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Abstract 

Introduction: Coarctation of the aorta (CoA) accounts for 3.8% of all congenital heart disease in 

Iceland. Despite excellent surgical outcomes, CoA can be a life-long disease with high rates of long-

term cardiovascular complications. The underlying genetic basis and pathogenesis of CoA remains 

largely unknown. The aim of this study was to search for sequence variants that affect the risk of CoA 

in Iceland.  

Methods: The CoA cases were Icelanders (N=132) who received the discharge diagnosis of CoA at 

Landspitali, The National University Hospital (LUH) in Reykjavik between 1984 and 2015. Detailed 

phenotypic information on CoA cases was gathered through a centralized electronic database on 

patient’s records (Saga system) as well as paper records at LUH. To identify sequence variants that 

associate with CoA risk, genome-wide association analysis (GWAS) was performed using 25.5 million 

sequence variants identified through whole-genome sequencing of 8,453 Icelanders that were 

subsequently imputed into a large fraction of Icelanders. The GWAS was performed, with the 132 CoA 

cases and as controls 339,213 Icelanders without CoA, using logistic regression, adjusting for gender, 

age and county of origin.  

Results: Through the CoA GWAS analysis we identified a rare (0.35%) missense variant c.2161C>T 

in exon 18 of the MYH6 gene that associates with increased risk of CoA. MYH6 is a large gene that 

encodes the alpha myosin heavy chain (αMHC), a major component of the sarcomere of cardiac muscle. 

The c.2161C>T mutation associates with CoA with large effect, an odds ratio of 31.4 (95% confidence 

interval; 14.08, 69.83) and with high significance, P of 3.3 x 10-17. The c.2161C>T results in a change of 

arginine to tryptophan at amino acid 721 (p.Arg721Trp) in the converter domain of the αMHC protein. 

This same mutation has previously been reported to associate with sick sinus syndrome. Of the 132 

CoA cases, 24 were carriers of c.2161C>T; no significant phenotypic difference was found between 

CoA carriers and non-carriers of c.2161C>T. This may in part be explained by the small size of the 

study. The MYH6 c.2161C>T was not found outside of Iceland.  

Conclusions and Discussion: The MYH6 gene has not previously been reported to associate with 

CoA although other very rare mutations in MYH6 have been linked to both familial hypertrophic 

cardiomyopathy and familial atrial septal defect. The c.2161C>T mutation explains a large fraction or 

19% of CoA cases in Iceland, a figure rarely reported in genetic studies of congenital heart disease. 

Expression of MYH6 has not been detected in the aorta but it is highly expressed throughout life in the 

atrium and in the ventricle during embryonic cardiogenesis. The p.Arg721Trp mutation in the converter 

domain of αMHC is predicted to be damaging and might thus affect the contractile function of αMHC in 

the heart. It is conceivable that p.Arg721Trp predisposes to CoA by reducing the contraction of the 

developing heart thus reducing blood flow through the aorta which is in line with the hemodynamic 

theory, a leading theory of CoA pathogenesis. This hypothesis is compatible with the fact that MYH6 is 

not expressed in the aorta. 
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1. Introduction 

1.1 Congenital heart disease and coarctation of the aorta 

The impact of congenital heart disease (CHD) on global health is profound. Worldwide, 1.35 million 

infants are born with CHD each year. CHD is the most common type of birth defect and the leading 

cause of birth defect-related infant morbidity and mortality (1). CHD is also identified in 10% of 

stillbirths and thought to play a major role in early fetal death (2). Advances in the management of 

patients with CHD have enabled most patients to reach adulthood. Adults now constitute the majority of 

the CHD population. Adult CHD is associated with high rates of cardiac comorbidities and may require 

life-long cardiology follow up (3).  

Coarctation of the aorta (CoA) is the most common birth defect of the aorta (4). In Iceland, it accounts 

for 3.8% of all CHD with an incidence of about 1 per 1,500 live births (5). CoA is a narrowing of the 

aorta. The site of CoA is usually at or near the point of the insertion of the ductus arteriosus (DA), just 

distal to the origin of the left subclavian artery (Figure 1). From a histological perspective, the lesion is 

a tissue shelf in the posterolateral aortic wall and consists mainly of infolding and thickening of the aortic 

media (6). A neonatal presentation is more often associated with a shelf plus aortic arch and isthmic 

hypoplasia (tubular hypoplasia; TH), whereas with a later presentation, these areas are larger. In a 

classification system of CHD, based on similarity, complexity and suspected embryologic origin of 

defects, CoA is classified as a left ventricular outflow tract obstruction (LVOTO). LVOTO type CHD 

include bicuspid aortic valve (BAV), congenital aortic stenosis, interrupted aortic arch type A, Shone 

syndrome and hypoplastic left heart syndrome (7).  

  

Figure 1. Coarctation of the aorta. 
The site of CoA is usually at or near the 
point of the insertion of the ductus 
arteriosus (DA), just distal to the origin 
of the left subclavian artery (LSCA).  
Adapted from The PedHeart Community 
Web Courtesy of Scientific Software 
Solutions, Inc. (8). Adapted with 
permission.  

 

CoA may occur as an isolated defect 

or with other CHD. Almost any CHD may 

associate with CoA. In general, there is 

a strong association between CoA and 

other LVOTOs. Indeed, the most 

common association is with BAV, 

occurring in about 50% of patients with 

CoA. CoA is also an important 

component of hypoplastic left heart and 

Shone syndrome, rare congenital left 

LSCA 

Site of CoA 

DA 
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heart disorders with significant morbidity and mortality. The second most common association is with 

ventricular septal defect (VSD), occurring in about 20% of patients (9, 10). Intracranial aneurysms are 

identified in up to 10% of adults with CoA (11). Extracardiac birth defects occur in about 25% of patients 

with CoA, some of which have a recognized syndrome (12). 

The clinical presentation of CoA depends on the severity of obstruction to left-ventricular outflow. 

The severe form of CoA presents in neonates as congestive heart failure or cardiogenic shock and 

requires immediate and definitive medical and surgical treatment. On the other hand, CoA may present 

later in childhood and even well into adulthood. These patients are usually asymptomatic but may 

present with symptoms related to hypertension (e.g. frequent headaches) or reduced blood flow to lower 

limbs (e.g. lower-limb fatigue with exercise) (13). A rare but severe initial presenting feature in adults is 

rupture of an intracranial aneurysm (11). Physical findings in CoA include heart murmurs or discrepant 

arterial pulses and systolic blood pressures in the upper and lower limbs. The diagnosis of CoA is usually 

confirmed by echocardiography. Prenatal diagnosis is possible but challenging (14).  

The natural history of untreated CoA is poor and intervention is indicated in essentially all patients 

with CoA (15). In Iceland and its neighboring countries, surgery is the treatment of choice but balloon 

angioplasty with or without stenting has become an alternative option in selected patients. The most 

common surgical procedure is resection of the coarctation with an end-to-end anastomosis of the aorta.  

With the exception of patients with complex CHD, outcomes are very good in regard to short-term 

survival, elimination of the obstruction and normalization of blood pressure (16-18). Overall, following 

successful repair of CoA, survival into adulthood is expected but patients remain at high risk for late 

cardiovascular complications and have a shorter life expectancy (19, 20). Hypertension is a major 

complication, occurring in about 10 to 40% of patients at rest and at higher rates during exercise (21-

23). Other complications include recoarctation (24), complications of associated CHD (25), 

cerebrovascular accidents (26) and aortic aneurysm/dissection/rupture (27). The most common causes 

of death have been reported to be premature coronary artery disease, heart failure and sudden death 

(20). As such, in many cases, CoA is a life-long disease requiring continuous cardiology follow-up.  

1.2 Pathogenesis of coarctation of the aorta 

The heart is the first functional organ to form in developing embryos. Disruptions of cardiac 

development cause CHD. Cardiac development is a complex morphogenetic event involving multiple 

cell lineages controlled by overlapping genetic regulatory networks and hemodynamic influences, which 

we are only beginning to understand. Because of this, the precise pathogenesis of CoA is poorly 

understood.  

The aortic arch and its branches develop during the 6th to 8th week of human embryogenesis. The 

thoracic aortic arch and isthmus derive from the left 4th aortic arch and the DA derives from a distal 

portion of the left 6th aortic arch. Thus, disruptions to left 4th and 6th aortic arch development cause 

CoA (28). Two theories have gained the widest recognition in explaining the mechanism by which CoA 

is produced, the hemodynamic theory and the ductal tissue theory.  
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The hemodynamic theory is based on the assumption that vessel diameter is proportional to fetal 

blood flow. In the normal fetus the blood flow across the aortic isthmus is lower than the blood flow 

across the ascending and descending aorta. This is reflected in a smaller diameter of the isthmus than 

of the ascending and descending aorta. A similar relationship between blood flow and aortic diameter 

has been shown in various CHD with increased or decreased aortic outflow (29). According to the 

hemodynamic theory, lesions that result in decreased left ventricular outflow promote development of 

CoA by reducing blood flow through the aortic isthmus (30). The theory is consistent with the following: 

(1) CoA is commonly associated with TH, LVOTOs and VSDs; (2) TH is the most definitive antenatal 

sign of postnatal CoA (31); and (3) almost any CHD may associate with CoA but pulmonary stenosis, 

pulmonary atresia and tetralogy of Fallot, lesions that increase aortic isthmus flow, are extremely rare 

(9). The theory fails to explain the occurrence of CoA without lesions that reduce left ventricular outflow, 

and vice versa. Interestingly, the theory may explain the fact that CoA is more common in Turner 

syndrome when a web neck is involved (32). A web neck occurs secondary to lymphatic obstruction, 

which may lead to distended thoracic ducts compressing the fetal ascending aorta and thereby promote 

development of CoA.  

The ductal tissue theory suggests that postnatal constriction of aberrant ductal tissue extending into 

the aortic wall results in CoA (33). It is consistent with the following: (1) ductal tissue has been shown 

to make up the inner part of the coarctation lesion (34); (2) rather than being ectopic, the ductal tissue 

in the aortic wall is thought to represent the original distal wall of the left sixth aortic arch (35); (3) CoA 

often becomes manifest after ductal closure and patients may benefit from prostaglandin E1 promoting 

ductal patency. The theory fails to explain the occurrence of CoA in other locations such as in the 

abdominal aorta and the common association of TH with CoA.  

CoA is strongly associated with other vascular diseases including BAV, intracranial aneurysms and 

late vascular complications such as hypertension. This has prompted some to argue that CoA should 

be regarded as part of diffuse arteriopathy, rather than just being a local vascular stenosis (36-38). 

However, it remains difficult to determine the balance between genetic and adaptive factors causing 

these vascular diseases. An interesting approach supporting the assumption of CoA being part of a 

diffuse arteriopathy is that CoA is caused by a developmental abnormality of neural crest tissue. It would 

be consistent with the fact that the neural crest plays an important role in development of the left 

ventricular outflow tract, aortic arch and cervicocephalic arteries. The common association of head-and 

neck abnormalities with CoA, particularly when CoA is with BAV, further strengthens this approach (39).  

1.3 Genetics of congenital heart disease 

Epidemiologic studies suggest that CHD arises primarily through genetic abnormalities but 

environmental factors should not be underestimated. Targeted gene deletion studies in experimental 

models have revealed over 500 genes that can induce CHD when mutated (40). It is conceivable that a 

similar number of human CHD disease genes exist. However, the genetic basis of CHD in humans is 

poorly understood (41). This is because the genetic methods used to identify causal genes (e.g. linkage 

analysis) have, until recently, relied on familial forms of CHD with high penetrance. Owing to the lack of 

large families with multiple affected individuals (rare in CHD) these attempts have been, with some 
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exceptions (42-44), largely unsuccessful. With the availability of only small families and sporadic cases, 

investigators have relied on screening candidate genes in CHD samples. The great majority of genes 

identified with this approach have not been validated by functional studies nor implicated in multiple 

independent cases, and, thus, their causality in CHD remains unclear.  

Along with long-recognized chromosomal abnormalities, these approaches have yielded over 50 

human disease genes implicated in CHD that explain minority of cases of CHD (40). Importantly, these 

studies have also provided the following insights (45): (1) CHD is genetically heterogeneous; (2) cardiac 

developmental genes are the major players in CHD; (3) each CHD mutation may give rise to a variety 

of CHD phenotypes, suggesting interactions of the identified mutation with genomic context and/or the 

environment; (4) CHD mutations commonly alter protein dosage.  

With the advent of high-throughput next-generation sequencing (NGS) technologies that allows the 

whole-genomes of individuals to be sequenced, discoveries of the genetic causes of CHD are 

accelerating. Importantly, since whole-genome sequencing (WGS) can detect a large fraction of the 

genomic variation of an individual, it allows the use of non-Mendelian or sporadic cases (the most 

common presentation of CHD) to search for rare variants in causal genes (46).  

It is important to uncover the genetic basis of CHD in order to understand the pathogenesis of CHD 

and estimate disease risk, both vital elements for disease prevention. From a clinical standpoint, it is 

important for the caring physician to determine whether there is an underlying genetic cause for various 

reasons. First, from a psychosocial perspective for the patient and family. Second, there may be 

extracardiac organ involvement and prognostic information for clinical outcomes. Third, there may be 

reproductive risks for the patient and family and genetic testing may be appropriate for other family 

members.  

1.4 Genetics of coarctation of the aorta  

Genetic studies of CoA are usually carried out along with other LVOTOs (see 1.1 above). A strong 

genetic component has been established that is likely shared by these malformations as they tend to 

cosegregate in families (47). The evidence for a strong genetic component of LVOTOs comes from their 

long-recognized association with genetic syndromes (48). Furthermore, inheritance studies of LVOTOs 

have demonstrated a high relative risk for first degree relatives (36.9) and high heritability estimates 

(between 0.60-0.90) (49).  

The syndrome with the strongest association with CoA is Turner syndrome (TS) a condition in 

females where one X chromosome or a part of it is absent. The most common CHD in TS are CoA and 

BAV but also other LVOTOs. TS accounts for about 5 percent of CoA in females (50). Interestingly, CoA 

and other LVOTOs are about two times more common in males than in females (51). Moreover, Turner 

patients suffer from excess cardiovascular morbidity and premature mortality associated with similar 

complications as CoA (e.g. hypertension, premature coronary artery disease). This has prompted some 

to investigate the precise genetic link between the risk of developing LVOTOs and having one X 

chromosome. However, the link is not well understood (37). William-Beuren syndrome is caused by a 

1.5 to 1.8 Mb hemizygous deletion on chromosome 7q11.23, an area that encompasses 28 genes. 
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Supravalvar AS is by far the most common CHD associated with this syndrome but other LVOTOs such 

as CoA may occur. The cardiovascular phenotype of William-Beuren syndrome is caused by 

haploinsufficiency of the ELN gene, identified in at least 70 percent of cases (48). LVOTOs can be 

associated with Jacobsen syndrome (JS) which is caused by 11q terminal deletions between 5-20 Mb. 

A transcription factor, ETS-1, within this region has been implicated in LVOTOs (52). LVOTOs can be 

associated with Noonan syndrome which is caused by mutations in genes encoding proteins that are 

part of the Ras/Raf/MEK/ERK signaling pathway. Mutations in PTPN11 are the most common and 

explain about 50 percent of the Noonan syndrome cases. In monogenic syndromes, mutations in genes 

such as TBX5 in Holt-Oram syndrome, DHCR7 in Smith-Lemli-Opitz syndrome, and ZIC3 in X-linked 

heterotaxy, have been linked with LVOTOs (48).  

The vast majority of cases of LVOTOs are non-syndromic. Mutations in NOTCH1, initially found 

through linkage analysis of families with aortic valve disease, are found across various LVOTOs (42). 

NOTCH1 encodes a receptor in a developmentally important signaling pathway. Two specific mutations 

that reduce ligand (JAGGED1) induced NOTCH1 signaling have been identified, suggesting that the 

levels of NOTCH1 signaling are tightly regulated during cardiovascular development and that relatively 

minor alterations in the signaling may induce LVOTOs (53). In addition to copy number variations 

(CNVs) in the above described syndromes, CNVs have also been described in non-syndromic LVOTOs. 

These include deletions in 16q24 that affect a FOX gene cluster (FOXF1, FOXL1, and FOXC1), a 

deletion at 6q24 harboring the MAPK signaling cofactor TAB2 shown to be responsible for the LVOT 

defect, and terminal deletions of 15q26 that harbor MCTP2 gene that is a causal gene for LVOTOs. The 

CNVs associated with syndromic and/or sporadic LVOTOs usually harbor many genes. The causal 

LVOTO genes within these CNVs have mainly been identified using model systems like the zebra fish 

or the mouse (54). The translocation 46,XY,t(1;5)(p36.11;q31.2) that is associated with pervasive 

developmental delay and LVOTOs disrupts two genes, AHDC1 and MATR3. Through gene inactivation 

studies in mouse, MATR3 was found to induce LVOTOs but not AHDC1 (55).  

     Although many genes have been linked to the development of LVOTOs, in the vast majority of cases 

the genetic cause is not identified. Thus, a substantial fraction of the heritability of CoA and other 

LVOTOs is unexplained.    

1.5 Whole–genome sequencing to search for rare variants that associate with disease 

As discussed above, NGS technologies have provided the means to sequence the whole genomes 

of a large number of individuals, allowing for the detection of low frequency (freq. <5% to >1%) and rare 

variants (freq. <1%) that can be tested for association to diseases and other traits. These variants are 

single-nucleotide polymorphisms (SNPs) or insertions/deletions (INDELs) (56-58). Previously, deCODE 

scientists have performed genome-wide association analysis (GWAS) based on variants identified 

through WGS of Icelanders that was followed by estimation of their genotype probabilities in the 

Icelandic population using imputation assisted by long range phasing of haplotypes (59, 60). This 

uncovered associations of many low frequency and rare sequence variants with a large number of traits 

(61-67). Icelanders have experienced more genetic drift than most other populations used in GWAS (68, 

69). In particular, this has affected the frequency spectrum of variants that are rare in neighboring 
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outbred populations. While some rare variants have been lost from the Icelandic population, the 

frequency of others have increased by founder events, leading to greater power for detection in 

phenotype association tests. Furthermore, because a large fraction of Icelanders (~150,000) have been 

genotyped on SNP arrays at deCODE, the genomes of a large fraction of Icelanders has been long-

range phased. This phasing has made high accuracy imputations possible for variants with frequency 

as low as 0.03%. This allows GWAS to be performed at deCODE with sequence variants identified 

through WGS for diseases where cases and controls have not been directly whole-genome sequenced 

themselves, but are imputed with sequence variants found through WGS of other Icelandic samples. 

Here we use this dataset to identify sequence variants in the human genome that affect the risk of CoA.  
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1.6 Aim of study  

The aim of this study is divided into two parts: 

a) To use the genetic database at deCODE to identify rare sequence variants that affect the risk of 

developing CoA in Iceland 

b) To determine if there is any phenotypic difference between non-carriers and carriers of the 

identified sequence variants 
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2. Methods 

2.1 Identification and phenotyping of CoA cases  

The CoA sample set includes Icelanders (population of about 330,000) who received the discharge 

diagnosis of CoA at Landspitali, The National University Hospital (LUH) in Reykjavik between 1984 and 

2015 (06.03.2015). LUH is a tertiary referral hospital and the only hospital in Iceland with pediatric 

cardiologists. All CoA cases in Iceland are referred to LUH. CoA cases were identified either through 

diagnosis codes of CoA (ICD-9 code 747.1, ICD-10 code Q25.1) registered between 1990 and 2015 or 

procedure codes of CoA (WHO codes 1-273, 5-369, 5-382 and 5-387, NOMESCO codes FDJ 00, FDJ 

10, FDJ 20, FDJ 30, FDJ 42 and FDJ 96) registered between 1984 and 2015. CoA was defined as a 

congenital narrowing of aorta, the diagnosis of which was confirmed by echocardiography and/or cardiac 

catheterization by a cardiologist. Stillbirths, early fetal deaths and non-Icelanders were excluded from 

the study. 

Through a centralized electronic database on patient´s records (Saga system) as well as paper 

records at LUH, the diagnosis of CoA was confirmed and detailed phenotypic information on each CoA 

case was gathered. Special emphasis was put on associated CHD, late cardiovascular complications 

and the classification of CoA cases into six different types. Mild CoA was defined as untreated CoA. 

Moderate CoA was defined as CoA receiving treatment but not presenting with severe disease. Severe 

CoA was defined as CoA presenting as congestive heart failure or cardiogenic shock without the 

presence of major complicating CHD. CoA with VSD was defined as CoA with single or multiple large 

VSD/s presenting as congestive heart failure or cardiogenic shock. CoA with complex CHD was defined 

as CoA with complex CHD presenting as heart failure or cardiogenic shock. Atypical CoA was defined 

as coarctation of the abdominal aorta or interrupted aortic arch type A. Information on date of birth and 

gender came from the Book of Icelanders (contains genealogical information about Icelanders). The 

phenotypic information was used for phenotype-genotype correlation of CoA cases. Data was filed in 

Microsoft Office Excel 2013. 

The study was approved by the National Bioethics Committee of Iceland. Study approval numbers 

were VSN-15-053, VSN-15-016, VSN-15-056, VSN-15-058, VSN-15-114, VSN-15-057 and 10-009-S1. 

Written informed consent was obtained from all study participants. Personal identities were encrypted 

by a third party system provided by the Icelandic Data Protection Authority before analysis at deCODE.  

2.2 Genealogy of Icelanders, the Book of Icelanders 

The Book of Icelanders (61) contains 819,410 individuals dating back to 740 AD. Of the 471,284 

Icelanders recorded to have been born in the 20th century, 91.1% had a recorded father and 93.7% had 

a recorded mother in the database. Similarly, of the 183,896 Icelanders recorded to have been born in 

the 19th century, 97.5% had a recorded father and 97.8% had a recorded mother. The Icelandic 

genealogy was extracted from many sources. Primarily from church books, censuses, Registers Iceland, 

local records of inhabitants and other official documents, but also from other sources such as old 

manuscripts, letters, annals, books of Althingi, books of judgments, books of family pedigrees, registers 

of farmers, registers of professionals and lists of descendants. The church books and several censuses 
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have been computerized. The genealogical database was primarily based on the censuses of 1703, 

1801 and 1910, but other censuses that have been computerized are from: 1729, 1785, 1816, 1835, 

1845, 1860, 1870, 1880, 1890, 1901 and 1930. 

2.3 Genotyping, imputation and whole-genome sequencing, 

For chip genotyping, 150,656 samples were typed with the Illumina HumanHap300, HumanCNV370, 

HumanHap610, HumanHap1M, HumanHap660, Omni-1, Omni 2.5 or Omni Express bead chips at 

deCODE genetics. Chip SNPs were excluded if they had (1) yield less than 95%, (2) minor allele 

frequency less than 1% in the population or (3) significant deviation from Hardy-Weinberg equilibrium 

(P<0.001), (4) if they produced an excessive inheritance error rate (over 0.001) and (5) if there was 

substantial difference in allele frequency between chip types (from just a single chip if that resolved all 

differences, but from all chips otherwise). All samples with a call rate below 97% were excluded from 

the analysis. The final SNP set used for long-range phasing comprised 676,913 autosomal SNPs. 

Long range phasing of all chip-genotyped individuals was performed with methods described 

previously (59, 60). In brief, phasing is achieved by using an iterative algorithm which phases a single 

proband at a time given the available phasing information about everyone else that shares a long 

haplotype identically by state with the proband. Given the large fraction of the Icelandic population that 

has been chip-typed, accurate long range phasing is available genome-wide for all chip-typed 

Icelanders. For long range phased haplotype association analysis, we then partitioned the genome into 

non-overlapping fixed 0.3 cM bins. Within each bin, we observed the haplotype diversity described by 

the combination of all chip-typed markers in the bin.  

The whole genomes of 8,453 Icelanders were sequenced using Illumina technology to a mean depth 

of at least 10X (median 32X). This dataset contains samples obtained using three different library 

preparation methods from Illumina. In addition sequencing was performed using three different types of 

Illumina sequencing instruments. 

a) Standard TruSeq DNA library preparation method. Illumina sequencers GAIIx and/or HiSeq 

2000 sequencers. 

b) TruSeq DNA PCR-free library preparation method. Illumina HiSeq 2500 sequencers. 

 c) TruSeq Nano DNA library preparation method. Illumina HiSeq X 

In the sequencing dataset SNPs and INDELs were identified and genotypes called using joint calling 

with the Genome Analysis Toolkit HaplotypeCaller (GATK version 3.3.0) (70). Genotype calls were 

improved by using information about haplotype sharing, taking advantage of the fact that all the 

sequenced individuals had also been chip-typed and long-range phased.  

The sequence variants identified in the 8,453 sequenced Icelanders were then imputed into 150,656 

Icelanders who had been genotyped with various Illumina SNP chips and their genotypes phased using 

long-range phasing (59, 60). The imputation into the chip typed long-range phased individuals was 

performed with the same model as used by IMPUTE (71). Using genealogic information, from the Book 

of Icelanders, the sequence variants were imputed into 294,212 first and second-degree relatives of 
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array genotyped individuals to further increase the sample size for association analysis and the power 

to detect associations. We identified a total of 25.5 million high quality sequence variants (20,601,114 

SNPs and 4,876,374 short INDELs; all with imputation information >0.8; all variants mapped in build 

hg38) and tested for association with CoA under the multiplicative model. 

2.4 Association analysis 

The number of chip-typed CoA cases was 38 and the remaining 94 were first or second degree 

relatives of the 150,656 chip-typed individuals and were not chip-typed themselves but were imputed 

using genealogical imputation (59, 60). The number of affected males was 82 and affected females was 

50. Association testing for case-control analysis was performed using logistic regression, adjusting for 

gender, age and county of origin. A total of 25.5 million variants were used in the association analysis 

under a multiplicative model.  

To account for inflation in test statistics due to cryptic relatedness and stratification, we applied the 

method of LD score regression (72). With a set of 1.1M variants we regressed the χ2 statistics from our 

GWAS scan against LD score and used the intercept as a correction factor. The LD scores were 

downloaded from a LD score database (61). The estimated correction factor was 1.04 for the 

multiplicative model of the CoA association. 

To correct for multiple testing we used the weighted Holm-Bonferroni method (73) to allocate family 

wise error rate of 0.05 equally between four annotation-based classes of sequence variants (74). For 

the multiplicative model, this yielded significance thresholds of 3.3 × 10-7 for high-impact variants 

(including stop-gained, frameshift, splice acceptor or donor, N = 5,969), 6.5 × 10-8 for moderate-impact 

variants (including missense, splice-region variants and in-frame INDELs, N = 118,721) 5.9 × 10-9 for 

low impact variants (including synonymous variants 3’ and 5’ UTR variants, N = 1,797,313), 3.0 × 10 -9 

for intergenic and deep intronic variants overlapping DNase hypersensitive sites (N = 3,302,617) and 

for other variants 9.9 × 10-10 (intergenic and deep intronic, N = 20,252,868) (75).  

Association of c.2161C>T with other cardiac or cardiac related diseases was also tested, including 

hypertrophic cardiomyopathy, congenital heart disease, sick sinus syndrome, pacemaker implantation, 

atrial fibrillation, heart failure, sudden cardiac death, coronary artery disease and ischemic stroke. The 

controls used in the various case-control analyses of this study consisted of disease-free controls 

randomly drawn from other genetic studies at deCODE. 

2.5 Phenotypic differences between carriers and non-carriers of c.2161C>T  

To analyze if there is any phenotypic difference between non-carriers and carriers of the c.2161C>T 

mutation, we evaluated the frequencies of various phenotypes among the two groups of CoA cases 

(Table 1). Student’s t-test was used to test for significant difference in the mean frequency of the variants 

between non-carriers and carriers, and the odds ratio (OR) was calculated as (pa/(1-pa)) / (pc/(1-pc)), 

where pa and pc are the mean frequencies of the variants in non-carriers and carriers, respectively. 
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3. Results 

3.1 Coarctation of the aorta sample set 

We identified 136 individuals who received a discharge diagnosis of CoA at LUH in Reykjavik 

between 1984 and 2015. Based on evaluation of patient records we excluded two individuals who were 

non-Icelanders and two individuals who received an incorrect discharge diagnosis of CoA. Thus, the 

CoA sample set included a total of 132 CoA cases.  

Information from the Book of Icelanders on gender and date of birth was available for 131 cases. 

There were 81 males and 50 females (Table 1), yielding a male:female ratio of 1.62:1. The cases 

received an initial diagnosis of CoA between 1950 and 2015 (Figure 2). There are very few diagnoses 

between 1950 and 1990 compared to 1990 and beyond, where 10 to 25 cases of CoA have been 

diagnosed per year at LUH.     

Figure 2. Initial diagnoses of coarctation of the aorta cases. 
A histogram showing the number of initial diagnoses of CoA cases in five year intervals from 1950 to 
2015.      
       
      Through patient’s records at LUH, we gathered detailed phenotypic information on all CoA cases 

and are the main phenotypes listed in Table 1. We excluded late hypertension from the study because 

accurate information on it was not available at LUH for majority of cases. This is because monitoring of 

late hypertension is usually performed at outpatient clinics.  About half of the initial diagnoses were 

during the first month of life and about three quarters during the first year of life (Table 1). Individually, 

cases with moderate CoA were the most common. However, the combined occurrence of mild and 

moderate CoA is less than that of the more severe and complex types of CoA (Table 1). BAV is the most 

common associated CHD, occurring in 53% of cases. VSD is the second most common CHD, occurring 

in 35% of cases. Extracardiac birth defects, recoarctation and TH occurred in 24%, 17% and 61% of 

cases, respectively. Because of the young age of the sample set (data not shown), the rate of late 

cardiovascular complications was low, as exemplified with coronary artery disease (Table 1).  

 

 Number of CoA 
 diagnoses 

Year of diagnosis 
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3.2 Genome-wide association analysis 

To search for sequence variants that affect the risk of CoA GWAS was performed. The sequence 

variants (SNPs and INDELs) included in the GWAS analysis were identified through WGS of 8,453 

Icelanders. The variants were subsequently imputed into 150,656 Icelanders, assisted by long-range 

phased haplotypes, who had been genotyped with Illumina SNP arrays. In addition, we used 

genealogical information to calculate genotype probabilities for 294,212 first and second-degree 

relatives of array genotyped individuals. Among the imputed Icelanders were 132 CoA cases identified 

as outlined above (see 3.1). GWAS case-control analysis was performed using the 132 CoA cases and 

339,213 Icelanders with imputed genotypes that were used as controls. Association testing in the case-

control analyses was performed using logistic regression, adjusting for gender, age and county. A total 

of 25.5 million variants were used in the association analysis. The threshold for genome-wide 

significance association was corrected for multiple testing using a class-specific Bonferroni procedure 

based on functional impact of classes of variants (74) and as outlined Methods (see 2.3). Using this set 

Table 1. Frequencies of various phenotypes among coarctation of the 
aorta cases 
 Na Nb Freq. (%)c 

Male gender 131 81 61.8 

Diagnosed <1 month old 131 61 46.6 

Diagnosed 1 month to 1 year old 131 33 25.2 

Diagnosed >1 year old 131 37 28.2 

Family history of CHD 90 24 26.7 

Extracardiac birth defect 130 31 23.8 

Recoarctation 123 21 17.1 

Tubular hypoplasiad 123 75 61.0 

Bicuspid aortic valve 124 66 53.2 

Ventricular septal defecte 131 46 35.1 

Other CHDf 131 48 36.6 

Coronary artery disease 96 4 4.2 

Mild CoA 132 11 8.3 

Moderate CoA 132 51 38.6 

Severe CoA 132 34 25.8 

CoA with ventricular septal defect 132 13 9.8 

CoA with complex CHD 132 19 14.4 

Atypical CoA 132 4 3.0 
aN: the number of CoA cases with available phenotypic information for the 
particular phenotype. bN: number of CoA cases with particular phenotype cFreq 
(%): the frequency of the particular phenotype among CoA cases. dTubular 
hypoplasia may be mild to severe. eVentricular septal defect may be tiny to large. 
fOther CHD includes all congenital cardiovascular defects except patent ductus 
arteriosus, persistent left superior vena cava and cardiomyopathy.  
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of thresholds, we observed a genome-wide significant association with CoA and variants located on 

chromosome 14q11 (Figure 3). No other variants in the genome reached the threshold of genome-wide 

significance (Figure 3).  

 

 

 

 

 

 

 

 

 

 

Figure 3. Manhattan plot of coarctation of the aorta genome-wide association study. The P values 
(-log10) are plotted against their respective positions on each chromosome. P = 5×10-8 is indicated by 
the horizontal dotted line. The arrow points to the c.2161C>T variant in MYH6. The plot was created 

using qqman: an R package for visualizing GWAS results using Q-Q and manhattan plots. 

                                 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Region plot for the association of variants with coarctation of the aorta. Shown is a 1Mb 
region on chromosome 14. The strongest association is with the missense variant c.2161C>T in MYH6 
located at position 23,396,970 on chromosome 14. Nine other variants shown are weakly correlated 
with c.2161C>T, r2 between 0.6-0.0.4 (green) and 0.4-0.2 (blue).  
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The strongest association with CoA at 14q11 is with a rare (frequency = 0.35%) missense variant 

c.2161C>T in MYH6, a gene encoding the alpha cardiac myosin heavy chain subunit (MHC) protein. 

This variant associates under the multiplicative model with an odds ratio (OR) of 31.4 (95% confidence 

interval (CI); 14.08, 69.83) and with a P of 3.3 X 10-17 (Figure 4). No homozygous carriers were found 

among CoA cases or in the general population (N = 150,656). This was expected because the variant 

is rare (frequency in the population 0.35%). Since no homozygotes were found we could not discriminate 

between dominant or multiplicative model of inheritance.  

The c.2161C>T variant is located in exon 18 of MYH6 and leads to a missense arginine to tryptophan 

alteration at amino acid 721, p.Arg721Trp (Figure 5). The p.Arg721Trp mutation is in the converter 

domain of αMHC (Figure 5 and Figure 6), a small domain crucial in conveying a conformational change 

from the active site to the lever arm upon adenosine triphosphate (ATP) hydrolysis (76). Based on 

PolyPhen-2 (77), the p.Arg721Trp alteration is predicted to alter the structure of the converter.  

 

Figure 5. Transcript and protein structures of MYH6. Bottom panel: Transcript structure with base-
pairs positions at the bottom and exon numbering at the top. Colored bars of full height depict coding 
exons and those with half-height depict 5’ and 3’ UTR’s exons. Top panel: Domain composition of the 
protein with amino-acid positions at the bottom and domain descriptions at the top. Grey thin lines 
connect the panels according to exon boundaries. The position of c.2161C>T in exon 18 is highlighted 
by a red line in the transcript and p.Arg721Trp by a red dot in the protein. Figure adapted from (66) with 
permission.  

 

Figure 6. A 3D structural model 
of chicken smooth muscle 
myosin that is homologous to 
MHCα.   Myosin heavy chain is 
shown in gold and the essential 
light chain shown in cyan, the 
active site magnesium is shown 
as a magenta sphere. Arginine 
721 that is mutated to a 
tryptophan is displayed as a pink 
stick model.  The converter 
domain is shown in orange. We 
prepared the figure in pymol and it 
is based on PDB ID 1BR1.   
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The c.2161C>T mutation has previously been reported by deCODE to associate strongly with sick 

sinus syndrome (SSS) (66), a common disorder that is characterized by pathological sinus bradycardia 

(slow heart rate), sinus arrest and/or chronotropic incompetence (attenuated heart rate response to 

exercise) (78). The mutation also associated with pacemaker implantation (PM) but SSS is the most 

common indication for permanent pacemaker implantation (66).  

The p.Arg721Trp mutation is neither present in The Exome Aggregation Consortium Browser (79), 

which holds sequence data from 60,706 unrelated individuals sequenced as part of various disease-

specific and population genetic studies, nor in the Exome Variant Server, holding sequence data from 

13,000 individuals (80). The c.2161C>T mutation thus appears to be absent from other populations or 

if present, in a very low frequency. The Icelandic population is a founder population in that a small 

number of ancestors accounts for a relatively large proportion of the population Hence, sequence 

variants that are very rare in more outbred populations may be much less so, like c.2161C>T, in 

Icelanders (68). 

3.3 Phenotypic differences between carriers and non-carriers of c.2161C>T  

To determine whether there are any phenotypic differences between non-carriers and carriers of the 

c.2161C>T mutation, we evaluated the frequencies of various phenotypes among the two groups of 

cases (Table 2). Of the 132 CoA cases, 24 were heterozygous carriers of the c.2161C>T mutation. As 

discussed above, no homozygous carriers were found among CoA cases or in the general population. 

Among CoA cases, information for the various phenotypes was available for 76 to 108 non-carriers and 

for 18 to 24 carriers (Table 2).  

Because of the young age of the CoA sample set (3.1 above), we excluded late cardiovascular 

complications (few cases) such as coronary artery disease from the analysis. However, we included 

atrial septal defect (ASD), cardiomyopathy, and various arrhythmias as mutations in MYH6 have been 

associated with these diseases.  

No significant phenotypic difference (P<0.05) was found between CoA non-carriers and carriers of 

c.2161C>T (Table 2). This may be due to constraints put on the analysis by the small size of the sample 

set. The small size reduced the power to detect significant difference between non-carriers and carriers 

and prohibited the individual analysis of some CHD that occurred with low frequencies. As an example, 

we did not analyze other LVOTOs individually (other than BAV). 

Sick sinus syndrome (SSS) and heart block were the phenotypes with the largest frequency 

difference between non-carriers and carriers (Table 2). They were in elevated frequencies among 

carriers compared to non-carriers, with an OR of 4.08 (P=0.36) and 4.26 (P=0.18) for SSS and heart 

block, respectively (Table 2). The increased frequency, albeit not significant, of SSS among CoA cases 

that are carriers of c.2161C>T is in line with the reported association of c.2161C>T with SSS (66). In 

addition we observed that diagnosis after 1 year of age, mild or moderate CoA, pacemaker implantation 

(PM), cardiomyopathy, TH and recoarctation were about 2-times more common among CoA cases that 

are carriers of c.2161C>T compared to non-carriers (Table 2). 
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aN: the number of CoA cases with available information for the particular phenotype among non-carriers 
and carriers. bFreq (%): the frequency of the particular phenotype among non-carriers and carriers. cOR: 
Odds ratio.  dP: Student's t-test was used to evaluate the significance of the frequency difference 
between non-carriers and carriers. eTubular hypoplasia may be mild to severe. fVentricular septal defect 
may be tiny to large. gAtrial septal defect does not include patent foramen ovale and tiny atrial septal 
defect. hOther CHD includes all congenital cardiovascular defects except patent ductus arteriosus, 
persistent left superior vena cava and cardiomyopathy. 

 

3.4 Association of c.2161C>T with other cardiac conditions 

As outlined above, in a previous study by deCODE, the c.2161C>T mutation was found to associate 

strongly with SSS and PM. In that same study, residual associations, after exclusion of known cases of 

SSS, were reported with several cardiac diseases including atrial fibrillation (AF) and thoracic aortic 

aneurysm.  From the time of that publication, which was in 2011, the phenotype and genotype database 

Table 2. Frequencies of various phenotypes among non-carriers and carriers of c.2161C>T  

 Non-carriers Carriers   

 Na Freq. 
(%)b 

Na Freq. 
(%)b 

ORc Pd 

Male gender 107 63.5 24 54.2 1.47 0.48 

Diagnosed <1 month old 107 48.6 24 37.5 0.64 0.37 

Diagnosed 1 month to 1 year old 107 26.2 24 20.8 0.74 0.79 

Diagnosed >1 year old 107 25.2 24 41.7 2.10 0.13 

Family history of CHD 72 27.8 18 22.2 0.74 0.77 

Extracardiac birth defect 106 23.5 24 25.0 1.08 1.0 

Recoarctation 100 15.0 23 26.1 1,99 0.22 

Tubular hypoplasiae 101 58.4 22 72.7 1,89 0.24 

Bicuspid aortic valve 102 52.0 22 59.1 1,33 0.64 

Ventricular septal defectf 107 35.5 24 33.3 0,91 1.0 

Atrial septal defectg 106 11.3 24 12.5 1,12 1.0 

Other CHDh 107 35.5 24 41.7 1,29 0.64 

Cardiomyopathy 76 3.0 19 5.3 2,04 0.49 

Atrial fibrillation 76 7.9 19 0.0 0 0.34 

Ventricular fibrillation 77 5.2 19 5.3 1,01 1.0 

Sick sinus syndrome 76 1.3 19 5.3 4,08 0.36 

Heart block 76 2.6 19 10.5 4,26 0.18 

Pacemaker implantation 76 5.3 19 10.5 2,1 0.6 

Mild CoA  108 7.4 24 12.5 1,78 0.42 

Moderate CoA 108 36.1 24 50.0 1,76 0.25 

Severe CoA 108 27.8 24 16.7 0,52 0.31 

CoA with ventricular septal defect 108 11.1 24 4.2 0,35 0.46 

CoA with complex CHD 108 14.8 24 12.5 0,82 1.0 

Atypical CoA 108 2.8 24 4.2 1,52 0.56 
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at deCODE has expanded, with an increase in both the number of cases and controls for the various 

cardiac diseases. To gain a better understanding of the biological effect of the c.2161C>T mutation in 

MYH6 the association of the mutation with the various cardiac phenotypes in deCODE’s database was 

tested (Table 3). In this new dataset, the strongest associations are with SSS and PM, and both 

associations have become stronger when compared to the published association results (P = 1.4 × 10−49 

vs P = 1.5 × 10−29 for SSS and P = 23.6 × 10−39 vs P = 3.6 × 10−25 for PM). In addition, the association 

with AF is now of genome-wide significance (Table 3).  

 

Table 3. Association of c.2161C>T with various cardiac conditions 

Cardiac traits Ncases./Ncontr
. 

OR (95% CI) P 

Sick sinus syndrome 2,396/284,109 8.5 (6.37, 11.22) 1.4 x 10-49 

Pacemaker implantation 2,389/336,661 7.3 (5.39, 9.75) 3.6 x 10-39 

Coarctation of the aorta 132/339,213 31.4 (14.08, 69.83) 3.3 x 10-17 

Atrial fibrillation 10,718/329,896 2.5 (1.98, 3.22) 7.6 x 10-14 

Congenital heart disease 2,465/331,808 2.3 (1.6, 3.38) 3.2 x 10-05 

Ischemic stroke 1,551/186,663 2.4 (1.5, 3.89) 0.00019 

Aortic stenosis 1,668/272,839 2.4 (1.5, 3.92) 0.00042 

Hypertrophic cardiomyopathy 158/231,600 1.0 (1.1, 1.83) 0.15 

Shown are the number of affected individuals and controls used in the association analysis for each 
of the traits. bEstimated OR and 95% CI for the association with c.2161C>T. 
 

Mutations in MYH6 have previously been linked to dilated (DCM) and hypertrophic cardiomyopathy 

(HCM) (81) along with various other CHD (82, 83), of which the strongest association is with familial 

ASD (43). In all instances these mutations have been restricted to sporadic cases or to one or few 

families.  We do not observe association of c.2161C>T with HCM (Table 3) or ASD (data not shown) in 

Iceland. The association detected with ischemic stroke (Table 3) is likely secondary to AF, its main risk 

factor (84). In this study c.2161C>T associates suggestively with aortic stenosis (AS). AS can be 

congenital with or without BAV or it can develop late in life with or without BAV. The AS sample set used 

in this study consists mainly of AS patients that developed the disease late in life. We are lacking 

information on the occurrence of BAV in these samples.  

Based on these data it can be concluded that the c.2161C>T mutation in MYH6 appears to mainly 

affect the risk of cardiac conduction diseases such as SSS, PM and AF on one hand and the CHD CoA 

on the other hand.  
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4. Conclusions and Discussion 

4.1 Coarctation of the aorta in Iceland 

CoA is a congenital narrowing of the aorta and accounts for 3.8% of all congenital heart disease in 

Iceland (5). The site of CoA is usually at or near the point of the insertion of the DA, just distal to the 

origin of the left subclavian artery. Despite excellent surgical outcomes, CoA can be a life-long disease 

with high rates of long-term cardiovascular complications.  

As a tertiary referral hospital and the only hospital in Iceland with pediatric cardiologists, all CoA 

cases in Iceland are referred to LUH. We identified 132 Icelanders (population of about 333,000) who 

received a discharge diagnosis of CoA at LUH in Reykjavik between 1984 and 2015.  

As expected, CoA was about two times more common in males than in females (51). There are very 

few diagnoses between 1950 and 1990 compared to 1990 and beyond, where 10 to 25 cases of CoA 

have been diagnosed per year at LUH. This may be explained by several factors. First, our study 

involved individuals who received a discharge diagnosis, either an initial diagnosis or during follow-up, 

between 1984 and 2015. Thus, for those who were diagnosed before 1984, only those who survived 

and underwent follow-up at LUH after 1984 were included. In contrast, for those who were diagnosed 

after 1984, an initial diagnosis of CoA was enough to be included. Second, major advancements in 

cardiovascular medicine and surgery in the last few decades have led to more diagnoses and improved 

survival. Third, in 1986, a leading pediatric cardiologist began practicing at LUH. In our opinion, this is 

probably the most important reason for the large increase in diagnoses around 1990. Before him, only 

two pediatric cardiologists had been at LUH for separate and short periods of time. Since 1997, there 

have always been a minimum of two pediatric cardiologists on staff at LUH. We speculate that neonatal 

mortality resulting from either diagnosed or undiagnosed severe CoA accounts for the majority of lost 

cases between 1950 and 1990.  

About half of the initial diagnoses were during the first month of life and about three quarters during 

the first year of life. Individually, cases with moderate CoA were the most common. However, the 

combined occurrence of mild and moderate CoA is less than that of the more severe and complex types 

of CoA. BAV is the most common associated CHD, occurring in 53% of cases. BAV is well recognized 

as the most common CHD associated with CoA and, as in our study, occurs in about 50% of patients 

(9, 10). VSD is the second most common associated CHD. This was expected but our figure of 35% is 

higher than the commonly cited figure of 20%. This is because we included in our study the very common 

tiny muscular VSDs, of which are typically excluded from other studies (9, 10). The frequency of 

extracardiac birth defects in CoA cases is in line with the classically reported figure of 25% in other 

studies (12). The frequency of recoarctation is 17%. In most other studies the frequency of recoarctation 

ranges between 3 to 15% (85) but has been reported to be as high as 41% (86). The high occurrence 

of TH correlates with its common association with CoA.  
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4.2 MYH6 c.2161C>T explains a large fraction of coarctation of the aorta in Iceland      

The underlying genetic basis and pathogenesis of CoA is largely unknown. Through a GWAS of CoA 

in Iceland we found a rare (frequency = 0.35%) missense variant c.2161C>T in the MYH6 gene that 

associates with the disease. The c.2161C>T associates with CoA with large effect, an OR of 31.4 and 

with high significance, P of 3.3 x 10-17 (genome wide significance threshold for missense variants is 6.5 

× 10-8).  The MYH6 gene has not previously been reported to associate with CoA although other very 

rare mutations in MYH6 have been linked to both DCM and HCM (81) and various CHD (82, 83), with 

the strongest association with familial ASD (43). These mutations have been restricted to one proband 

or one to few families. In contrast, the c.2161C>T mutation explains a large fraction or 19% of CoA 

cases in Iceland and is thus an important candidate gene for CoA predisposition. No significant 

phenotypic differences were found between CoA carriers and non-carriers of c.2161C>T. This may in 

part be explained by the small size of the study. Although the c.2161C>T mutation could not be detected 

outside of Iceland other mutations within MYH6 may predispose to CoA in other populations. The high 

frequency of c.2161C>T in Iceland indicates that the mutation is likely a founder mutation.  

4.3 Pathogenesis of MYH6 c.2161C>T in coarctation of the aorta 

Cardiac muscle myosin is a cardiac structural protein and to our knowledge such a protein has not 

been linked to CoA before. Cardiac muscle myosin is a predominant component of the sarcomere, the 

basic contractile unit of cardiac muscle (66). It is a hexamer consisting of two heavy chain subunits, 

αMHC and beta myosin heavy chain (MHC), two light chain subunits and two regulatory subunits. The 

αMHC heavy chain subunit is encoded by MYH6 whereas βMHC is encoded by MYH7. βMHC is the 

heavy chain isoform predominantly expressed in human heart whereas αMHC is highly expressed 

throughout life in the atrium and, additionally, alongside MYH7 in the ventricle during embryonic 

cardiogenesis (87). Expression of MYH6 has not been detected in the aorta (88). MYH7 is a well-

established causative gene for cardiomyopathy (89, 90) and has been linked to several CHD (44, 91) 

whereas a more limited number of MYH6 mutations have been reported in DCM and HCM and in CHD, 

such as ASD as outlined above. In the myosin molecule, MHC acts as a relatively slow ATPase 

whereas αMHC is a fast ATPase. In heart failure and other cardiac disorders in humans, βMHC is 

upregulated whereas αMHC is downregulated, resulting in reduction of cardiac performance (92) and it 

has been suggested that even minor shifts in the ratio between αMHC and MHC subunits can markedly 

influence cardiac function.  

The c.2161C>T mutation changes arginine to tryptophan at amino acid 721 (p.Arg721Trp) that lies 

in the converter domain of αMHC. This domain functions as a socket for the C-terminal α-helical tail of 

the αMHC and plays a critical role in amplifying the structural rearrangements in the motor domain and 

transmitting them to the α-helical tail during movements of the myosin during contraction (76). Based on 

PolyPhen-2 (77), the p.Arg721Trp alteration is predicted to alter the structure of the converter. However, 

whether this missense mutation increases or decreases activity of αMHC, both of which can alter 

sarcomere activity, is pending further structure-function analysis of the protein.  In mice it has been 

shown that the cardiomyopathy mutation R403Q in MYH6 (93), increases sarcomere activity. In contrast, 

as outlined above, αMHC downregulation (decreased activity) has been linked to reduced cardiac 
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performance. The c.2161C>T mutation could thus predispose to CoA either through increased or 

decreased activity of the sarcomere.  

As outlined in the Introduction (see 1.2), the exact mechanism by which CoA is produced is not 

clearly understood. Two theories have gained the widest recognition in explaining this, the hemodynamic 

theory and the ductal tissue theory. According to the hemodynamic theory, lesions that result in 

deceased left ventricular outflow promote development of CoA by reducing blood flow through the fetal 

aortic isthmus (29). In our opinion, the hemodynamic theory fits best with the pathogenesis of the 

c.2161C>T mutation. We propose a variation on the theory and suggest that the c.2161C>T mutation 

could predispose to CoA by reducing blood flow through the fetal aortic isthmus because of diminished 

contraction of the developing heart. Our hypothesis is compatible with the fact that MYH6 is expressed 

in the ventricle during embryonic cardiogenesis (87) and that expression has not been detected in the 

aorta or the DA (88). If the MYH6 c.2161C>T mutation were to predispose to CoA because of decreased 

left ventricular outflow it would be predicted that the mutation reduces rather than increases sarcomere 

activity.  

4.4 c.2161C>T in other cardiac conditions 

The large number of cardiac phenotypes and samples in deCODE’s database allowed us to perform 

phenotype-genotype correlation of the c.2161C>T mutation. Based on these analyses it is clear that in 

addition to CoA the mutation associates strongly with arrhythmias like SSS, PM and AF. The mutation 

does not appear to associate strongly with HCM or CHD apart from CoA.  

The hemodynamic theory can be used to explain how the MYH6 mutation predisposes to CoA but 

how can we explain the association with arrhythmias that are diseases of the elderly?  Patients who 

undergo successful repair of CoA remain at high risk for developing various late cardiovascular 

complications such as hypertension, premature coronary artery disease and cerebrovascular accidents. 

In contrast, arrhythmias have not been described as common cardiovascular complications in patients 

with CoA, suggesting that they do not develop secondary to CoA but rather are the result of altered 

activity of the sarcomere and contraction of the heart.  

4.5 Future studies 

In order to gain a better understanding of the pathogenesis of c.2161C>T in CoA, an important next 

step would be to perform structure-function studies of the c.2161C>T mutation. The induced pluripotent 

stem cell (iPSC) system is an interesting model to study the effect of mutations on cardiomyocyte 

contraction. In this system human skin fibroblasts from carriers of c.2161C>T would be engineered into 

iPSCs that could then be differentiated in vitro, under the correct circumstances, into cardiomyocytes 

(94). The contraction of cardiomyocytes with and without c.2161C>T could then be compared in vitro.  

CoA is classified as a LVOTO and is thought to share genetics and developmental pathways with 

other LVOTOs. It would be very interesting as a next step to determine if that holds for the c.2161C>T 

mutation by performing individual GWAS for the other LVOTOs using the data set available at deCODE.  

 



  

29 

 

5. References 

1. van der Bom T, Bouma BJ, Meijboom FJ, Zwinderman AH, Mulder BJ. The prevalence of adult 
congenital heart disease, results from a systematic review and evidence based calculation. Am Heart J. 
2012;164(4):568-75. 
2. Hoffman JI. Incidence of congenital heart disease: II. Prenatal incidence. Pediatr Cardiol. 
1995;16(4):155-65. 
3. van der Bom T, Zomer AC, Zwinderman AH, Meijboom FJ, Bouma BJ, Mulder BJ. The changing 
epidemiology of congenital heart disease. Nature reviews Cardiology. 2011;8(1):50-60. 
4. Hoffman JI, Kaplan S. The incidence of congenital heart disease. J Am Coll Cardiol. 
2002;39(12):1890-900. 
5. Stephensen SS, Sigfusson G, Eiriksson H, Sverrisson JT, Torfason B, Haraldsson A, et al. 
[Congenital heart defects in Iceland 1990-1999.]. Laeknabladid. 2002;88(4):281-7. 
6. Edwards JE, Christensen NA, et al. Pathologic considerations of coarctation of the aorta. 
Proceedings of the staff meetings Mayo Clinic. 1948;23(15):324-32. 
7. Botto LD, Lin AE, Riehle-Colarusso T, Malik S, Correa A, National Birth Defects Prevention S. 
Seeking causes: Classifying and evaluating congenital heart defects in etiologic studies. Birth defects 
research Part A, Clinical and molecular teratology. 2007;79(10):714-27. 
8. Johns Hopkins Children's Center. Coarctation of the Aorta 2011 [cited 2016 January 18]. 
Available from: http://www.pted.org/?id=coarctation1. 
9. Keane JF, Fyler DC. Coarctation of the Aorta.  Nadas´ Pediatric Cardiology. 2nd ed. 
Philadelphia: Saunders; 2006. p. 627-45. 
10. Beekman RH, III. Coarctation of the Aorta.  Moss & Adams' Heart Disease in Infants, Children, 
and Adolescents: Including the Fetus and Young Adult. 8th ed. Philadelphia: Lippincott Williams & 
Wilkins; 2013. p. 1044-61. 
11. Mercado R, Lopez S, Cantu C, Sanchez A, Revuelta R, Gomez-Llata S, et al. Intracranial 
aneurysms associated with unsuspected aortic coarctation. Journal of neurosurgery. 2002;97(5):1221-
5. 
12. Greenwood RD, Rosenthal A, Parisi L, Fyler DC, Nadas AS. Extracardiac abnormalities in 
infants with congenital heart disease. Pediatrics. 1975;55(4):485-92. 
13. Brickner ME, Hillis LD, Lange RA. Congenital heart disease in adults. First of two parts. The 
New England journal of medicine. 2000;342(4):256-63. 
14. Sharland GK, Chan KY, Allan LD. Coarctation of the aorta: difficulties in prenatal diagnosis. 
British heart journal. 1994;71(1):70-5. 
15. Campbell M. Natural history of coarctation of the aorta. British heart journal. 1970;32(5):633-40. 
16. Gunnarsson SI, Torfason B, Sigfusson G, Helgason H, Gudbjartsson T. [Surgery for coarctation 
of the aorta in Iceland 1990-2006]. Laeknabladid. 2009;95(10):647-53. 
17. Hornung TS, Benson LN, McLaughlin PR. Interventions for aortic coarctation. Cardiology in 
review. 2002;10(3):139-48. 
18. Younoszai AK, Reddy VM, Hanley FL, Brook MM. Intermediate term follow-up of the end-to-
side aortic anastomosis for coarctation of the aorta. The Annals of thoracic surgery. 2002;74(5):1631-4. 
19. Brown ML, Burkhart HM, Connolly HM, Dearani JA, Hagler DJ, Schaff HV. Late outcomes of 
reintervention on the descending aorta after repair of aortic coarctation. Circulation. 2010;122(11 
Suppl):S81-4. 
20. Cohen M, Fuster V, Steele PM, Driscoll D, McGoon DC. Coarctation of the aorta. Long-term 
follow-up and prediction of outcome after surgical correction. Circulation. 1989;80(4):840-5. 
21. O'Sullivan JJ, Derrick G, Darnell R. Prevalence of hypertension in children after early repair of 
coarctation of the aorta: a cohort study using casual and 24 hour blood pressure measurement. Heart. 
2002;88(2):163-6. 
22. Brouwer RM, Erasmus ME, Ebels T, Eijgelaar A. Influence of age on survival, late hypertension, 
and recoarctation in elective aortic coarctation repair. Including long-term results after elective aortic 
coarctation repair with a follow-up from 25 to 44 years. The Journal of thoracic and cardiovascular 
surgery. 1994;108(3):525-31. 
23. Smith Maia MM, Cortes TM, Parga JR, De Avila LF, Aiello VD, Barbero-Marcial M, et al. 
Evolutional aspects of children and adolescents with surgically corrected aortic coarctation: clinical, 
echocardiographic, and magnetic resonance image analysis of 113 patients. The Journal of thoracic 
and cardiovascular surgery. 2004;127(3):712-20. 
24. Dodge-Khatami A, Backer CL, Mavroudis C. Risk factors for recoarctation and results of 
reoperation: a 40-year review. Journal of cardiac surgery. 2000;15(6):369-77. 

http://www.pted.org/?id=coarctation1


  

30 

 

25. Jost CHA, Schaff HV, Connolly HM, Danielson GK, Dearani JA, Puga FJ, et al. Spectrum of 
reoperations after repair of aortic coarctation: Importance of an individualized approach because of 
coexistent cardiovascular disease. Mayo Clin Proc. 2002;77(7):646-53. 
26. Simon AB, Zloto AE. Coarctation of the aorta. Longitudinal assessment of operated patients. 
Circulation. 1974;50(3):456-64. 
27. Oliver JM, Gallego P, Gonzalez A, Aroca A, Bret M, Mesa JM. Risk factors for aortic 
complications in adults with coarctation of the aorta. J Am Coll Cardiol. 2004;44(8):1641-7. 
28. Barry A. The aortic arch derivatives in human adult. The Anatomical record. 1951;111(2):221-
38. 
29. Rudolph AM, Heymann MA, Spitznas U. Hemodynamic considerations in the development of 
narrowing of the aorta. The American journal of cardiology. 1972;30(5):514-25. 
30. Morrow WR, Huhta JC, Murphy DJ, Jr., McNamara DG. Quantitative morphology of the aortic 
arch in neonatal coarctation. J Am Coll Cardiol. 1986;8(3):616-20. 
31. Hornberger LK, Sahn DJ, Kleinman CS, Copel J, Silverman NH. Antenatal diagnosis of 
coarctation of the aorta: a multicenter experience. J Am Coll Cardiol. 1994;23(2):417-23. 
32. Clark EB. Neck web and congenital heart defects: a pathogenic association in 45 X-O Turner 
syndrome? Teratology. 1984;29(3):355-61. 
33. Talner NS, Berman MA. Postnatal development of obstruction in coarctation of the aorta: role 
of the ductus arteriosus. Pediatrics. 1975;56(4):562-9. 
34. Elzenga NJ, Gittenbergerdegroot AC. Localized Coarctation of the Aorta - an Age-Dependent 
Spectrum. British heart journal. 1983;49(4):317-23. 
35. Ho SY, Anderson RH. Coarctation, tubular hypoplasia, and the ductus arteriosus. Histological 
study of 35 specimens. British heart journal. 1979;41(3):268-74. 
36. Warnes CA. Bicuspid aortic valve and coarctation: two villains part of a diffuse problem. Heart. 
2003;89(9):965-6. 
37. Bondy CA. Aortic coarctation and coronary artery disease: the XY factor. Circulation. 
2012;126(1):5-7. 
38. Rosenquist TH, Beall AC, Modis L, Fishman R. Impaired elastic matrix development in the great 
arteries after ablation of the cardiac neural crest. The Anatomical record. 1990;226(3):347-59. 
39. Kappetein AP, Gittenberger-de Groot AC, Zwinderman AH, Rohmer J, Poelmann RE, 
Huysmans HA. The neural crest as a possible pathogenetic factor in coarctation of the aorta and 
bicuspid aortic valve. The Journal of thoracic and cardiovascular surgery. 1991;102(6):830-6. 
40. Andersen TA, Troelsen Kde L, Larsen LA. Of mice and men: molecular genetics of congenital 
heart disease. Cellular and molecular life sciences : CMLS. 2014;71(8):1327-52. 
41. Postma AV, Bezzina CR, Christoffels VM. Genetics of congenital heart disease: the contribution 
of the noncoding regulatory genome. Journal of human genetics. 2015. 
42. Garg V, Muth AN, Ransom JF, Schluterman MK, Barnes R, King IN, et al. Mutations in NOTCH1 
cause aortic valve disease. Nature. 2005;437(7056):270-4. 
43. Ching YH, Ghosh TK, Cross SJ, Packham EA, Honeyman L, Loughna S, et al. Mutation in 
myosin heavy chain 6 causes atrial septal defect. Nature genetics. 2005;37(4):423-8. 
44. Postma AV, van Engelen K, van de Meerakker J, Rahman T, Probst S, Baars MJ, et al. 
Mutations in the sarcomere gene MYH7 in Ebstein anomaly. Circulation Cardiovascular genetics. 
2011;4(1):43-50. 
45. Fahed AC, Gelb BD, Seidman JG, Seidman CE. Genetics of congenital heart disease: the glass 
half empty. Circulation research. 2013;112(4):707-20. 
46. Dorn C, Grunert M, Sperling SR. Application of high-throughput sequencing for studying 
genomic variations in congenital heart disease. Briefings in functional genomics. 2014;13(1):51-65. 
47. Loffredo CA, Chokkalingam A, Sill AM, Boughman JA, Clark EB, Scheel J, et al. Prevalence of 
congenital cardiovascular malformations among relatives of infants with hypoplastic left heart, 
coarctation of the aorta, and d-transposition of the great arteries. American journal of medical genetics 
Part A. 2004;124A(3):225-30. 
48. Lalani SR, Belmont JW. Genetic basis of congenital cardiovascular malformations. European 
journal of medical genetics. 2014;57(8):402-13. 
49. McBride KL, Pignatelli R, Lewin M, Ho T, Fernbach S, Menesses A, et al. Inheritance analysis 
of congenital left ventricular outflow tract obstruction malformations: Segregation, multiplex relative risk, 
and heritability. American journal of medical genetics Part A. 2005;134A(2):180-6. 
50. Wong SC, Burgess T, Cheung M, Zacharin M. The prevalence of turner syndrome in girls 
presenting with coarctation of the aorta. The Journal of pediatrics. 2014;164(2):259-63. 
51. Report of the New England Regional Infant Cardiac Program. Pediatrics. 1980;65(2 Pt 2):375-
461. 



  

31 

 

52. Ye M, Coldren C, Liang X, Mattina T, Goldmuntz E, Benson DW, et al. Deletion of ETS-1, a 
gene in the Jacobsen syndrome critical region, causes ventricular septal defects and abnormal 
ventricular morphology in mice. Human molecular genetics. 2010;19(4):648-56. 
53. McBride KL, Riley MF, Zender GA, Fitzgerald-Butt SM, Towbin JA, Belmont JW, et al. NOTCH1 
mutations in individuals with left ventricular outflow tract malformations reduce ligand-induced signaling. 
Human molecular genetics. 2008;17(18):2886-93. 
54. Lalani SR, Ware SM, Wang X, Zapata G, Tian Q, Franco LM, et al. MCTP2 is a dosage-sensitive 
gene required for cardiac outflow tract development. Human molecular genetics. 2013;22(21):4339-48. 
55. Quintero-Rivera F, Xi QJ, Keppler-Noreuil KM, Lee JH, Higgins AW, Anchan RM, et al. MATR3 
disruption in human and mouse associated with bicuspid aortic valve, aortic coarctation and patent 
ductus arteriosus. Human molecular genetics. 2015;24(8):2375-89. 
56. Genomes Project C, Abecasis GR, Altshuler D, Auton A, Brooks LD, Durbin RM, et al. A map 
of human genome variation from population-scale sequencing. Nature. 2010;467(7319):1061-73. 
57. Drmanac R, Sparks AB, Callow MJ, Halpern AL, Burns NL, Kermani BG, et al. Human genome 
sequencing using unchained base reads on self-assembling DNA nanoarrays. Science. 
2010;327(5961):78-81. 
58. Mills RE, Walter K, Stewart C, Handsaker RE, Chen K, Alkan C, et al. Mapping copy number 
variation by population-scale genome sequencing. Nature. 2011;470(7332):59-65. 
59. Kong A, Masson G, Frigge ML, Gylfason A, Zusmanovich P, Thorleifsson G, et al. Detection of 
sharing by descent, long-range phasing and haplotype imputation. Nature genetics. 2008;40(9):1068-
75. 
60. Kong A, Steinthorsdottir V, Masson G, Thorleifsson G, Sulem P, Besenbacher S, et al. Parental 
origin of sequence variants associated with complex diseases. Nature. 2009;462(7275):868-74. 
61. Gudbjartsson DF, Helgason H, Gudjonsson SA, Zink F, Oddson A, Gylfason A, et al. Large-
scale whole-genome sequencing of the Icelandic population. Nature genetics. 2015;47(5):435-44. 
62. Sulem P, Gudbjartsson DF, Walters GB, Helgadottir HT, Helgason A, Gudjonsson SA, et al. 
Identification of low-frequency variants associated with gout and serum uric acid levels. Nature genetics. 
2011;43(11):1127-30. 
63. Rafnar T, Gudbjartsson DF, Sulem P, Jonasdottir A, Sigurdsson A, Jonasdottir A, et al. 
Mutations in BRIP1 confer high risk of ovarian cancer. Nature genetics. 2011;43(11):1104-7. 
64. Jonsson T, Atwal JK, Steinberg S, Snaedal J, Jonsson PV, Bjornsson S, et al. A mutation in 
APP protects against Alzheimer's disease and age-related cognitive decline. Nature. 
2012;488(7409):96-9. 
65. Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal J, et al. Variant of 
TREM2 associated with the risk of Alzheimer's disease. The New England journal of medicine. 
2013;368(2):107-16. 
66. Holm H, Gudbjartsson DF, Sulem P, Masson G, Helgadottir HT, Zanon C, et al. A rare variant 
in MYH6 is associated with high risk of sick sinus syndrome. Nature genetics. 2011;43(4):316-20. 
67. Styrkarsdottir U, Thorleifsson G, Sulem P, Gudbjartsson DF, Sigurdsson A, Jonasdottir A, et al. 
Nonsense mutation in the LGR4 gene is associated with several human diseases and other traits. 
Nature. 2013;497(7450):517-20. 
68. Helgason A, Nicholson G, Stefansson K, Donnelly P. A reassessment of genetic diversity in 
Icelanders: strong evidence from multiple loci for relative homogeneity caused by genetic drift. Annals 
of human genetics. 2003;67(Pt 4):281-97. 
69. Helgason A, Lalueza-Fox C, Ghosh S, Sigurethardottir S, Sampietro ML, Gigli E, et al. 
Sequences from first settlers reveal rapid evolution in Icelandic mtDNA pool. PLoS genetics. 
2009;5(1):e1000343. 
70. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome 
Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. 
Genome research. 2010;20(9):1297-303. 
71. Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for genome-
wide association studies by imputation of genotypes. Nature genetics. 2007;39(7):906-13. 
72. Bulik-Sullivan BK, Loh PR, Finucane HK, Ripke S, Yang J, Schizophrenia Working Group of the 
Psychiatric Genomics C, et al. LD Score regression distinguishes confounding from polygenicity in 
genome-wide association studies. Nature genetics. 2015;47(3):291-5. 
73. Holm S. A Simple Sequentially Rejective Multiple Test Procedure. Scand J Stat. 1979;6(2):65-
70. 
74. Sveinbjornsson G, Mikaelsdottir E, Palsson R, Indridason OS, Holm H, Jonasdottir A, et al. Rare 
mutations associating with serum creatinine and chronic kidney disease. Human molecular genetics. 
2014;23(25):6935-43. 



  

32 

 

75. Kohler S, Doelken SC, Mungall CJ, Bauer S, Firth HV, Bailleul-Forestier I, et al. The Human 
Phenotype Ontology project: linking molecular biology and disease through phenotype data. Nucleic 
acids research. 2014;42(Database issue):D966-74. 
76. Sweeney HL, Houdusse A. Myosin VI rewrites the rules for myosin motors. Cell. 
2010;141(4):573-82. 
77. Polymorphism Phenotyping v2 (PolyPhen-2). 2012 [cited 2016 18 January]. Available from: 
http://genetics.bwh.harvard.edu/pph2/. 
78. Ferrer MI. The sick sinus syndrome in atrial disease. Jama. 1968;206(3):645-6. 
79. Exome Aggregation Consortium (ExAC). 2015 [cited 2016 18 January]. Available from: 
http://exac.broadinstitute.org. 
80. NHLBI GO Exome Sequencing Project (ESP).  [cited 2016 18 January]. Available from: 
http://evs.gs.washington.edu/EVS. 
81. Carniel E, Taylor MR, Sinagra G, Di Lenarda A, Ku L, Fain PR, et al. Alpha-myosin heavy chain: 
a sarcomeric gene associated with dilated and hypertrophic phenotypes of cardiomyopathy. Circulation. 
2005;112(1):54-9. 
82. Granados-Riveron JT, Ghosh TK, Pope M, Bu'Lock F, Thornborough C, Eason J, et al. Alpha-
cardiac myosin heavy chain (MYH6) mutations affecting myofibril formation are associated with 
congenital heart defects. Human molecular genetics. 2010;19(20):4007-16. 
83. Theis JL, Zimmermann MT, Evans JM, Eckloff BW, Wieben ED, Qureshi MY, et al. Recessive 
MYH6 Mutations in Hypoplastic Left Heart With Reduced Ejection Fraction. Circulation Cardiovascular 
genetics. 2015;8(4):564-71. 
84. Gretarsdottir S, Thorleifsson G, Manolescu A, Styrkarsdottir U, Helgadottir A, Gschwendtner A, 
et al. Risk variants for atrial fibrillation on chromosome 4q25 associate with ischemic stroke. Annals of 
neurology. 2008;64(4):402-9. 
85. Nguyen L, Cook SC. Coarctation of the Aorta: Strategies for Improving Outcomes. Cardiology 
clinics. 2015;33(4):521-30. 
86. Kappetein AP, Zwinderman AH, Bogers AJ, Rohmer J, Huysmans HA. More than thirty-five 
years of coarctation repair. An unexpected high relapse rate. The Journal of thoracic and cardiovascular 
surgery. 1994;107(1):87-95. 
87. Franco D, Lamers WH, Moorman AF. Patterns of expression in the developing myocardium: 
towards a morphologically integrated transcriptional model. Cardiovascular research. 1998;38(1):25-53. 
88. The Genotype-Tissue Expression (GTEx). 2015 [cited 2016 January 18]. Available from: 
http://gtexportal.org. 
89. Kimura A. Molecular etiology and pathogenesis of hereditary cardiomyopathy. Circulation 
journal : official journal of the Japanese Circulation Society. 2008;72 Suppl A:A38-48. 
90. Lakdawala NK, Winterfield JR, Funke BH. Dilated cardiomyopathy. Circulation Arrhythmia and 
electrophysiology. 2013;6(1):228-37. 
91. Budde BS, Binner P, Waldmuller S, Hohne W, Blankenfeldt W, Hassfeld S, et al. 
Noncompaction of the ventricular myocardium is associated with a de novo mutation in the beta-myosin 
heavy chain gene. PloS one. 2007;2(12):e1362. 
92. Miyata S, Minobe W, Bristow MR, Leinwand LA. Myosin heavy chain isoform expression in the 
failing and nonfailing human heart. Circulation research. 2000;86(4):386-90. 
93. Jiang J, Wakimoto H, Seidman JG, Seidman CE. Allele-specific silencing of mutant Myh6 
transcripts in mice suppresses hypertrophic cardiomyopathy. Science. 2013;342(6154):111-4. 
94. Aikawa N, Suzuki Y, Takaba K. A Simple Protocol for the Myocardial Differentiation of Human 
iPS Cells. Biological & pharmaceutical bulletin. 2015;38(7):1070-5. 

 

 

 

 

 

http://genetics.bwh.harvard.edu/pph2/
http://exac.broadinstitute.org/
http://evs.gs.washington.edu/EVS
http://gtexportal.org/

