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Characterization of TBX20 in Human Hearts and Its
Regulation by TFAP2
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Abstract The T-box family of transcription factors has been shown to have major impact on human development
and disease. In animal studies Tbx20 is essential for the development of the atrioventricular channel, the outflow tract and
valves, suggesting its potential causative role for the development of Tetralogy of Fallot (TOF) in humans. In the presented
study, we analyzed TBX20 in cardiac biopsies derived from patients with TOF, ventricular septal defects (VSDs) and
normal hearts. Mutation analysis did not reveal any disease causing sequence variation, however, TBX20 is significantly
upregulated in tissue samples of patients with TOF, but not VSD. In depth analysis of TBX20 transcripts lead to the
identification of two new exons 30 to the known TBX20 message resembling the mouse variant Tbx20a, as well as an
extended 50UTR. Functional analysis of the human TBX20 promoter revealed a 100 bp region that contains strong
activating elements. Within this core promoter region we recognized functional binding sites for TFAP2 transcription
factors and identified TFAP2 as repressors of the TBX20 gene in vitro and in vivo. Moreover, decreased TFAP2C levels in
cardiac biopsies of TOF patients underline the biological significance of the pathway described. In summary, we provide
first insights into the regulation of TBX20 and show its potential for human congenital heart diseases. J. Cell. Biochem. 104:
1022–1033, 2008. � 2008 Wiley-Liss, Inc.

Key words: T-box; TBX20; TFAP2; congenital heart disease; gene expression

Congenital heart defects (CHD) account for
the largest number of birth defects in human,
with an incidence of about eight per 1,000 live
births. Nearly 30% of major cardiac malforma-
tions are associated with additional develop-
mental abnormalities and result from a
recognized chromosomal anomaly or occur as
part of a syndrome. Major insights into cardiac
development and disease have been gained in

studies of animal models, such as mice, chicken,
and zebrafish, showing that a complex mole-
cular regulatory network is required to initiate
and complete the formation of a functional heart
[Cripps and Olson, 2002; Brown et al., 2005].
The transcriptional regulation process seems to
play one key role in this process (e.g., Pitx2, Isl1,
Myocardin, Hand2) [Bruneau, 2002], supported
also by knowledge gained from mutation reports
of patients (e.g., NKX2-5, ZIC3, GATA4, and
CITED2) [Schott et al., 1998; Garg et al., 2003;
Ware et al., 2004; Sperling et al., 2005].
Tetralogy of Fallot (TOF) is a combination of
anatomic abnormalities arising mainly from the
maldevelopment of the right ventricular out-
flow tract. Clinically, TOF is characterized by a
subaortic ventricular septal defect (VSD), right
ventricular infundibular stenosis, aortic valve
overriding the right ventricle and right ven-
tricular hypertrophy. As for the overwhelming
majority of CHD, the molecular pathology of
TOF is so far still poorly understood and major
efforts to identify associated molecular factors
are currently undertaken.
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T-box genes represent a family of transcrip-
tion factors that share a highly conserved DNA-
binding region (called T-box) and are suggested
to play a crucial role in the development of CHD
in human. Several family members show car-
diac expression during early embryogenesis,
such as Tbx1, Tbx2, Tbx3, Tbx5, Tbx18, and
Tbx20 [Plageman and Yutzey, 2005; Stennard
and Harvey, 2005]. Deletions of TBX1 have been
shown in individuals with DiGeorge syndrome
[Yagi et al., 2003] and mutations or haploinsuf-
ficiency of TBX5 are frequent causes of Holt–
Oram syndrome associated with atrial septal
defects and first or second degree atrioventric-
ular block [Basson et al., 1997; Li et al., 1997].
Together with Tbx5, the T-box transcription
factor Tbx20 is one of the first genes expressed
in the vertebrate cardiac lineage showing a
conserved expression pattern in cardiac struc-
tures from drosophila to mammals [Meins et al.,
2000; Kraus et al., 2001; Plageman and Yutzey,
2005]. During development Tbx20 expression
becomes gradually enriched in the atrioventric-
ular channel, the outflow tract and the devel-
oping right ventricle and valves [Iio et al., 2001;
Kraus et al., 2001; Stennard et al., 2003;
Plageman and Yutzey, 2004; Takeuchi et al.,
2005]. It is essential for the correct formation of
these structures as reduced Tbx20 expression
results in abnormal heart morphogenesis in
zebrafish and mouse models [Szeto et al., 2002;
Brown et al., 2005; Cai et al., 2005; Singh et al.,
2005; Stennard et al., 2005; Takeuchi et al.,
2005]. Mechanistically, Tbx20 interacts with
major players in the regulation of cardiac
development such as Tbx5, Gata4, Gata5, Isl1,
and Nkx2-5, acting as a transcriptional repres-
sor of Tbx2 or activator of Mef2C and Nkx2-5
[Stennard et al., 2003; Brown et al., 2005; Cai
et al., 2005; Singh et al., 2005; Shelton and
Yutzey, 2007]. Thus Tbx20 has been recognized
as a key component of the genetic network
controlling regional identity, proliferation and
differentiation within the developing heart in a
dose-sensitive manner. Phenotypes of mouse
embryos with a mild reduction of TBX20 levels
show its role in right ventricular growth and
outflow tract development [Takeuchi et al.,
2005]. Recently, mutations in the T-box DNA
binding domain of TBX20 have been detected
in two families with cardiac pathologies in-
cluding septation defects and cardiomyopathy
[Kirk et al., 2007]. The regulation of TBX20
and its impact as disease gene for TOF in

humans, however, has not been investigated
to date.

In the study presented, we analyzed the
TBX20 gene in human and show increased
TBX20 expression levels in atrial and ventric-
ular biopsies from TOF patients compared to
patients with isolated VSD and normal human
heart samples. Further, we characterized the
core promoter of TBX20 and show that TFAP2
transcription factors are direct repressors of
TBX20 in vitro and in vivo. This might repre-
sent a regulatory pathway for TBX20 upregu-
lation in TOF patients as TFAP2C expression
levels are decreased in respective samples.
No sequence mutations could be observed for
TBX20 or the DNA binding domain of TFAP2C
in analyzed patients.

MATERIALS AND METHODS

Patient Samples

All cardiac samples were obtained from the
German Heart Center during cardiac surgery
with ethical approval by the Institutional
Review Committee and informed consent of
the patients or parents. Biopsies were taken
from the right ventricle and atrium of patients
with TOF as well as age and sex matched
samples from individuals with VSD from the
same tissue region. Samples of all four heart
chambers were obtained from normal human
hearts.

RNA and DNA Isolation and
Quantitative Real-Time PCR

Total RNA and genomic DNA of all cardiac
tissues were extracted using TRIzol (Invitrogen,
Karlsruhe, Germany) according to manufac-
turer’s instructions. Five micrograms of total
RNA was reverse transcribed and real-time
PCR carried out using SYBR Green PCR master
mix (ABgene, Epsorn, UK) on an ABI PRISM
7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA) with primers
for TBX5, TBX20 isoforms as well as TFAP2
genes. The housekeeping genes ABL, B2M, and
HPRT were used for normalization as described
[Vandesompele et al., 2002].

Mutation Analysis

Genomic DNA extracted from patient heart
biopsies was amplified using the GenomiPhi-
Kit (Amersham Biosciences, Piscataway, NJ).
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All exons and the 700 bp promoter region of
TBX20 as well as exons 4 and 5 of TFAP2C were
amplified by PCR using Hotstar Taq polymer-
ase (Qiagen, Hilden, Germany). Sequences of
the primers utilized in this study are available
upon request. PCR fragments were sequenced
by the Services in Molecular Biology Company
(Berlin, Germany).

Plasmid Constructs

Human TBX20 promoter-luciferase plasmids
were generated by cloning the 1,540 bp frag-
ment of the human TBX20 50flanking region
between �1,546 and �7 bp relative to the
initiation codon into KpnI/NheI sites of the
luciferase reporter gene plasmid pGL3basic
(Promega, Mannheim, Germany). The resulting
full-length promoter–reporter plasmid was
denoted as �1,546-TBX20-Luc. Sequential
deletion constructs were created as indicated
in Figure 3. Expression vectors for SP1,
TFAP2A, TFAP2B, TFAP2C, and E2F1 were
described previously and generously donated
by Guntram Suske, Helen Hurst, Ronald J.
Weigel, and Joseph R. Nevins [Hagen et al.,
1994; Schwarz et al., 1995; Bosher et al., 1996;
Bamforth et al., 2001].

Cell Culture, Transfection, and Luciferase Assay

The human cell lines HEK293 and HepG2 as
well as C2C12 mouse myoblasts were main-
tained in DMEM þ10% FBS. HL1 mouse
cardiomyocytes were obtained from William C.
Claycomb and cultured as described [Claycomb
et al., 1998]. Cells were transfected using
Transfast (Promega) or Dreamfect (Oz Bioscien-
ces, Marseille, France) according to manufac-
turers’ instructions. Reporter gene assays for
luciferase activity were performed as described
previously [Sperling et al., 2005].

50UTR Mapping

The investigation of the TBX20 50UTR was
carried out by PCR using cDNA derived from
HEK293 cells. The reverse primer was located
in exon 2 (þ168 to þ188 bp relative to the A of
the ATG initiation codon) and a panel of forward
primers upstream of the translation start site as
indicated in Figure 3b.

Electromobility Shift Assay

Nuclear extracts were prepared from HEK293
cells after transfection with TFAP2C expression

plasmid or empty vector. Double-stranded oli-
gonucleotides containing the putative TFAP2
binding sites within the TBX20 promoter
were generated by annealing complementary
single-stranded oligonucleotides (cgcccggcccgc-
ggccccgcccccggcggcggaatca) and subsequently
end-labeled with digoxygenin-11-ddUTP using
the DIG Gel Shift Kit 2nd Generation (Roche
Diagnostics, Mannheim, Germany). For bind-
ing reactions, 3 mg of nuclear extract and 0.8 ng
labeled oligonucleotides were incubated, for
competition experiments a 100-fold excess of
unlabeled competitor DNAs was added to the
mixture. After the binding reaction, samples
were subjected to electrophoresis on a 6% TBE
DNA Retardation Gel (Novex, Invitrogen) and
visualized by autoradiography.

Chromatin-Immunoprecipitation (ChIP)

ChIP experiments were performed on dupli-
cate sets of HL1 cells essentially as described
previously [Horak et al., 2002]. Modifications of
the assay protocol were as follows: cells were
cross-linked for 10 min at 378C and samples
sonified using a Branson 250 Sonifier with
12 pulses at power-setting of 6% and 100%
duty-cycle for 30 s and 2 min on ice between
pulses. Immunoprecipitation was carried out
with magnetic protein A/G beads (Invitrogen)
and TFAP2 antibody (#sc-8977, Santa Cruz
Biotechnology, Inc., CA) at 5 mg/ml concentra-
tion. Enrichment of TFAP2 target sequences
over input was quantified by real-time PCR as
described above.

RESULTS

Human TBX20 Splice Variants and Their
Expression in Normal Human Hearts

To characterize the human TBX20 gene
inmoredetailwe generated alignmentsofknown
murine Tbx20 transcripts with the human
genome. This analysis suggested the potential
presence of further TBX20 splice variants in
addition to the annotated human transcript
harboring six exons (NM_020417). RT-PCR
performed on cDNA from HEK293 cells as well
as human myocardium showed expression of
exons 7 and 8, homologous to the mouse Tbx20a
splice variant. We cloned the full-length human
TBX20A transcript, submitted to Genbank
(accession number NM_001077653; Fig. 1a,b).

This novel human isoform contains a region of
150 amino acids C-terminal to the T-box, which
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is predicted to carry strong transactivation and
transrepression domains in mice [Stennard
et al., 2003]. The corresponding murine Tbx20a
transcript has been shown to be the most
abundant splice variant of Tbx20 in mouse. In
accordance with this quantitative real-time
PCR analysis of cDNA derived from normal
human heart samples showed a much stronger
expression of the TBX20A isoform compared
to the previously described splice variant in
human, which is designated TBX20B in the

paper presented. Expression profiles of the
TBX20A and TBX20B transcripts were similar
in cDNAs from all four chambers of the human
heart (Fig. 1c).

Mutational Analysis of TBX20
in Patients With TOF

To analyze genomic alterations of TBX20
potentially causative for CHD in human, we
screened 23 patients with TOF by sequencing

Fig. 1. Structure and expression of human TBX20 isoforms.
a: Intron/exon structure of human TBX20 transcript variant A
isolated from HEK293 total cDNA compared to known TBX20B.
Exons are represented as boxes and the position of the 180aa
T-box domain is shown in dark gray. Novel exons are depicted in
light gray. b: Schematic representation (not to scale) of the TBX20
isoforms. Note that variant TBX20A contains an extension

harboring transactivation and transrepression domains. c: Real-
time PCR analysis of TBX20A and TBX20B splice variants in
cDNA derived from normal human heart tissues (n¼4) of left
atrium (LA), right atrium (RA), left ventricle (LV), and right
ventricle (RV). Results represent median expression levels with
25% and 75% quantile; assays were performed in triplicates.
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all TBX20 exons including their flanking
intronic regions and 700 bp 50 of the translation
start site, a region potentially containing regu-
latory elements for TBX20. The results from
this mutation screen are presented in Table I.
We detected two previously known sequence
variations showing the same distribution as in
the normal population (NCBI dbSNP) and one
additional nucleotide variation 50 to the start
codon. Further sequence variations, which are
also currently associated with TBX20 in dbSNP,
resulted from amplification of the TBX20
pseudogene on chromosome 12 that comprises
exons 5–8 of TBX20 on chromosome 7. How-
ever, analysis of cDNA demonstrated that the
pseudogene is not transcribed suggesting its
functional silence and cDNA analysis of TBX20
showed the absence of the proposed alterations.
Homology studies revealed that the mouse
genome lacks a Tbx20 pseudogene.

Increased Cardiac TBX20 Expression
Levels in Patients With TOF

In addition to mutations potentially causing
deficient transcription factor activity the regu-
latory network during cardiac development has
been shown to be dependent on the amount of
transcription factors present in the correspond-
ing tissue [Cai et al., 2005; Singh et al., 2005;
Takeuchi et al., 2005]. Therefore we questioned
whether the T-box genes TBX5and TBX20 would
be deregulated in biopsies of 13 patients with
TOF whose genomic DNA was included in the
mutation analysis. A group of 8 samples of
normal human hearts served as control and
12 age matched biopsies from patients with
isolated VSD. Quantitative real-time PCR dis-
played a significant upregulation of TBX20 in
TOF samples compared to normal human
hearts and VSD samples (P< 0.005; Fig. 2a).
In contrast, expression levels of TBX5 were not
significantly altered in either group of individ-
uals (Fig. 2b). Next, we analyzed the expression

of the different TBX20 splice variants in
representative atrial and ventricular samples
of TOF patients compared to normal human
hearts. In these samples both TBX20 isoforms
were found to be upregulated compared to
normal human hearts (P< 0.05 and P< 0.005;
Fig. 2c). Again, TBX5 levels did not differ
between the groups (data not shown).

TABLE I. Mutation Analysis of the TBX20 Gene in Patients With TOF

dbSNP Position
Nucleotide
variation

Amino acid
variation

Mut
chr

Total
chr

Mut allele
freq

Mut allele
freq dbSNP

50UTR c.�186T>C 13 46 0.283
rs336283 Exon 1 c.39T>C p.Ser13Ser 33 46 0.717 0.735
rs17675148 Intron 3 c.545þ13A>G 9 38 0.237 0.263

Systematic nomenclature for SNPs (www.hgvs.org) based on GenBank NM_001077653 (TBX20A cDNA) and counting þ1 as A of the
initiation codon. Mut, mutant; chr, chromosome; freq, frequency.

Fig. 2. Overexpression of TBX20 variants in cardiac samples
of patients with TOF. a: TBX20 (both splice forms) and (b) TBX5
mRNA expression levels in right ventricular biopsies of patients
with Tetralogy of Fallot (TOF; n¼13), isolated ventricular septal
defects (VSDs; n¼12) and normal human hearts (healthy; n¼ 6)
were quantified by real-time PCR. c: Expression of TBX20 splice
variants in right ventricular (RV) and right atrial (RA) samples of
patients with TOF (n¼ 4) compared to normal human hearts
(n¼4) as determined by real-time PCR. Results represent median
expression levels with 25% and 75% quantile. * Indicates
statistical significance according to Wilcoxon testing. (*)
P<0.05; (**) P<0.005.
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Identification of the TBX20 Core
Promoter and 50UTR

To elucidate the regulatory region of the
human TBX20 gene we cloned a fragment
comprising nucleotides �1,546 and �7 relative
to the translation start site counting the A of the
initiation codon as þ1. This region was able to
drive expression of a luciferase gene when
cloned in a corresponding vector about 30-fold
higher compared to the activity of the empty
vector after transfection in HEK293 cells
(Fig. 3a). To define the minimal promoter region
of TBX20 we generated a series of truncated
constructs and characterized the basal activity
in HEK293 cells. As shown in Figure 3a, a
region between �629 and �527 bp relative to
the translational start site is responsible for the

major increase in promoter activity, as between
�629 and�527 bp the transcriptional activity of
the construct decreased sequentially by about
five- to sixfold. Similar results were obtained in
HepG2 cells as well as C2C12 mouse myoblasts
(data not shown), suggesting that major regu-
latory elements of the TBX20 gene are located in
a region between �629 and �527 bp 50 of the
ATG initiation codon. We therefore suggest that
this region represents the TBX20 core promoter
serving as recognition site for the basal tran-
scription apparatus which is typically a 100 bp
region flanking the transcriptional start site
(TSS). Moreover, our data show that all con-
structs with inserts containing less than�527 bp
exhibit only minor transcriptional activity. This
527 bp region is homologous to the murine Tbx20
50UTR and using primer walking analysis we
could also annotate it as the 527 bp long 50UTR
in the human TBX20 transcripts (Fig. 3b). This
TSS maps well with the one proposed by
prediction programs (Dragon GSF1.0, Eponine,
Mc Promoter, NNPP2.1, Promoter Scan, TSSG
and TSSW).

TFAP2 Isoforms Dose Dependently
Downregulate the TBX20 Promoter

Promoter analysis using TRANSFAC [Matys
et al., 2003] revealed that the region identified
as the TBX20 core promoter harbors several
GC-boxes that represent potential binding sites
for the transcription factors SP1, E2F, and the
TFAP2 family (Fig. 4a). Cotransfection of cor-
responding expression constructs in HEK293
cells with the �667 to �7 bp TBX20 promoter
construct in the presence of empty vector or
TFAP2 expression plasmids revealed that
TFAP2A, TFAP2B, and TFAP2C significantly
downregulate TBX20 promoter activity by
about threefold. In contrast cotransfection with
expression constructs for transcription factors
SP1 and E2F had no effect on the luciferase level
(Fig. 4b). The repressive effects of all three
TFAP2 isoforms showed dose-dependency (Fig. 4c
and data not shown).

TFAP2-Response Elements Drive Promoter
Activity In Vitro and In Vivo

To investigate the impact of putative TFAP2
binding sites on promoter regulation we trans-
fected HEK293 cells with different TBX20
promoter constructs in the presence or absence

Fig. 3. Identification of the TBX20 core promoter and 50UTR.
a: Luciferase activity assays in HEK293 cells transfected with
different TBX20 promoter constructs. The fragments between
�1,546, �1,052, �667, �629, �586, �527, �486, �324, and
�116 to �7 relative to the A of the initiation codon of the human
TBX20 gene (NM_001077653) were PCR amplified and cloned
into pGL3basic. Firefly luciferase activity of the resulting
plasmids was normalized to Renilla luciferase activity to account
for differences in transfection efficiency. The mean luciferase
activity of transient transformants is presented as fold change
compared to basal activity of the pGL3basic vector from one
representative experiment performed in triplicates, error bars
represent standard deviations. The assays were repeated at least
three times independently. b: Mapping of the transcriptional start
site of human TBX20 by RT-PCR analysis of cDNA from HEK293
cells with forward primers upstream of the translation start site as
indicated.
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of TFAP2 expression plasmids. TFAP2 isoforms
repressed transcriptional activity of the�667 to
�7 bp and �629 to �7 bp promoter constructs
by two- to threefold, in contrast no effects could
be observed when cotransfecting TFAP2A or
TFAP2C to the�586 to�7 bp and�527 to�7 bp
promoter construct (Fig. 5a and data not
shown). These results suggest the functionality
of a repressive TFAP2 binding site between 629
and 586 bp upstream of the TBX20 initiation
codon. To test whether TFAP2 binds to those
sites in vitro, we performed gel shift assays of
nuclear extracts from HEK293 cells transfected
with TFAP2 expression plasmids and oligonu-

cleotides representing the potential binding
sites between �629 and �586 bp of the TBX20
promoter. Figure 5b shows binding with nuclear
extracts from TFAP2 transfected cells, whereas
there is no signal in the non-transfected cells.
In the presence of a 100-fold molar excess of
competitor oligonucleotides, complexes of the
labeled DNA fragments with TFAP2 were
abolished. ChIP experiments in cultured HL1
cells showed about 20-fold enrichment of the
corresponding TBX20 core promoter in samples
after precipitation of cross-linked chromatin
with TFAP2 antibodies compared to unrelated
promoter regions (Fig. 5c). Thus, TFAP2 binds

Fig. 4. Transcription factor binding sites and regulation of
the TBX20 core promoter. a: Alignment of the human and mouse
TBX20 50flanking sequence generated by mVISTA (http://genome.
lbl.gov/vista/index.shtml) and potential transcription factor
binding sites identified by TRANSFAC [Matys et al., 2003].
Predicted transcription factor binding sites for E2F, SP1, and

TFAP2 in the putative core promoter are boxed. b,c: Regulation
of the TBX20 promoter by various transcription factors. HEK293
cells were transfected with expression vectors for the transcrip-
tion factors as indicated or corresponding empty vectors.
Normalized mean luciferase activity is shown compared to
unstimulated activity of the �667 to �7 bp construct set as one.
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to these regulatory elements in the TBX20
promoter in cardiac cells in vivo.

Decreased Expression Levels of TFAP2C in
Biopsies of Patients With TOF

To strengthen the biological relevance of
TFAP2 regulation of TBX20 we assessed mRNA
levels of TFAP2 genes in human heart samples.
TFAP2A and C mRNA was present in atrial and
ventricular samples, while TFAP2B mRNA was
not detectable by real-time PCR. Interestingly,

we found that TFAP2C was significantly down-
regulated in tissue samples of patients with
TOF compared to normal human hearts (P<
0.005; Fig. 6a) and patients with VSD (P< 0.05),
providing a possible explanation for the over-
expression of TBX20. In contrast, expression
levels of TFAP2A were unchanged (Fig. 6b).
Mutation analysis did not show any structural
alterations of the TFAP2C DNA binding domain
(data not shown) suggesting that again dereg-
ulation rather than mutation is more likely to be
responsible for TBX20 overexpression in TOF
patients.

DISCUSSION

Splice Variants and Sequence Variations
of TBX20 in Human

The T-box genes TBX5 and TBX1 have long
been known as disease genes for human CHD.
In addition to these two family members,
TBX20 represents a key regulator of embryo-
genesis and particularly early cardiac develop-
ment. Lack of Tbx20 leads to various cardiac
malformations in animal models such as out-
flow tract defects and malformed valves and a
disturbed expression pattern of a number of
other key cardiac transcription factors [Brown
et al., 2005; Cai et al., 2005; Singh et al., 2005;
Takeuchi et al., 2005]. Moreover, in a recent
study mutations in the T-box DNA binding
domain of TBX20 were linked to cardiomyop-
athy and cardiac septation defects in human

Fig. 5. Identification of functional TFAP2 binding sites in the
TBX20 core promoter. a: Effects of serial deletions of the region
harboring TFAP2 binding sites on promoter regulation by
TFAP2C. HEK293 cells were transfected with different TBX20
promoter constructs as indicated in the presence or absence of
TFAP2A and TFAP2C expression vectors. Normalized mean
luciferase activities are shown with the luciferase activity of
the corresponding unstimulated promoter constructs set to one.
b: Electrophoretic mobility shift assay with nuclear extracts from
HEK293 cells transfected with TFAP2 expression constructs or
empty vector and end-labeled oligonucleotide probes contain-
ing potential TFAP2 binding sites in the presence or absence of
a 100-fold excess of unlabeled oligonucleotides. c: Chromatin-
immunoprecipitation analysis of HL1 cell extracts immunopre-
cipitated with TFAP2 antibody in replicates (set 1, set 2). Bound
DNA was detected using real-time PCR analysis targeting the
TBX20 core promoter primers and an unrelated negative control
(B2M).

Fig. 6. Decreased expression levels of TFAP2C in cardiac
samples of patients with TOF. a: TFAP2C and (b) TFAP2A mRNA
expression levels in right ventricular biopsies of patients with
Tetralogy of Fallot (TOF; n¼ 13), isolated ventricular septal
defects (VSDs; n¼12) and normal human hearts (healthy; n¼6)
were quantified by real-time PCR. Results represent median
expression levels with 25% and 75% quantile. Results are shown
in relation to the expression levels of the healthy human heart
samples. * Indicates statistical significance according to
Wilcoxon testing. (*) P<0.05; (**) P<0.005.
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[Kirk et al., 2007]. However, the presence of
different TBX20 transcripts in human as well as
sequence variations and expression levels of
TBX20 in patients with TOF have not been
investigated before. Here, we discovered the
presence of a human TBX20A splice variant
homologous to the murine Tbx20a transcript
representing the major transcript in both
species. The newly discovered human TBX20A
comprises C-terminal to the T-box the trans-
activation and transrepression domains, which
are potentially of major impact for the tran-
scriptional activity of TBX20. In contrast to the
preferential expression of Tbx20 transcripts in
distinct cardiac regions during cardiac develop-
ment in mouse, the human TBX20 splice
variants are equally expressed in human left
and right atrial and ventricular samples of
normal adult hearts.

The cardiac malformations observed in
mouse models lacking Tbx20 proposed a poten-
tial primarily causative impact of TBX20 on the
development of TOF in human. However, in
23 patients studied we could not identify any
amino acid changing mutation. This suggests
that mutations of TBX20 are not common in
humans live births or they may be associated
with other CHD not studied [Kirk et al., 2007].
Two sequence variations present in the dbSNP
database (www.hgvs.org) could be confirmed
at equal frequencies compared to the normal
population. One novel nucleotide exchange was
discovered within the 50UTR. Interestingly in
contrast to mouse, the human genome harbors a
TBX20 pseudogene on chromosome 12 includ-
ing exons 5–8 of the TBX20 transcript. This
has to be considered when genotyping TBX20
DNA as many TBX20 sequence variations
listed in dbSNP arise from the non-transcribed
pseudogene.

Expression of TBX20 in Human
Right Ventricular Samples

Various results from mouse studies have
revealed the impact of Tbx20 as a key regulator
of transcriptional networks in cardiac develop-
ment. Thereby, the level of transcription factors
plays an important role and is tightly regulated.
However, the expression levels of transcription
factors in human heart development and mal-
formed hearts are still largely unknown. A
previous study on gene expression in malformed
human hearts [Kaynak et al., 2003] demon-
strated disease specific molecular portraits,

with a higher number of genes being upregu-
lated in TOF patients compared to individuals
with VSD. This analysis, however, did not
include all transcription factors known to play
a role in cardiac development. Here we deter-
mined the expression levels of the T-box tran-
scription factors TBX20 and TBX5 using
quantitative real-time PCR in cDNAs derived
from human heart tissue samples showing
elevated expression of TBX20 in patients with
TOF. In contrast, levels of TBX5 were not
altered in either of the groups.

In depth analysis of TBX20 transcripts in
human revealed that both human isoforms,
namely TBX20A and TBX20B are overex-
pressed in patients with TOF. This upregula-
tion could be detected in atrial and ventricular
samples pointing to a general deregulation in
TOF rather than adaptation processes related
to cardiac pressure overload and altered hemo-
dynamic features in the ventricle. Thus, the
altered expression level of TBX20 may have a
potential impact on the development of TOF
in human and we further investigated the
upstream regulatory cascade of TBX20.

Regulation of the TBX20 Gene

So far biochemical and animal studies have
investigated the regulation of potential target
genes of Tbx20 and its interactions with other
cardiac transcription factors. The regulation
of the Tbx20 gene itself, however, is largely
unknown to date. The only described signaling
molecule upstream of Tbx20 is Bmp2, as
cultured chicken embryo explants display over-
expression of Tbx20 in its presence [Plageman
and Yutzey, 2004]. Here, we were able to
identify a fragment between �629 and �527 bp
upstream of the translation start site of TBX20
that is responsible for 95% of the transcriptional
activity resulting from the TBX20 locus. In
accordance to this, we discovered an extended
50UTR for the TBX20 transcripts of 527 bp.
Therefore the mapped transcriptionally active
region is about 100 bp upstream of the TSS
and represents the TBX20 core promoter. Its
sequence is highly conserved between mice and
human and contains a GC rich region, harbor-
ing potential binding sites for the transcription
factors TFAP2 and SP1 as well as E2F. We
show that all three isoforms of TFAP2, namely
TFAP2A, TFAP2B, and TFAP2C repress the
TBX20 promoter by two- to threefold, whereas
SP1 and E2F do not alter TBX20 promoter
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activity. In addition, TFAP2 transcription fac-
tors are able to bind to the TBX20 promoter
in vitro and in vivo.

Members of the TFAP2 family share a
homologous C-terminal helix-span-helix domain
responsible for dimerization and DNA-binding
and a proline-glutamine rich transactivation
domain at the N-terminus [Eckert et al., 2005].
Interestingly, the three TFAP2 family members
shown to regulate TBX20 are expressed in the
neural crest during development [Chazaud
et al., 1996; Moser et al., 1997]. This region
contributes to cardiogenesis as progenitor cells
from the cardiac neural crest migrate into the
developing heart and participate in septation
and outflow tract morphogenesis [Harvey,
2002]. Moreover, TFAP2A and TFAP2B have
been associated with CHD. Knock-in mice with
functionally deficient Tfap2a display cardiac
malformations in addition to failing neural tube
closure and craniofacial defects [Brewer et al.,
2002]. The observed cardiac malformations
include a panel of defects associated with
perturbed outflow tract formation such as
double outlet right ventricle, persistant truncus
arteriosus, TOF and severe pulmonary stenosis.
In contrast, mutations of TFAP2B leading to
haploinsufficiency or a dominant negative form
of the TFAP2B protein have been associated
with Char syndrome in humans, characterized
by persistant ductus arteriosus, facial dysmor-
phism and skeletal abnormalities of the hand
[Satoda et al., 2000]. These findings illustrate
the role of the TFAP2 gene family in cardiac
morphogenesis, mainly outflow tract formation
and cardiac septation, by controlling cell pro-
liferation and terminal differentiation [Eckert
et al., 2005; Hutson and Kirby, 2007].

The TFAP2C family member so far has not
been implicated in CHD, however, recent stud-
ies in zebrafish embryos showed redundant
activities of Tfap2a and Tfap2c in neural crest
development [Li and Cornell, 2007]. Results
presented in this study suggest that over-
expression of TBX20 in TOF patients may result
from lack of repression by TFAP2C. Whereas
mutational analysis did not show any structural
alterations of the TFAP2C DNA binding domain
or its cofactor CITED2, a known causative
factor for CHD [Schott et al., 1998; Garg et al.,
2003; Ware et al., 2004; Sperling et al., 2005],
gene expression analysis demonstrated down-
regulation of TFAP2C mRNA in cardiac biop-
sies from TOF patients.

To summarize, the present study reveals that
mutations in TBX20 and the DNA binding
domain of TFAP2C are unlikely to be a major
cause of TOF or VSD in human. In contrast, we
show that TBX20, a key transcription factor for
chamber specific cell differentiation, is overex-
pressed in TOF patients. Our expression profil-
ing and functional analysis support a role of
TFAP2C as a direct transcriptional regulator of
TBX20 which adds another piece to the tran-
scriptional network important for cardiac devel-
opment. Animal studies, however, have not yet
addressed the consequences of TBX20 gain of
function. These experiments will demonstrate
whether elevated levels of TBX20 alone can
mirror the cardiac malformations seen in
TOF patients and explain how the cardiac
transcriptional network is influenced by
TBX20 overexpression.
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