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Abstract Conotruncal heart defect is a complex form of
congenital heart disease and usually has a poor prognosis.
Although previous studies have identified several missense
variants in GATA4 gene that may cause CTD, it remains
unclear whether they are involved in CTD pathogenesis
because the study population was limited. The aim of the
study was to investigate the mutations of GATA4 gene in
isolated CTD Chinese Han patients and identify the path-
omechanism of the missense mutations. In this report, the
coding exons and exon—intron boundaries of the GATA4
gene were sequenced in 600 CTD patients and 300 controls.
Functional significance of the novel GATA4 gene mutation
(p-A167D) was analyzed using PolyPhen 2 and SIFT. And,
the functional characteristics of the mutant GATA4 gene
were assayed in contrast to its wild-type counterpart using a
luciferase reporter assay system as well as Western blot.
Eight heterozygous nonsynonymous variants (V380M,
GO64E, A167D, V267M, S377G, P163S, P407Q, A66T) were
found in 22 patients, of which one (A167D) was reported
here for the first time and five (G64E, A167D, S377G,
P163S, A66T) were only found in CTD patients when
compared with 300 controls. The PolyPhen 2 and SIFT
programs predicted that the A167D substitution was expec-
ted to influence protein function. Subsequent functional
analyses revealed that the transcriptional activity and Wes-
tern blot of A167D mutant GATA4 protein were not altered.
These variants may be involved in other mechanisms
underlying CTD or may be unrelated to CTD occurrence.
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Introduction

Conotruncal heart defect (CTD), a subtype of congenital
heart disease (CHD), is estimated to occur in approxi-
mately 7.3 per 10,000 live births [1]. CTD, comprising the
tetralogy of Fallot (TOF), transposition of the great arteries
(TGA), double outlet of right ventricle (DORYV), persistent
truncus arteriosus (PTA), pulmonary atresia with ventric-
ular septal defect (PA/VSD), and interrupted aortic arch
(TAA), is a complex form of CHD that requires surgical
repair once diagnosed [2]. Although the etiology of the
majority of CTD remains obscure, several studies have
implicated genetic factors in its pathogenesis [3, 4].

CTD stems from perturbation of outflow tract (OFT)
morphogenesis. A recently identified second heart field
(SHF), which gives rise to OFT, may provide insights into
the mechanism underlying CTD [5]. Indeed, SHF is subject
to delicate regulation by various transcription factors and
cofactors such as GATA4, TBX5, and NKX2-5 [6, 7].
Consistent with this finding, multiple mutations in the
genes encoding these factors have been identified in CTD
patients. GATAA4, a zinc finger transcription factor, plays a
crucial role in embryonic heart development such as pro-
liferation of cardiomyocytes, endocardial cushion forma-
tion, development of right ventricle, and septation of the
outflow tract [8, 9]. GATA4 can form a complex with
ZFPM2/FOG2, which is related to the OFT development.
Accordingly, mice harboring a GATA4 mutation that dis-
rupts its interaction with ZFPM2/FOG2 recapitulate the
abnormal heart phenotype, including CTD [3]. Most of
previous studies showed that missense and nonsense
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mutations of GATA4 cause atrial and ventricular septal
defects, often in association with pulmonary stenosis, and
endocardial cushion defects [10, 11]. Several studies also
reported that GATA4 has been linked to complex cardio-
vascular defects involving CTD [12]. Nemer et al. [13] first
sequenced GATA4 among 26 TOF patients and revealed
one mutation. The heterozygous mutation results in an
amino acid substitution in the first zinc finger of GATA4
that reduced its transcriptional activation of downstream
target genes, without affecting GATA4 ability to bind
DNA, nor its interaction with ZFPM2. Subsequent inde-
pendent studies also identified several mutations, mainly in
TOF, but did not further investigate their pathogenicity
[14]. With the advent and application of next-generation
sequencing, large-population sequencing projects, such as
the Exome Sequencing Project (ESP) and ClinSeq, have
revealed in normal participants many variants that were
previously assumed to be deleterious.

Although GATA4 mutations have been found in CTD
patients, their functional significance is not known and the
study populations and mutation spectra have thus far been
limited. To further explore the role of GATA4 in CTD, we
therefore screened for mutations in a larger CTD cohort
and assessed potentially deleterious mutants. Also, this is
the first time in Chinese Han population to carry out such a
large sample of screening.

Materials and Methods

The Review Board of the Xinhua Hospital of the Shanghai
Jiaotong University has approved this study. All subjects
have consented to this research.

Study Subjects

From May 2013 to March 2015, a cohort of 600 unrelated
patients diagnosed with conotruncal defects were recruited
from Xinhua Hospital (Shanghai, China) and Children’s
Medical Center (Shanghai, China). A thorough clinical
examination of patients was carried out, including clinical
history, physical examination, and a two-dimensional
transthoracic echocardiography. From clinical information,
the diagnosis of CTD was made by experienced pediatric
cardiologists. A total of 300 unrelated healthy individuals
used as controls were also matched to the patients in sex
and age.

DNA Extraction

Approximately 3—5 ml peripheral blood was collected from
each participant. Genomic DNA was extracted using the

QIAamp DNA Blood Midi Kit (Qiagen, Dusseldorf, Ger-
many) following the manufacturer’s instructions.

Mutation Sequencing

For each of the recruited 900 samples, all exons and
intron—exon flanking regions of GATA4 were tested by
target sequence technique for a mutation screen. Then all
candidate mutations identified were confirmed by Sanger
sequencing. DNA sequencing (of both strands) was carried
out by an ABI 3730 sequencer (Applied Biosystems, USA).
The sequence traces were aligned with the reference
sequence using the GenBank BLAST program (http://blast.
ncbi.nlm.nih.gov/Blast.cgi).

Multiple Sequence Alignments and Function
Predictions

The multiple GATA4 protein sequences across species
were aligned using the online program CLUSTALW
(http://www.genome.jp/tools/clustalw/). The PolyPhen 2
(polymorphism phenotyping, http://genetics.bwh.harvard.
edu/pph2/) and SIFT (Sorting Intolerant from Tolerant,
http://sift.bii.astar.edu.sg/) programs were used to predict
the disease-causing potential of a GATA4 variant.

Plasmid Construction and Site Directed
Mutagenesis

The recombinant ANF-luciferase (ANF-Luc) reporter
plasmid, which contains the 700-bp 5’-flanking region of
the ANF gene, was kindly offered by Dr. Nimo from
University of Ottawa. The full-length human GATA4
cDNA, NKX2.5 cDNA, and TBX5 cDNA were con-
structed and cloned into the pcDNA3.1 mammalian
expression vector, respectively. Then the identified muta-
tion was introduced into the GATA4 wild-type expression
plasmid using KOD polymerase enzyme (TOYOBO) with
a pair of mutated complementary primers. The mutant was
sequenced to confirm the desired mutation and to exclude
any other sequence variations.

Cell Cultures

Cos7 cells and C2C12 cells were maintained in DMEM
(Invitrogen, California, USA) supplemented with 10% FBS
(Invitrogen, California, USA), incubating at 37 °C in a
humid atmosphere with 5% COs,.

Luciferase Assay

To examine the transcriptional activation function of
GATA4 variants, the ANF-Luc reporter plasmid and an
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internal control reporter plasmid pGL4 (hRluc/CMV, Pro-
mega) were used in transient transfection assays. COS-7
cells were transfected with 300 ng of wild-type or mutant
pcDNA3.1-GATA4 expression vector, 100 ng of ANF-Luc
reporter construct, and 2 ng of pGL4.7 control reporter
vector using the FuGENE Transfection Reagent (Promega,
Madison, Wisconsin, USA). For analysis of the interaction
between GATA4 and other transcriptional factors, 300 ng
of pcDNA3.1-GATA4 plasmid (wild-type or each mutant),
alone or together with 300 ng of NKX2.5 or TBXS
expression vector, and 100 ng of ANF-Luc were used.
Firefly luciferase and Renilla luciferase activities were
measured with the Dual-Glo luciferase assay system
(Promega, Madison, Wisconsin, USA) and the Centro XS3
LB 960 Microplate Luminometer (Berthold, Bad Wildbad,
Germany) 48 h after transfection. The results are the means
of three independent experiments, each done in triplicate.

Western Blot

For Western blot analysis, C2C12 cells were harvested 48 h
after transfection, lysed, and fractionated into nuclear and
cytoplasmic extracts using the NE-PER kit (Thermo Fisher
Scientific). Western blot analysis using the primary mono-
clonal antibody, anti-GATA4 (abcam), and the secondary
antibody conjugated with anti-Rabbit-HRP (Thermo Fisher
Scientific), was used to detect the presence of GATA4 pro-
tein in the cell fractions. Revelation was done using the
Western Lightening Chemiluminescence Kit (Applied
Biosystems). The protein bands were visualized by
autoradiography.

Statistics

Statistical analyses were performed with the SPSS v.21.0
statistical software (SPSS, Chicago, IL, USA), and
P < 0.05 was considered significant.

Results

In the present study, we have analyzed a total of 600 CTD
patients. The percentages of CTD patients belonging to
different categories were as follows; TOF: 38.17%, DORV:
16.50%, PA 4 VSD: 16.33%, TGA: 15.33%, SA + SV:
7.67%, IAA: 2.17%, PA + 1VS: 2.17%, PTA: 1.67%. Age
of all CTD patients ranged from 6 days to 5 years. How-
ever, maximum number of CHD patients taking part in this
study were of <2 years (Table 1).

Human GATA4 located on chromosome 8p23.1-p22
consists of seven exons. GATA4 spans 50 kbp and is
composed of 442 amino acids with two transactivation
domains and two class IV zinc finger domains (N-terminal
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Table 1 Clinical characteristics of the 600 unrelated patients with
CTDs

Variable Number Percentage or range
Male:female 354:246 59:41

Age at the present study - 6 days—5 years
Cardiac phenotype

TOF 229 38.17

DORV 99 16.50

PA + VSD 98 16.33

TGA 92 15.33

SA + SV 46 7.67

IAA 13 2.17

PA + IVS 13 2.17

PTA 10 1.67

TOF tetralogy of Fallot, DORV double outlet of right ventricle,
PA 4 VSD pulmonary atresia with ventricular septal defect, TGA
transposition of the great arteries, JAA interrupted aortic arch, PTA
persistent truncus arteriosus, SA + SV single atrium with single
ventricular, PA + IVS pulmonary atresia with interventricular septum

Zinc finger and a C-terminal zinc finger) along with a
nuclear localization signal [15]. We investigated the
genomic DNA for sequence variations in the entire coding
regions, exon—intron boundaries, and untranslated regions
of this gene for 600 patients with congenital heart diseases
and 300 unaffected individuals. Eight heterozygous
GATA4 missense changes (G64E, A66T, P163S, A167D,
V267M, S377G, V380M, P407Q) were detected in 22
unrelated CTD patients (Table 2). One is a novel change
(A167D) that involve amino acid located in conserved
region of the transcriptional activation domain 2, at the N-
terminus of GATA4 (Fig. 1). Sequencing of GATA4 in
300 healthy control subjects did not show the A167D
change. We used the PolyPhen 2 and SIFT programs to
predict the effect of the novel amino acid substitution and
found that the A167D substitution was expected to influ-
ence protein function (Table 2). And as shown in Fig. 2, a
cross-species alignment of multiple GATA4 protein
sequences showed that the affected amino acids were
highly conserved evolutionarily, indicating that the amino
acids are functionally important. To investigate if the
A167D change alters mammalian GATA4-mediated
transactivation, we examined the ability of this mutation to
activate the ANF promoter in transient transfection of
COST7 cells in synergy with the transcriptional coregulators
TBXS5 and NKX2-5. We found that the mutant displayed
normal activation ability when compared to wild-type
GATAA4, and the Western blot of GATA4 expression in
transfected cells was also unchanged (Fig. 3).

Four known changes, G64E, S377G, P163S, and A66T,
were detected in 1 TOF, 2 DORV, 1 TGA, 3 SA + SV, and
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Fig. 1 Sequence traces
showing the nonsynonymous
nucleotide changes (C>A)
causing amino acid A
replacements (A167D) in the {
GATA4 gene. The change is

indicated with arrows WT

A167D
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Fig. 2 Multiple amino acid sequence alignment of different species
shows the conservation of the mutated amino acid residue (amino acid
marked) across species

Fig. 3 Transactivation analysis
of the A167D mutant protein.
Inset shows Western blot of
GATA4 expression in
transfected cells with loading
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1 PA + VSD patients (Table 2) of our cohort and in none
of the 300 control subjects screened. This screen of all
subjects also showed V380M, V267M, and P407Q non-
synonymous changes in both case group and healthy
individuals. In our cohort, V380M and P407Q were all
detected in four patients (4/600, 0.0067) and one control
subjects (1/300, 0.0033). And V267M was showed in three
patients (3/600, 0.005) and one healthy subject (1/300,
0.0033), respectively. There was no significant difference
in the allele frequency of these three mutants between our
CHD patients and control subjects.
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Twelve additional variants of GATA4 gene were iden-
tified: six synonymous alterations, five intron mutants, and
1 splice site variant (Table 2). Six synonymous variants
(A177, F110, C241, A442, A33, and Y244) are reported in
the SNP database and have been previously described in
CHD patients and control subjects.

Discussion

CHD is a common disease with a varied genetic back-
ground. Mutations in genes that encode factors involved in
cardiac morphogenesis and development could lead to
heart malformations [16]. GATA4 is an important tran-
scriptional regulator of cardiogenesis. Its role has been
verified in knockout mice that exhibit a variety of cardiac
defects, including septal, valve, and outflow tract anoma-
lies [17]. Small changes in the level of GATA4 protein
expression can dramatically influence cardiac development
and embryonic survival. In agreement with these obser-
vations, GATA4 variants have been reported in TOF and
DORYV patients, whereas they are absent in other types of
CTD [18, 19]. Also several studies from different countries
have established the association of GATA4 mutation with
CTD, very few studies have been conducted in China.
Therefore, we carried out this research to find the genetic
link with GATA4 mutation from subjects with CTD.

In this study, one novel heterozygous GATA4 mutation
of p.A167D was identified in one patient with DORYV,
which was located in the transactivation domain 2 (TAD2)
required for GATA4 activity and is conserved between the
different GATA factors. The missense mutation was absent
in the 300 reference chromosomes from an ethnically
matched control population. Alignment of the amino acid
sequence from human, monkey, dog, cow, mouse, rabbit,
frog, zebra fish, and sheep found that all of the nine species
were much conserved in this site. The location and con-
servation together suggest that it may be disease-causing
mutation, despite normal transactivation ability in our
in vitro luciferase assay. Physical and comparative analysis
suggested that the p.A167D substitution can be deleterious
to protein function. In previous studies, only one missense
mutation, p.P163S, was reported in TAD2 of GATA4 in
patients with VSD and endocardial cushion defect [20].
Also, we found the same mutation in three patients with
SA + SV, one patient with TOF, and one TGA.

Three changes, G64E, S377G, and A66T have been
described previously in patients with septal defects or
cardiac hypertrophy. And, in our cohort they were identi-
fied in five patients with CTDs, and in none of the control
subjects. They both involve amino acids that are highly
conserved between mammals, and PolyPhen analysis sug-
gests a negative effect on protein function for G64E. The

in vitro luciferase reporter assays showed that A66T sig-
nificantly increased the ANF promoter activity [21]; Al-
Azzouny et al. [22] applied three algorithms to predict the
putative functional effect of S377G variant and predicted
that S377G might lead to produce non-functional tran-
script, which would then lead to loss of phosphorylation
legand in downstream aa 406. Another three mutations,
V380M, V267M, and P407Q, were also found in control
individuals and had been previously reported. Similarly,
Schluterman et al. [18] reported the V380M in 3 out of 318
control subjects and Wang et al. [21] found the V267M in 4
out of 957 control individuals. On the other hand, the
P407Q was firstly found in control group in this study.

In addition, six synonymous GATA4 sequence variants,
p.-A177A, p.F110F, p.C241C, p.A33A, p.Y244Y, and
p-A442A, were found in 63 patients but not in control
subjects. p.A177A, p.C241C, p.A33A, and p.A442A were
found in various types of CTD, including TOF, TGA,
DORYV, PA + VSD, PA + IVS, and SA + SV. p.F110F
and p.Y244Y were only found in two patients with TAA
and TGA, respectively. The significance of these same
sense mutations is unclear. However, “silent mutations”
have been found to be associated with some genetic dis-
eases [23]. Hence, these synonymous sequence variants
may have influence at the posttranscriptional level as well
as during posttranslational modification through exonic
splicing enhancers or silencers. Many synonymous variants
with GATA4 associated with CHD have been reported
[24]. The present study showed that these synonymous
variants may contribute to the pathogenesis of CHD.

The reasons for the distinct clinical phenotypes of
GATA4 mutations are unknown, but may be related to
complicated gene—gene and gene—environment interac-
tions. Our study is limited by exploring only one variant
rather than all. The selection of variants was based on the
in silico results of PolyPhen-2 and SIFT. Thus, our results
may in fact be representative of CTD patients in general.
The issue of whether missense variants found in CTD
patients are causative remains unresolved; however,
because we have not investigated all aspects of GATA4
function. To fully investigate these variants, it is necessary
to identify the downstream genes involved in cardiac
development and assess the effects of these variants on
transcription of the downstream genes.

Conclusions

In conclusion, we expanded the GATA4 variant profile in
CTD patients by discovering one new missense variant
(p-A167D). The function assay of this new mutant revealed
that the missense mutation most likely to cause structural
damage had no mild effect, if any, on the interaction with

@ Springer



512

Pediatr Cardiol (2017) 38:506-512

NKX2.5 or TBXS. Thus, the effects of these mutations may
involve other known or unknown mechanisms underlying
CTD or, alternatively, the mutations identified may not
cause CTD. Our findings are a reminder for physicians to
carefully evaluate gene variants associated with certain
diseases, especially those lacking robust functional evi-
dence, to confirm their pathogenicity.
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