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Background: Congenital heart disease (CHD) is the 
most common human birth defect. Genetic causes for CHD 
remain largely unknown. GATA transcription factor 5 
(GATA 5) is an essential regulator for the heart development. 
Mutations in the GATA5 gene have been reported in 
patients with a variety of CHD. Since misregulation of gene 
expression have been associated with human diseases, we 
speculated that changed levels of cardiac transcription 
factors, GATA5, may mediate the development of CHD.

Methods: In this study, GATA5 gene promoter was 
genetically and functionally analyzed in large cohorts of 
patients with ventricular septal defect (VSD) (n=343) and 
ethnic-matched healthy controls (n=348).

Results: Two novel and heterozygous DNA sequence 
variants (DSVs), g.61051165A>G and g.61051463delC, 
were identified in three VSD patients, but not in the 
controls. In cultured cardiomyocytes, GATA5 gene 
promoter activities were significantly decreased by DSV 
g.61051165A>G and increased by DSV g.61051463delC. 
Moreover, fathers of the VSD patients carrying the 
same DSVs had reduced diastolic function of left 
ventricles. Three SNPs, g.61051279C>T (rs77067995), 
g.61051327A>C (rs145936691) and g.61051373G>A 
(rs80197101), and one novel heterozygous DSV, 
g.61051227C>T, were found in both VSD patients and 
controls with similar frequencies.

Conclusion: Our data suggested that the DSVs in the 
GATA5 gene promoter may increase the susceptibility to 
the development of VSD as a risk factor.
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Introduction

Congenital heart disease (CHD) is the most 
common birth defect in humans, affecting 
about 1%-2% of live births.[1] Although a huge 

amount of genetic studies on humans and animals 
have been reported, only a few genes, such as GATA 
factor 4 (GATA4), T-box transcription factor 5 (TBX5) 
and NK2 transcription factor related, locus 5 (NKX2-
5), have been implicated in a small portion of familial 
and sporadic CHD patients.[2,3] Recent studies[4,5] 

have demonstrated that morbidity and mortality are 
significantly higher in adult CHD patients than in 
general populations even after successful correction 
surgery. Late cardiac complications, such as heart 
failure, arrhythmia and sudden death, are main causes, 
which are likely due to genetic defects.[4,5] Therefore, 
genetic studies of CHD are of basic and clinical 
importance.

The GATA transcription factor family consists of six 
members, GATA1-6, each of which contains a highly 
conserved DNA-binding domain that recognizes the 
sequence element (A/T)GATA(A/G).[6] GATA factors 
regulate differentiation, proliferation and survival of a 
variety of cell types. GATA1/2/3 genes are expressed 
in hematopoietic stem cells and related derivatives. 
GATA4/5/6 genes are expressed in various mesoderm 
and endoderm-derived tissues, including the heart.[7,8]

In the developing heart, GATA4, GATA5 and GATA6 
genes are expressed in a partial overlapping but distinct 
spatial and temporal pattern.[7]

The GATA5 gene is first expressed in the precardiac 
mesoderm, then in the atrial and ventricular chambers 
and finally restricted to the atrial endocardium 
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during the mouse embryonic development. GATA5 
gene expression is also detected in the pulmonary 
mesenchyme and diverse smooth muscle cells.[9] Mice 
null for GATA5 are viable and lack of cardiac defects. 
Target deletion of the mouse GATA5 gene causes only 
female urogenital development.[10] Mice with compound 
heterozygous mutations for both GATA4 and GATA5 
or both GATA5 and GATA6 died before birth or at 
perinatal stage with severe cardiac defects, including 
double outlet right ventricle and ventricular septal defect 
(VSD).[11,12] Endocardial cell-specific inactivation of 
GATA5 in mice leads to hypoplastic hearts and partial 
formation of penetrant bicuspid aortic valve.[13] A recent 
study[14] indicates that GATA5 efficiently promotes 
the development of mouse embryonic stem cells into 
cardiomyocytes expressing cardiac troponin T gene. 
Therefore, GATA5 plays an essential role in the cardiac 
morphogenesis.

Mutations in the GATA5 gene have been reported 
in patients with various types of CHD, including VSD, 
tetralogy of Fallot and bicuspid aortic valve.[15-17] In 
familial cases, GATA5 mutations cause atrial septal 
defect, VSD and double outlet right ventricle.[18] 
GATA5 gene mutations have also been found in Down 
syndrome-associated atrioventricular septal defects.[19] 
In addition, GATA5 gene mutations cause familial atrial 
fibrillation.[20,21] In different types of human cancer cells, 
such as gastrointestinal, lung and colorectal cancer, 
GATA5 gene promoter hypermethylation has been 
observed with reduced GATA5 levels.[22-26] Thus, we 
speculated that altered GATA5 gene expression levels, 
caused by DNA sequence variants (DSVs) within its 
promoter region, may mediate the development of 
CHD. In the present study, the promoter region of the 
human GATA5 gene was genetically and functionally 
analyzed in large groups of VSD patients and healthy 
controls.

Methods
Patients
VSD patients (n=343, male 163, female 180, mean 
age 8.42 years), who were unrelated, were recruited 
from the Division of Cardiac Surgery, Jining Medical 
University Affiliated Hospital,  Jining Medical 
University, China. All VSD patients had no family 
history of CHD. All VSD patients were diagnosed and 
confirmed by the following interventional procedures or 
open heart surgeries. Ethnic-matched healthy controls 
(n=348, male 283, female 65, mean age 5.25 years) 
were recruited from the same hospital. Controls with a 
family history of CHD were excluded. The procedures 
were in accordance with the ethical standards of the 

responsible committee on human experimentation of 
Jining Medical University Affiliated Hospital and with 
the Helsinki Declaration of 1964, as revised in 2000. 
Informed consents were obtained from participants or 
their guardians.

Sequence analysis
Peripheral leukocytes were isolated from vein blood 
and genomic DNAs were extracted. The GATA5 
gene promoter of 836 bp (from -785 bp to +51 bp to 
the transcription start site at 61051026 of the human 
GATA5  genomic sequence) was generated with 
PCR with the following primers: GATA5-forward, 
5'-AGTGCGAGCGGGACACGGTT-3', and GATA5-
reverse, 5'-GAGCACTCACCAGCGGGCAG-3'. PCR 
primers were designed based on genomic sequence of 
the human GATA5 gene (NCBI: NC_000020.10). The 
PCR products were bi-directionally sequenced with 
BigDye® Terminator v3.0 reagents and a 3730 DNA 
analyzer (Applied Biosystems, Foster city, CA, USA) 
and aligned with the wild type sequence of the GATA5 
gene promoter.

Functional analysis
The DNA fragments of wild type and variant GATA5 
gene promoters (836 bp, from -785 to +51 bp) were 
generated by PCR with the same set of PCR primers. 
A KpnI site was added to the GATA5 forward primer 
and a HindIII site to the GATA5 reverse primer. 
Expression constructs were generated by subcloning 
PCR products into KpnI and Hind III sites of a reporter 
vector (pGL3-basic) that express the luciferase gene. 
Designated expression constructs were transiently 
transfected into rat cardiomyocyte cells (H9c2), which 
were cultured with Dulbecco's modified Eagles medium 
(high glucose). Forty-eight hours post-transfection, the 
cells were collected and the luciferases activities were 
measured using dual-luciferase reporter assay system on 
a Glomax 20/20 luminometer (Promega, Madison, WI, 
USA). Expression construct expressing renilla luciferase 
gene (pRL-TK) was used as an internal control. Empty 
vector pGL3-basic was used as a negative control. The 
transcriptional activities of the GATA5 gene promoter 
were represented as ratios of luciferase activities over 
renilla luciferase activities. All the experiments were 
repeated three times independently.

Statistical analysis
The quantitative data were represented as mean±SE and 
compared by Student's t test. Frequencies of the DSVs 
within the GATA5 gene promoter in the VSD patients 
and controls were compared with SPSS v13.0. P<0.05 
was considered  statistically significant.
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Results
GATA5 gene promoters were bi-directionally sequenced in 
the VSD patients (n=343) and healthy controls (n=348). 
Distributions of the identified DSVs are summarized in 
Table. The DSVs' locations were indicated in Fig.1A. 
Two novel heterozygous DSVs (g.61051165A>G and 

g.61051463delC) were identified in three VSD patients, 
but not in the controls. DSV g.61051165A>G was 
found in an 11-year-old girl and a 31-year-old man, 
both with membranous VSD. DSV g.61051463delC 
was found in a 14-year-boy with a membranous VSD. 
In addition, a novel heterozygous DSV, g.61051227C>T, 

Fig. 1. DSVs within the GATA5 gene promoter in VSD patients and controls. A: Schematic representation of the identified DSVs. The DSVs were 
named according to their locations in GATA5 genomic sequences (NCBI: NC_000020.10). The transcription starts at 61051026 in the first exon, 
which is not translated; B: Chromatograms of the novel and heterozygous DSVs. The orientations are indicated. Top panels show wild type and 
bottom panels heterozygous DSVs. Deletions are underlined and DSVs are marked with arrows. The heterozygous deletion DSV, g.61051463delC, 
was confirmed by subcloning into expression vector pGL3-basic and directly sequenced, which is shown and marked. DSVs: DNA sequence 
variants; VSD: ventricular septal defect.

g.61051165 A>G g.61051227 C>T g.61051363 G>C

g.61051369-70 GG>AA g.61051463 del C g.61051463 del C (cloning)

B

A
g.61051165 A>G

g.61051227 C>T

g.61051363 G>C

g.61051369-70 GG>AA
g.61051463 del C

g.61051373 G>A

g.61051327 A>C g.61051279 C>T

+1
Exon1

-500 bp

DSVs Genotype Location* Controls (n=348) VSD (n=343) P value
g.61051379-80GG>AA GG/AA -353 bp 1 0 -
g.61051373G>A ( rs80197101) GA -347 bp 43 27 0.051
g.61051363G>C GC -337 bp 1 0 -
g.61051463delC C/- -437 bp 0 1 -
g.61051327A>C (rs145936691) AC -301 bp 10 9 0.841
g.61051279C>T (rs77067995) CT -253 bp 43 27 0.051
g.61051227C>T CT -201 bp 2 1 1.000
g.61051165A>G AG -139 bp 0 2 -

Table. DSVs within the GATA5 gene promoter in VSD patients and controls

*: locations of the DSVs upstream to the transcription start site at 61051026 (NC_000020.10). DSVs: DNA sequence variants; VSD: ventricular 
septal defect.
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and three single-nucleotide polymorphisms (SNPs), 
g.61051279C>T (rs77067995), g.61051327A>C 
(rs145936691) and g.61051373G>A (rs80197101), were 
found in both VSD patients and controls with similar 
frequencies. In this population, SNPs, g.61051279C>T 
(rs77067995) and g.61051373G>A (rs80197101), were 
closely linked. Chromatograms of the novel DSVs were 
shown in Fig. 1B. The deletion DSV, g.61051463delC, 
was confirmed by subcloning the DNA fragments into 
expression vector and direct sequencing.

Analysis of the GATA5 gene promoter region with 
TFSEARCH program (http://www.cbrc.jp/research/
db/TFSEARCH.html) suggested that the two novel 
DSVs (g.61051165A>G and g.61051463delC), 
which were only identified in VSD patients, did not 
alter binding sites of known transcription factors. To 
examine their transcriptional activities, expression 
constructs for wild type (pGL3-WT) and variant 
GATA5 gene promoters (pGL3-61051165G, pGL3-
61051227T and pGL3-61051463delC) were generated. 
The constructs were transfected into H9c2 cells and 
dual-luciferase activities were measured. The results 
showed that the DSV, g.61051165A>G, significantly 
decreased the transcriptional activities of the GATA5 
gene promoter (P<0.05). The DSV, g.61051463delC, 
significantly increased the transcriptional activities of 
the GATA5 gene promoter (P<0.01) (Fig. 2). The DSV, 
g.61051227C>T, which was found in both VSD patients 
and controls, did not affect the GATA5 gene promoter 
activity (P>0.05).

Furthermore, the parents of the boy carrying 
g.61051463delC variant and the girl carrying g.61051165A 
>G variant were screened. The parents of the man 
carrying g.61051165A>G variant were not available 
for screening. Both 52-year-old father of the boy and 

39-year-old father of the girl had the same GATA5 
variants. Echocardiographic examination revealed that 
both fathers had a significantly reduced diastolic function 
of left ventricles, though no VSD or other cardiac defects 
were found. These results suggested that the DSVs in 
GATA5 gene promoter may affect biological function of 
cardiomyocytes in adults. Taken together, these GATA5 
variants may not play a causal role, but act as a risk factor 
for the development of VSD.

Discussion
Growing evidence has suggested that rare monogenic 
mutations and alleles play a major role in the etiology 
of common complex disorders.[27,28] In the present study, 
we genetically and functionally analyzed the promoter 
region of the GATA5 gene in large groups of VSD 
patients and controls. Two novel heterozygous DSVs 
were found within the GATA5 gene promoter in three 
VSD patients, but not in the controls. Functionally, 
these DSVs significantly altered the transcriptional 
activities of the GATA5 gene promoter in cultured 
cardiomyocytes. The fathers of the VSD patients 
carried the same GATA5 variants and had a significantly 
reduced diastolic function of left ventricles. Therefore, 
these GATA5 gene promoter DSVs may increase the 
susceptibility to VSD development as a risk factor, 
probably by changing GATA5 levels.

The human GATA5 gene has been mapped to 
chromosome 20q13.2-q13.3.[29] The promoter region of 
the human GATA5 gene has been partially characterized, 
which is lack of TATA elements. An E-box within the 
proximal region of the GATA5 gene promoter (-164 to 
-159 bp upstream to the transcription start site) has been 
identified, through which upstream stimulatory factor 1 
activates GATA5 gene expression.[30] In mice, the DNA 
fragment (from -150 bp to +311 bp to the transcription 
start site) containing a conserved E-box exhibits the 
greatest promoter activity.[30] In the mouse GATA5 gene, 
an alternate promoter within its first intron has been 
reported, suggesting the complexity of the GATA5 gene 
expression and regulation.[31] In differentiating human 
colon cancer cells, the GATA5 gene is upregulated, 
suggesting that GATA5 gene expression could be 
induced.[32] In this study, we identified the DSVs within 
the GATA5 gene promoter, through which GATA5 
gene expression may be manipulated with genetic or 
pharmaceutical approaches.

Misregulation of gene expression programs has been 
implicated in a broad range of human diseases, including 
cancer, inflammation, diabetes and cardiovascular 
diseases.[33] Heart development is strictly controlled by 
a conserved network of cardiac transcription factors, 

Fig. 2. Transcriptional activities of the wild type and variant GATA5 
gene promoters. GATA5 gene expression constructs were transfected 
into H9c2 cells and dual-luciferase activities were measured. The 
transcriptional activity of wild type GATA5 gene promoter was 
designated as 100%. The data were represented as mean±SE from three 
independent transfection experiments, in triplicate. Lane 1, pGL3-
basic, a negative control; 2, WT, wild type; 3, pGL3- 61051165G; 4, 
pGL3-61051227T, which was used as an internal negative control; 5, 
pGL3-61051463delC. *: P<0.05, compared to pGL3-WT; †: P<0.01, 
compared to pGL3-WT.
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cofactors and chromatin regulators. Balanced dosages 
of cardiac transcription factors are required for 
the cardiac morphogenesis.[34] For example, NKX2-
5 and cardiac-myosin heavy chain genes have been 
demonstrated to be directly regulated by GATA5.[35-38] 
GATA5 interacts with GATA4 and GATA6 in the outflow 
tract formation.[11] GATA5 cooperates with GATA4 in 
regulating the cardiomyocyte proliferation.[12] In the 
developing heart, GATA5 directly interacts with TBX20 and 
P300 cofactor in regulation of gene expression.[39,40] In the 
differentiation of cardiogenic precursors into endothelial 
endocardial cells, GATA5 and nuclear factor of activated 
T cells c (NF-ATc) synergistically activate cardiac gene 
expression.[41] NF-ATc has been shown to be essential 
for endocardial development.[42,43] As a critical factor for 
heart development, decreased or increased GATA5 levels 
may interfere with cardiac gene regulatory network, 
leading to the development of CHD.

In conclusion, two novel and heterozygous DSVs 
were identified in VSD patients, which significantly 
altered transcriptional activities of the GATA5 gene 
promoter. Our findings suggested that these DSVs may 
increase the susceptibility to the development of VSD as 
a risk factor. Genetic and pharmaceutical manipulation 
of GATA5 gene expression may provide some insight 
into designing novel and personalized therapies for 
adult patients with CHD.

Funding:  This study was suppor ted by grants f rom the 
National Natural Science Foundation of China (No. 81370271) 
and Shandong Provincial Natural Science Foundation (No. 
ZR2010HM111).
Ethical approval: Written informed consent was obtained 
from the patient for publication of this case report and any 
accompanying images. A copy of the written consent is available 
for review by the editor of this journal.
Competing interest: None declared.
Contributors: SJP, WXL, QYG and WYHX collected clinical 
samples and information. HWH and PSC performed the 
experiments and analyzed the results. YB designed the study 
and wrote the paper. All authors contributed to the content and 
approved the final version. 

References
1 Hoffman JI, Kaplan S. The incidence of congenital heart disease. 

J Am Coll Cardiol 2002;39:1890-1900.
2 Bruneau BG. The developmental genetics of congenital heart 

disease. Nature 2008;451:943-948.
3 Kathiresan S, Srivastava D. Genetics of human cardiovascular 

disease. Cell 2012;148:1242-1257.
4 van der Bom T, Zomer AC, Zwinderman AH, Meijboom FJ, 

Bouma BJ, Mulder BJ. The changing epidemiology of congenital 
heart disease. Nat Rev Cardiol 2011;8:50-60.

5 Verheugt CL, Uiterwaal CS, van der Velde ET, Meijboom FJ, 

Pieper PG, van Dijk AP, et al. Mortality in adult congenital heart 
disease. Eur Heart J 2010;31:1220-1229.

6 Molkentin JD. The zinc finger-containing transcription factors 
GATA-4, -5, and -6. Ubiquitously expressed regulators of tissue-
specific gene expression. J Biol Chem 2000;275:38949-38952.

7 Peterkin T, Gibson A, Loose M, Patient R. The roles of GATA-
4, -5 and -6 invertebrateheartdevelopment. Semin Cell Dev Biol 
2005;16:83-94.

8 Pikkarainen S, Tokola H, Kerkelä R, Ruskoaho H. GATA 
transcription factors in the developing and adult heart. 
Cardiovasc Res 2004;63:196-207.

9 Morrisey EE, Ip HS, Tang Z, Lu MM, Parmacek MS. GATA-5: 
a transcriptional activator expressed in a novel temporally and 
spatially-restricted pattern during embryonic development. Dev 
Biol 1997;183:21-36.

10 Molkentin JD, Tymitz KM, Richardson JA, Olson EN. 
Abnormalities of the genitourinary tract in female mice lacking 
GATA5. Mol Cell Biol 2000;20:5256-5260.

11 Laforest B, Nemer M. GATA5 interacts with GATA4 and GATA6 
in outflow tract development. Dev Biol 2011;358:368-378.

12 Singh MK, Li Y, Li S, Cobb RM, Zhou D, Lu MM, et al. Gata4 
and Gata5 cooperatively regulate cardiac myocyte proliferation 
in mice. J Biol Chem 2010;285:1765-1772.

13 Laforest B, Andelfinger G, Nemer M. Loss of Gata5 in mice 
leads to bicuspid aortic valve. J Clin Invest 2011;121:2876-2887.

14 Turbendian HK, Gordillo M, Tsai SY, Lu J, Kang G, Liu TC, et 
al. GATA factors efficiently direct cardiac fate from embryonic 
stem cells. Development 2013;140:1639-1644.

15 Padang R, Bagnall RD, Richmond DR, Bannon PG, Semsarian 
C. Rare non-synonymous variations in the transcriptional 
activation domains of GATA5 in bicuspid aortic valve disease. J 
Mol Cell Cardiol 2012;53:277-281.

16 Wei D, Bao H, Liu XY, Zhou N, Wang Q, Li RG, et al. GATA5 
loss-of-function mutations underlie tetralogy of fallot. Int J Med 
Sci 2013;10:34-42.

17 Wei D, Bao H, Zhou N, Zheng GF, Liu XY, Yang YQ. GATA5 
Loss-of-Function Mutation Responsible for the Congenital 
Ventriculoseptal Defect. Pediatr Cardiol 2013;34:504-511.

18 Jiang JQ, Li RG, Wang J, Liu XY, Xu YJ, Fang WY, et al. 
Prevalence and spectrum of GATA5 mutations associated with 
congenital heart disease. Int J Cardiol 2013;165:570-573.

19 Ackerman C, Locke AE, Feingold E, Reshey B, Espana K, 
Thusberg J, et al. An excess of deleterious variants in VEGF-A 
pathway genes in Down-syndrome-associated atrioventricular 
septal defects. Am J Hum Genet 2012;91:646-659.

20 Wang XH, Huang CX, Wang Q, Li RG, Xu YJ, Liu X, et al. 
A novel GATA5 loss-of-function mutation underlies lone atrial 
fibrillation. Int J Mol Med 2013;31:43-50.

21 Yang YQ, Wang J, Wang XH, Wang Q, Tan HW, Zhang M, et al. 
Mutational spectrum of the GATA5 gene associated with familial 
atrial fibrillation. Int J Cardiol 2012;157:305-307.

22 Akiyama Y, Watkins N, Suzuki H, Jair KW, van Engeland 
M, Esteller M, et al. GATA-4 and GATA-5 transcription factor 
genes and potential downstream antitumor target genes are 
epigenetically silenced in colorectal and gastric cancer. Mol Cell 
Biol 2003;23:8429-8439.

23 Guo M, Akiyama Y, House MG, Hooker CM, Heath E, 
Gabrielson E, et al. Hypermethylation of the GATA genes in lung 
cancer. Clin Cancer Res 2004;10:7917-7924.

24 Guo M, House MG, Akiyama Y, Qi Y, Capagna D, Harmon J, 
et al. Hypermethylation of the GATA gene family in esophageal 
cancer. Int J Cancer 2006;119:2078-2083.



353

GATA5 gene promoter and ventricular septal defects

O
riginal article

World J Pediatr, Vol 10 No 4 . November 15, 2014 . www.wjpch.com

25 Hellebrekers DM, Lentjes MH, van den Bosch SM, Melotte V, 
Wouters KA, Daenen KL, et al. GATA4 and GATA5 are potential 
tumor suppressors and biomarkers in colorectal cancer. Clin 
Cancer Res 2009;15:3990-3997.

26 Wen XZ, Akiyama Y, Pan KF, Liu ZJ, Lu ZM, Zhou J, et 
al. Methylation of GATA-4 and GATA-5 and development 
of sporadic gastric carcinomas. World J Gastroenterol 
2010;16:1201-1208.

27 Ropers HH. New perspectives for the elucidation of genetic 
disorders. Am J Hum Genet 2007;81:199-207.

28 Ropers HH. Single gene disorders come into focus--again. 
Dialogues Clin Neurosci 2010;12:95-102.

29 Nemer G, Qureshi ST, Malo D, Nemer M. Functional analysis 
and chromosomal mapping of Gata5, a gene encoding a zinc 
finger DNA-binding protein. Mamm Genome 1999;10:993-999.

30 Chen B, Hsu R, Li Z, Kogut PC, Du Q, Rouser K, et al. 
Upstream stimulatory factor 1 activates GATA5 expression 
through an E-box motif. Biochem J 2012;446:89-98.

31 Chen B, Yates E, Huang Y, Kogut P, Ma L, Turner JR, et al. 
Alternative promoter and GATA5 transcripts in mouse. Am J 
Physiol Gastrointest Liver Physiol 2009;297:G1214-1222.

32 Gao X, Sedgwick T, Shi YB, Evans T. Distinct functions are 
implicated for the GATA-4, -5, and -6 transcription factors in the 
regulation of intestine epithelial cell differentiation. Mol Cell 
Biol 1998;18:2901-2911.

33 Lee TI, Young RA. Transcriptional regulation and its 
misregulation in disease. Cell 2013;152:1237-1251.

34 Olson EN. Gene regulatory networks in the evolution and 
development of the heart. Science 2006;313:1922-1927.

35 JJiang Y, Drysdale TA, Evans T. A role for GATA-4/5/6 in the 
regulation of Nkx2.5 expression with implications for patterning 
of the precardiac field. Dev Biol 1999;216:57-71.

36 Lien CL, Wu C, Mercer B, Webb R, Richardson JA, Olson EN. 
Control of early cardiac-specific transcription of Nkx2-5 by a 
GATA-dependent enhancer. Development 1999;126:75-84.

37 Morimoto T, Hasegawa K, Kaburagi S, Kakita T, Masutani H, 
Kitsis RN, et al. GATA-5 is involved in leukemia inhibitory 
factor-responsive transcription of the beta-myosin heavy chain 
gene in cardiac myocytes. J Biol Chem 1999;274:12811-12818.

38 Searcy RD, Vincent EB, Liberatore CM, Yutzey KE. A 
GATA-dependent nkx-2.5 regulatory element activates early 
cardiac gene expression in transgenic mice. Development 
1998;125:4461-4470.

39 Kakita T, Hasegawa K, Morimoto T, Kaburagi S, Wada H, 
Sasayama S. p300 protein as a coactivator of GATA-5 in the 
transcription of cardiac-restricted atrial natriuretic factor gene. J 
Biol Chem 1999;274:34096-34102.

40 Stennard FA, Costa MW, Elliott DA, Rankin S, Haast SJ, Lai D, 
et al. Cardiac T-box factor Tbx20 directly interacts with Nkx2-
5, GATA4, and GATA5 in regulation of gene expression in the 
developing heart. Dev Biol 2003;262:206-224.

41 Nemer G, Nemer M. Cooperative interaction between GATA5 
and NF-ATc regulates endothelial-endocardial differentiation of 
cardiogenic cells. Development 2002;129:4045-4055.

42 de la Pompa JL, Timmerman LA, Takimoto H, Yoshida H, 
Elia AJ, Samper E, et al. Role of the NF-ATc transcription 
factor in morphogenesis of cardiac valves and septum. Nature 
1998;392:182-186.

43 Ranger AM, Grusby MJ, Hodge MR, Gravallese EM, de la 
Brousse FC, Hoey T, et al. The transcription factor NF-ATc is 
essential for cardiac valve formation. Nature 1998;392:186-190.

Received December 31, 2013
Accepted after revision March 21, 2014


