.5 hours, followed 

by RNA analysis using the same procedures used for RNA from untreated cells.

Measurement of hydroethidine-oxidizing reactive oxygen species levels

Fibroblasts, cultured to 70% confluence, were incubated in HEPES-Tris medium containing 10 

μM hydroethidine (HEt; Molecular Probes, Leiden, the Netherlands) for 10 min at 37°C. Within 

the cell, two HEt oxidation products are formed under oxidative conditions: 2-hydroxyethidium 

(2-OH-Et), the sole reaction product of HEt and O
2

−•, and ethidium (Et).25 Both products 

are positively charged and fluoresce when excited at 490 nm. The reaction was stopped by 

thoroughly washing the cells with phosphate-buffered saline to remove excess HEt. For 

quantitative analysis of HEt oxidation products as a measure of HEt oxidizing reactive oxygen 
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species (ROS) levels, coverslips were mounted in an incubation chamber placed on the stage 

of an inverted microscope (Axiovert 200 M; Carl Zeiss, Jena, Germany) equipped with a Zeiss 

×40/1.3 NA Fluar oil-immersion objective. HEt oxidation products were excited at 490 nm using 

a monochromator (Polychrome IV; TILL Photonics, Gräfelfing, Germany). Fluorescence emission 

was directed using a 525DRLP dichroic mirror (Omega Optical, Brattleboro, VT, USA) through 

a 565ALP emission filter (Omega Optical) onto a CoolSNAP HQ monochrome charge-coupled 

device camera (Roper Scientific, Vianen, the Netherlands). The image-capturing time was 100 

ms and 10 fields of view per coverslip were routinely analysed.

Superoxide dismutase assay 

Superoxide dismutase was measured using the Sigma SOD assay kit (19160-KT-F) following 

the manufacturer’s procedures. This assay is based on the reduction of the tetrazolium salt 

WST-1 by superoxide into a formazan dye that can be monitored spectrophotometrically at 

440 nm. Measurements were performed in mitochondria-enriched fractions prepared from 

cultured skin fibroblasts. SOD activity assays were performed in two independent experiments, 

each performed in duplicate (four measurements per sample in total). To confirm specific SOD2 

residual activity in muscle, superoxide dismutase activity was measured in patient-derived 

muscle cells using the ENZO SOD assay kit (ADI-900-157) according to the manufacturer’s 

procedures. Cu/ZnSOD (SOD1) activity was inhibited by 20 mM potassium cyanide (KCN). 

MnSOD (SOD2) activity is not inhibited at these levels of KCN. Measurements were performed 

in triplicate in a single-cell suspension prepared from patient and control muscle tissue.

Proteomics analysis

To quantify the amount of SOD2 protein in skin fibroblasts, we used QconCAT technology in 

combination with mass spectrometry according to Wolters et al.26

Lentiviral complementation 

A plasmid containing full length hSOD2 cDNA (NM_001024466.1) was purchased from 

PlasmID Repository, Harvard, USA (clone HsCD00042604). The open reading frame was 

recombined into the pLenti6.2V5-DEST destination vector (Invitrogen) using the Gateway LR 

clonase II enzyme mix (Invitrogen). The production of lentiviral particles containing the SOD2 

cDNA and transduction of patient-derived fibroblasts was performed as described previously.27 

As a negative control, cells were transduced by the gene encoding green fluorescent protein.27

SOD2 3D structure

We used HOPE software28 to predict the effect of the SOD2 missense variant on 3D protein 

structure and the Uniprot protein database (www.uniprot.org) to search for known functional 

features within the mitochondrial superoxide dismutase [Mn] protein (accession number: 

P04179) in the region affected by the genetic variation.



SOD2-related cardiomyopathy

293

9

Results

Clinical findings

The female proband (patient X:1) was delivered by secondary caesarean section for breech 

presentation, prolonged labour and meconium-stained amniotic fluid at 39 weeks of gestation. 

Prenatal ultrasound at gestational age 19+4 weeks was normal. Apgar scores were 2, 3 and 9 

at 1, 5 and 10 minutes, respectively. Birth weight was 2240 g (<p2.3), length at birth was 49 cm 

(p25) and head circumference was 33.0 cm (p5). Umbilical artery pH was 7.14 (n=7.37-7.45) 

with a base excess of -4 mmol/L indicative of metabolic acidosis. Cerebral function monitoring 

was normal, but cerebral echography showed intraventricular septa. The day after birth, she 

presented with apnoeas, poor circulation and mild tachycardia. Mean arterial pH was 7.38 

(n=4), haemoglobin 8.6 mmol/L (n=8.3-12.4 mmol/L) and blood lactate 10.4 mmol/L (n=0.0-2.2 

mmol/L). A chest X-ray was normal. Echocardiography showed a structurally normal heart, but 

left ventricular function seemed poor. Cardiac troponin and B-natriuretic peptide were elevated 

at 0.28 μg/L (n<0.16 μg/L) and 2819 pmol/L (n<35 pmol/L), respectively. 

On the third day after birth, patient X:1 developed acute cardiogenic shock with oliguria, 

metabolic acidosis with increased blood lactate of 18 mmol/L and poor body circulation. 

ECG showed signs of myocardial ischemia, and QTc was slightly prolonged (QTc 442-474 

ms). Echocardiography revealed DCM with severe biventricular dilation and decreased left 

ventricular ejection fraction. Frequent ventricular extrasystoles and tachycardia were observed. 

At day 4 she developed ventricular fibrillation and was successfully defibrillated four times. 

However, there was no improvement of ventricular function despite intensive treatment with 

dopamine, milrinone and adrenalin, and she died at age 4 days. Biochemical studies at day 3 

showed increased amino acids in blood, including proline and alanine, and increased organic acids 

in urine, including 3-methylglutaconic acid. No underlying cause for her DCM was identified 

despite extensive pre- and post-mortem diagnostic workup that included viral serology in blood, 

sputum and faeces, metabolic testing (including for Pompe disease) and copy number variant 

analysis (Agilent 180K oligo-array). As recommended in children with 3-methylglutaconic 

aciduria type IV, sequencing of mitochondrial DNA and the nuclear genes POLG, RYR1 and 

SUCLA2 was performed as previously described.29 Additionally, the MYL2, MYH7, LMNA and 

DES genes were assessed for (biallelic or de novo) variants because these genes were at that time 

known to putatively carry variants associated with early-onset DCM. However, no pathogenic 

variants were found.

The parents were of Dutch origin. Genealogical evaluation revealed a distant relationship 

between the parents 6 to 8 generations ago (Figure  1A). Three-generation family history 

was negative for heart failure. The paternal grandfather underwent coronary bypass surgery. 

Cardiac evaluations in the parents (aged 27 and 29 years) and siblings, both evaluated at age 
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1 week, were normal.

A B

C

Figure 1. Pedigree, heart and brain imaging of proband. (A) Pedigree of Dutch family with a child 

with severe, lethal DCM in whom autosomal recessive inheritance was expected due to consanguinity. 

Squares=males, circles=females, solid symbol=affected, mut=mutant allele, wt= wild-type allele. (B) 

Macroscopic section of the heart, showing severe left ventricular (LV) and right ventricular (RV) 

chamber dilation. (C) Macroscopic cross-section of the brain showing subependymal cysts (SECs) 

(arrowheads).

Histopathological examination and enzymatic activity

Examination of the heart at autopsy revealed severe dilatation of both ventricles compared 

with an age-matched control (Figure  1B), without fibroelastosis, interstitial fibrosis, 

cardiomyocyte hypertrophy or disarray. Electron microscopy was not performed. Cardiac 

weight (20.6g) was consistent with 41 weeks gestation (and relatively heavy as expected 

with DCM developing in the neonatal period30), while the weights of other organs were low 

and consistent with 32-33 weeks gestation. There were no signs of glycogen storage or 

intracellular lipid vacuoles in hepatocytes, cardiomyocytes, skeletal muscle or tubular cells 

of the kidney. Skeletal muscle showed no abnormalities, and there were no indications of 

disorders of fatty acid oxidation or mitochondrial disease although these could not be fully 

excluded by histological examination. 
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Intracranial examination showed small cerebral subependymal cysts, some with small 

septa surrounded by macrophages, suggestive of hypoxic/ischaemic damage that occurred 

in utero (Figure  1C). Neurons in the brainstem, cerebellum, basal ganglia, thalamus, 

hippocampus and cerebral cortex showed signs of recent hypoxia. Actin, dystrophin, 

sarcoglycan, dystroglycan, dysferlin, caveolin-3, merosin, myosin and spectrin-1 staining 

were normal in skeletal muscle, and stains for the respiratory chain complexes, including 

succinate dehydrogenase and cytochrome c oxidase, in frozen material from heart and 

skeletal muscle were normal (data not shown). 

Exome sequencing 

To look for potential disease-causing variants, ES targeted all exons and exon/intron junction 

sequences of known genes in the human genome. Using the filtering pipeline discussed earlier, 

we excluded likely pathogenic or pathogenic variants in 312 genes related to (childhood-onset) 

cardiomyopathy and 355 nuclear-encoded mitochondrial genes (Supplemental Table  1). 

Assuming homozygosity by descent of an autosomal recessive variant to be the likely cause 

of DCM in patient X:1, we selected for homozygous variants in concordance with autosomal 

recessive inheritance. This identified eight homozygous variants with allele frequencies <2% 

in the public databases (Supplemental Table 2). Only one, c.542G>T in SOD2, was classified 

as likely pathogenic, and it was predicted to cause a substitution of a highly evolutionarily 

conserved glycine at position 181 with valine (p.(Gly181Val), SOD2, NM_000636.3) at the 

protein level (Figure 2). The p.(Gly181Val) missense variant was present in 1 of 248,906 

control alleles in GnomADv2.2.1 (absent homozygously), absent in control individuals from 

GoNL and predicted to be damaging (e.g., phyloP 6.18, Grantham-score 109). Notably, this 

variant is located in the longest autosomal homozygous region on chromosome 6, between 

rs378512 and rs9458499 (2.76 Mb; UCSC Genome Browser, build hg19) (data not shown). 

We validated this result by Sanger sequencing and verified segregation of the variant in all 

available family members. Both parents were heterozygous for the variant. DNA testing in 

saliva of the unaffected brother (X:2) excluded the SOD2 variant in homozygous state and 

chorionic villous biopsy performed in the third pregnancy showed absence of the variant in 

the foetus (X:3). 

Reverse transcription polymerase chain reaction (RT-PCR) and SOD2 protein quantification 

Two of five mRNA splicing prediction tools in the Alamut software indicated a possible new donor 

site. To further assess the pathogenicity of this variant at RNA level, we performed RT -PCR 

analysis. RT-PCR product analysis of RNA isolated from patient-derived fibroblasts cultured 

both with and without cycloheximide showed a transcript of only wild-type size, indicating that 

this variant did not affect splicing. Quantitative protein analysis with targeted quantitative 

Liquid Chromatography-Mass Spectrometry-Selected Reaction Monitoring (LC-MS-SRM) using 

stable isotope-labelled concatemers26 confirmed the presence of the SOD2 protein (Figure 3A). 
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We therefore concluded that the SOD2 missense variant probably results in a conformational 

change that affects protein folding or flexibility, protein-protein or protein-DNA interaction or 

the activity of the Manganese (Mn)-cofactor binding domain, rather than resulting in absent or 

decreased expression of SOD2.

* 

H. sapiens mutated P L L V I D V W E 

H. sapiens wildtype P L L G I D V W E 

P. troglodytes P L L G I D V W E 

R. norvegicus P L L G I D V W E 

M. musculus P L L G I D V W E 

C. familiaris P L L G I D V W E 

O. anatinus P L L G I D V W E 

G. gallus P L L G I D V W E 

X. tropicalis P L L G I D V W E 

T. nigroviridis P L L G I D V W E 

D. rerio P L L G I D V W E 

D. melanogaster P L F G I D V W E 

C. elegans P L F G I D V W E 

Bakers yeast P L V A I D A W E 

A 

B 

Figure 2. Confirmation and properties of SOD2 variant c.542G>T, p.(Gly181Val). (A) Sanger sequencing 

verified the presence of the SOD2 variant c.542G>T, p.(Gly181Val) in the affected patient (bottom) 

compared with control (top) and in heterozygous form in her parents (not shown). (B) Conservation of 

Gly181 and surrounding residues.
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SOD2 mutational screening

Sanger sequencing of SOD2 in a cohort of 79 unrelated patients with childhood-onset 

cardiomyopathy and 161 adult patients with DCM and NGS-gene-panel–based sequencing 

of this gene in 1,150 mostly adult cardiomyopathy patients revealed no pathogenic or likely 

pathogenic SOD2 variants. 

Effect of the SOD2 variant on intracellular superoxide (O
2

−•) levels

HEt was used as a probe to measure the intracellular levels of HEt-oxidizing ROS levels, including 

O
2

−•, in patient fibroblasts. The oxidation levels of HEt measured in our in vitro assay indicated a 

significant increase of O
2

−• levels in patient fibroblasts comparable in order of magnitude to that 

seen in complex I–deficient fibroblasts (Figure 3B). Because mitochondrial respiratory chain 

enzyme activities (complexes I–V) were normal in mitochondria-enriched fractions from skin 

fibroblasts, the significant increase in O
2

−• levels we observe probably resulted from impaired 

SOD2 enzyme activity.

Effect of identified variant on SOD2 activity

MnSOD (SOD2) enzyme activity in patient-derived muscle cells was investigated in the cell 

pellet fraction. Total SOD activity was shown to be reduced in this cell pellet fraction when 

compared with a control (49 U/mg protein versus 58 U/mg protein, respectively). These data 

suggest that enzymatic SOD2 activity was decreased in the patient, despite higher levels of 

SOD2 protein. To confirm this, the same experiment was performed after inhibition of SOD1 

and SOD3 by potassium cyanide (KCN) (20 mM). Our data indicated a residual SOD2 activity 

of 40% in the patient; however, our data also suggested different inhibition levels between the 

patient and control; therefore, we could not draw firm conclusions from this experiment.

Rescue of superoxide dismutase activity by lentiviral complementation

To further investigate whether the genetic defect in SOD2 was responsible for the increased 

superoxide levels, we stably transfected patient-derived fibroblasts with wild-type SOD2 

cDNA and monitored the superoxide activity in whole-cell lysates and a mitochondria-enriched 

fraction. Our results confirmed that the observed superoxide dismutase activity was clearly 

reduced (0.46 ± 0.04 U/mg in mitochondria-enriched fraction from the patient versus 0.80-1.80 

U/mg in controls; Table 1). In comparison, the total superoxide dismutase activity in whole-cell 

lysates was very similar (results not shown). On transduction of the patient cells with wild-type 

SOD2 cDNA, mitochondrial superoxide dismutase activity was completely restored (Table 1), 

providing strong evidence for the pathogenicity of the SOD2 variant in this patient.
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A 

B 

Figure 3. (A) Quantitative protein analysis in mitochondria-enriched fractions of patient-derived skin 

fibroblasts by targeted quantitative LC−MS−SRM using stable isotope-labelled concatemer. Blue peak 

represents the isotope-labelled standard. Red peak represents the same endogenous peptide. A known 

amount of the isotope-labelled standard was added to the protein sample, allowing the amount of the 

endogenous peptide (and therefore protein) to be calculated. The SOD2 protein is at least two-times 

higher compared with controls (patient 27.6 fmol/µg compared with two different controls 11.7 ± 1.3 

fmol/μg total mito protein). (B) The oxidation of hydroethidine analysis shows a significant increase of ROS 

OR (O
2

•−) level in the fibroblasts of the patient compared with control fibroblasts. LC-MS-SRM=Liquid 

Chromatography-Mass Spectrometry-Selected Reaction Monitoring, Mito=mitochondria, Nuc=nucleus, 

SOD2=superoxide dismutase 2. 
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Table 1. Rescue of superoxide dismutase 2 activity in patient fibroblasts by lentiviral transduction 

of wild-type SOD2. 

SOD2 activity 

(U/mg protein)

Patient X:1 0.46 ± 0.04

Patient X:1 + GFP 0.37 ± 0.15

Patient X:1 + SOD2 1.74 ± 0.06

Control range (n=6) 0.80-1.80*

Values in bold are below the control range. GFP=green fluorescent protein. 

*average 1.23

SOD2 3D structure: the effect of the p.(Gly181Val) variant

Using the HOPE software, we retrieved 3D-structure information for the SOD2 protein through 

the WHAT IF Web services, the Uniprot database and a series of DAS-servers to predict the 

effect of the p.(Gly181Val) variant on the protein structure. The Gly181 residue is part of a Mn/

iron superoxide dismutase domain important for superoxide dismutase activity (oxidoreductase 

activity) and metal ion binding. According to the Uniprot database, four important amino acid 

residues (His50, His98, Asp183 and His187) are involved in the formation of the Mn-binding 

pocket that binds the Mn cofactor of the enzyme (accession number: P04179). Interestingly, the 

aspartic acid residue of key importance (Asp183) is only two amino acids away from the Gly181 

residue that was mutated in our patient. The increased size of the mutant residue is predicted 

to disturb the core structure of the Mn/iron superoxide dismutase domain and, in consequence, 

the catalytic activity of the enzyme (Figure 4A, B).
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Discussion

We have demonstrated, for the first time, an association between a damaging variant in SOD2 

and DCM in humans. ES in a patient with neonatal DCM born to consanguineous parents 

revealed a novel homozygous missense variant, c.542G>T; p.(Gly181Val), in SOD2. This gene 

encodes a mitochondrial superoxide scavenger enzyme that protects cells from ROS damage 

by detoxifying oxygen radicals such as O
2

–• to yield O
2
 and hydrogen peroxide, which is then 

metabolized into H
2
O by glutathione peroxidase31 (Figure  4C). The SOD2 variant in our 

patient was not identified as homozygous in any individual in the GnomAD database and was 

predicted to affect protein function. It is located in the functionally important C-terminal Mn/

iron superoxide dismutase region of the protein, very close to one of the four histidine/aspartic 

acid residues involved in binding the Mn co-factor. Significant differences between the size and 

physico chemical characteristics of the wild-type glycine, which is the smallest amino acid residue 

and provides flexibility for enzyme active sites, and the mutant valine residue are predicted to 

disturb the core structure in this crucially important domain. This suggests that the identified 

variant would significantly affect the protein’s stability and/or activity.

We performed several analyses to evaluate the predicted effect on SOD2 stability/activity. RNA 

studies showed a stable SOD2 transcript not subject to nonsense-mediated decay. Protein 

quantification by LC-MS-SRM showed increased SOD2 levels, which can be explained by the 

upregulation of SOD2 expression in response to oxidative stress.33 HEt oxidation measurements 

in patient fibroblasts indicated a significant increase in levels of O
2

−•, one of the major ROS 

substrates of SOD, comparable in order of magnitude to the levels seen in complex-I-deficient 

fibroblasts.25,34 Since no deficiency was seen in any of the mitochondrial respiratory chain 

complexes I-V, the significant increase in O
2

−• is likely explained by the pathogenic effect of 

the c.542G>T; p.(Gly181Val) SOD2 variant on the function of the encoded enzyme, leading to 

increased oxidative stress and accumulation of damaging oxygen radicals in the cells. Despite 

increased SOD2 expression, decreased SOD2 activity was measured in patient-derived skin 

fibroblasts and muscle. Together with our successful rescue experiments, where patient 

fibroblasts were complemented with wild-type SOD2 cDNA, these data support a role for 

mutated SOD2 in the pathogenesis of DCM in this patient. 
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◀ Figure 4. (A) Overview of the SOD2 protein in ribbon-presentation. (B) Zoom-in on the part of the 

manganese/iron superoxide dismutase domain where the mutated residue is located. The protein 

backbone is shown in grey, the side chains of both the wild-type in green and the mutant residue in red. 

The mutant residue is larger than the wild-type residue, which might disturb the core structure of this 

domain and affect the catalytic activity of the enzyme. (C) Mitochondrial free radical generation and its 

catabolism. Highly reactive superoxide anions are mainly produced in mitochondria and by the cytosolic 

xanthine oxidase, plasma membrane-associated NADPH-oxidase complex (NOX) and the cytochrome 

p450 monooxygenases, which are present mainly in the endoplasmatic reticulum. Superoxide anions can 

either react with nitric oxide to generate the strong oxidant peroxynitrite (ONOO-) or be degraded by 

superoxide dismutase (SOD) into the less reactive species hydrogen peroxide (H
2
O

2
). Hydrogen peroxide 

can then be catabolized by glutathione peroxidase (GPx) or catalase, react with Fe2+ to form hydroxyl 

radicals via the Fenton reaction or be degraded by the myeloperoxidase (MPO) into hypochlorite (ClO-), 

another source of hydroxyl radicals (adapted from Ref.32). 

SOD2 belongs to the Mn/iron superoxide dismutase family, one of the primary families of 

antioxidant enzymes in mammalian cells. These antioxidant enzymes protect cells from the 

damage caused by ROS. In eukaryotic cells, there are three SOD homologs: cytosolic Cu/

ZnSOD (SOD1), Mn/FeSOD (manganese superoxide dismutase 2; SOD2) and extracellular 

SOD3. SOD2 is a mitochondrial matrix protein that forms a homotetramer and binds one Mn 

ion per subunit. 

ROS are formed during normal mitochondrial metabolism as byproducts of oxidative 

phosphorylation, and cells self-regulate their ROS levels by producing antioxidant enzymes.35 

Deficiency of one of the antioxidant enzymes, such as SOD2, may lead to accumulation of ROS, 

particularly during times of environmental stress. Excessive amounts of ROS can damage cellular 

proteins, DNA and lipids.36 As is commonly observed in mitochondrial disorders, ROS-mediated 

oxidative stress can affect any organ at any age, but it particularly affects organs with high 

energy demand such as the heart and brain.37 

Oxidative stress and SOD2 gene polymorphisms have been associated with premature aging38, 

cancer39, neurological disorders40,41, diabetes42,43 and cardiovascular diseases including 

hypertension and atherosclerosis.44-46 Oxidative stress and disturbed mitochondrial respiratory 

function are also known to play a substantial role in the development of heart failure.47 Hiroi and 

colleagues found an increased frequency of the SOD2-16VV genotype in Japanese patients with 

non-familial idiopathic cardiomyopathy and suggested that this polymorphism contributes to 

the susceptibility to non-familial idiopathic cardiomyopathy.48 In addition, anthracyclin-induced 

cardiomyopathy is believed to be a side effect of superoxide radical accumulation that leads 

to the induction of mitochondrial dysfunction in the heart.49 This phenotype was successfully 

rescued in transgenic mice by overexpression of SOD250, further underscoring the cardio-

protective role of this enzyme.
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The role of defective SOD2 protein in the pathophysiology of DCM has previously been 

demonstrated in mice. Homozygous Sod2 knockout (Sod2-/-) mice (outbred background, 

CD1) lacking exon 3, which results in the complete loss of SOD2 enzyme activity, display 

cardiomyopathy at age 5 days. Similar to our case, these SOD2-deficient mice had enlarged 

hearts with a dilated left ventricular cavity.51 Given our patient’s early death at age 3 days, it 

is perhaps not surprising that we did not observe the endocardial fibrosis or cardiomyocyte 

hypertrophy seen in mutated mice, which usually die at age 10 days.51 Another strain of Sod2-

/- mice (SOD2m1BCM/SOD2m1BCM, hybrid background) was shown to be able to survive for up to 

18 days, with only 10% developing severe DCM.52 In these (older) mice, electron microscopy of 

the brain and spinal cord at postnatal day 10 revealed degenerative injury to large CNS neurons, 

particularly in the basal ganglia and brainstem. Both SOD2-deficient mice strains develop lipid 

depositions in the liver, as shown at autopsy. Neither degenerative abnormalities nor fatty 

accumulation in the liver were observed in our patient, although she may have died too early 

to develop these features. Examination of her brain did reveal extensive white matter damage, 

most likely due to hypoxic/ischaemic-induced changes in utero. We hypothesize that this 

resulted from severe oxidative stress due to SOD2 deficiency, but cannot exclude birth asphyxia 

and/or poor circulation as contributing factors. Both SOD2-deficient mouse strains were 

severely growth-restricted compared with their littermates and showed metabolic acidosis, 

resembling our patient. Interestingly, further characterisation of the metabolic defects of the 

Sod2-/- mice showed large amounts of 3-methylglutaconic, 2-hydroxyglutaric, 3-hydroxy-3 

methylglutaric and 3-hydroxyisovaleric acids in urine53, as also seen in our patient. Respiratory 

chain deficiencies were not detected in our patient, a finding which is compatible with the animal 

model where histological and ultrastructural evidence of mitochondrial injury has been detected 

predominantly in older mice (P8-P18).51,52 

Using QconCAT proteomics, we observed increased SOD2 protein levels in patient fibroblasts 

compared with controls. This mutated protein showed approximately 40% residual enzyme 

activity in skin fibroblasts (Table  1). In contrast, no SOD2 activity was detected in the 

homozygous mutant mice.51 This residual enzyme activity may explain the phenotypic differences 

between the mouse models and our patient. Increased labour-induced stress response 54,55 may 

have contributed to extreme metabolic disruption in our patient, although the exact disease 

mechanism leading to her dramatic disease course and early death remains unknown. 

Conclusion

This study is the first to demonstrate a homozygous damaging variant in SOD2 as a cause of 

human DCM. Our results highlight a potential role for reduced SOD2 activity and abnormally 

elevated levels of oxidative stress in the pathogenesis of DCM. Together with results from 

previously published SOD2 animal studies, our findings suggest a model for mitochondrial 

oxidative damage in which superoxide-induced injury compromises mitochondrial function and 
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accelerates damage to cells and tissues with high energy demand, including cardiac myocytes. 

The beneficial effects of antioxidants on heart function and muscle fatigue seen in SOD2-

deficient mice56,57 may lead to new therapeutic strategies, but further studies are needed to 

unravel the role of this enigmatic kinase in cardiac function and pathologic remodelling.
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Supplemental Information

Supplemental Table 1. Likely pathogenic or pathogenic variants in these genes were excluded in 

patient X:1. 

Gene panel mitochondrial diseases Gene panel paediatric cardiomyopathy

AARS2 MSTO1 AARS2 LIAS

ABAT MTFMT ABCC6 LMNA

ACAD9 MTO1 ABCC9 MAP2K1

ACO2 MTPAP ACAD8 MAP2K2

AFG3L2 NARS2 ACAD9 MGME1

AGK NAXE ACADS MIB1

AIFM1 NDUFA1 ACADVL MLYCD

ALDH1B1 NDUFA10 ACTA1 MRPL3

ANO10 NDUFA11 ACTC1 MRPL44

APOPT1 NDUFA12 ACTN2 MRPS22

APTX NDUFA13 ADCY5 MTCP1

ATAD3A NDUFA2 AGK MTO1

ATAD3B NDUFA3 AGL MURC

ATP13A2 NDUFA4 AGPAT2 MUT

ATP5F1A NDUFA5 AHCY MYBPC3

ATP5F1B NDUFA6 AIP MYH6

ATP5F1C NDUFA7 ALG1 MYH7

ATP5F1D NDUFA8 ALG6 MYL2

ATP5F1E NDUFA9 ALMS1 MYL3

ATP5IF1 NDUFAB1 ALPK3 MYLK2

ATP5MC1 NDUFAF1 ANKRD1 MYOT

ATP5MC2 NDUFAF2 ANKRD11 MYOZ1

ATP5MC3 NDUFAF3 ANKS6 MYOZ2

ATP5ME NDUFAF4 ANO5 MYPN

ATP5MF NDUFAF5 APOPT1 NAGA

ATP5MG NDUFAF6 ARSB NAGLU

ATP5MGL NDUFAF7 ASNA1 NDUFA1

ATP5PB NDUFB1 ATP5E NDUFA11

ATP5PD NDUFB10 ATP6V1B2 NDUFAF1

ATP5PF NDUFB11 ATPAF2 NDUFAF2

ATP5PO NDUFB2 BAG3 NDUFAF3

ATP5S NDUFB3 BBS2 NDUFAF4

ATPAF1 NDUFB4 BCS1L NDUFAF5

ATPAF2 NDUFB5 BOLA3 NDUFB11
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Supplemental Table 1. Continued.

Gene panel mitochondrial diseases Gene panel paediatric cardiomyopathy

BCS1L NDUFB6 BRAF NDUFB3

BOLA1 NDUFB7 BRCA2 NDUFB9

BOLA2 NDUFB8 BRCC3 NDUFS1

BOLA3 NDUFB9 BRIP1 NDUFS2

C12orf65 NDUFC1 BSCL2 NDUFS3

C19orf12 NDUFC2 C10ORF2 NDUFS4

C19orf70 NDUFS1 CALR3 NDUFS6

C1QBP NDUFS2 CASQ1 NDUFV1

CA5A NDUFS3 CAV1 NDUFV2

CARS2 NDUFS4 CAV3 NEBL

CEP89 NDUFS5 CDKN1C NEU1

CHCHD10 NDUFS6 CHKB NEXN

CHKB NDUFS7 CHRM2 NF1

CLPB NDUFS8 CISD2 NKX2-5

CLPP NDUFV1 COA5 NPPA

COA1 NDUFV2 COA6 NRAS

COA3 NDUFV3 COG7 NSD1

COA5 NFS1 COL7A1 NUBPL

COA6 NFU1 COQ2 PALB2

COA7 NSUN3 COQ4 PCCA

COASY NUBPL COX10 PCCB

COQ2 OGDH COX14 PDGFRA

COQ4 OPA1 COX20 PDLIM3

COQ5 OPA3 COX6B1 PET100

COQ6 OXA1L COX7B PEX1

COQ7 PANK2 CPT1A PEX10

COQ8A PARS2 CPT2 PEX11B

COQ8B PC CRYAB PEX12

COQ9 PDHA1 CSRP3 PEX13

COX10 PDHB CTNNA3 PEX14

COX14 PDHX D2HGDH PEX16

COX15 PDK1 DCAF8 PEX19

COX20 PDK2 DCHS1 PEX2

COX4I1 PDK3 DES PEX26

COX4I2 PDK4 DLD PEX3

COX5A PDP1 DMD PEX5

COX5B PDSS1 DMPK PEX6
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Supplemental Table 1. Continued.

Gene panel mitochondrial diseases Gene panel paediatric cardiomyopathy

COX6A1 PDSS2 DNAJC19 PEX7

COX6A2 PET100 DOLK PGM1

COX6B1 PET117 DPM3 PHYH

COX6B2 PIGA DSC2 PIGT

COX6C PITRM1 DSG2 PKP2

COX7A1 PMPCA DSP PLEC

COX7A2 PMPCB DTNA PLEKHM2

COX7B PNPT1 DYSF PLN

COX7B2 POLG ELAC2 PMM2

COX7C POLG2 EMD PNPLA2

COX8A PPA2 ENPP1 POLG

COX8C PRKAA1 EPG5 POMT1

CP PTRH2 ERBB3 POU1F1

CTBP1 PUS1 ERCC4 PPARG

CYC1 PYCR1 EYA4 PRDM16

CYCS PYCR2 FAH PRKAG2

DARS2 QRSL1 FANCA PRPS1

DCAF17 RARS2 FANCB PSEN1

DDHD1 RMND1 FANCC PSEN2

DES RNASEH1 FANCD2 PTPN11

DGUOK RRM2B FANCE QRSL1

DHTKD1 RTN4IP1 FANCF RAB3GAP2

DLAT SACS FANCG RAD51C

DLD SAMHD1 FANCI RAF1

DLST SARS2 FANCL RBCK1

DMAC1 SCO1 FANCM RBM20

DMAC2 SCO2 FASTKD2 RET

DNA2 SCP2 FBN1 RIT1

DNAJC19 SDHA FBXL4 RMND1

DNAJC3 SDHAF1 FHL1 RYR2

DNM1L SDHB FHL2 SCARB2

EARS2 SDHD FIG4 SCN5A

ECHS1 SERAC1 FKRP SCO1

ECSIT SFXN4 FKTN SCO2

EHHADH SLC19A2 FLNA SDHA

ELAC2 SLC19A3 FLNC SDHAF1

ERAL1 SLC25A1 FOS SDHD
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Supplemental Table 1. Continued.

Gene panel mitochondrial diseases Gene panel paediatric cardiomyopathy

ETHE1 SLC25A10 FOXD4 SEPN1

FA2H SLC25A12 FOXRED1 SGCA

FARS2 SLC25A13 FTO SGCB

FASTKD2 SLC25A19 FXN SGCD

FBXL4 SLC25A21 GAA SGSH

FDX2 SLC25A22 GATA4 SHOC2

FDXR SLC25A24 GATAD1 SKI

FH SLC25A3 GATB SLC19A2

FOXRED1 SLC25A32 GATC SLC22A5

FTL SLC25A4 GBE1 SLC25A20

FXN SLC25A42 GJA5 SLC25A3

GARS SLC25A46 GLA SLC25A4

GATB SLC39A8 GLB1 SLC2A10

GATC SLC52A2 GMPPB SLX4

GATM SLC52A3 GNAS SNAP29

GFER SPART GNPTAB SOD2

GFM1 SPATA5 GNS SOS1

GFM2 SPG7 GPC3 SPEG

GLRX5 SQSTM1 GPR101 SYNE1

GLUD1 STAT2 GSN SYNE2

GTPBP2 STXBP1 GTPBP3 TACO1

GTPBP3 SUCLA2 GYS1 TAZ

HARS2 SUCLG1 HADH TBX20

HCCS SUCLG2 HADHA TCAP

HIBCH SURF1 HADHB TERT

HLCS TACO1 HAMP TGFB1

HSD17B10 TANGO2 HBB TGFB3

HSPA9 TARS2 HCCS TMEM126A

HSPD1 TAZ HCN4 TMEM43

HTRA2 THG1L HFE TMEM70

IARS2 TIMM44 HFE2 TMPO

IBA57 TIMM50 HGSNAT TNNC1

ISCA2 TIMM8A HPS1 TNNI3

ISCU TIMMDC1 HRAS TNNI3K

KARS TK2 HSD17B10 TNNT2

LACTB TMEM126A HSPB6 TPI1

LARS2 TMEM126B IDH2 TPM1
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Supplemental Table 1. Continued.

Gene panel mitochondrial diseases Gene panel paediatric cardiomyopathy

LIAS TMEM186 IDUA TPM3

LIPT1 TMEM65 IGF2 TRNT1

LIPT2 TMEM70 ILK TSFM

LONP1 TPK1 ISL1 TTN

LRPPRC TRIT1 ITGB1BP2 TTPA

LYRM4 TRMT10C JPH2 TTR

LYRM7 TRMT5 JUP TXNRD2

MARS2 TRMU KCNH1 UBE2T

MCUR1 TRNT1 KCNH2 UBR1

MDH2 TSFM KIF20A VCL

MECR TTC19 KLF1 VPS13A

MFF TUFM KRAS WFS1

MFN2 TWNK LAMA4 XK

MGME1 TXN2 LAMP2 XPNPEP3

MICU1 TYMP LDB3 YARS2

MICU2 UQCC1    

MIEF2 UQCC2    

MIPEP UQCC3    

MPC1 UQCR10    

MPV17 UQCR11    

MRM2 UQCRB    

MRPL12 UQCRC1    

MRPL3 UQCRC2    

MRPL40 UQCRFS1    

MRPL44 UQCRH    

MRPL57 UQCRQ    

MRPS16 VARS2    

MRPS2 VPS13D    

MRPS22 WARS2    

MRPS23 WDR45    

MRPS34 YARS2    

MRPS7 YME1L1    

MRRF      

Of note, there is some overlap between both panels.
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Supplemental Table 2. Homozygous variants identified in patient X:1 (allele frequency <2%).

Gene Chromo-

some

Transcript cDNA HGVS protein Coding effect gnomAD No. of 

homo-

zygotes

CADD SIFT PolyPhen2 Splice 

prediction

2015 ACMG 

criteria

Classifi-

cation

SLC4A10 2 NM_001354461.1 c.313+15C>T p.?   967/250898 5 3.416 NA NA No/

uncertain 

effect

BP4 VUS

SOD2 6 NM_000636.3 c.542G>T p.(Gly181Val) nonsynonymous 1/248906=0 0 27.6 deleterious prob. 

damaging

No/

uncertain 

effect

PS3PM2PP3 LP

SLC22A1 6 NM_003057.2 c.1320G>A p.(Met440Ile) nonsynonymous 1972/282860 15 24 tolerated benign pos. new 

splice 

acceptor 

site

BS1 LB

PLG 6 NM_000301.3 c.1878-6T>C p.?   452/282844 0 1.539 NA NA No/

uncertain 

effect

BP4 VUS

SMO 7 NM_005631.4 c.808G>A p.(Val270Ile) nonsynonymous 2003/282734 7 21 tolerated benign No/

uncertain 

effect

BS1BP4 LB

GCOM1 15 NM_001285900.3 c.933+13G>A p.?   1721/257566 26 1.488 NA NA No/

uncertain 

effect

BS1BP4 LB

RAB37 17 NM_175738.4 c.545+10_545+

14dupGGGCA

p.?   2638/282072 14 NA NA NA No/

uncertain 

effect

BS1BP4 LB

UMODL1 21 NM_001199527.1 c.3248G>A p.(Ser1083Asn) nonsynonymous 2257/280756 12 24.5 tolerated prob. 

damaging

pos. new 

donor site

BS1 LB

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). 

Variants in autosomal recessive genes were classified as likely benign as they were reported >5 times in 

homozygous state in gnomAD. ACMG=American College of Medical Genetics, 

CADD=Combined Annotation Dependent Depletion v1.4, gnomAD=Genome Aggregation Database v2.1.1, 

HGVS=Human Genome Variation Society, PolyPhen-2=Polymorphism Phenotyping v2, prob.=probably, 

pos.=possible, SIFT=Sorting tolerant from intolerant, NA=not available/unknown, LB=likely benign, 

VUS=variant of uncertain significance, LP=likely pathogenic.
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Supplemental Table 2. Homozygous variants identified in patient X:1 (allele frequency <2%).

Gene Chromo-

some

Transcript cDNA HGVS protein Coding effect gnomAD No. of 

homo-

zygotes

CADD SIFT PolyPhen2 Splice 

prediction

2015 ACMG 

criteria

Classifi-

cation

SLC4A10 2 NM_001354461.1 c.313+15C>T p.?   967/250898 5 3.416 NA NA No/

uncertain 

effect

BP4 VUS

SOD2 6 NM_000636.3 c.542G>T p.(Gly181Val) nonsynonymous 1/248906=0 0 27.6 deleterious prob. 

damaging

No/

uncertain 

effect

PS3PM2PP3 LP

SLC22A1 6 NM_003057.2 c.1320G>A p.(Met440Ile) nonsynonymous 1972/282860 15 24 tolerated benign pos. new 

splice 

acceptor 

site

BS1 LB

PLG 6 NM_000301.3 c.1878-6T>C p.?   452/282844 0 1.539 NA NA No/

uncertain 

effect

BP4 VUS

SMO 7 NM_005631.4 c.808G>A p.(Val270Ile) nonsynonymous 2003/282734 7 21 tolerated benign No/

uncertain 

effect

BS1BP4 LB

GCOM1 15 NM_001285900.3 c.933+13G>A p.?   1721/257566 26 1.488 NA NA No/

uncertain 

effect

BS1BP4 LB

RAB37 17 NM_175738.4 c.545+10_545+

14dupGGGCA

p.?   2638/282072 14 NA NA NA No/

uncertain 

effect

BS1BP4 LB

UMODL1 21 NM_001199527.1 c.3248G>A p.(Ser1083Asn) nonsynonymous 2257/280756 12 24.5 tolerated prob. 

damaging

pos. new 

donor site

BS1 LB

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). 

Variants in autosomal recessive genes were classified as likely benign as they were reported >5 times in 

homozygous state in gnomAD. ACMG=American College of Medical Genetics, 

CADD=Combined Annotation Dependent Depletion v1.4, gnomAD=Genome Aggregation Database v2.1.1, 

HGVS=Human Genome Variation Society, PolyPhen-2=Polymorphism Phenotyping v2, prob.=probably, 

pos.=possible, SIFT=Sorting tolerant from intolerant, NA=not available/unknown, LB=likely benign, 

VUS=variant of uncertain significance, LP=likely pathogenic.
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Summary

Since the early 1990s inherited gene variants have been implicated in cardiomyopathy, an 

insidious disease of the ventricular myocardium. Hypertrophic cardiomyopathy (HCM), 

characterized by unexplained cardiac hypertrophy and impaired relaxation, and dilated 

cardiomyopathy (DCM), defined as increased ventricular chamber volume with contractile 

impairment, were initially thought to be primarily diseases of sarcomeric proteins. However, 

recent advances in sequencing and array-based technologies have changed our understanding 

of the genetic basis of cardiomyopathies and dramatically increased the rate of detection 

of genomic variants. Particularly in paediatric-onset cardiomyopathy, which is even more 

heterogeneous than adult-onset cardiomyopathy, next-generation sequencing (NGS) has 

allowed identification of a still-increasing number of variants and genes related to inherited 

cardiomyopathies. This thesis focussed on the yield, optimal testing strategy and identification 

of variants in known and novel genes in children with cardiomyopathy, in particular those with 

HCM and DCM.

Chapter 1 provides a general introduction and explains the differences in the definition and 

classification of cardiomyopathies between the American Heart Association (AHA) and the 

European Society of Cardiology (ESC), which are controversial in clinical practice. It also 

presents an introduction to current knowledge on incidence, presentation, causes, prognosis 

and therapies in paediatric HCM and DCM. 

Pathogenic variants in cardiac myosin-binding protein C (MYBPC3) are found in approximately 

15% of all HCM patients1 and account for approximately 40-50% of all HCM mutations, making 

it the most frequently mutated gene in adult-onset HCM.2-4 It may not be surprising that biallelic 

variants, either homozygous or compound heterozygous, have also been identified, and these 

individuals appear to develop severe early-onset disease. Chapter 3 describes four individuals 

with biallelic truncating variants in MYBPC3 and severe neonatal HCM leading to heart failure 

and death before age 13 weeks. All four children had septal defects. Three of them also presented 

with features with left ventricular noncompaction (LVNC). We then performed a literature study 

and ultimately identified 51 cases of homozygotes or compound heterozygotes: 21 cases with 

biallelic truncating variants (including our four patients), 13 cases with a missense variant plus 

a truncating variant and 17 cases with biallelic missense variants. Our analysis of the literature 

data indicates a more severe phenotype in patients with two functional null alleles: all of them 

presented with neonatal HCM and 71% died within the first year of life. In 62% (13/21), septal 

defects or a patent ductus arteriosus accompanied the cardiomyopathy. Chapter 2 describes 

the genetics and clinical utility of genetic testing in familial DCM in 2013. Many of these genes 

are now included in most diagnostic NGS panels targeting adult-onset cardiomyopathy. Forty of 

these 51 genes have been added to a ‘core list’ of 46 cardiomyopathy-related genes developed 



322

Chapter 10

by a group of disease experts of the Dutch Society for Clinical Genetic Laboratory Diagnostics 

(VKGL).5 At least 26 of the genes listed in chapter 2 are also implicated in paediatric DCM, 

and the taffazin (TAZ) gene (Barth syndrome) and SDHA gene (mitochondrial respiratory chain 

complex II deficiency) are exclusively related to paediatric-onset cardiomyopathy. 

In adult-onset DCM, the most frequently mutated genes are TTN, LMNA, MYH7 and TNNT2.6 

However, there are only a few large studies that report yield and the most common involved 

genes in children. In chapter 4, we report a yield of approximately 50% in a series of paediatric 

patients with and without extracardiac features. We show that whole exome sequencing (WES) 

with step-wise analysis of (i) well-known cardiomyopathy genes, (ii) copy number variants 

(CNVs), (iii) all genes assigned to the human phenotype ontology (HPO) term ‘cardiomyopathy’ 

and (iv), if appropriate, genes assigned to other HPO terms is a justified method for genetic 

testing in paediatric DCM. Consistent with previous and subsequent studies, we report a 

relatively high percentage of de novo variants in our DCM cohort (4/15, 26%). In chapter 5 we 

present GADO (GeneNetwork Assisted Diagnostic Optimization), a gene prioritization method 

that can be used without prior knowledge about gene function(s). To prioritize variants in genes, 

GADO uses gene co-regulation based on a high-quality dataset of 31,499 RNA-seq samples to 

link genes to HPO terms describing the patient’s phenotype. This resulted in the identification 

of several candidate genes that may have a role in the pathophysiology of cardiomyopathy and 

illustrates the importance of cross-talk between clinicians and bioinformaticians in providing 

an integrated approach to diagnose as many patients as possible. 

Chapter 6 shows an example of the advantage of WES over conventional diagnostic procedures 

in a child with congenital myopathy. Lack of centralized nuclei on muscle biopsy and limited 

genetic analysis, prevented an actual diagnosis until WES was performed several years after 

his death. This case also illustrates that use of HPO terms to describe the patient’s phenotype 

can be successfully applied to filter WES data. Chapter 7 describes the successful identification 

of a novel disease gene by combining two techniques, WES and homozygosity mapping, in 

two consanguineous families. We thereby identified homozygous truncating mutations in a 

new disease gene: alpha-kinase 3 (ALPK3). This gene encodes a nuclear kinase essential for 

early differentiation of cardiomyocytes. A third affected proband was identified upon cohort 

screening. Patients with biallelic mutations presented with severe cardiomyopathy leading to 

early lethality or biventricular dysfunction in childhood. We provided microscopic evidence 

of intercalated disc remodelling, as had been previously observed in Alpk3 knockout mice. In 

our follow-up study, chapter 8, we report novel damaging biallelic ALPK3 variants and expand 

the genetic and phenotypic spectrum of ALPK3-related cardiomyopathy. Nearly half of the 

individuals showed progression from DCM to ventricular hypertrophy, a phenomenon that 

has not been described before. We further show that the clinical presentation is more diverse 

and includes short stature, scoliosis, contractures, cleft palate or velopharyngeal insufficiency, 
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and craniofacial dysmorphic features. We also report that (biallelic) missense variants lead to 

a phenotype similar to that seen for both the novel and previously published loss-of-function 

(LoF) variants. Since we noted that some of the heterozygous relatives described in chapter 7 

also developed HCM at later age, we assessed the prevalence of ALPK3 variants in two unrelated 

adult-onset cardiomyopathy cohorts from the Netherlands and US. Here we showed that the 

burden of ALPK3 LoF variants was higher in these two cohorts than in the general population of 

gnomAD (p=1.6x10-5 and p=2.2x10-13, respectively). In chapter 9 we use exome sequencing and 

histological and biochemical analyses to demonstrate that biallelic variants in SOD2 were the 

cause of an early-onset, rapidly progressive form of DCM in a neonate. Superoxide dismutase 

2 (SOD2) is a mitochondrial matrix protein that scavenges oxygen radicals produced by 

oxidation-reduction and electron transport reactions occurring in mitochondria via conversion 

of superoxide anion (O
2

–•) into H
2
O

2
. The SOD2 variant was shown to affect the catalytic activity 

of the protein, leading to excess oxygen radical levels that can have strongly damaging effects in 

the neonatal heart. Lentiviral gene rescue completely restored superoxide dismutase activity. 

Together with previously reported evidence from Sod2 knockout mice, we provide compelling 

evidence for the role of SOD2 in cardiomyopathy that sheds new light on the mechanisms 

underlying myocardial dysfunction.
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Discussion and future perspectives 

Over the past two decades, diagnostic genetic testing for cardiomyopathy has increasingly 

become part of mainstream clinical management.1-3 With the implementation of Next Generation 

Sequencing (NGS) technologies, the yield and speed of genetic testing has increased significantly 

and more families benefit from cascade screening. Genotype-positive relatives can be offered 

long-term surveillance, and relatives who test negative for the familial genetic variant can be 

released from follow-up. As in adult-onset cardiomyopathy, genetic testing in the paediatric 

population has now been integrated into daily clinical practice.

Classification

During the realisation of this thesis, I was frequently confronted with the difficulties and 

controversies associated with classifying paediatric-onset cardiomyopathy. As clinical evaluation 

and standard diagnostic imaging dominate initial patient contact, diagnosis is mainly driven by 

morphological features. However, mixed cardiomyopathies (e.g., HCM/DCM, HCM/LVNC or 

DCM/LVNC4) and extracardiac manifestations occur frequently in children, as described in 

our cohort in chapters 3, 4, 6, 7 and 8. Furthermore, there has been a substantial increase in 

knowledge about the genetic basis of (paediatric) cardiomyopathy, and non-invasive phenotypic 

characterization has become significantly more sophisticated. Although the AHA5 and the ESC6,7 

have adapted their classifications of cardiomyopathy, and also included preclinical (molecular) 

diagnosis, both classification systems were developed to classify adult-onset cardiomyopathies, 

making them less suitable for classifying most paediatric-onset cardiomyopathies. 

As discussed in the introduction, the AHA classification system uses the terms ‘primary’ and 

‘secondary’, which traditionally have been used in the setting of causation, with secondary being 

equivalent to ‘due to’, as opposed to organ-specificity. Furthermore, several entities (often with 

presentation in childhood) do not fit well in either category, with some primary diseases (such 

as the mitochondrial myopathies and Danon disease) having many extracardiac features, while 

some secondary diseases (such as endomyocardial fibrosis) are almost entirely confined to the 

heart. On the other hand, the ESC’ unclassified category is also far from satisfactory. For example, 

the ESC defines left ventricular noncompaction as an unclassified cardiomyopathy6, even though 

its clinical features, genetics and long-term outcome have been described extensively.8-11 

A recently proposed alternative nosology, the MOGE(S) system, may overcome the current 

difficulties in classification of paediatric (and adult) cardiomyopathy. This system incorporates 

all the available information on an individual, including cardiac phenotype, involvement of other 

organs and genetic information. Similar to the TNM staging of tumours, MOGE(S) addresses 

five attributes of cardiomyopathy: morphofunctional notation (M) that describes the cardiac 

phenotype, organ involvement (O), genetic or familial inheritance pattern (G) and an explicit 
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etiological annotation (E) with details of genetic defect or underlying disease/cause.12 Information 

about the functional status/heart failure stage (S) is optional. In the MOGE(S) system a patient 

with HCM (M
H

), proximal muscle weakness (O
M

) and mental retardation (O
MR

) diagnosed with 

X-linked dominant-inherited (G
XLD

) Danon disease is classified as M
H

O
H+M+MRG

XLD
ELAMP2(p.Gln174*)

. In 

this classification, description of combined/overlapping cardiac phenotypes (e.g. M
D+LVNC

) is easy to 

document, while early or no involvement in a mutation carrier can be documented as M
E[D]

 or M
0
, 

respectively. Involvement of other organs can also be further described, which provides improved 

detailed description of the clinical phenotype, especially in children. The fifth descriptor (S) is not 

applicable to the paediatric population as NYHA functional class (I to IV) is not commonly used by 

paediatrician cardiologists (the modified Ross heart failure classification can be used instead13). 

Changing (genetic) screening practices and more detailed documentation using classification 

systems such as MOGE(S) in large multicentre registries may improve estimates of age of 

onset, survival and risk factors for adverse outcome for each etiologic subgroup in childhood 

cardiomyopathy. The UMCG expert centre on inherited cardiomyopathies has recently decided 

to implement MOGE(S) in daily clinical practice. However, further research is needed to 

ascertain the clinical advantages of the MOGE(S) classification of cardiomyopathies.

Yield of genetic testing

With the increasing recognition of cardiomyopathy as a genetic disease and implementation 

of genetic testing early in the diagnostic process, there will be a shift in the epidemiologic 

features of cardiomyopathy in children. In 2006, Towbin and colleagues provided a detailed 

description of the causes, outcomes and risk factors for DCM in children. They enrolled 1,426 

North American children in their registry. The majority of their patients were diagnosed with 

idiopathic DCM (66%), while 16% had myocarditis, 9% neuromuscular disorders, 5% familial 

DCM, 4% inborn errors of metabolism and 1% a malformation syndrome. Their data suggest that 

the age of onset of cardiomyopathy can guide differential diagnosis. Myocarditis is frequently 

diagnosed between 1 and 6 years of age (41%), cardiomyopathy in neuromuscular disorders is 

usually diagnosed >12 years of age (79%), and DCM in metabolic disorders and malformation 

syndromes usually presents <1 years of age (52% and 67%, respectively). Familial DCM can 

present at any age (39% <1 years of age, 14% between 1 and 6 years of age, 21% between 6 

to 12 years of age and 26% >12 and <18 years of age).14 Colan et al. reported findings from the 

Paediatric Cardiomyopathy Register assessing data of 855 patients from Canada and the US 

who presented with HCM in the first 18 years of life. They found that 74.2% of the patients 

were classified as idiopathic HCM, 8.7% had inborn errors of metabolism, 9% had malformation 

syndromes and 7.5% had neuromuscular disorders.15 These data pre-dated many clinically 

available genetic tests and, along with other epidemiologic studies, highlighted the uncertain 

aetiological basis of cardiomyopathy as the majority of HCM and DCM patients were identified 

as idiopathic.14-17 
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In 2009, the development of molecular testing for cardiomyopathy led to new recommendations 

for diagnostic evaluation and family screening incorporating genetic testing.3,18-20 However, until 

2014, studies reporting on the yield of genetic testing in children were scarce and hampered 

by differences in inclusion criteria, the extent of genetic testing, and variant filtering and 

interpretation. At that time, only two comprehensive studies were available that had tested 

both adults and children using NGS-based gene panels.21,22 Pugh et al. reported an overall yield 

of 37% in 766 individuals with DCM using gene panels of increasing size from 5 to 46 genes, 

with titin (TTN) being the largest contributor (up to 14%). Their cohort included 286 patients 

younger than 18 years (37%), with a relatively high number of children ≤2 years of age (138 

cases), although they did not report a yield specific to the paediatric age group. In children 

<2 years of age, MYH7 (5.1%), VCL (3.2%) and TPM1 (2.2%) were among the most frequently 

affected genes. In the age group of 2-18 years of age, TTN was the most frequently mutated 

gene (10.0%), followed by RBM20 (6.7%) and TNNT2 (4.7%).21 In 2015, Alfares and colleagues 

performed a comprehensive NGS study in 2,912 probands with adult- and childhood-onset 

HCM analysing 10 to 51 cardiomyopathy-related genes in each patient. They reported a higher 

diagnostic yield in adult HCM probands (32%) than in paediatric HCM probands (age <16 years; 

28%). 93% of variants were identified in previously well-known HCM genes. They therefore 

concluded that expanding the number of genes in HCM gene panels has limited diagnostic 

value, but increases the number of variants of unknown significance (VUS), although they did 

not investigate the paediatric group separately. Furthermore, they excluded probands with 

extracardiac manifestations that may have influenced detection rate.22

The limited data on the yield of genetic testing and recognition of a highly heterogeneous 

aetiology in the paediatric age group led to the study presented in chapter 4 in which we sought 

to define the yield and optimal diagnostic approach for genetic testing of children presenting 

with DCM, irrespective of other extracardiac features. In a cohort of 31 previously undiagnosed 

probands, whole exome sequencing (WES) and copy-number variant (CNV) analysis yielded 

diagnoses for 48% of our cohort, with 26% carrying a de novo genetic variant and 20% having 

a disease with autosomal recessive inheritance. If CNV analysis and WES were applied as a 

primary test to all patients, the yield could potentially increase to approximately 54%.

Several studies followed ours, as the importance of genetic evaluation and its utility for 

risk stratification in children had been recognized23,24, NGS sequencing technology became 

widely available and international guidelines for variant classification were developed that are 

generally accepted and integrated in laboratory procedures.25 Rupp et al. identified a (likely) 

pathogenic variant in genes encoding sarcomere proteins in 15/36 patients with paediatric 

HCM using targeted NGS of 28 cardiomyopathy-causing genes. After discussion in an 

interdisciplinary board over unsolved cases with further targeted genetic testing, another five 

patients were shown to have pathogenic variants in genes involved in RAS-MAPK (mitogen-
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activated protein kinase) signalling, four were diagnosed with Pompe disease, three with 

Friedreich’s ataxia, one with an LMNA variant and one with a BAG3 variant, yielding a definite 

genetic diagnosis in nearly 80%.26 Hayashi et al. analysed 67 cardiomyopathy-associated genes 

in 46 HCM patients diagnosed before 16 years of age and found disease-associated genetic 

variants in 78% of patients.27 More recently, several studies were reported using a WES based-

approach. In a study by Long and colleagues, WES was performed in 18 families with DCM, 

including three syndromic cases. This yielded a genetic diagnosis in 33% when filtering for 

variants occurring in 55 known DCM genes, a yield comparable to that of our study (36%; 

chapter 4). When expanding their analysis by filtering the exome for compound heterozygous 

and de novo variants, they diagnosed an additional four patients, including carriers of the 

rare and syndromic genes (ALMS1 and PRDM16) and two novel genes (RRAGC and TAF1A), 

resulting in a yield of 50%.28 This too is comparable to our study, which yielded a diagnosis in 

54% of DCM patients, although we included CNV analysis rather than performing an “open 

exome” analysis. Vasilescu et al. reported a genetic diagnosis in 10/37 paediatric patients 

with DCM (27%), of which three were in novel or less-known genes (PPA2, TAB2 and NRAP) 

and two were in mitochondrial DNA.29 In children with HCM, they identified a pathogenic 

variant in 8/20 (40%), with three variants in genes involved in the RAS/MAPK pathway, two 

in a less-known gene (NEK8 and KCNE1) and one in mitochondrial DNA. They also showed an 

increase in the success of genetic diagnosis with later onset of cardiomyopathy: age <1 year - 

34% positive DNA diagnosis, 1 to 5 years - 38%, 6 to 10 years - 60%, 11 to 15 years - 60%.29 

They further showed that infants manifesting before 1 year of age had the poorest prognosis, 

especially when their cardiomyopathy was associated with metabolic or syndromic origin29, 

which agrees with previous epidemiological studies.14,15,30 

The studies described above report a high rate of de novo variants in both paediatric-onset 

HCM (9%-36%)22,26,29,30 and DCM (38%).29 This is consistent with our study in chapter 4 (20% 

de novo) and in contrast to the adult cardiomyopathy population, where a pathogenic variant is 

generally inherited from a parent. Furthermore, the percentage of autosomal recessive inherited 

disease is much higher in the paediatric population compared to adult-onset cardiomyopathy 

(20-34%28,29,31). Finally, there is now a body of evidence indicating that a significant fraction of 

childhood-onset cardiomyopathy is caused by biallelic variants in the same gene or variants 

in multiple genes27,30, and that these patients often develop a more severe phenotype22,32,33 

(see also chapter 3). The identification of two damaging variants, each in one copy of the same 

gene, has major implications for recurrence risk. In the families in which, for example, parental 

truncating MYBPC3 mutations are identified, offspring are at a 25% risk of a severe phenotype 

that leads to neonatal mortality and morbidity (chapter 3) and another 50% risk of being a 

heterozygous carrier with increased risk for adult-onset cardiomyopathy. Therefore, it is even 

more important to discuss preimplantation or prenatal genetic screening with these parents.
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New phenotypes for known disease genes 

In the past years many studies have been published that identified new phenotypes for 

known disease genes.29,34 For example, hemizygous LoF variants in the NONO gene were 

initially associated with an intellectual disability syndrome (MIM:300967) with features 

including macrocephaly and thickened corpus callosum.35 Five additional patients were 

subsequently described with these features and with noncompaction cardiomyopathy.34,36,37 

Another example comes from Parent et al., who identified five LVNC/DCM patients with 

an FBN1 mutation, a well-known gene involved in Marfan syndrome (MIM:154700), raising 

the possibility of a mechanistic relationship between fibrillin-1 present in the myocardial 

extracellular matrix and LVNC.38 In our (unpublished) cohort of paediatric patients, we 

recently identified a girl with a de novo heterozygous damaging c.247C>T, p.(Arg83Cys) 

variant in NAA10, which encodes a ribosomal protein involved in N-terminal acetylation. 

Several X-linked NAA10 variants have been associated with genetic disorders in both boys 

and girls39,40, but cardiomyopathy had not been described until recently.41 In another patient 

diagnosed at age 4 months with severe DCM, accompanied by mild intellectual disability, 

microcephaly, failure to thrive and clinodactyly, WES revealed compound heterozygous 

variants in CEP135. Biallelic variants in CEP135 have also been reported in two families 

with microcephaly.42,43 Interestingly, most of the patient’s clinical features overlap with 

those of five previously reported unrelated patients with autosomal recessive inherited 

microcephaly-cardiomyopathy syndrome with unknown genetic aetiology.44-47 GeneMatcher 

(https://genematcher.org) identified another patient with biallelic variants in CEP135 and 

neonatal cardiomyopathy, failure to thrive and microcephaly. CEP135 may thus have a role 

in cardiomyopathy. Another example comes from a child with severe hydrops and (prenatal-

onset) DCM in whom biallelic truncating variants in PLD1, encoding phospholipase D1, 

were identified. Deleterious variants in this gene were previously identified in patients with 

congenital valvular defects.48 RPL3L mutations, known to cause paroxysmal atrial fibrillation, 

manifested in our cohort with recessive DCM in an infant. A second family with two severely 

affected sisters, both with rare compound heterozygous missense variants, were identified 

through Genematcher. Finally, recessive OBSCN variants were identified in two patients 

with paediatric-onset DCM (chapter 5). Obscurin is a component of the sarcomere that is 

found bound near the M-line or Z-disk. It has been shown to interact with titin, myomesin 

and small ankyrin1 and has been proposed to be a structural protein linking the M-line of 

the sarcomere to the sarcoplasmic reticulum.49 Marston et al. identified OBSCN mutations 

potentially associated with DCM, including two non-synonymous variants in a 17-year-old 

patient, although it was not confirmed whether these were biallelic of mono-allelic.50 All 

the examples discussed here suggest that many more variants in genes with pleiotropic 

effects await discovery.
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New genes for paediatric cardiomyopathy

Besides new phenotypes being attributed to known genes, many novel genes – including ALPK3 

(chapters 7 and 8), CAP251, PPCS52, SOD2 (chapter 9), TEAD153, TUFM54 and the QRSL1, GATB 

and GATC genes encoding components of the GatCAB complex subunit55 – have recently 

been added to the long list of genes implicated in paediatric cardiomyopathy. However, these 

examples represent just the tip of the iceberg. WES and whole genome sequencing (WGS) will 

uncover even more novel genes and further underscore the tremendous diversity of paediatric 

cardiomyopathy.

Gene-environment interactions

As the long list of genes involved in paediatric cardiomyopathy illustrates, its biology is highly 

complex, with multiple pathways and disease mechanisms involved. Gene networks based 

on protein interaction or gene co-regulation, like GADO (chapter 5), may aid in identifying 

gene function of unknown genes (Figure 1). Yet it remains unclear how genetic variation and 

environmental factors impact cardiomyopathy heritability. Van Spaendonck-Zwarts and co-

workers showed that primary cardiomyopathy in adults can be influenced by environmental 

factors such as pregnancy56 and chemotherapy.57,58 Our cohort, described in chapter 4, included 

two patients who developed DCM after treatment with anthracyclins, one of them carrying a 

pathogenic MYH7 variant. An increased prevalence of rare variants in cardiomyopathy-related 

genes, particularly truncating variants in TTN, was recently demonstrated in adult and paediatric 

cancer patients with cancer therapy–induced cardiomyopathy.59 Therefore, genotype along with 

cumulative chemotherapy dosage may improve the identification of (paediatric) cancer patients 

at highest risk for cancer therapy–induced cardiomyopathy.59 Damaging genetic variants in 

cardiomyopathy-related genes may also predispose to acute heart failure presenting as acute 

myocarditis, notably after common viral infections in children60 (and personal communication). 

Both inherited cardiomyopathy and myocarditis may present with symptoms of upper 

respiratory tract or gastrointestinal infections, as illustrated in chapter 4. Finally, myocarditis 

can progress into a chronic heart muscle disorders (mainly DCM), likely caused by a complex 

interaction between the viral infection and an individual predisposition.61 

Future perspectives

Although several studies have been published reporting on the yield of genetic testing in 

cardiomyopathy with onset during infancy and childhood, data on large unselected cohorts 

are missing. More extensive genomic studies in much larger cohorts of rigorously phenotyped 

probands and family members are needed to improve our understanding of the genomic basis 

of paediatric cardiomyopathy. For this purpose, we have initiated an extensive prospective 

multi-centre study covering (potentially) the whole Dutch paediatric DCM population 

(CARdiomyopathy Study II, initiated by M. Dalinghaus, Erasmus Medical Centre). We have 

collected data on age of diagnosis, clinical follow-up cardiac parameters, extracardiac features, 
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family history and genetic testing. To date, 144 participants have been included. The inclusion 

and collection of genetic data is on-going and will be finished in 2020. In order to define the 

genetic background, yield and optimal testing strategy in childhood-onset HCM patients, we 

will perform a similar study as described for DCM in chapter 4 together with our national 

collaborators. Preliminary initiatives to write a joint research proposal have been taken. 

Figure  1. Close-up of top-100 co-expressed genes associated with dilated cardiomyopathy 

(HP:0001644). Downloaded at www.genenetwork.nl (v2.0). 99 genes are annotated to HP:0001644. 

Top 3 genes: UNC45B (Z-score 14.8), LMOD2 (Z-score 14.7), MYL2 (Z-score 14.3). Grey=protein coding, 

black=pseudogene, green=antisense, lincRNA, processed transcript or sense intronic. Clustering is 

experimental.

A recent study by Bagnall et al. using WGS shows that deep intronic regions and mitochondrial 

DNA may also harbour pathogenic variants, thereby increasing the diagnostic yield of genetic 

testing.62 These new genomic techniques make it possible to analyse the entire genome, quickly, 

stepwise (thereby minimizing the risk of unsolicited findings and VUS) and at reasonable cost. 

As probands-only exome sequencing yields approximately 875 candidate variants that might 

be relevant to disease development63, genome sequencing will result in a much longer list, 

including non-coding variants. Therefore, novel tools for variant filtering and prioritization, 
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aimed at ranking the most probable candidate genes towards the top of a list of potentially 

pathogenic variants, are mandatory. A promising new approach involves the computational 

comparison of the phenotypic abnormalities of the individual being investigated with those 

previously associated with human diseases or genetically modified model organisms (reviewed 

by Smedly and Robinson).64 In chapter 4 we showed that HPO terms (www.human-phenotype-

ontology.org)65, a standardized vocabulary of phenotypic abnormalities, can aid in the analysis 

of a selection of the exome (see also66). Furthermore, in chapter 5 we present GADO, a tool 

that can aid in variant prioritization of both known and unknown genes using public RNA-seq 

data. This tool may be further optimized by exploring co-regulation pathways of specific tissues 

separately. 

These novel sequencing and bioinformatics applications will not only lead to a rapid increase 

in knowledge about the frequency of variants in known and novel cardiomyopathy-related 

genes, they will also provide the opportunity to unravel complex genetics in cardiomyopathies, 

like oligogenic inheritance or genetic modifiers. The interpretation of sequencing results 

poses a huge challenge to attending physicians. Accurate phenotyping and interdisciplinary 

discussions that include paediatric cardiologists, clinical geneticists, molecular geneticists and 

bioinformaticians are of great value in interpreting sequencing results and directing additional 

genetic examinations in gene-elusive paediatric cardiomyopathy.26,66 As it is not possible to 

study co-segregation in many cases because there are no affected relatives, it is important 

to collaborate with other teams that have sequenced large cohorts of paediatric patients. 

Initiatives like GeneMatcher, a freely accessible Web-based tool (http://www.genematcher.org), 

have proven successful in connecting investigators with an interest in the same gene.67 Data 

sharing between diagnostic laboratories or in large, freely accessible databases like HGMD, 

Leiden Open Variation Database (LOVD) or biobanks, are also of high importance. However it 

remains crucial to determine the clinical and functional effects of sequence variants identified. 

Functional studies in cells or animal models are necessary to help us understand the functional 

consequences of variants identified in patients. In chapter 7 and 9 we provide two examples of 

the successful combination of NGS and functional studies to show evidence for the pathogenicity 

of the variant(s). In chapter 7 we performed immunohistochemistry of intercalated disk proteins 

in heart tissue of a neonate harbouring compound heterozygous truncating variants in ALPK3, 

which we confirmed in a second patient (unpublished). Although heart tissue is only available 

from a small subset of patients (obtained at autopsy, from endomyocardial biopsy or explanted 

hearts), cardiomyocytes derived from induced pluripotent stem (IPS) cells generated from 

fibroblasts of patients with cardiomyopathy may provide an alternative strategy to provide 

evidence for the pathogenicity of the variant(s) and/or to gain insight in the pathophysiological 

mechanisms leading to cardiomyopathy. This strategy was also successfully applied by our 

Australian collaborators to show that ALPK3-deficient cardiomyocytes generated from patient-

derived IPS cells and mutant human embryonic stem cells display abnormal intercalated disc 
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formation, cardiomyofibril organization, and calcium handling.68 However, as shown in chapter 9, 

functional consequences of a genetic variant can also be explored using other tissues, like 

muscle, depending on gene expression and (putative) function, although the more cost- and time-

dependent traditional animal studies are still used to provide evidence of pathogenicity of a given 

variant. Our collaborators from the Erasmus Medical Centre, Rotterdam recently identified a 

compound heterozygous mutation in the tail-anchored protein ASNA1. They corroborated their 

findings with immunohistological and biochemical studies and a CRISPR-engineered zebrafish 

model (accepted for publication). Finally, organs-on-a-chip or miniature organs have been shown 

successful in studying physiology in an organ- and individual-specific context. The Netherlands 

Organ-on-Chip Initiative (NOCI), in which the UMCG (Cisca Wijmenga) participates, focuses 

on brain, heart, intestinal and blood vessel cells derived from patient stem cells. This novel 

alternative to animal models will provide huge opportunities to study the effects of genetic 

variants identified in patients with cardiomyopathy. 

Together, these advances will eventually contribute to the development of gene-tailored disease-

management strategies, provide insight into the risk of recurrence in the families involved and 

provide (preventive) reproductive options, adequate cascade screening and, when off-target 

effects are minimized and technical challenges solved, therapeutic germline or somatic genome 

editing.69

One test for all?

With decreasing costs and increasing coverage leading to higher sensitivity and specificity, WES 

or WGS will more often be the first tier genetic test in patients with cardiomyopathy, including 

those with alleged toxic59 or infectious causes.60 Many diagnostic laboratories have already 

switched from targeted gene panels based on library preparation of fragments containing the 

sequences of the genes of interest to WES with analysis of the genes of interest according 

to the patient’s phenotype. If this initial gene-panel screening is negative, the exome can then 

be further explored for variants in other genes. Detailed clinical phenotyping should precede 

genetic testing, as this can guide genetic testing strategy and help in interpreting genetic 

variants. Furthermore pre- and post-test counselling is recommended. In the Netherlands, this 

is organised in eight multidisciplinary tertiary cardiogenetic centres in which a multidisciplinary 

team of (paediatric) cardiologists, clinical geneticists, physician assistants, laboratory specialists 

and social workers provide optimal health-care for patients and their relatives (for information 

and referral: Expertisecentrum Cardiogenetica UMCG, https://hart-erfelijkheid.nl). Pre-test 

counselling will inform patients and/or their parents about options, possible outcomes and 

potential consequences, including those of secondary findings and VUS. Several studies have 

demonstrated that patients and parents showed increased empowerment after pre-test 

counselling. In post-test counselling, the results are explained and discussed with patients and/

or their parents. If a disease-associated variant is identified, the geneticist or genetic counsellor 
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can provide information about the disorder, the associated phenotypic spectrum, treatment 

options, prognosis, mode of inheritance, recurrence risks and reproductive options. If no disease-

associated variant is identified, cardiomyopathy can still be genetic/inherited and it should be 

discussed whether further genetic testing and/or cardiac screening of relatives is warranted 

or not and what will be the next steps, including re-contacting policies and responsibilities and 

the necessity and ways of updating phenotypical and family data when appropriate. Finally, it is 

important in both situations to discuss which relatives could benefit from genetic testing and/

or cardiac screening and how and by whom they should be informed (Figure 2). 

The next steps in personalized medicine

Paediatric cardiomyopathies, in particular, offer insights into the primary pathogenesis of 

myocardial dysfunction because they often occur in the absence of comorbidities such as 

hypertension, atherosclerosis, diabetes mellitus and renal disease.70 Improving NGS techniques, 

their increasing application in diagnostics, and new tools for filtering- and prioritizing (novel) 

variants will not only increase our knowledge of monogenic causes, but also that of genetic 

modifiers that modulate the severity or penetrance of cardiomyopathy, of polygenic causes and 

of genetic variants with downstream effects on gene expression levels and DNA methylation. 

Larger international cohorts will enable research that can identify rare and common variants 

with subtle effects and their interactions with environmental factors. These future discoveries 

will provide the next steps toward more personalized healthcare for all children diagnosed with 

cardiomyopathy and their relatives.
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Extra-cardiac features? 
• Congenital abnormalities 
• Development – motor milestones 
• Muscle weakness 
• Skin / hair abnormalities 
• Hearing / Vision loss 

Phenotyping 
DN

A-testing 

Physical examination abnormal? 
• Facial dysmorphisms 
• Short stature, head circumference 
• Acanthosis nigricans 
• Palmoplantar keratosis / woolly hair 

Family history positive? 
• CMP / (symptoms of) heart failure 
• Sudden death / foetal loss 
• Unilateral accident 
• Known genetic defect 
• Consanguinity 

Pre-test counselling 
1. Explain the possible outcomes of genetic testing and their impact for clinical practice, reproduction and relatives  
2. Make a shared and informed decision about genetic testing 

2. Copy number variant analysis, including homozygosity mapping  -disease causing variant?  

3. Expand analysis to all genes assigned to HPO “Cardiomyopathy” - disease causing variant? 

4. Expand analysis to genes assigned to other HPO terms if appropriate - disease causing variant? 

5. Consider open exome analysis - disease causing variant? 

Post-test counselling 
1. Explain the outcomes of genetic testing 
2. Screen for other gene-related phenotypes, monitor and treat if necessary 
3. Discuss implications for relatives: DNA-testing and/or cardiac screening 

Explain recurrence risk and reproductive options 

1. Trio ES with analysis of at least 46 core genes related to cardiomyopathy* - disease causing variant? 
yes 

yes 

yes 

yes 

yes 

Post-test counselling 
1. Explain the outcomes of genetic testing 
2. Discuss implications for relatives: regular cardiac 

screening, and how they will be informed 
3. Consider segregation analysis, in case of VUS/IF 

no 

6. Consider genome sequencing or functional studies if VUS identified 

M
ultidisciplinary discussion 

no 

no 

no 

no 

no 

Consider genetic re-evaluation 

Figure 2. Diagnostic algorithm for testing paediatric patients with cardiomyopathy (DCM, HCM, 

RCM, NCCM, ACM). *core gene list cardiomyopathy (VKGL, 2015-02-27): ACTC1, ACTN2, ANKRD1, 

BAG3, CALR3, CAV3, CRYAB, CSRP3, CTNNA3, DES, DSC2, DSG2, DSP, EMD, FHL1, GLA, JPH2, JUP, 

LAMA4, LAMP2, LDB3, LMNA, MIB1, MYBPC3, MYH6, MYH7, MYYL2, MYL3, MYOZ2, MYPN, NEXN, 

PKP2, PLN, PRKAG2, RBM20, SCN5A, TAZ, TCAP, TMEM43, TNNC1, TNNI3, TNNT2, TPM1, TTR, VCL. 

CMP=cardiomyopathy, HPO=human phenotype ontology, IF=incidental finding, VUS=variant of unknown 

significance.
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Sinds het begin van de jaren ‘90 van de vorige eeuw is het bekend dat varianten in genen een 

rol spelen bij het ontstaan van cardiomyopathie, een ziekte van de hartspier. Hypertrofische 

cardiomyopathie (HCM), gekenmerkt door onverklaarde hypertrofie en een afwijkende relaxatie 

van de hartspier, en gedilateerde cardiomyopathie (DCM), gekenmerkt door een vergroot linker 

kamervolume in combinatie met een verminderde contractiliteit, werden in eerste instantie 

primair beschouwd als ziekten van sarcomeer-eiwitten. Echter, recente ontwikkelingen in 

sequencing en genoombrede detectie van chromosoomveranderingen (copy number variatie 

(CNV) detectie) hebben ons begrip van de genetische etiologie van cardiomyopathieën wezenlijk 

veranderd. De kans op het vinden van een erfelijke aanleg, in een groot aantal genen, is hiermee 

ook sterk toegenomen. De genetische etiologie van cardiomyopathieën die op de kinderleeftijd 

ontstaan, is nog heterogener dan bij volwassen. Bij kinderen zijn er naast de cardiomyopathie 

ook vaak andere, extra-cardiale verschijnselen, zoals bij syndromen en bij neuromusculaire 

aandoeningen. Juist in deze patiëntencategorie heeft next-generation sequencing (NGS) 

bijgedragen aan een grote toename in de identificatie van varianten in genen die betrokken zijn 

bij het ontstaan van hartspierziekten. 

In dit proefschrift wordt aandacht besteed aan de opbrengst van genetische diagnostiek, de 

optimale strategie van genetische diagnostiek en de identificatie van varianten in zeldzame en 

nieuwe genen bij kinderen met (onder meer) een hartspierziekte, in het bijzonder bij kinderen 

met HCM of DCM.

In hoofdstuk 1 wordt een algemene inleiding gegeven en worden de verschillen tussen de 

definities en classificaties van cardiomyopathieën tussen de ’American Heart Association’ 

(AHA) en de ‘European Society of Cardiology’ (ESC) beschreven. In de klinische praktijk 

zijn deze verschillen soms verwarrend en controversieel. In dit hoofdstuk wordt tevens een 

introductie gegeven over de huidige kennis van de incidentie, presentatie, oorzaken, prognose 

en behandelingen van HCM en DCM op de kinderleeftijd. 

Pathogene varianten (mutaties) in myosin-binding protein C (MYBPC3) worden bij ongeveer 

15% van alle HCM patiënten aangetoond1 en betreffen ongeveer 40-50% van alle HCM 

mutaties.2-4 Daarmee is dit gen het vaakst betrokken bij HCM op de volwassen leeftijd. Het is 

daarom niet verassend, dat biallelische varianten (dat wil zeggen een mutatie in beide kopieën 

van het MYBPC3 gen), zowel homozygoot als compound heterozygoot, ook voorkomen. 

Patiënten met biallelische varianten zijn meestal al op jonge leeftijd zeer ernstig aangedaan. In 

hoofdstuk 3 worden vier patiënten met ernstige neonatale HCM en biallelische truncerende 

varianten in MYBPC3 beschreven. Deze mutaties resulteerden in hartfalen en overlijden voor 

de 13de levensweek. Alle vier kinderen hadden septale defecten. Bij drie van hen werden ook 
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kenmerken van linker ventrikel noncompactie (LVNC) vastgesteld. Hierbij heeft de hartspier 

een losmazige structuur (noncompactie) met grove spiervezelbundels (trabekels) waartussen 

holtes kunnen ontstaan. Om het cardiale fenotype en de prognose van kinderen met biallelische 

MYBPC3 varianten beter in kaart te brengen, hebben we een literatuurstudie gedaan. Daarbij 

vonden we 51 patiënten met homozygote of compound heterozygote varianten: 21 patiënten 

met biallelische truncerende varianten (inclusief onze vier patiënten), 13 patiënten met één 

missense variant en één truncerende variant en 17 patiënten met biallelische missense varianten. 

Onze analyse van de literatuur suggereert een ernstiger fenotype bij patiënten met twee nul-

allelen resulterend in afwezigheid van een functioneel eiwit. Deze patiënten presenteerden zich 

met neonatale HCM en 71% overleed binnen het eerste levensjaar. In 62% (13/21) werden ook 

septale defecten of een open blijvende ductus arteriosus gezien. 

Hoofdstuk 2 beschrijft de inzichten in de genetica en de klinische toepassing van genetische 

diagnostiek bij familiare DCM ten tijde van 2013. Veel van de genoemde genen zijn inmiddels 

opgenomen in de meeste diagnostische NGS panels voor cardiomyopathie met begin/eerste 

symptomen op volwassen leeftijd. Veertig van de 51 beschreven genen zijn toegevoegd aan een 

‘core list’ die is samengesteld door de ‘Vereniging Klinisch Genetische Laboratoriumdiagnostiek’, 

de beroepsvereniging van klinisch genetische laboratoriumspecialisten in Nederland.5 Ten 

minste 26 van deze genen zijn ook betrokken bij DCM op de kinderleeftijd. Het taffazine 

(TAZ) gen (Barth syndroom) en het SDHA gen (mitochondriële ademhalingsketen complex II 

deficiëntie) zijn uitsluitend betrokken bij DCM op de kinderleeftijd. 

Bij DCM die zich op volwassen leeftijd manifesteert, worden de meeste pathogene varianten 

in TTN, LMNA, MYH7 en TNNT2 gevonden.6 Slechts een beperkt aantal studies rapporteert 

de opbrengst van genetische diagnostiek en de betrokken genen bij kinderen. In hoofdstuk 4 

laten we zien dat bij ongeveer 50% van de kinderen met DCM met én zonder extra-cardiale 

verschijnselen, een genetische oorzaak kan worden aangetoond. Retrospectief toont onze 

data dat whole exome sequencing (WES) met een stapsgewijze analyse van (i) bekende 

cardiomyopathie genen, (ii) copy number variaties (CNVs), (iii) alle genen die zijn toegekend 

aan de ‘Human Phenotype Ontology’ (HPO)-term ‘cardiomyopathie’ en (iv) afhankelijk van het 

fenotype, genen die zijn toegekend aan andere HPO termen, een gerechtvaardigde strategie 

voor genetische diagnostiek bij DCM op de kinderleeftijd is. Door op deze wijze de data te 

filteren, is de opbrengst zo hoog mogelijk, terwijl het aantal varianten met onduidelijke betekenis 

(VUS) en het aantal toevalsbevindingen zo laag mogelijk blijft. In overeenstemming met eerder 

en later gepubliceerde studies vonden we een relatief hoog percentage de novo varianten 

in ons DCM cohort (4/15, 26%). Het vinden van (mogelijk) pathogene varianten in genen 

waarover nog geen of slechts weinig kennis bestaat, blijft echter een uitdaging. In hoofdstuk 5 

presenteren we GADO (GeneNetwork Assisted Diagnostic Optimization), een methode voor 

prioritering van (varianten in) genen. GADO maakt gebruik van kennis over co-regulatie van 
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genen, gebaseerd op een openbare dataset van 31,499 RNA-seq samples. Hiermee kan een 

(set van) HPO term(en), die het fenotype van de patiënt beschrijft, gelinkt worden aan de bij 

de patiënt gevonden genetische varianten. Deze tool kan gebruikt worden zonder enige (voor)

kennis over gen-functie(s). De toepassing van deze tool bij patiënten met een hartspierziekte 

resulteerde in de identificatie van verschillende kandidaat genen die mogelijk een rol spelen in 

de pathofysiologie van cardiomyopathie. Daarnaast illustreert dit hoofdstuk ook dat de ’cross-

talk’ tussen medisch specialisten die in de directe patiëntenzorg werken, labspecialisten en 

bioinformatici van groot belang is om bij een zo groot mogelijk aantal patiënten een genetische 

diagnose te kunnen stellen. 

Hoofdstuk 6 beschrijft een voorbeeld waarbij WES leidde tot een diagnose bij een kind met 

congenitale myopathie, waarin traditionele diagnostiek faalde. Bij deze, inmiddels overleden, 

patiënt kwam de oorzaak destijds niet aan het licht doordat de centraal gelegen kernen niet 

duidelijk aanwezig waren in het spierbiopt en de mogelijkheden qua genetische analyse beperkt 

waren. Bovendien illustreert deze casus dat het gebruik van HPO termen succesvol kan worden 

toegepast voor de filtering van WES data. Hoofdstuk 7 laat zien dat nieuwe ziektegenen gevonden 

kunnen worden door het combineren van twee technieken, WES en homozygotie mapping. Deze 

laatste techniek kan worden gebruikt als beide ouders een gezamenlijke voorouder hebben (zij 

zijn dan bloedverwant of consanguïn). In twee consanguïne families vonden we een homozygote 

truncerende mutatie in het alpha-kinase3 (ALPK3) gen. Dit gen codeert voor een nucleaire 

kinase dat essentieel is voor de vroege differentiatie van de hartspiercel en was tot nu niet 

geassocieerd met ziekte in de mens. Een derde familie werd geïdentificeerd door het screenen 

van dit gen in een cohort kinderen met cardiomyopathie. Patiënten met biallelische mutaties 

in het ALPK3 gen presenteren zich met een ernstige cardiomyopathie, waarbij er soms sprake 

is van biventriculaire dysfunctie. We toonden aan dat er in deze patiënten remodelling van de 

intercalaire schijven optreedt, identiek aan eerdere observaties in een Alpk3 knock-out muis. In 

onze vervolgstudie, hoofdstuk 8, rapporteren we nieuwe pathogene ALPK3 varianten en nieuwe 

fenotypische kenmerken van patiënten met biallelische ALPK3 varianten. De meest opvallende 

bevinding is de overgang van een verwijde hartspier bij pasgeborenen naar een verdikte hartspier 

op latere leeftijd. Dit ziektebeloop kwam in bijna de helft van de patiënten voor en is niet eerder 

beschreven. We beschrijven verder dat het fenotype uitgebreider is dan voorheen werd gedacht. 

Kleine lengte, scoliose (zijwaartse verkromming van de rug), contracturen, een verhemeltespleet 

of velopharyngeale insufficiëntie en faciale dysmorfieën kunnen ook voorkomen. Biallelische 

missense varianten leiden tot een vergelijkbaar fenotype als biallelische loss-of function (LoF) 

mutaties. Omdat bleek dat enkele heterozygote (dat wil zeggen met een mutatie in één van beide 

ALPK3 genen) familieleden van deze patiënten, HCM ontwikkelden op latere leeftijd, hebben we 

de prevalentie van ALPK3 varianten in twee onafhankelijke cohorten (een cohort uit Nederland 

en een cohort uit de VS) van volwassenen met cardiomyopathie onderzocht. Het aantal LoF 

varianten was significant hoger in deze twee cohorten ten opzichte van de controlepopulatie in 
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gnomAD (p=1.6x10-5 en p=2.2x10-13, respectievelijk). In hoofdstuk 9 bespreken we een nieuwe 

erfelijke vorm van ernstige, progressieve neonatale DCM als gevolg van een variant in beide 

kopieën van het SOD2 gen. Superoxide dismutase 2 (SOD2) is een mitochondrieel matrixeiwit 

dat vrije zuurstofradicalen onschadelijk maakt via omzetting van superoxide anionen (O
2

–•) 

in waterstofperoxide (H
2
O

2
). Deze zuurstofradicalen worden gevormd als bijproduct van het 

normale energiemetabolisme van de cel via het elektronen transport in de mitochondria. De 

gevonden SOD2 variant verminderde de katalytische activiteit van het SOD2 eiwit en gaf 

aanleiding tot sterk verhoogde zuurstofradicaal productie met ernstige schade aan de hartspier 

tot gevolg. Lentivirale transfectie met het wild-type allel herstelde de activiteit van superoxide 

dismutase volledig. Samen met het feit dat Sod2 knock-out muizen ook een cardiomyopathie 

ontwikkelen, bewijst onze studie dat het SOD2 gen een rol kan spelen bij het ontstaan van een 

hartspierziekte en werpt het nieuw licht op de verschillende pathofysiologische mechanismen 

die ten grondslag liggen aan hartspierziekten op de kinderleeftijd.
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ACM  arrhythmogenic cardiomyopathy

ACMG   American College of Medical Genetics

AD  autosomal dominant

AHA  American Heart Association

ALPK3  alpha-kinase 3

AR  autosomal recessive

ARVC  arrhythmogenic right ventricular cardiomyopathy

ASD  atrial septal defect

DCM  dilated cardiomyopathy

CADD  combined annotation dependent depletion 

CM   cardiomyopathy

CNM  centronuclear myopathy

CNV  copy number variant

CP   cleft palate

CPVT  catecholaminergic ventricular polymorphic tachycardia

ESC  European Society of Cardiology

FS  fractional shortening

GADO  GeneNetwork Assisted Diagnostic Optimization

GSD  glycogen storage disease

HCM  hypertrophic cardiomyopathy

HGMD  Human Gene Mutation Database

HPO  human phenotype ontology

IEM  inborn errors of metabolism

ICD  implantable cardioverter-defibrillator

IF   incidental finding

IVS  interventricular septum

LC−MS−SRM Liquid Chromatography-Mass Spectrometry-Selected Reaction Monitoring

LVEDD  left ventricular end-diastolic dimension

LoF  loss-of-function

LOVD  Leiden Open Variation Database

LQTS  long QT syndrome

LVNC  left ventricular noncompaction

LVH  left ventricular hypertrophy

LVEF  left ventricular ejection fraction

MAF  minor allele frequency

MFS  malformation syndrome

Mn  manganese
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MR  mental retardation

MRI  magnetic resonance imaging

mtDNA  mitochondrial DNA

NCCM  noncompaction cardiomyopathy

NGS  next-generation sequencing

NMD  neuromuscular disease

LVPW  left ventricular posterior wall

MAF  minor allele frequency

nsVT  non-sustained ventricular tachycardia 

OFO  open foramen ovale

OMIM   Online Mendelian Inheritance in Man

PDA  patent ductus arteriosus

RCM  restrictive cardiomyopathy

ROS  reactive oxygen species

SCD  sudden cardiac death

SNP  single-nucleotide polymorphism

SOD2  superoxide dismutase 2

SPEG  striated preferentially expressed gene

SQTS  short QT sydrome

VSD  ventricular septal defect

VUS  variant of unknown significance

WES  whole exome sequencing

WGS  whole genome sequencing
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