pg)

Journal of Human Genetics (2010) 55, 662-667
© 2010 The Japan Society of Human Genetics Al rights reserved 1434-5161/10 $32.00

www.nature.com/jhg

ORIGINAL ARTICLE

A novel GATA6 mutation in patients with tetralogy
of Fallot or atrial septal defect

Xiaoping Lin">>7, Zhaoxia Huo*>*7, Xingyuan Liu>’, Yangyang Zhang®’, Li Li>?, Hong Zhao®, Biao Yan?,

Ying Liu?, Yiqing Yang" >3 and Yi-Han Chen?3

GATAG6 is a member of the GATA family of transcription factors, and its expression and functions overlap with those of GATA4
during heart development. Mutations in GATA4 have been related to human congenital heart diseases (CHDs) in several studies,
whereas mutations in GATA6 have only recently been reported in patients with persistent truncus arteriosus. Animal experiments
have revealed critical roles for GATA6 in the development of the myocardium and cardiac morphogenesis, thereby highlighting
the potential involvement of GATA6 defects in the pathogenesis of CHDs. Here, we screened the GATA6 in 270 individuals with
sporadic CHDs by direct sequencing. After identification of the mutation, a luciferase reporter assay and real-time quantitative
polymerase chain reaction were performed to detect functional changes in the mutant transcription factor. The same
heterozygous missense mutation (Ser184Asn) was identified in three patients, including one with tetralogy of Fallot and two with
atrial septal defects. This mutation was not found in 500 unrelated ethnically matched healthy subjects. Direct sequencing of
this region in the parents of these three patients revealed the same mutation in one of the parents for each patient, and one of
the parent carriers presented with a bicuspid aortic valve. Biological analysis revealed clearly decreased transcriptional activity
of GATA6 Ser184Asn in vitro. All these data suggest that GATA6 Ser184Asn is a novel mutation associated with CHDs and has

an important role in disease pathogenesis.
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INTRODUCTION
Congenital heart disease (CHD) is present in 19-75 of every 1000 live
births and constitutes a major percentage of clinical birth defects.! It is
also considered to be a leading cause of morbidity and mortality in
infants. CHD arises from abnormal heart development during embryo-
genesis and is thought to be partly caused by genetic defects.? Recent
studies have identified a series of genes that contribute to inherited
and sporadic CHD, and most of these genes encode cardiac transcrip-
tion factors such as Nkx2.5, TBX5 and GATA4.3-°

GATA family members (GATA1-6) contain two zinc-finger domains
that bind to a consensus site, (A/T) GATA (A/G), and mediate
interactions with diverse factors.” GATA4, 5 and 6 are expressed
early in the heart tissue and endodermal derivatives.”8 Of these
three GATA transcription factors, GATA4 has been most exten-
sively studied and is thought to have a dominant role in heart
development.” Numerous mutations in GATA4 have been recognized
in a wide range of cases, including tetralogy of Fallot (TOF),
pulmonary stenosis, atrial septal defects (ASDs), ventricular septal

defects, atrioventricular septal defects and patent ductus arterio-
sus.»10-17 GATAG is another member of the GATA family with
expression and functions that overlap with GATA4 during cardio-
vascular development.” Recent experiments in animals have revealed
critical roles for GATAG6 in the development of the myocardium and
cardiac morphogenesis, highlighting the potential involvement of
GATA6 mutations in the pathogenesis of human CHD.!32! Although
mutations in GATA6 have recently been related to patients with
persistent truncus arteriosus, their involvement in, and impact on,
various types of CHD are unclear.??

To explore this question, we investigated 270 individuals with
sporadic CHD for GATA6 mutations and identified the biological
functional deficits of an identified mutation in vitro.

MATERIALS AND METHODS

Study population

A total of 270 unrelated patients with sporadic CHD (Table 1) were identified
in the Chinese population. Peripheral venous blood specimens were obtained,
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Table 1 Characteristics of study population with CHD
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Table 2 Primers for GATA6

Number of
Phenotype patients
Isolated CHD 235
vsSDa 33
ASDP 163
TOF 20
TAPVC 1
TGA 1
PDA 5
PS 2
DORV 3
COA 1
CAVC 1
PAPVC 3
Cor Triatriatum 1
RVOTO 1
Complex CHD 35
VSD/PDA 5
ASDNSD 14
PFO/NSD 4
PFO/NSD/PDA 2
DORV/NSD 3
DORV/ASD/VSD 1
COA/PDA 1
TGANSD 3
ASD/SD/PDA 1
ASD/PDA 1
Total 270

Abbreviations: ASD, atrial septal defect; CAVC, common arteriovenous canal; CHD, congenital
heart disease; COA, coarctation of the aorta; DORV, double outlet right ventricle; PAPVC, partial
anomalous pulmonary venous connection; PDA, patent ductus arteriosus; PFO, patent foramen
ovale; PS, pulmonary stenosis; RVOTO, right ventricular outflow tract obstruction; TAPVC, total
abnormal pulmonary venous connection; TGA, transposition of great arteries; TOF, tetralogy of
Fallot; VSD, ventricular septal defect.

2Perimembranous, membranous, muscular ventricular septal defect.

bOstium secundum, sinus venosus atrial septal defect.

and clinical data including medical records, electrocardiogram, echocardio-
graphy and cardiac catheterization reports were systematically reviewed. Most
of the recruited patients (102 females and 168 males) in this study underwent
cardiac operations or catheterization. Patients with syndromic CHD such as
Marfan, Noonan, Holt-Oram, Alagille and CHARGE syndromes as well as
chromosomal abnormalities that are highly associated with CHD, such as 21
trisomy and 22q11.2 deletion, were excluded from this study. The controls were
initially 300 unrelated ethnically matched healthy subjects who did not have
CHD and were later extended to 500. All study subjects were of Chinese Han
nationality. Genomic DNA from all participants was extracted from blood
lymphocytes using a Wizard Genomic DNA Purification Kit (Promega,
Madison, W1, USA). The study was performed according to the terms required
by the Research Ethics Committee of Tongji University School of Medicine, and
written informed consent was obtained from all participants.

Genetic investigations

Primers to amplify the complete coding region and exon/intron boundaries of
the GATA6 gene (NM_005257) were designed with Primer 3 software online
(Table 2). Polymerase chain reaction (PCR) was performed using HotStar Taq
DNA Polymerase (Qiagen GmbH, Hilden, Germany) with an annealing
temperature of 62 °C. The amplified products were purified with a QIAquick
gel extraction kit (Qiagen). Both strands of each PCR product were sequenced
with a DYEnamic ET dye terminator kit (GE Healthcare, Amersham Place,

Exon Forward (5’ to 3’) Reverse (5" to 37)

Exon 2-a TGCAGCCTACGCTCTTGTTA CTGCAGGTGGTACGGTAGG
Exon 2-b CGGAGGAGATGTACCAGACC GAAAACAGGGCCCGAGTG
Exon 3 ATAACCCTGCTCCTGGCTTT ATGGGGAAAGGCTATCTTGG
Exon 4 TTGTTGATGACAGGGACAAAA TGTTTCCTACTGGTGCATAAGG
Exon 5-6 GGATTAGAGGCGTGAGC GAACTGTTGGTTTAGATTATTGT
Exon 7 CACAGACCCCGTTCATTAGC TCCCTTCCATCTTCTCTCA

Buckinghamshire, UK) using a MegaBACE 500 DNA Sequencing system (GE
Healthcare).

Sequence comparison
The GATA6 protein sequences from various species were aligned using
ClustalW software.

Plasmids and site-directed mutagenesis

The pcDNA3-hGATA6 plasmid was kindly provided by Edwards-Ghatnekar,
Angela V, Division of Rheumatology and Immunology, Medical University of
South Carolina. The identified point mutation was introduced into a wild-type
GATA6 clone using a QuikChange II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA). The clones were sequenced to confirm the
desired mutation and to exclude any other sequence variations. Flag-tagged
plasmids were then prepared for western blot analysis.

Luciferase assays

HEK-293 cells were transiently transfected with 50, 100, 200 or 400 ng of wild-
type or mutant pcDNA3-hGATA6; 400 ng of atrial natriuretic factor (ANF)
luciferase reporter (—638) (kindly provided by Vidu Garg, Department of
Pediatrics, UT Southwestern Medical center); and 40ng of pGL4.75[hRluc/
CMV] (Promega) using Polyfect Transfection Reagent (Qiagen). The pGL4.75
[hRluc/CMV] plasmid was introduced as an internal control. Firefly luciferase
and Renilla luciferase activities were measured with the Dual-Glo luciferase
assay system (Promega) at 48 h after transfection. Three independent experi-
ments were performed at minimum for wild-type and mutant GATA6. The
protein expression level was evaluated by western blot analysis.

Real-time quantitative PCR analysis

H9c2 rat cardiomyoblast cells were transfected with 400 ng of wild-type or
mutant pcDNA3-hGATA6 or pcDNA3 control. Total RNA was isolated from
H9c2 cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) at 48h after
transfection. Reverse-transcription PCR was performed using SuperScript II
reverse transcriptase (Invitrogen) with oligo-dT priming according to the
manufacturer’s instructions. Real-time quantitative PCR was performed with
the Mx3000P system (Stratagene) using Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA). GAPDH was chosen as an internal
control. Quantitative PCR primers for ANEF, brain natriuretic factor, B-myosin
heavy chain and GAPDH were as described earlier.??

Statistics

Data are given as meanzts.d. Differences between the two groups were
compared using Student’s t-test for continuous variables and P-value <0.05
was defined as being statistically significant.

RESULTS

Identification of a GATA6 mutation in CHD patients

We identified the same heterozygous missense mutation in the GATA6
gene in three CHD patients, including one with TOF and two with
ASDs (Figure 1a). One of the ASD patients was a 3-year-old girl with
an ostium secundum ASD (2.0cm) and mild pulmonary arterial
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Figure 1 (a) A mutation was identified in GATA6 in three CHD patients. Ser184Asn and its wild-type counterpart are shown. (b) Pedigree structures of three
families with congenital heart disease. Family members are identified by generations and numbers: squares indicate male members; circles indicate female
members; solid dark symbols indicate TOF patients; clear symbols indicate unaffected members; gray symbols indicate ASD patients; diagonal symbols
indicate BAV patients; arrows indicate probands; ‘+’ indicate carriers of the mutation (Ser184Asn); ‘-’ indicate non-carriers; on the left is the TOF boy’s
family; middle is the ASD girl’s family and right is the ASD boy’s family. ASD, atrial septal defect; BAV, bicuspid aortic valve; TOF, tetralogy of Fallot. (c) The
Ser184Asn mutation was located in the transcriptional activation domain (TAD) of the GATA6 protein. * represents the location of the mutation; ZF, zinc
finger. (d) A multiple alignment of GATA6 protein sequences from various species indicated that Ser184Asn was located in a conserved site across

mammals.

hypertension. The other ASD patient was a 4-year-old boy with an
ostium secundum ASD (0.33cm) and a mild tricuspid valve and
pulmonary valve replacement. The third patient was a 7-month-old
boy with an overriding aorta (50% override), pulmonary stenosis, a
ventricular septal defect and right atrial and ventricular hypertrophy.
None of the patients had any other abnormalities. The same substitu-
tion was also detected in the father of the TOF boy, the father of the
ASD girl and the mother of the ASD boy. The three probands declared
no family history of CHD, but echocardiography showed that the
mother of the ASD boy had a bicuspid aortic valve (BAV). Her heart
was of normal shape and function, and no clinical symptoms were
found. The pedigree structures of the three families are illustrated in
Figure 1b. The same mutant allele was not detected in the other 267
non-syndromic CHD patients or in 500 ethnically matched healthy
controls (P=0.04, Fisher’s exact test). The identified mutation
(c.551G—A) predicted the replacement of serine (Ser, S) with
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asparagine (Asn, N) at codon 184 (Serl184Asn) located in the
transcriptional activation domain (TAD) of the GATA6 protein
(Figure 1c). A cross-species alignment of GATA6 protein sequences
showed that the altered amino acid (Ser184Asn) was located in a
region adjacent to a poly(Ala) insertion in mammals that was not
present in other vertebrates (Figure 1d). The high conservation of this
region across mammals may suggest a unified function in mammals
that is different between mammals and other vertebrates.

Our study also revealed one previously reported sequence variant
(c.43G—C) predicting an amino acid change at codon 15
(Gly15Arg).?? This nucleotide change was found in 7 of 270 non-
syndromic CHD patients (2.6%) and in 9 of 300 subjects in the
control population (3.0%). Four other sequence variants in introns
and the 3'UTR of GATA6 were found in both CHD patients and
control subjects. Three of these sequence variants have been previously
reported in the dbSNP database, and no significant differences were



Table 3 Sequence variants identified in this study

A GATA6 mutation in congenital heart diseases
X Lin et al

Location Nucleotide change dbSNP database

Allele frequencies

Amino acid change Patients Controls

Exon 2
Exon 2
Intron 2
Intron 2
3-UTR
3-UTR

c.43G-C
c.551G-A
¢.1336-85C—-T
¢.1336-60C—>T
c.+72G->A
c.+77G-A

rs3764504
rs1941084
rs1941083

Glyl5Arg
Ser184Asn

(0.026) 7/270
(0.011) 3/270
(0.011) 3/270
(0.011) 3/270
(0.319) 86/270
(0.130) 35/270

(0.033) 10/300
(0.000) 0/500
(0.016) 5/300
(0.067) 2/300
(0.300) 90/300
(0.193) 58/300

observed between the CHD patients and control subjects in any of
their allele frequencies. All sequence variants and their allele frequen-
cies are summarized in Table 3.

Biological study of the identified GATA6 mutation

The Ser184Asn mutation was located in a conserved region in the TAD
of the GATA6 protein. An earlier study of GATA4 indicated that
mutations in the TAD region might influence transcriptional activity
without affecting DNA-binding affinity or nuclear localization.!®
Therefore, we examined the transcriptional activation ability of
GATA6 in HEK-293 cells using one of its direct cardiac downstream
targets, ANF, as a luciferase reporter. Overexpression of wild-type
GATAG6 activated the ANF promoter in a dose-dependent manner,
whereas mutant GATA6 showed no signs of this ability and had
significantly deceased transcriptional activity. This finding suggests
reduced activity and a loss of dosage sensitivity for GATA6 Ser184Asn
in this system (Figure 2a). Western blot analysis indicated no obvious
difference in protein levels between wild-type and mutant GATA6
(Figure 2b).

Additional experiments were performed with a second cell line
derived from embryonic heart tissue (H9c2 rat cardiomyoblast cells)
using real-time quantitative PCR. Although transcripts of ANF, brain
natriuretic factor and -myosin heavy chain were upregulated in H9¢2
cells transfected with wild-type GATA6 or GATA6 Ser184Asn com-
pared with the pcDNA3 control (Figure 3), the levels of these target
genes were more significantly increased in H9¢2 cells transfected with
wild-type GATA6, indicating impaired transcriptional ability of
GATAG6 Ser184Asn in cardiomyocytes.

DISCUSSION

We initially identified the same novel GATA6 mutation, Ser184Asn, in
three patients with CHD, including two ASD patients and one TOF
patient. Further genetic analysis revealed that the Ser184Asn mutation
was present in one of the parents for each patient. Echocardiography
showed that the mother of the male ASD patient had BAV, but the
other two parent carriers displayed no structural cardiac abnormali-
ties, suggesting moderate penetrance of this mutation. The reason for
this incomplete penetrance was not clear. The overlapping function of
GATA6 with GATA4 (discussed below) or environmental and/or
epigenetic factors may lead to different phenotypes. The identified
mutation altered a serine residue at position 184 located in the TAD
region of the GATA6 protein, which is highly evolutionarily conserved
across mammals. Biological activity analysis showed that GATA6
Ser184Asn had clearly decreased transcriptional activity on down-
stream cardiac genes in both HEK-293 cells and H9c2 cells that mimic
cardiomyocytes, indicating that it could contribute to the pathogenesis
of CHD.
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Figure 2 (a) HEK-293 cells were transfected with either 50, 100, 200 or
400ng of wild-type or mutant GATA6 and 400ng of an ANF luciferase
reporter. The results are shown as the fold activation caused by wild-type or
mutant GATA6. In all cases, the data represent the mean+s.d. of three
independent experiments performed in duplicate. * represents a significant
difference in luciferase activity between the wild-type and mutant GATA6
constructs (P<0.05). (b) The protein levels of wild-type and mutant GATA6
were evaluated by western blot analysis after HEK-293 cells were
transfected with 400ng of either flag-tagged plasmid. No obvious
differences were observed between the two groups.

400 (ng)

Conditional inactivation of GATA6 in vascular smooth muscle cells
and cardiac neural crest cells results in a spectrum of malfunctions
affecting the cardiac outflow tract and aortic arch in mice.!® Further-
more, mutations in the GATA6 zinc-finger and nuclear localization
domains give rise to a failure of transactivating target semaphorin-
plexin pathway genes, leading to cardiac outflow tract defects in
humans.?? Compared with the above mutations, the mutation
found in this study was located in the N-terminal TAD region,
which has not been proved to affect DNA-binding affinity or nuclear
localization. However, decreased transcriptional activity of GATA6
Ser184Asn on certain downstream cardiac genes was also observed
in vitro. It would be interesting to further examine whether this
mutation show the same mechanism of alternative regulatory activity
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* development.!® Although no direct interactions have been reported
18 1 between GATA6 TAD region and other transcriptional factors, such as
16 - I Wild Type GATA4 and TBX5, the general interactions between those transcrip-
| Ser184Asn tional factors may aid in our understanding of the mechanistic basis of

Relative Expression
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Figure 3 H9c2 cells were transfected with 400 ng of wild-type or mutant
GATA6 of the pcDNA3 control. The levels of ANF, brain natriuretic factor
(BNF) and B-myosin heavy chain (B-MHC) mRNA were evaluated by real-
time quantitative PCR, and the values were normalized to the pcDNA3
control. In all cases, the data represent the mean + s.d. of three independent
experiments performed in triplicate. * represents a significant difference in
mRNA expression levels between the wild-type and mutant GATA6 groups
(P<0.05).

on the semaphorin-plexin pathway that may lead to the outflow tract
defects, in this case, TOFE.

BAV is a common abnormality found in >1% of the general
population,? suggesting that poor corelations might exist between
GATA6 mutation and BAV in ASD boy’s mother. However, an earlier
study showed that cardiac neural crest cells contribute to the matura-
tion of the aortic valve; thus, dysfunction of the semaphorin-plexin
pathway caused by this GATA6 mutation may indirectly undermine
the development of the aortic valve by targeting cardiac neural crest
cells.? Interestingly, BAV has also exhibited linkage to chromosome
18q, where the GATAG gene is located.?® The above evidences
suggested the potential role of GATA6 in the pathogenesis of BAV
which, we believe, needs to be further explored in a large cohort of
BAV patients.

Compound heterozygosity of GATA4 and GATA6 leads to embryo-
nic lethality because of a spectrum of cardiovascular malfunctions,
indicating that these two GATA transcription factors cooperatively and
synergistically regulate downstream cardiac genes and that there exists
a threshold for both factors to function normally in heart develop-
ment.2%?! Therefore, we also screened GATA4 in the three patients
with the Ser184Asn mutation, but no non-synonymous variants were
found, excluding the possibility of dual-GATA transcription factor
defects in the pathogenesis of the CHD patients in our study.
Relatively conserved TAD regions between GATA4 and GATA6 par-
tially explains their certain functional redundancy and the similarities
in transcriptional activation mechanisms.?” Mutations in GATA4 TAD
regions have been related to septal defects in different studies.!®17 This
study found that the identified mutation in GATA6 TAD region was
also associated with ASDs, further supporting the point of a redun-
dant role between GATA4 and GATAG6 in cardiogenesis as mentioned
earlier.”?021:27:28 A disrupted interaction between GATA4 and
TBX5 is involved in ASDs in both humans and mice.»!® Similarly, a
link between GATA6 and TBX5 has been recognized, and compound
heterozygosity of both genes results in defects in myocardial
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ASD because of GATA6 mutations.

Homozygous GATA6 null mice die before cardiac development,
whereas heterozygous GATA6 null mice show no obvious cardiac
phenotypes.?>* Meanwhile, we identified the same heterozygous,
non-synonymous mutation in three patients with differing clinical
manifestations. One important reason for this difference between the
two species is likely different gene dosage sensitivities in human and
mice.! Humans are more vulnerable to subtle genetic defects but are
able to survive with various types of cardiac abnormalities, unlike the
embryonic lethality commonly seen in mice with the same cardiac
defects.>! The underlying mechanism of the different phenotypes of
the identified GATA6 mutation are unclear, but environmental factors,
epigenetic factors and other mediators may be responsible.

In conclusion, we identified a novel GATA6 mutation in patients
with TOF and ASDs. The identified GATA6 mutation causes impaired
biological function of the protein, suggesting that it is likely to have a
role in the pathogenesis of CHD. Studies on the impact of this GATA6
mutation on specific cardiac defects will be necessary to further
elucidate its impact on cardiovascular development.
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