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Abstract
Background—Mutations in transcription factor NKX2.5 cause congenital heart disease (CHD).
We identified a CHD family with atrial septal defects (ASDs), atrioventricular block, ventricular
noncompaction, syncope and sudden death. Our objective is to identify the disease-causing
mutation in the CHD family.

Methods—Direct DNA sequence analysis was used to identify the CHD mutation. The
functional effects of the mutation were characterized by a luciferase reporter assay and
immunostaining.

Results—A novel, de novo 2-bp insertion (c.512insGC) was identified in exon 2 of NKX2.5.
Mutation c.512insGC co-segregates with CHD in the family, and is not present in 200 controls.
Functional studies indicate that the c.512insGC mutation impedes nuclear localization of NKX2.5
and causes a total loss of transactivation activity of NKX2.5. Furthermore, no NKX2.5 mutation
was identified in 125 sporadic Chinese CHD patients.

Conclusions—(1) NKX2.5 mutation c.512insGC is associated with ASDs, syncope and sudden
death. It is the second de novo mutation identified in NKX2.5. (2) NKX2.5 mutations are rare in
sporadic CHD patients. (3) This study for the first time identifies association between a NKX2.5
mutation and ventricular noncompaction. Our results significantly expand the phenotypic
spectrum of NKX2.5 mutations.
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1. Introduction
Congenital heart disease (CHD) is one of the most common birth defects resulting from
abnormal development of the heart. Atrial septal defects (ASD) are one of the most common
congenital heart defects due to malformation of the septum between the two atria, and
account for 10% of the CHD cases [1,2]. Some ASDs are inherited in families and caused by
genetic mutations. Several genes have been reported for ASDs, including NKX2.5 (ASD1)
[3], GATA4 (ASD2) [3], MYH6 (ASD3) [4], TBX20 (ASD4) [5], ACTC1 (ASD5) [6], TLL1
(ASD6) [7], and TBX5 [8,9]. Among these ASD genes, mutations were more frequently
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identified in NKX2.5, which encodes a 324–amino acid transcriptional factor required for
cardiac morphogenesis and development [10-15]. The NKX-2.5 protein contains a tinman
domain (TN, amino acids 10-21) at the N-terminus, a homeodomain (HD, amino acids
138-197) in the middle, and a NK2-specific domain (nucleotide kinase, NK2, amino acids
212-234) near the C-terminus. The HD domain is necessary for DNA-binding,
transactivation, protein-protein interaction and dimerization [16-18], whereas the NK2
domain may have a function in masking transactivation [19,20].

Stallmeyer et al recently summarized reported NKX2.5 mutations [21], which include
missense, nonsense, and frame-shift mutations. Phenotypic heterogeneity is a common
finding in the NKX2.5 mutation carriers. In addition to ASDs, NKX2.5 mutations were found
to be associated with ventricular septal defects (VSDs), tetralogy of Fallot (TOF),
atrioventriciular block (AVB), Ebstein’s anomaly, atrial fibrillation (AF) , and mitral valve
prolapse either in the context of ASDs or in the absence of ASDs [22] [23]. Here, we report
the identification of a novel de novo NKX2.5 mutation in a family with ASD, AVB, syncope,
and sudden death as well as ventricular noncompaction. To the best of our knowledge, this is
the first time that a NKX2.5 mutation was found to be associated with ventricular
noncompaction.

We also screened NKX2.5 mutations in 125 Chinese Han patients with CHD, but no
mutation was identified, suggesting that NKX2.5 mutations are rare in sporadic CHD cases.

2. Materials and methods
2.1. Study subjects

A three generation American family affected with CHD was identified and clinically
characterized (Fig. 1). This study was approved by the Cleveland Clinic Institutional Review
Board on Human Subject Research and the Ethics Committee of College of Life Science and
Technology, Huazhong University of Science and Technology and conformed to the
guidelines set forth by the Declaration of Helsinki. Written consent was obtained from the
study subjects.

Diagnosis of CHD was made based on standard criteria, and performed by a panel of
cardiologists using color doppler echocardiography. Genomic DNA was isolated from
peripheral blood leukocytes using standard protocols with the Wizard Genomic DNA
Purification Kit (Promega Corp. Madison, WI).

In the CHD family, there are two brothers affected with CHD, a patient with sudden death,
and 5 normal family members. The proband, individual III:2 in Fig. 1, was found to be
affected with ASDs and ventricular noncompaction by echocardiography. The proband also
had first degree AVB and syncope. The proband’s brother was affected with ASDs and first
degree AVB. The brothers’ mother was normal, but their father (individual II:3 in Fig. 1)
died suddenly at the age of 29 years. Interestingly, the two parents for individual II:3 were
not affected with CHD.

2.2. Mutational analysis
Mutational analysis was carried out using direct DNA sequencing analysis. The two exons
and exon-intron boundaries of NKX2.5 were amplified by polymerase chain reactions (PCR)
and sequenced directly as previously described to identify a mutation [1].
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2.3. Modeling of the three-dimensional structure of the NKX2.5 HD domain by SWISS-
model

The amino acid sequences of wild type or mutant NKX2.5 protein were sent to the SWISS-
Model service, which returned the modeled three dimensional structure of the HD domain.
The structure was aligned and viewed using SWISS-Model and Protein Deep View 4.0
(http://swissmodel.expasy.org/).

2.4. Expression constructs for wild type and mutant NKX2.5 protein
The full length cDNA for the human NKX2.5 gene was obtained by reverse transcription
polymerase chain reactions (RT-PCR) using cardiac RNA samples. The NKX2.5 cDNA was
cut using Not I and BamH I restriction enzymes and sub-cloned into the pcDNA3.1 vector,
resulting in a mammalian expression construct for NKX2.5, pWT-NKX2.5. The c.512insGC
insertion mutation and the pE21E variant (rs2277923) was introduced into pWT-NKX2.5
using a PCR-based mutagenesis method [24], resulting in pNKX2.5-512insGC, and
pNKX2.5-E21. All expression constructs were sequenced and their identity was verified.

2.5. Cell culture and transfection
HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (D-MEM, Gibco BRL)
with 10% new born serum (Gibco BRL) as described previously [9].

Cells were plated onto 6-well or 12-well plates for 20 h before transfection and grown to a
confluence of 50-70%. Transfection was then performed using Lipofectamine 2000
(Invitrogen) and Opti-OMEM (Gibco BRL) using the standard protocols by manufacturers.

2.6. Cellular localization of NKX2.5 by immunostaining
A goat anti-NKX2.5 antibody was purchased from Santa Cruz. A rhodamine-labeled donkey
anti-goat IgG was purchased from PTG lab. Hochest33258 was from Beyotime.

Expression plasmid pWT-NKX2.5 and pNKX2.5-512insGC were transfected into Hela cells.
After 36 h, cells were washed by PBS for 3 times, and fixed in 4% paraformaldehyde for 30
min at room temperature. A goat polyclonal anti-NKX2.5 antibody (SantCruz, diluted
1:500) was diluted in TBS with 0.05% Tween 20 (Biosharp), and incubated with fixed cells
for 1 h at room temperature. The cells were then washed three times with PBS for 5 min
each time, incubated with a secondary antibody, rhodamine-labeled donkey anti-goat IgG
(PTG lab, diluted 1:100) for 1 h at room temperature, and washed by PBS as above. The
cells were counterstained with Hochest33258 (Beyotime, 2μg/ml, staining for the nucleus)
for 15 min, washed by PBS as above, and analyzed with an Olympus TH4-200 fluorescence
microscope (Olympus).

2.7. Dual luciferase assays
Transcriptional activity of NKX2.5 was assayed using an ANF(−638)-luciferase reporter
construct (ANF-Luc) which contains NK2-binding sites as described previously [25]. The
ANF(−638)-luciferase reporter contains the ANF promoter (from −638 to +1 bp
transcriptional start site) inserted into the pGL3-Luciferase vector and fused to the luciferase
gene. Cells were co-transfected with 1,000 ng of ANF-Luc, 300 ng of pWT-NKX2.5 or
derivatives (empty pcDNA3.1 as negative control), and 50 ng of renilla as internal control.
Cells were lysed 36 h after transfection. The activity of firefly and renilla luciferase was
measured using a Glomax 20/20 Luminometer (Promega). The transcriptional activation was
calculated by the firefly luciferase activity divided by the renilla luciferase activity. Each
experiment was carried out in triplicate. All experiments were performed three times
independently.
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The data was presented as mean ±SD and analyzed by a student’s t-test. A P value of <0.05
was considered to be statistically significant.

3. Results
3.1. Identification of a novel de novo NKX2.5 mutation associated with CHD

A three generation CHD family was identified and studied (Fig. 1). Because NKX2.5 is the
most common gene for ASDs, we sequenced its two exons and exon-intron boundaries in
family members III:1, III:2, II:1, II:3, I:1, and I:2 to identify a mutation. A heterozygous 2
bp insertion (GC) at c.512 from the translation start site in exon 2 (c.512InsGC p.170X) was
found in all three patients, III:1, III:2, and II:3 (Fig. 2A). Other family members did not
carry this mutation. More than 200 normal control individuals did not carry the c.512InsGC
insertion, either. The c.512InsGC mutation is located at codon 170 and is predicted to lead
to a frame-shift and result in a truncated protein with 175 amino acid residues (170 NKX2.5
amino acid residues plus 5 additional amino acids) (Fig. 2B, 2C). These results provide
strong genetic evidence that c.512InsGC is a pathogenic mutation for ASDs, ventricular
noncompaction, syncope and sudden death.

We subscribed the amino acid sequences of wild type NKX2.5 and mutant NKX2.5
generated by c.512insGC to online Swissmodel Service for prediction of the three-
dimension structure. Compared with wild type NKX2.5, the mutant NKX2.5 protein lost the
second half of α-helix 2 and entire α-helix 3 in the HD domain (Fig. 2D).

Interestingly, family member II:3 carried the c.512insGC insertion, but his two parents did
not carry the mutation. The paternal relationship was confirmed by genotyping and linkage
analysis of 6 highly polymorphic microsatellite markers (data not shown). These results
indicate that the c.512insGC insertion is a de novo mutation.

3.2. NKX2.5 mutations are rare in sporadic patients with CHD
A total of 125 patients with sporadic CHD were also investigated for mutations in NKX2.5.
The clinical characteristics of the study population are listed in Table 1. Thirty-nine patients
had ASDs, and 64 patients had VSDs. No mutation was identified.

A nonsynonymous single nucleotide polymorphism (SNP) that changes nucleotide A to G at
codon E21 (c.63A>G pE21E, rs2277923) was identified in NKK2.5 during the sequencing
analysis. The frequency of the minor allele A of SNP rs2277923 was 46.1% in 125 patients
and 36.7% in 105 normal controls. A Chi-square test (2 × 2 contingency table) found that
the two frequencies were marginally significant (P=0.04, odds ratio of 1.48 with 95%
confidence interval of 1.01-2.14).

3.3. Functional characterization of NKX2.5 mutation c.512insGC
To identify the molecular mechanism by which the c.512insGC insertion causes CHD, we
functionally characterized the effects of the c.512insGC insertion on nuclear localization and
transcriptional activity of NKX2.5. Wild type and mutant NKX2.5 expression plasmids were
transfected into HeLa cells, and immunofluorescence staining with an anti-NKX2.5
antibody was used to characterize cellular localization of NKX2.5. As expected, wild type
NKX2.5 is localized into nuclei, however, the mutant NKX2.5 protein generated by the c.
512inGC insertion was distributed in both cytoplasm and nuclei (Fig. 3).

The effect of the c.512insGC insertion on the transcriptional activation activity of NKX2.5
was assessed using an ANFp-Luc reporter with dual luciferase assays. Wild type NKX2.5
can activate the transcription of the ANF promoter by about five fold compared to the empty
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vector pcDNA3.1, whereas mutant NKX2.5 generated by c.512insGC did not possess any
transactivation activity (Fig. 4). Western blot analysis showed that both wild type and
mutant NKX2.5 proteins were successfully expressed in transfected cells (data not shown).

The transcriptional activity of the mutant NKX2.5 protein with SNP rs2277923 was also
studied, and interestingly the SNP reduced the transactivation activity of NKX2.5 by 20% in
multiple independent experiments (n=9).

4. Discussion
In this study, we identified a novel 2 bp insertion mutation, c.512InsGC p.170X, in NKX2.5
that causes ASDs, AVB, and ventricular noncompaction as well as syncope and sudden
death. Multiple pieces of evidence indicate that c.512InsGC is a pathogenic mutation. First,
c.512InsGC co-segregates with CHD in the family. Second, the mutation was not identified
in 200 normal controls. Third, the c.512InsGC insertion is a frame-shift mutation and
generates a truncated NKX2.5 protein that deletes the C-terminal 154 amino acids
containing the second half of the HD domain and the entire NK2 domain. Forth, functional
studies showed that contrary to wild type NKX2.5, the mutant NKX2.5 protein generated by
c.512InsGC was distributed in both the cytoplasm and nuclei, and completely lost the
transcription activation activity.

A novel finding from this study is that NKX2.5 mutation is associated with ventricular
noncompaction. Ventricular noncompaction is sometimes referred to as “ventricular
hypertrabeculation” and is a cardiomyopathy which may be caused by failed compaction of
trabeculated muscle structures due to arrest of normal embryogenesis of the endocardium
and myocardium [26]. Our finding is consistent with results from knockout mice with
ventricular-restricted deletion of NKX2.5 [27]. These NKX2.5 knockout mice exhibited
massive trabecular muscle overgrowth. To the best of our knowledge, this is the first time
that ventricular noncompaction was found in a human NKX2.5 mutation carrier. These
results significantly expand the phenotypic spectrum of NKX2.5 mutations. The molecular
mechanism by which a NKX2.5 mutation causes ventricular noncompaction is unknown.
Ventricular noncompaction is a cardiac disorder associated with mutations in sarcomere
genes [28]. NKX2.5 may regulate expression of some sarcomere genes, facilitating
development of ventricular noncompaction.

NKX2.5 mutation c.512InsGC is associated with syncope and sudden death. Two other
mutations, Q170X identified in one ASD family and a double mutation Q170X/Q198X in
another ASD family, were also previously reported to be associated with sudden death in
families [29].

The c.512InsGC insertion arose de novo. This is the second de novo mutation identified in
NKX2.5. The first de novo mutation in NKX2.5 was a one bp C insertion at codon 167, and
was identified in a single patient with ASDs and AVDs [23].

We failed to identify any NKX2.5 mutation in 125 Chinese Han patients with CHD,
suggesting that NKX2.5 mutations are rare in sporadic CHD cases. Our results are more
consistent with several previously-reported studies [21,30-34].

In conclusion, this study identified a novel, de novo mutation in NKX2.5 that is associated
not only with ASDs, AVB, syncope, and sudden death, but also with ventricular
noncompaction. The results provide insights into the molecular pathogenic mechanism of
ventricular noncompaction.
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Fig. 1.
The pedigree structure of a family affected with CHD. The affected individuals are indicated
by filled squares (males), and normal individuals are shown with empty squares (males) or
circles (females). The deceased individual with sudden death is shown with “/”, and the
proband is indicated by an arrow. +, wild type NKX2.5 allele; Ins, mutant NKX2.5 with the 2
bp insertion.
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Fig. 2.
Identification of a novel NKX2.5 mutation, c.512InsGC, in the family with CHD. A:
Sequencing results from one normal family member (WT) and one patient (c.512InsGC). B:
Schematic diagram showing the frame-shift effect caused by the c.512InsGC mutation. C:
Structure of the NKX2.5 protein and the effect of the c.512InsGC mutation. NKX2.5
contains 324 amino acids with a TN domain (amino acids 10-21), a HD with three α-helices
(139-197) and a NK2-SD domain (210-233). HD αH1, 147-159; αH2, 165-175; αH3,
179-195. D: The three-dimensional structure of the NKX2.5 HD domain. For wild type
NKX2.5, the three α-helices are indicated by different colors, blue, green, and yellow,
respectively. For mutant NKX2.5 generated by c.512insGC, the pink color indicates α-helix
1 and red shows α-helix 2. The merged diagram indicates that the mutant NKX2.5 lost the
second half of the α-helix 2 and entire α-helix 3.
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Fig. 3.
Cellular localization of wild type NKX2.5 (WT) and mutant NKX2.5 generated by mutation
c.512insGC. HeLa cells were transfected with pWT-NKX2.5 and pNKX2.5-512insGC and
stained with a goat anti-NKX2.5 antibody as the primary antibody and rhodamine-labeled
donkey anti-goat antibody as the secondary antibody (red signal). Nuclei were stained with
Hochest 33258 (blue signal). Wild type NKX2.5 was localized completely into the nucleus,
whereas the mutant NKX2.5 was localized in both nucleus and cytoplasm.
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Fig. 4.
Transcriptional activation activity of wild type NKX2.5 (WT), mutant NKX2.5 generated by
mutation c.512insGC, and mutant NKX2.5 with SNP rs2277923 (63a>g). pcDNA3.1, empty
vector as negative control. The data were shown as mean ± SD (n=9).
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Table 1

Characteristics of the study population of 125 patients with sporadic CHD.

Type of congenital heart disease Number of patients (n) %

ASDs 17 13.6

VSDs 51 40.8

PDA 10 8.0

TOF 7 5.6

ASDs, CAD 1 0.8

ASDs, MI 1 0.8

ASDs, PFO 1 0.8

ASDs, SMTVS 1 0.8

ASDs, Ebstein anomaly 1 0.8

ASDs, LVOTS 1 0.8

ASDs, PDA, TGA 2 1.6

ASDs, PS 1 0.8

ASDs, RHD 1 0.8

ASDs, TOF 1 0.8

ASDs, TVR, CT 1 0.8

ASDs, VSDs 7 5.6

ASDs, VSDs, PDA 1 0.8

AVSDs 1 0.8

PDA, CAD, AI 1 0.8

PDA, Eisenmengor syndrome 1 0.8

PDA, TOF 1 0.8

PDA, TOF, PA 1 0.8

TOF, AVB 1 0.8

VSDs, AI 4 0.8

VSDs, ECD, TGA, PA 1 0.8

VSDs, PDA 1 0.8

VSDs, PFO 3 2.4

VSDs, PFO, PA 1 0.8

VSDs, PS, MVR 1 0.8

VSDs, RVOTS 2 1.6

ASD,PDA 1 0.8

Total 125 100

ASD, atrial septal defect; VSD, ventricular septal defect; PDA, patent ductus arteriosus; TOF, tetralogy of Fallot; AVSD, atrioventricular septal
defect. CAD, coronary artery disease; MI, mitral insufficiency; PFO, patent foramen ovale; SMTVS, sever mitral valve stenosis; LVOTS, left
ventricular outflow tract stenosis; TGA, transposition of the great arteries; PS, pulmonary stenosis; RHD, rheumatic heart disease; TVR, tricuspid
valve reggitation; CT, cor triatriatum; AI, aortic insufficiency; ECD, Endocardial cushion defect; PA, pulmonary atresia; MVR, RVOTC, right
ventricular outflow tract stenosis.
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