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Abstract Congenital heart disease (CHD) is the most

common birth defect in humans. Genetic causes for CHD

remain largely unknown. T-box transcription factor 18

(TBX18) gene is expressed in the developing heart,

including myocardium of the left ventricle and interven-

tricular septum. Epicardial cells expressing TBX18 gene

contribute to the cardiac fibroblast and smooth muscle

cells. We speculated that the DNA sequence variants

(DSVs) within TBX18 gene promoter may mediate CHD

development by affecting TBX18 levels and the cardiac

gene regulatory network. In this study, we genetically and

functionally analyzed the TBX18 gene promoter in patients

with ventricular septal defects (VSD) (n = 326) and

ethnic-matched healthy controls (n = 327). Three novel

heterozygous DSVs (g.85474435del, g.85474418C[T, and

g.85473965C[G) and one single nucleotide polymorphism

(g.85474871C[T, rs77693245) were identified in VSD

patients, but none in the controls. Functional analysis

revealed that the DSVs (g.85474871C[T, g.85474435del,

and g.85473965C[G) significantly decreased the tran-

scriptional activities of the TBX18 gene promoter. The

effect of DSV (g.85474418C[T) on the TBX18 gene

promoter was marginal, but not significant. Therefore, the

DSVs within the TBX18 gene promoter identified in VSD

patients may be involved in the VSD etiology.
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defects � Transcription factor � TBX18 � Promoter � DNA

sequence variants

Introduction

Congenital heart disease (CHD) is the most common

human birth defect that affects about 1–2 % of live births,

and the true prevalence may be much higher [1]. Even with

successful correction surgeries, morbidity and mortality of

CHD patients are still significantly higher than the general

populations. The main causes of death are later cardiac

complications, including arrhythmias, coronary heart dis-

ease, and heart failure, likely due to genetic defects [2, 3].

To date, mutations in cardiac transcription factor genes,

such as GATA transcription 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 isolated CHD [4]. However, genetic

causes for isolated CHD remain largely unknown.

TBX transcription factors, which share a highly con-

served DNA-binding domain, play critical roles in several

processes during the embryonic development [5]. In

mammals, six members of TBX transcription factor family

(TBX1, TBX18, and TBX20 of the TBX1 subfamily, and

TBX2, TBX3, and TBX5 of the TBX2 subfamily) are

essential in the developing heart. From the linear heart tube

to the chambered heart, TBX1, TBX5, and TBX20 act as

transcriptional activators of chamber myocardial genes,

whereas TBX2, TBX3, and TBX18 function as repressors
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for a similar set of the target genes [6]. Genetic studies in

animals demonstrate that TBX1, TBX5, and TBX20 act as

dosage-sensitive regulators in the heart development [6].

We have hypothesized that the DNA sequence variants

(DSVs) within TBX gene promoters may mediate CHD

development by changing TBX factor levels. In previous

studies, we had identified a number of DSVs within regu-

latory regions of the TBX1, TBX5, and TBX20 genes in

CHD patients [7–9].

TBX18 factor is required for mammalian development

[6]. In mice, TBX18 gene is widely expressed in various

tissues, including the developing heart and limb buds [10].

In the developing heart, TBX18 gene is expressed in

multiple sites, including the proepicardium, epicardium,

mesenchymal progenitors, and the myocardium of the sinus

venosus region, with the highest level in the epicardium

[10]. Targeting deletion and genetic lineage studies in

animal have revealed that TBX18 is essential for the for-

mation of the sinus horn and the myocardial differentiation

of the sinoatrial node [11–13]. TBX18 gene has been

reported to be expressed in the myocardium of the left

ventricle and the interventricular septum [14]. TBX18-

expression progenitors also develop into the cardiac

fibroblasts and coronary smooth muscle cells [15, 16]. A

recent study showed that TBX18 directly converts cardio-

myocytes into pacemaker cells [17].

Although TBX18 has been proposed as one of the

candidate genes for split hand/foot malformation [18],

mutations in TBX18 gene are not associated to human

diseases. The heterozygous TBX18 null mutation mouse is

born normal and fertile. The homozygous mutant TBX18

mouse dies shortly after birth with a shortened body and

severe deformations [19]. In TBX18-deficient mouse

embryos, development of the sinus horn in the heart is

blocked and the myocardial differentiation of sinus venous

region is delayed. A smaller head of sinoatrial node and

less distinct boundary between sinoatrial node and atrial

myocardium are observed [11, 13]. Therefore, we specu-

lated that changed levels of the TBX18 gene, rather than

mutations that change amino acids of TBX18 protein, may

mediate the development of CHD, particularly ventricular

septal defect (VSD). In the present study, we genetically

analyzed the TBX18 gene promoter in large cohorts of

VSD patients and ethnic-matched healthy controls.

Materials and methods

Patients and controls

The VSD patients (n = 326, male 151, female 175, age

range from 3 months to 50 years, median age 4.42 years)

were recruited from the Division of Cardiac Surgery, Jining

Medical University Affiliated Hospital, Jining Medical

University, Jining, Shandong, China. VSD patients were

diagnosed according to medical records, physical exami-

nation, electrocardiograms, and three-dimensional echo-

cardiography. Healthy controls (n = 327, male 263, female

64, age range from 2 months to 41 years, median age

3.75 years) were recruited from the same hospital. VSD

patients and controls with familial CHD history were

excluded. This study was approved by the Human Ethic

Committee of Jining Medical University Affiliated Hospi-

tal. Informed consent was obtained from the subjects and

guardians.

Sequencing

Genomic DNA was extracted from peripheral leukocytes.

Two overlapped DNA fragments, covering the TBX18

gene promoter (*1250 bp upstream to the transcription

start site), were generated with PCR. The primers were

designed based on genomic sequence of the human TBX18

gene (NCBI accession number: NC_000006.11) and are

shown in Table 1. The DNA fragments were bi-directionally

sequenced with BigDye� Terminator v3.0 reagents and a

3730 DNA Analyzer (Applied Biosystems, Foster city, CA,

USA). The sequences were aligned and compared with the

wild-type sequence of the TBX18 gene promoter. For

heterozygous deletion DSV, the DNA fragment was

Table 1 PCR primers for the

human TBX18 gene promoter

PCR primers were designed

based on genomic DNA

sequence of the TBX18 gene

(NC_000006.11), in which

transcription start site (TSS) is

at the position of 85473899

(?1)

PCR primers Sequences Locations Position

to TSS

PCR products

(bp)

Sequencing

TBX18-F1 50-AAAGCCTGAAGTAACGATTG-30 85475150 -1251 720

TBX18-R1 50-ACTTCCTTACAAGGTAGCGA-30 85474431 -532

TBX18-F2 50-CTGGTGAGGAAAGCTGGAGA-30 85474572 -673 885

TBX18-R2 50-TCGTCTCCCTCAGAAGAACCC-30 85473688 ?212

Function

TBX18-F 50-(XhoI)AGCCTGAAGTAACGATTG-30 85475148 -1249 1222

TBX18-R 50-(HindIII)TCTCTCATATACACTCACGC-30 85473927 -27
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subcloned into T vector and directly sequenced. Frequen-

cies of the DSVs in VSD patients and controls were ana-

lyzed and compared with SPSS v13.0. P \ 0.05 was

considered statistically significant.

Functional analysis

Wild-type and variant TBX18 gene promoters (1222 bp,

from 85475148 to 85473927 in NC_000006.11) were

generated by PCR and subcloned into XhoI and HindIII

sites of a luciferase reporter vector (pGL3-basic) to con-

struct expression vectors. PCR primers are shown in

Table 1. Expression vectors were transiently transfected

into human embryonic kidney cells (HEK-293) and lucif-

erase activities were measured using a dual-luciferase

reporter assay system. According to the NCBI UniGene

database, the TBX18 gene is expressed in the human kid-

ney (NCBI UniGene, Hs.251830). In animals, the TBX18

gene is also expressed in the kidney cells [10]. Therefore,

HEK-293 cells were used for functional analysis. All

experiments were repeated at least three times.

Statistical analysis

Quantitative data are represented as mean ± SE and compared

by Student’s t test. The distributions of DSVs were compared

between VSD patients and controls by v2 test using SPSS

v13.0. A P \ 0.05 was considered statistically significant.

Results

The TBX18 gene promoters were bi-directionally sequenced in

VSD patients (n = 326) and healthy controls (n = 327). Six

novel DSVs and four single nucleotide polymorphisms (SNPs)

were identified. Distribution of the DSVs and SNPs is sum-

marized in Table 2. Locations are indicated in Fig. 1a. Three

heterozygous DSVs, g.85474435del, g.85474418C[T,

and g.85473965C[G, and one SNP, g.85474871C[T

(rs77693245), were identified in four VSD patients, but none in

the controls. Among these VSD patients, three patients were

diagnosed with perimembranous VSD and one with muscular

VSD. Three heterozygous DSVs, g.85474952A[T, g.85474

648G[C, and g.85474119C[T, and one SNP, g.854748

77C[G (rs77884863), were only found in the controls

(Fig. 1b). The remaining two SNPs, g.85474974C[A (rs74555

338) and g.85474947C[T (rs74934763), were found in VSD

patients and controls with similar frequencies (P[ 0.05).

Sequence analysis of the TBX18 gene promoter with

TESS (transcription element search software program,

University of Pennsylvania, USA) suggested that putative

binding sites for transcriptional factors were modified,

interrupted, or created by the DSVs. For example, the SNP,

g.85474871C[T (rs77693245), modified a binding site for

zinc finger protein E4F1, abolished a binding site for

activating transcription factor (ATF), and created a binding

site for X-box-binding protein 1 (XBP-1). The deletion

DSV (g.85474435del) abolished the binding sites for serum

response factor (SRF), Ets-2 factor, and enhancer-binding

factor to the E1A core motif (EF-1A). The DSV

(g.85474418C[T) abolished a weak site for P300 protein

and created a weak SP1 element. The DSV

(g.85473965C[G) modified a binding site for non-histone

nuclear protein 1 (NHP-1) and created a site for general

transcription factor II-I (TFII-I).

To functionally analyze the variant TBX18 gene pro-

moters, reporter gene expression constructs containing

wild-type or variant TBX18 gene promoters (pGL3-WT,

Table 2 Sequence variants

within the TBX18 gene

promoter

a Locations of variants

upstream (-) to the

transcription start site (?1) at

85473899 of NC_000006.11

Sequence variants Genotype Locationa

(bp)

Controls

(n = 327)

VSD

(n = 326)

P value

g.85474974C[A (rs74555338) CC -1075 304 295 0.266

CA 22 31

AA 1 0

g.85474952A[T AT -1053 1 0 –

g.85474947C[T (rs74934763) CC -1048 312 312 1.000

CT 14 13

TT 1 1

g.85474877C[G (rs77884863) CG -978 2 0 –

g.85474871C[T (rs77693245) CT -972 0 1 –

g.85474648G[C GC -749 4 0 –

g.85474435del G/– -536 0 1 –

g.85474418C[T CT -519 0 1 –

g.85474119C[T CT -220 1 0 –

g.85473965C[G CG -66 0 1 –
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pGL3-85474947T, pGL3-85474648C, pGL3-85474871T,

pGL3-85474435del, pGL3-85474418T, and pGL3-

85473965G) were transfected into HEK-293 cells and dual-

luciferase activities were determined. The results showed that

DSVs g.85474871C[T (rs77693245), g.85474435del, and

g.85473965C[G significantly decreased the transcriptional

activities of the TBX18 gene promoter (P \ 0.01). The effect

of the DSV (g.85474418C[T) was marginal, but not signif-

icant. In contrast, the SNP (g.85474947C[T, rs74934763),

which was found in both VSD patients and controls, and the

DSV (g.85474648G[C), which was only identified in the

controls, did not affect the transcriptional activities of the

TBX18 gene promoter (P [ 0.05) (Fig. 2). Therefore, these

results suggested that the DSVs identified in VSD patients

may alter the transcriptional activities of the TBX18 gene

promoter.

Discussion

In this study, we genetically and functionally analyzed the

TBX18 gene promoter in VSD patients and controls. We

found three novel heterozygous DSVs and one SNP within

the TBX18 gene promoter in VSD patients, but none in the

controls. Out of the four DSVs, three DSVs significantly

decreased and one DSV marginally decreased the tran-

scriptional activities of the TBX18 gene promoter. Thus,

these DSVs may be involved in the VSD etiology by

Fig. 1 The DSVs within the TBX18 gene promoter in VSD patients

and controls. a Schematic representation of the DSVs. The numbers

represent the sequence of TBX18 genomic sequences (NCBI

accession number: NC_000006.11). The transcription starts (?1) at

85473899 in the first exon. B. Chromatograms of the DSVs. The

DSVs only identified in VSD patients or controls are depicted. The

orientations are indicated. For each DSV, the top panel shows wild

type and bottom panel heterozygous. DSVs are marked with arrows.

b Deletion DSV is underlined and marked
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altering the TBX18 gene transcription and changing

TBX18 levels. Since mutations in TBX18 gene have not

been reported, we for the first time linked the TBX18 gene

DSVs to CHD patients.

The human TBX18 gene has been mapped to chromo-

some 6q14–q15 [20]. Little is known about the expression

and regulation of the TBX18 gene. In a human embryonic

stem cell line, TBX18 is directly regulated by OCT4 factor

[21]. In human tumor cells, TBX18 is methylated by DNA

methyltransferases 3B (DNMT3B) [22]. In this study, the

DSVs within the TBX18 gene promoter identified in VSD

patients may change TBX18 levels in the developing heart

by interfering with binding sites for transcription factors.

To date, few downstream target genes of TBX18 have

been identified. TBX18 functions as a transcriptional

repressor by binding to T-box element and groucho protein,

a transcriptional corepressor. TBX18 interacts with

GATA4 and NKX2-5 and competes with TBX5 to directly

regulate the cardiac natriuretic peptide precursor type a

(NPPA) gene [23]. In postnatal cardiomyocytes, TBX18

represses CX43 gene expression [24]. TBX18 is also

required for repressing transforming growth factor beta

receptor (TGF-beta) and Notch signaling in the embryonic

epicardium [25]. TBX18, interacting with SIX1, synergis-

tically regulates development of the smooth muscle cells

[26]. TBX18 cooperates with paired box transcription

factor PAX3 in maintaining anterior–posterior somite

polarity [27]. Therefore, changed TBX18 levels may

interfere with its downstream target genes and its interac-

tion with other factors and molecules in the heart devel-

opment, contributing to VSD.

In conclusions, we identified novel and functional het-

erozygous DSVs within the TBX18 gene promoter in VSD

patients. These DSVs may be involved in the VSD etiology

by changing the levels of TBX18, one component of car-

diac gene regulatory network. The findings would deepen

our understanding of the genetic causes and molecular

mechanisms for CHD and provide the basis for designing

novel therapies for adult CHD patients.
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