
EDUCATION FORUM

Familial Atrial Septal Defect and Sudden Cardiac Death:

Identification of a Novel NKX2-5 Mutation and a Review

of the Literature

Sabrina Gade Ellesøe, MD,* Morten Munk Johansen, MB,† Jesper Vandborg Bjerre, MD,‡

Vibeke Elisabeth Hjortdal, MD, PhD, DMSc,§ Søren Brunak, MSc, PhD,* and
Lars Allan Larsen, MSc, PhD†

*Department of Disease Systems Biology, NNF Center for Protein Research, University of Copenhagen, Copenhagen,
Denmark; †Department of Cellular and Molecular Medicine, University of Copenhagen, Copenhagen, Denmark;
‡Department of Pediatrics, Aarhus University Hospital, Aarhus, Denmark; §Department of Cardiothoracic and Vascular
Surgery, Aarhus University Hospital, Aarhus, Denmark

A B S T R A C T

Objective. Atrial septal defect (ASD) is the second most common congenital heart defect (CHD) and is observed in
families as an autosomal dominant trait as well as in nonfamilial CHD. Mutations in the NKX2-5 gene, located on
chromosome 5, are associated with ASD, often combined with conduction disturbances, cardiomyopathies, complex
CHD, and sudden cardiac death as well. Here, we show that NKX2-5 mutations primarily occur in ASD patients
with conduction disturbances and heritable ASD. Furthermore, these families are at increased risk of sudden cardiac
death.
Results. We screened 39 probands with familial CHD for mutations in NKX2-5 and discovered a novel mutation in
one family (2.5%) with ASD and atrioventricular block. A review of the literature revealed 59 different NKX2-5
mutations in 202 patients. Mutations were significantly more common in familial cases compared to nonfamilial cases
(P 5 7.1 3 1029). The majority of patients (74%) had ASD with conduction disturbance. Nineteen patients (15%) of
120 with familial ASD and conduction disturbance died from sudden cardiac death of which nine (8%) were con-
firmed mutation carriers, and 10 were possible carriers.
Conclusions. NKX2-5 mutations mainly occur in familial CHD, the signature phenotype is ASD with conduction
disturbances and mutation carriers are at increased risk of sudden cardiac death. We suggest that familial ASD
patients should be screened for NKX2-5 mutations and, if they are mutation carriers, implantation of an implantable
cardioverter-defibrillator should be considered in these patients.
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Background

Atrial septal defect (ASD) is the second most
common congenital heart defect (CHD) and

accounts for approximately 10% of all cardiac mal-
formations.1,2 Eighty percent of persistent foramen
ovale and small ASDs close spontaneously during
infancy or childhood, whereas large ASDs or those
remaining open into adulthood may cause conges-
tive heart failure, pneumonia, pulmonary vascular
disease, atrial arrhythmias, and paradoxical embo-

lism.3–7 Also, co-occurrence with other cardiac
malformations within the same individual is often
observed.8

ASD is correlated to mutations in the NKX2-
5 gene, located on chromosome 5 (5q34).9–11

NKX2-5 is a cardiac transcription factor that
plays a significant role in development of the
atrioventricular node as well as maintaining
function of the node throughout life.12 In recent
years, NKX2-5 mutations have been reported in
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CHD patients with nonfamilial as well as fami-
lial CHD.

Familial atrioventricular block, observed as con-
genital or adult-onset type, co-occur with
ASD.13–15 Besides ASD,9–11 congenital complete
atrioventricular block co-occur with laterality
defects such as levo-transposition of the great
arteries (l-TGA) or atrial isomerism.16–18 As
opposed to the adult-onset type, congenital com-
plete atrioventricular block is diagnosed in utero or
shortly after birth, and it is associated with mortal-
ity rates ranging from 33% to 80% if the heart rate
is below 50 or it co-occurs with structural heart dis-
ease.17,18 Conversely, the adult-onset type of fami-
lial atrioventricular block is of a progressive nature,
and there are several reports of patients with nor-
mal ECG or a harmless first-degree atrioventricu-
lar block followed by sudden onset of second- and
third-degree atrioventricular block or sudden death
later in life.14,15,19

Sudden cardiac death (SCD) occur in patients
with both types of atrioventricular block15,16,20,21

and in patients with NKX2-5 mutations.22,23 SCD
have been reported in pediatric as well as adult
cases of atrioventricular block,15,16,20,21 and autopsy
studies have shown fibrotic replacement of the AV-
bundle,24 which explains the atrioventricular node
malfunctioning in these patients. However, there
has been an alarming number of SCDs in obligate
carriers and relatives of patients with NKX2-5
mutations.22,23,25,26 This, and previous reports of
patients with ASD and/or atrioventricular block
dying suddenly with a functioning pacemaker, sug-
gest that the myocardium is also involved in the
NKX2-5 phenotype.15,16 Despite the large efforts
in finding NKX2-5 mutations in CHD patients,
there have been no reviews of the existing literature
to determine the frequency of the mutation or
characterization of the phenotypic appearance of
mutation carriers.

We hypothesized, that mutations in NKX2-5
primarily occur in familial CHD, and that the sig-
nature phenotype is ASD with or without conduc-
tion disease or arrhythmia (CD/A). Furthermore,
we suspected that these carriers were at increased
risk of SCD.

Here, we report a novel truncating mutation in
six members of a family with autosomal dominant
transmission of ASD (n 5 5) co-occurring with
atrioventricular block and complex CHD (n 5 1).
By reviewing the literature, we show that the
majority of NKX2-5 mutation carriers are patients
with familial ASD and conduction disturbances,

and we report an alarming large number of SCDs
in such families.

This finding has important implications for the
management of patients with familial ASD, because
they could be carriers of a NKX2-5 mutation with
an increased risk of SCD. We suggest that a pre-
ventive implantable cardioverter-defibrillator
should be considered in such patients.

Methods

We screened 39 Danish CHD families for NKX2-5
mutations. Diagnoses of probands and their
affected relatives were verified by a review of the
patient file, and a diagnosis was considered con-
firmed if it was found during echocardiography,
heart catheterization, surgery, or autopsy (Rela-
tions and diagnoses shown in Supporting Inforam-
tion). A total of 100 Danish unaffected individuals,
unrelated to the study subjects, were used as con-
trols to investigate population frequency of the
identified mutation. Genomic DNA was extracted
from peripheral leukocytes. The coding regions of
NKX2-5 were amplified by the polymerase chain
reaction. Polymerase chain reaction products were
sequenced bidirectionally with BigDye Terminator
v. 1.1 reagents (Applied Biosystems, Naerum,
Denmark) and analyzed using an ABI 3130xl
Genetic Analyzer.

Also, a systematic search with the words
“NKX2-5/CSX” and “Congenital heart disease/
ASD/atrioventricular block/heart block” was con-
ducted in Pubmed and OMIM. Mutations anno-
tated in HGMD (www.hgmd.org) were also
included. Papers published in English peer-
reviewed journals investigating germ-line muta-
tions were included, supplemented with literature
cited in key papers.

The study protocol was reviewed and approved
by the local ethics committee and written informed
consent was obtained from all participants or their
legal guardians prior to investigation.

Results

NKX2-5 Mutation in a Family with ASD, Complex
Malformation, and Atrioventricular Block

We identified a single nucleotide deletion at posi-
tion 112 in exon 1 of NKX2-5 in one family segre-
gating autosomal dominant CHD in three
generations (Figure 1). The mutation was not pres-
ent in 100 Danish controls or the ExAC database
of variants in the exome (http://exac.broadinstitute.
org/) supporting that 112delG is a rare variant.

284 Ellesøe et al.

Congenit Heart Dis. 2016;11:283–290

http://www.hgmd.org
http://exac.broadinstitute.org
http://exac.broadinstitute.org


The deletion causes a shift of the reading frame,
leading to a deduced protein with abnormal amino
acid sequence from amino acid 37 and a premature
stop at amino acid 175.

In the Danish family, the deletion segregated
with CHD and was observed in 5/5 affected indi-
viduals, where a blood sample was available, and in
one apparently healthy individual, who, however,
has not been thoroughly investigated for CHD.
ASD was diagnosed in all six individuals affected
with CHD (five live with documented CHD, and
one deceased with complex CHD), three also had
conduction disease, one a ventricular septal defect
(VSD) and one individual (III:1) had ASD in com-
plex CHD (Figure 1). III:1 was diagnosed with
double outlet right ventricle, fallot type (DORV-
TOF), coarctation of aorta, ASD, and persistent
left superior vena cava. The patient died eight
months old after complicated staged surgery and
atrioventricular block or arrhythmia was not
observed.

Review of Published NKX2-5 Mutations

Fifty-nine different NKX2-5 mutations were
reported and confirmed in 202 patients in 31
papers.2,18,19,22–46,51–56 Thus, including the muta-
tion we identified in six Danish individuals, a total
of 60 NKX2-5 mutations have been identified in
208 patients.

NKX2-5 Mutations Are Significantly more
Frequent in Familial CHD Compared to
Nonfamilial CHD
A total of 198 index patients from CHD families
(ASD 5 117; atrioventricular block 5 9; HLHS 5

12; TOF 5 3, mixed CHD 5 57) have been
screened for mutations and in 18 (9.1%) a NKX2-5
mutation was found co-segregating with the mal-
formation. In comparison 1037 nonfamilial cases
(ASD 5 137; atrioventricular block 5 4; HLHS 5

7; TOF 5 290; mixed CHD 5 599) have been
screened in which 17 (1.6%) had a NKX2-5 muta-
tion (Table 1). A Fisher’s exact test showed that
this difference is significant (P 5 7.1 3 1029). Stud-
ies by Costa et al., Belvis et al., and Xie et al. were
excluded (Table 1), because the index patients did
not have CHD, but cardiomyopathy, stroke and
atrial fibrillation, respectively. If these are included,
the frequencies are 4.4% and 1.8% for familial and
nonfamilial cases, respectively, and the difference is
still significant (P 5 .0032). Studies, in which an
actual screening of affected individuals was under-
taken and where the text stated the number of
screened familial and sporadic cases, was included
in the calculations.

The Signature Phenotype of NKX2-5 Mutation
Carriers is ASD with CD/A
The 208 patients were grouped according to diag-
nosis and presence/absence of CD/A (Figure 2).

Figure 1. (A) Pedigree of Danish family with six affected individuals. I:2 (37 years old) had surgical closure of a secundum
atrial septal defect (ASD2). ECG showed 1. degree atrioventricular block. II:2 (6 years old) had surgical closure of an ASD2.
Twenty-year-old male had two episodes of dyspnea, retrosternal pain, and vertigo. ECG showed junctional rhythm with a
heart rate of 49 beats per minute (bpm). ASD. II:3 (5 years old) had surgical closure of an ASD2. II:5 (6 years old) had surgi-
cal closure of an ASD2 with intermittent 1. and 2. Degree atrioventricular block, Wenckeback type, postoperatively. III:1 (8
months old) had complex CHD [double outlet right ventricle, fallot type (DORV-TOF), coarctation of aorta (CoA), persistent
left superior vena cava (PLSVC), and ASD]. She died from respiratory failure. III:2 had an insignificant muscular ventricular
septal defect (VSD) and a small ASD2 at birth. III:4 was a healthy carrier of the mutation, but an echocardiogram had never
been done by wish of the parents. (1/2) Indicates presence/absence of mutation, respectively. AVB, atrioventricular block.
(B) Section of the nucleotide sequence of NKX2-5 gene located on chromosome 5 (5q34). Top, normal individual. Bottom,
affected individual. The deletion of a single nucleotide at position 112 causes a frameshift, resulting in a truncated protein
and a premature stop codon.
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Patients with several malformations are part of sev-
eral groups (e.g., a patient with ASD and VSD
were included in the ASD and in the VSD column,
respectively). ASD was present in 145 (70%) of the
mutation carriers and 112 (54%) also had CD/A.
In addition, 17 patients had VSD and CD/A, how-
ever, 16 of these also had an ASD. None of the
three and thirteen patients with HLHS or TOF,
respectively, had CD/A. Lastly, 11 patients had
cardiomyopathy (left ventricular noncompaction,
left ventricular hypertrophy, dilated cardiomyopa-
thy) co-occurring with CD/A in six.

The Majority (94%) of Mutation Carriers with
ASD and CD/A are Familial Cases
In a total of 112 patients with ASD and CD/A, 27
mutations were reported in 105 cases of familial
CHD, whereas only seven mutations were found in

cases with nonfamilial CHD. One mutation
(Gln198ter) was found in both groups.

SCD Occurred in 15% of Patients with Familial
ASD and CD/A
There were 19 SCDs in nine families with ASD
and CD/A, and cardiomyopathy was also present
in four (44%) of these nine families. A mutation
(p.512insGlyCys) was documented in only one of
these patients, however, additionally eight patients
were obligate carriers (Supporting Information
Figures II–IV). The remaining 10 patients were all
part of pedigrees with dominant traits of NKX2-5
mutations co-segregating with the malformations,
and they all died suddenly before the age of 50.
Assuming that these 10 were carriers of the muta-
tions transmitted in their families, the total number
of patients with familial ASD with CD/A would be
130 (112 1 8 obligate 110 possible carriers),

Table 1. Number of Screened Familial and Sporadic Cases Published

Author (Reference)

Number of Families Screened
(Number of Index Cases With

Mutation)
Mixed Familial/

Nonfamilial CHD

Number of Nonfamilial Cases
Screened (Number of Individuals

with Mutation)

Schott et al. (1998)25* 4 (4)
Elliott et al. (2003)31* 25 (1)‡ 121 (0)‡

Hirayama-Yamada et al. (2005)36* 16 (2)‡

Hosoda et al. (1999)26* 1 (1)
Stallmeyer et al. (2010)42 (2) 121
Sarkozy et al. (2005)41* 16 (2)‡ 13 (1)‡

Gutierrez-Roelens et al. (2002)34* 2 (2)
Gutierrez-Roelens et al. (2006)35* 3 (1)‡ 4 (0)‡

Benson et al. (1998)24 14 (4†)‡ 22 (1)‡

McElhinney et al. (2003)50 474 (11)
Rifai et al. (2007)40* 1 (1)
Kasahara et al. (2004)37* 2 (2)
K€onig et al. (2006)38* 1 (1)
Liu et al. (2011)51* 58 (3)‡

Perera et al. (2014)22* 1 (1)
Costa et al. (2013)29 220 (1)†

Watanabe et al. (2002)44* 2 (2)
Ouyang et al. (2011)23* 1 (1)
Pabst et al. (2008)52* 1 (1)
Ikeda et al. (2002)53* (1) 109
Xie et al. (2013)45 48 (1)† 88 (1)
Wang et al. (2010)43 (1) 136
Peng et al. (2010)39 135 (1)‡

Belvis et al. (2009)28 100 (3)
Goldmuntz et al. (2001)33 114 (6)‡

Draus et al. (2009)30 28 (1†)‡

Esposito et al. (2009)32 3 (1)‡ 119 (5)‡

Kodo et al. (2012)54 256 (1)‡

Akçaboy et al. (2008)27 72 (1)‡

Abou Hassan et al. (2015)46 25 (3)‡ 153 (0)‡

Ellesøe et al. (2015) (present study) 39 (1)‡

Frequency 18/198 (9.1%) 17/1037 (1.6%)

Overview of the number of familial/sporadic index cases with CHD screened for NKX2-5 mutations. Only the number of index cases screened and the number
of index cases () with mutations are displayed. For example, in this study 39 index cases from 39 families were screened and one subject had a mutation.
Bold indicate the total of the two columns.
*Indicate that the index cases in the study had ASD.
†Indicate that mutation carriers found had ASD (e.g., in the study by Costa et al., where index patients had familial dilated cardiomyopathy, or Xie et al., where
index patients had familial atrial fibrillation).
‡Indicate that the study was included in the frequency calculation.

286 Ellesøe et al.

Congenit Heart Dis. 2016;11:283–290



corresponding to SCDs in 8% of mutation carriers
with familial ASD and CD/A and 15% if the possi-
ble carriers are included.

There were no sudden deaths reported in the
nonfamilial cases.

Discussion

Mutations in the NKX2-5 gene have been reported
several times in CHD patients, but a review of the
phenotypic characteristics of the mutation carriers
has not been presented. In this study, we identified
a novel NKX2-5 mutation in a Danish family and
through a review of the literature, we found, that
NKX2-5 mutations usually occur in familial cases,
the signature phenotype is ASD with CD/A and
there is an alarming number of SCDs in the muta-
tion carriers and their relatives.

In a Danish family with autosomal dominant
transmission of ASD, atrioventricular block and
complex heart defect, we identified of a novel
mutation in 5/5 affected individuals. The muta-
tion causes a frameshift and is expected to cause
haploinsufficiency, due to nonsense mediated
mRNA decay or production of a truncated ver-
sion of the protein. The mutation co-segregated
with CHD in the family, and all but one of the

healthy individuals was negative for this muta-
tion. We cannot exclude the possibility, that the
unaffected carrier (III:4) had an insignificant
ASD that closed early, or that she later in life
develops an adult-onset atrioventricular block.
It could also be caused by nonpenetrance of the
mutation. Nonpenetrance has been reported for
a few mutations in NKX2-5 of which one
(Arg25Cys) recently was suggested not to be
causative due to the increasing number of unaf-
fected relatives or controls carrying this muta-
tion.27,51 The mutation reported in the present
study has never been found in any healthy
individuals and we strongly believe this muta-
tion is causative. Due to the lack of guidelines in
this area, we decided to enrol the Danish family
in 5 yearly checkups to monitor their heart
rhythm.

Including the Danish family, 60 different muta-
tions have been reported in 208 CHD patients and
74% of the patients had ASD, whereas only three
documented cases of HLHS and 13 of TOF was
reported. We found a highly significant increased
frequency of mutations in familial cases compared
to nonfamilial cases (P 5 7.1 3 1029). Lastly, we
found that nine mutation carriers and 10 relatives
died suddenly before the age of 50, two of which
had functional pacemakers at time of death. SCD
in individuals without progressive heart failure and
with functional pacemakers can be assumed to be
caused by tachyarrhythmias. These tachyarrhyt-
mias can either originate in the myocardium or in
the conduction system. However, the presence of
cardiomyopathy in some of these individuals
strongly suggests that this is a disease of the
myocardium.

We hypothesized, that NKX2-5 mutations are
correlated to ASD with CD/A and that the disease-
related mutations predominantly occur in CHD
families, rather than in nonfamilial CHD, and we
confirmed this by review of the existing literature.

NKX2-5 is necessary for cardiac development as
well as maintaining proper function of the AV-
node and myocardium throughout adult life.12,47

NKX2-5 mutations in patients with ASD and atrio-
ventricular block has been reported sporadically,
however, recent studies have also reported healthy
mutation carriers exhibiting runs of nonsustained
ventricular tachycardia, ventricular fibrillation, and
paroxysmal atrial fibrillation during Holter-
monitoring or recordings from implantable cardi-
overter-defibrillators.22,35,45 During cardiogenesis
NKX2-5 signal the heart to develop from primary
slowly conducting into fast conducting working

Figure 2. The majority of patients with a confirmed muta-
tion in NKX2-5 has ASD with CD/A. ASD, atrial septal
defect; TOF, tetralogy of Fallot; VSD, ventricular septal
defect; HLHS, hypoplastic left heart syndrome; CM, cardio-
myopathy (left ventricular noncompaction, dilated cardio-
myopathy, left ventricle hypertrophy); SCD, sudden cardiac
death (sudden death in otherwise healthy individual before
age 50); Other: Interrupted aortic arch 5 1; truncus arterio-
sus 5 1; levo-transposition of the great arteries 5 1; coarc-
tation of aorta 5 2; double outlet right ventricle 5 1;
tricuspid valve anomaly (atresia, Ebstein) 5 4; anomalous
pulmonary venous return 5 1; heterotaxy 5 1.
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myocardium.48,49 However, in the areas of the
developing conduction system timed repression of
NKX2-5 is crucial for proper formation of the sinus
node, the AV node and the peripheral conduction
system.49

Our study is limited by the retrospective design
and should be interpreted with certain precautions.
First, we only included studies in which a clear
screening procedure was reported, as well as studies
in which the number of screened familial/nonfami-
lial cases was stated clearly. This could have biased
our results; however, when we included three
screening studies of patients without CHD (cardio-
myopathy, atrial fibrillation, and stroke) the differ-
ence was still significant.

Second, we have proof of one mutation carrier
and eight obligate carriers dying from SCD, and
the inclusion of the remaining 10 in the cohort as
assumed mutation carriers could be considered as
speculative. However, they were all part of pedi-
grees with confirmed mutations segregating with
CHD, which support our theory, that they were
also mutation carriers.

With this review, we have established a connec-
tion between SCD, cardiomyopathy and familial
ASD, that necessitates clinicians not merely to see
patients with familial ASD as cured after successful
ASD repair, but as possible carriers of a mutation
associated with increased risk of developing pro-
gressive arrhythmias, cardiomyopathy, and
SCD.23,25,29,41 We found that 44% of families with
SCD cases had NKX2-5 mutations combined with
cardiomyopathy. Due to the small number of
reported cases, we can only speculate whether this
combination of NKX2-5 mutation and cardiomy-
opathy increases the risk of SCD. Further studies
are needed to confirm this theory, but in the mean-
time, we suggest, that patients with familial ASDs
should be screened for mutations in NKX2-5 to
assess the risk of malignant arrhythmias and sudden
deaths. If they are mutation carriers, we suggest
that a preventive implantable cardioverter-
defibrillator should be considered in these patients,
especially if there is also a family history of
cardiomyopathy.
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27 Akçaboy MI, Cengiz FB, Inceo�glu B, et al. The
effect of p.Arg25Cys alteration in NKX2-5 on
conotruncal heart anomalies: mutation or poly-
morphism? Pediatr Cardiol. 2008;29(1):126–129.

28 Belv�ıs R, Tizzano EF, Mart�ı-F�abregas J, et al.
Mutations in the NKX2-5 gene in patients with
stroke and patent foramen ovale. Clin Neurol Neu-
rosurg. 2009;111(7):574–578.

29 Costa MW, Guo G, Wolstein O, et al. Func-
tional characterization of a novel mutation in
NKX2-5 associated with congenital heart disease
and adult-onset cardiomyopathy. Circ Cardiovasc
Genet. 2013;6(3):238–247.

30 Draus JM, Hauck MA, Goetsch M, Austin EH,
Tomita-Mitchell A, Mitchell ME. Investigation of
somatic NKX2-5 mutations in congenital heart
disease. J Med Genet. 2009;46(2):115–122.

31 Elliott DA, Kirk EP, Yeoh T, et al. Cardiac
Homeobox gene NKX2-5 mutations and congenital
heart disease. J Am Coll Cardiol. 2003;41(11):4–8.

32 Esposito G, Grutter G, Drago F, et al. Molecular
analysis of PRKAG2, LAMP2, and NKX2-5
genes in a cohort of 125 patients with accessory
atrioventricular connection. Am J Med Genet Part
A. 2009;149(7):1574–1577.

33 Goldmuntz E, Geiger E, Benson DW. NKX2.5
mutations in patients with tetralogy of fallot. Cir-
culation. 2001;104(21):2565–2568.

34 Gutierrez-Roelens I, Sluysmans T, Gewillig M,
Devriendt K, Vikkula M. Progressive AV-block
and anomalous venous return among cardiac
anomalies associated with two novel missense
mutations in the CSX/NKX2-5 gene. Hum
Mutat. 2002;20(1):75–76.

35 Gutierrez-Roelens I, De Roy L, Ovaert C, et al.
A novel CSX/NKX2-5 mutation causes
autosomal-dominant AV block: are atrial fibrilla-
tion and syncopes part of the phenotype? Eur J
Hum Genet. 2006;14(12):1313–1316.

36 Hirayama-Yamada K, Kamisago M, Akimoto K,
et al. Phenotypes with GATA4 or NKX2.5 muta-
tions in familial atrial septal defect. Am J Med
Genet A. 2005;135(1):47–52.

37 Kasahara H, Benson DW. Biochemical analyses
of eight NKX2.5 homeodomain missense muta-
tions causing atrioventricular block and cardiac
anomalies. Cardiovasc Res. 2004;64(1):40–51.

38 K€onig K, Will JC, Berger F, M€uller D, Benson
DW. Familial congenital heart disease, progres-
sive atrioventricular block and the cardiac homeo-
box transcription factor gene NKX2.5:

NKX2-5 Mutations in Familial ASD and Sudden Cardiac Death 289

Congenit Heart Dis. 2016;11:283–290



identification of a novel mutation [7]. Clin Res
Cardiol. 2006;95(9):499–503.

39 Peng T, Wang L, Zhou SF, Li X. Mutations of
the GATA4 and NKX2.5 genes in Chinese pedi-
atric patients with non-familial congenital heart
disease. Genetica. 2010;138(11):1231–1240.

40 Rifai L, Maazouzi W, Sefiani A. Novel point
mutation in the NKX2-5 gene in a Moroccan
family with atrioventricular conduction disturb-
ance and an atrial septal defect in the oval fossa.
Cardiol Young. 2007;17(1):107–109.

41 Sarkozy A, Conti E, Neri C, et al. Spectrum of
atrial septal defects associated with mutations of
NKX2.5 and GATA4 transcription factors. J Med
Genet. 2005;42(2):e16.

42 Stallmeyer B, Fenge H, Nowak-G€ottl U,
Schulze-Bahr E. Mutational spectrum in the car-
diac transcription factor gene NKX2.5 (CSX)
associated with congenital heart disease. Clin
Genet. 2010;78(6):533–540.

43 Wang J, Xin Y-F, Liu X-Y, Liu Z-M, Wang X-
Z, Yang Y-Q. A novel NKX2-5 mutation in fami-
lial ventricular septal defect. Int J Mol Med. 2011;
27:369–375.

44 Watanabe Y, Benson DW, Yano S, Akagi T,
Yoshino M, Murray JC. Two novel frameshift
mutations in NKX2.5 result in novel features
including visceral inversus and sinus venosus type
ASD. J Med Genet. 2002;39:807–811.

45 Xie W-H, Chang C, Xu Y-J, et al. Prevalence
and spectrum of Nkx2.5 mutations associated
with idiopathic atrial fibrillation. Clinics (Sao
Paulo). 2013;68(6):777–784.

46 Abou Hassan OK, Fahed AC, Batrawi M, et al.
NKX2-5 mutations in an inbred consanguineous
population: genetic and phenotypic diversity. Sci
Rep. 2015;5:8848.

47 Pashmforoush M, Lu JT, Chen H, et al. Nkx2-5
pathways and congenital heart disease; loss of
ventricular myocyte lineage specification leads to
progressive cardiomyopathy and complete heart
block. Cell. 2004;117(3):373–386.

48 Prall OWJ, Menon MK, Solloway MJ, et al. An
Nkx2-5/Bmp2/Smad1 negative feedback loop
controls heart progenitor specification and prolif-
eration. Cell. 2007;128(5):947–959.

49 Miquerol L, Kelly RG. Organogenesis of the ver-
tebrate heart. Wiley Interdiscip Rev Dev Biol. 2013;
2:17–29.

50 Jongbloed MRM, Vicente Steijn R, Hahurij ND,
et al. Normal and abnormal development of the
cardiac conduction system; implications for con-
duction and rhythm disorders in the child and
adult. Differentiation. 2012;84(1):131–148.

51 McElhinney DB, Geiger E, Blinder J, Benson
DW, Goldmuntz E. NKX2.5 mutations in
patients with Congenital Heart Disease. J Med
Genet. 2003;42(9):1650–1655.

52 Liu X-Y, Wang J, Yang Y-Q, et al. Novel
NKX2-5 mutations in patients with familial atrial
septal defects. Pediatr Cardiol. 2011;32(2):193–
201.

53 Pabst S, Wollnik B, Rohmann E, et al. A novel
stop mutation truncating critical regions of the
cardiac transcription factor NKX2-5 in a large
family with autosomal dominant inherited con-
genital heart disease. Clin Res Cardiol. 2008;97(1):
39–42.

54 Ikeda Y, Hiroi Y, Hosoda T, et al. Novel point
mutation in the cardiac transcription factor CSX/
NKX2.5 associated with congenital heart disease.
Circ J. 2002;66(6):561–563.

55 Kodo K, Nishizawa T, Furutani M, et al. Genetic
analysis of essential cardiac transcription factors
in 256 patients with non-syndromic congenital
heart defects. Circ J. 2012;76(7):1703–1711.

56 Gioli-Pereira L, Pereira AC, Mesquita SM,
Xavier-Neto J, Lopes AA, Krieger JE. NKX2.5
mutations in patients with non-syndromic con-
genital heart disease. Int J Cardiol. 2010;138(3):
261–265.

Supporting Information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Table I. Diagnoses of Danish probands screened for
NKX2-5 mutations and their relatives.
Figure I. Pedigrees of three Danish families screened for
NKX2-5 mutations.
Figure II. Pedigrees from published papers reporting sud-
den cardiac deaths: Schott et al. (1999).25

Figure III. Pedigrees from published papers reporting sud-
den cardiac deaths: Hosoda et al. (1999),26 Ouyang et al.
(2011),23 and Perera et al. (2014).22

Figure IV. Pedigrees from published papers reporting sud-
den cardiac deaths: Abou Hassan et al. (2015).46

290 Ellesøe et al.

Congenit Heart Dis. 2016;11:283–290


