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Abstract  

 

Tbx3 and Tbx5, both belonging to the T-box transcription factor family, play major 

roles in the development of cardiac conduction system. Although sharing many 

similarities in structure and target binding, they are opposite to each other in 

transcriptional properties as Tbx3 functions as a repressor and Tbx5 as an 

activator. Tbx3 suppresses working myocardial genes in the primary myocardium 

and thereby inhibits chamber differentiation. In contrast, Tbx5 activates working 

myocardial genes in the chamber myocardium to stimulate chamber differentiation. 

During heart development, the expression pattern of Tbx3 and Tbx5 overlap in the 

central components of the cardiac conduction system. Based on the knowledge 

that they are able to bind the same DNA consensus in vitro and appear to share 

many protein interacting-partners for transcriptional regulation, they probably have 

to compete with each other for the binding of DNA and protein-partners in the 

regions where they are co-expressed. To shed light on the possible mechanism 

determining the outcome of this competitive process, we investigate whether Tbx3 

and Tbx5 share binding-motif, gene targets and protein partners in vivo by 

analyzing the overlapping binding-sites of Tbx3, Tbx5 and their interacting-partners 

from their chromatin immunoprecipitation sequencing (ChIP-seq) data sets. Our 

results demonstrate that Tbx3 and Tbx5 bind a highly similar DNA binding-motif, 

largely the same target sites and genes, and the same protein-partners, and we 

thus propose that stoichiometry, the quantitative relationship between Tbx3 and 

Tbx5, is probably the determinant in this competitive target binding process.  

 

Introduction 

 

Tbx3 and Tbx5 belong to the T-box transcription factor gene family that possess a 

highly conserved DNA binding ‘T-box’ domain of 180 amino acids located in the 

amino-terminal portion of the protein 1. The T-box domain is required for DNA-

binding, protein-protein interaction and nuclear localization 2, 3. Several key T-box 

factors have been shown, in vitro, to bind a similar DNA binding consensus 4, 5. 

Tbx3 and Tbx5 belong to the Tbx2 subfamily with known orthologues in chick, 

mouse and human. Mutations in TBX3 and TBX5 have been found to be 

associated with cardiac conduction defects 6-8, indicating their important role in the 

development of the cardiac conduction system. Working as a transcriptional 

repressor, Tbx3 represses the expression of working myocardial genes, such as 

Cx40, Cx43, Nppa and Scn5a and in general functions to suppress chamber 

differentiation and maintain a nodal-like phenotype in the primary myocardium that 

will derive the nodal components of the conduction system 9-11. Tbx5, in contrast, 

acts as a transcriptional activator during heart development in which it activates 
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working myocardial genes in chamber myocardium and thereby stimulates 

chamber differentiation 6, 12, 13.  

During heart development, Tbx3 and Tbx5 expression patterns overlap in 

the central  components of the conduction system, including the sinuatrial node 

(SAN), the atrioventricular node (AVN), the atrioventricular bundle (AVB), the 

bundle branches (BB) and Purkinje fibers 9, 11. In the early forming AVB, Cx40 

expression is suppressed by Tbx3, but from E14.5 onwards its expression is 

initiated 9, in someway overriding the repression by Tbx3 which remains present. 

Since Tbx5 is co-expressed in this region, and has been shown to drive Cx40 

expression 6, 14, one hypothesis could be that Tbx5 directly competes with Tbx3 for 

DNA regulatory sequences governing expression of Cx40, this being based in part 

on their highly similar DNA binding domains. This mechanistic switch, therefore, 

may simply be driven by stoichiometry of Tbx3 and Tbx5.   

T-box factors exert their function by binding of specific DNA regulatory 

sequences and synergistic interaction with other transcription factors 15-18. A 

number of transcription factors like zinc finger-containing Gata4, and homeobox-

containing Nkx2-5 and Msx1 have been shown to have functional physical 

interactions with Tbx3 and Tbx5 in the regulation of gene transcription 16, 17, 19-21. 

Here, we offer evidence further validating these protein-protein interactions by 

analyzing overlapping chromatin immunoprecipitation sequencing (ChIP-seq) data 

sets of Tbx3, Tbx5 and their interacting-partners. We investigated the in vivo DNA 

binding-motifs, the binding-sites and target genes of Tbx3 and Tbx5 in order to 

shed light on whether stoichiometry could be a factor in target gene expression. 

 

Results 

 

ChIP-peak calling 

For all analyses, we used our own Tbx3 ChIP-seq data derived from adult mouse 

heart with Tbx3 ectopic expression in cardiomyocytes. This Tbx3 expression 

system makes use of a Cre-inducible TBX3 expression cassette (CT3) and a 

cardiomyocyte-specific tamoxifen inducible Cre expression cassette (Myh6-mER-

Cre-mER) (Chapter 4). Tbx3 ChIP-seq data were deposited in NCBI’s Gene 

Expression Omnibus (GEO) under accession number GSM862695. The ChIP-seq 

data sets of Tbx5, Gata4, Nkx2-5, Msx1 and Sox11 used were obtained from 

literature and NCBI’s Gene Expression Omnibus (GEO). ChIP-seq of Tbx5 (GEO 

accession GSM558908), Gata4 (GEO accession GSM558904) and Nkx2-5 (GEO 

accession GSM558906) was carried out in HL-1 mouse cardiac muscle cells 22; 

ChIP-seq of Msx1 (GEO accession GSM818942) was performed in C2C12 mouse 

myoblast cells 23; ChIP-seq of Sox11 (GEO accession GSM818942) was 

performed in early formed neurons 24.  
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After sequencing of the immunoprecipitated protein-DNA complexes from 

the ChIP and base-calling, 48 bp reads were aligned to the mouse reference 

genome. Subsequently, the genomic coverage of these aligned tags was called 

using MACS in wig format. In our study, an in-house algorithm was used to call 

BED-based ChIP-peaks. Our criteria for a peak was that the minimum peak width 

was 15 bp and the minimum gap between two peaks was 50 bp, meaning that if 

two peaks were separated by a distance shorter than 50 bp then these two peaks 

were considered to be one peak. To distinguish false-positive (background) regions 

from the genuine binding-regions, the minimum peak height (tags per peak) that 

reflects the border between them had to be determined with the same calculation  

A 

Figure 1 Assessment of genuine and background binding-peaks. (A) Tbx3 ChIP-seq is used here 
as an example. Tag count (x-axis) is plotted against peak count (y-axis in log scale). The graph is a 
biphasic curve. First tangent lines (white solid lines) were drawn at two points on the curve; the first 
point represents the point of the linear part of the first phase and the second point the linear part of the 
second phase. The intersection of these two tangent lines represents the point of the tag count of 
which the second derivative is maximal. In this example maximum second derivative was estimated at 
tag count around 5 (white dashed line). As an estimate of robust binding-sites for further analysis the 
peak height with maximal second derivative was rounded up and multiplied by 2, and this tag count 
point is than applied as the threshold value. Therefore, tag count of 10 was set as the threshold for 
Tbx3 ChIP-seq in further analysis (black dashed line). All peaks with tag counts lower than 10 were 
determined as either background or near background (dark grey plot area) and higher than 10 as true 
Tbx3 bindings (light grey plot area). (B) In this example, one of the Tbx3 peaks possesses a tag count 
higher than 10 (dashed line) and is therefore counted as a genuine peak.  
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for each transcription factor. This was done by plotting the tag count against the log 

of the total peak count. This typically derives a biphasic curve of which the maximal 

second derivative can be considered as the point of the transition from largely 

background random sequence to genuine peaks. Therefore, the genuine binding-

regions were assessed from the point where the second derivative was maximal 

(Fig. 1). Subsequently, to identify the most robust binding-sites used in the analysis 

throughout the chapter, we set as criterion that two times the peak height found at 

the point of maximum second derivative was used as the threshold value. Thus, all 

peaks with heights above the threshold value were determined as binding-peaks 

and used in further analysis.  

Furthermore, the control ChIP-seq was performed in adult mouse heart 

without ectopic Tbx3 expression that only possessed the Myh6-mER-Cre-mER 

cassette (GEO accession GSM862696). This control ChIP-seq data possessed a 

total of 155 peaks, and most of these peaks were represented in all used ChIP-seq  

data sets. The overlapping peaks of the control and other ChIP-seqs were 

subtracted from all used ChIP-seq data sets. 42177 Tbx3, 73876 Tbx5, 24696 

Gata4, 38723 Nkx2-5 and 2970 Msx1 ChIP-peaks remained after the subtraction. 

Note that to exclude differences in approach to genome alignment, sequences of 

the previously published datasets for Tbx5, Gata4, Nkx2-5 22 and Msx1 23, were 

realigned to the mouse genome using the same settings as for the Tbx3 data.  
 

Tbx3 and Tbx5 share similar binding-motif in vivo 

We investigated whether there is a difference in binding consensus between Tbx3 

and Tbx5 in vivo that might represent specific gene programs. De novo motif 

discovery analysis using MEME 25 was performed to find enriched motifs in 

individual and combined ChIP-seq datasets. Since 55% (23318 out of 42177) of 

the Tbx3 binding-peaks overlap the binding-peaks of closely related Tbx5, the 

overlapping Tbx3 and Tbx5 peaks were subtracted from the Tbx3 and Tbx5 data 

set in order to discriminate the peaks unique to peak datasets of both factors. The 

resulted peaks were named Tbx3minusTbx5 and Tbx5minusTbx3 peaks (Table 1). 

Subsequently, random peaks from this intersecting data were used for the de novo 

motif discovery approach. Although Tbx3minusTbx5 showed more variation in the 

binding-motif, Tbx3minusTbx5 or Tbx5minusTbx3 peaks were found to be enriched 

for a motif that resembles the previously published in vitro binding consensus in the 

TRANSFAC and JASPAR database 26-28 (Fig. 2). The binding-motif enriched for the 

overlapping peaks of Tbx3 and Tbx5 also showed more variation than the Tbx5 

binding-motif, but was in good agreement with the published binding consensus. 

These results are also an indication of the quality of the ChIP-seq data. We 

compared the de novo binding-motifs of Tbx3minusTbx5 and Tbx5minusTbx3 with 

the published de novo motif of another T-box family member, Tbx20 29. Tbx5 and  
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Tbx20 are co-expressed in the early heart tube but become differentially expressed 

during chamber formation, indicating that they contribute to chamber formation 

independently 13. Interestingly, Tbx3minusTbx5 and Tbx5minusTbx3 binding-motifs 

differed from the Tbx20 de novo binding-motif (Fig. 2), possibly reflecting that 

Tbx20 differs from Tbx3 and Tbx5 in transcriptional function, and in the subfamily 

they belong 13, 17. The similarity of Tbx3 and Tbx5 in binding-motifs suggests that 

they probably recognize the same gene targets in vivo.  
 

Chromatin occupancy of known Tbx3/5-interacting partners with regard to 

Tbx3/5 

To find out whether co-occupancy is a predictor of protein-protein interaction and 

can it be used to investigate downstream targets of an interaction, we focused on 

the relationship between Tbx3 or Tbx5 and their interacting-partners. We assessed 

the binding-site distribution of known interacting-partners with regard to the  

 

Peak 

number   

Peak 

number 

Tbx3 total 42177   Tbx5 total 73876 

Tbx3/Tbx5 overlap 23318   Tbx5/Tbx3 overlap 19455 

Tbx3minusTbx5 18859   Tbx5minusTbx3 54421 

Table 1 Overview of the numbers of 
Tbx3 and Tbx5 ChIP-peaks. The total 
peaks refer the number of total peaks 
before subtracting Tbx3/5 and Tbx5/3 
overlapping peaks from Tbx3 and Tbx5 
ChIP-peaks, relatively. Tbx3/Tbx5 
overlap refers to Tbx3 peaks that 
overlap Tbx5 peaks; Tbx5/Tbx3 
overlap refers to Tbx5 peaks that 
overlap Tbx3 peaks. Tbx3minusTbx5 
indicates the number of Tbx3 peaks 
after subtracting Tbx3/Tbx5 
overlapping peaks from Tbx3 peaks 
and Tbx5minusTbx3 means vice versa. 

Figure 2 De novo motif discovery analysis for 
ChIP-seq data. MEME motif discovery analysis for 
Tbx3minusTbx5 and Tbx5minusTbx3 ChIP-peaks 
(thus after subtraction of overlapping peaks of Tbx3 
and Tbx5), and for Tbx3 and Tbx5 overlapping ChIP-
peaks compared to published consensus sequences 
available from TRANSFAC 26, JASPAR 27, 28 and the 
published Tbx20 de novo binding-motif 29. The de 
novo binding-motifs of Tbx3minusTbx5 and 
Tbx5minusTbx3 resemble the consensus sequences 
from TRANSFAC and JASPAR for five bases 
(framed by black dashed line), while differ from 
Tbx20 de novo binding-motif.  
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Tbx5minusTbx3 

Tbx3 and Tbx5  
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binding-sites of Tbx3 or Tbx5. The ChIP-peaks of known interacting-partners 

Gata4, Nkx2-5 and Msx1 were intersected with the ChIP-peaks of Tbx3 and Tbx5. 

Unique Tbx3 and Tbx5 peaks obtained after subtracting the overlapping Tbx3 and 

Tbx5 peaks were used. The ChIP-seq peaks of each factor with a minimal width of 

15 bp were extended artificially with increments of 0 to 1000 bp at the start and 

end. The number of Tbx3minusTbx5 or Tbx5minusTbx3 peaks overlapping the 

peaks of these interacting-partners was determined at each peak extension (the 

peak numbers at peak extensions 0, 50 and 1000 bp are represented in Fig. 3a). In 

order to compare data sets with different peak numbers, the number of overlapping 

peaks at peak extension of 0 bp was set to 1. The fold of Tbx3minusTbx5 (or 

 

Peak 
number 

Number Tbx3 
peaks 

overlapping 
these factors 

0 bp peak extension 
  

Tbx3minusTbx5 18859 
 

Gata4 24696 1383 
Nkx2-5 38723 1275 
Msx1 2970 287 
Sox11 116193 219 

50 bp peak extension 
  

Tbx3minusTbx5 17403 
 

Gata4 24696 1506 
Nkx2-5 38723 1424 
Msx1 2970 352 
Sox11 116193 475 

1000 bp peak extension 
  

Tbx3minusTbx5 11756 
 

Gata4 24696 1420 
Nkx2-5 38723 1819 
Msx1 2970 419 
Sox11 116193 2547 

 
Peak 

number 

Number 
Tbx3 peaks 
overlapping 

Tbx5 

0 bp peak extension 
  

Tbx3 total 42177 
 

Tbx5 total 73876 23318 
50 bp peak extension 

  
Tbx3 total 42177 

 
Tbx5 total 73876 24682 

1000 bp peak extension 
  

Tbx3 total 42177 
 

Tbx5 total 73876 30190 

Figure 3 Chromatin distributions of the 
binding-sites of T-box interacting-
partners regarding to the binding-sites of 
Tbx3. The ChIP-peaks of each factor with a 
minimal width of 15 bp (= 0 bp peak 
extension) are extended artificially with 0 to 
1000 bp at the start and end of the peaks. 
(A) Table showing the ChIP-peak numbers 
of Tbx3minusTbx5 (thus after subtraction of 
the overlapping Tbx3/5 peaks), Gata4, 
Nkx2-5, Msx1 and Sox11 and the peak 
numbers of Tbx3minusTbx5 overlapping 
these factors at peak extension of 0, 50 and 
1000 bp. (B) Table showing the numbers of 
total Tbx3 and Tbx5 peaks (before 
subtraction of the overlapping Tbx3/5 
peaks), and Tbx3/Tbx5 overlapping peaks at 
peak extension of 0, 50 and 1000 bp. (C) 
Graph showing the fold of Tbx3minusTbx5 
overlaps with other factors regarding to peak 
extension of 0 bp (y-axis) plotted against 
peak extension (x-axis). Note Sox11 as a 
non-interacting control of Tbx3.  
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Tbx5minusTbx3) overlaps with other factors with regard to peak extension of 0 bp 

is plotted against peak extension (Fig. 3c).  In so doing it was possible to broadly 

determine how the binding-sites of the interacting-partners are distributed 

regarding those of Tbx3 or Tbx5.  

As a positive control Tbx3/Tbx5 overlapping peaks were used since Tbx3 

and Tbx5 largely share the same binding-sites. The numbers of total Tbx3 and 

Tbx5 peaks (before the subtraction of the overlapping Tbx3 and Tbx5 peaks) and 

Tbx3/Tbx5 overlapping peaks at 0, 50 and 1000 bp peak extensions are listed in 

Figure 3b. We expected that functional interacting-partners bind to localized 

regulatory elements in a protein complex, sharing a close DNA binding relationship. 

This was indeed observed for the Tbx3/Tbx5 overlaps and intersection with Gata4, 

Nkx2-5 and Msx1 all noted as being known interacting-partners of Tbx3 and Tbx5 
16, 17, 19-21 (Fig. 3c).  

Next, we tested how the binding-sites of Sox11, a transcription factor that 

probably functions independently of Tbx3 and Tbx5, are distributed with regard to 

Tbx3 and Tbx5. Sox11, which plays a role in the neuronal differentiation, is 

expressed mainly in the neuronal and mesenchymal tissues during development 24, 

30, 31. It belongs to the same subgroup as Sox4 in the Sox family, and is highly 

similar to Sox4 in structure and function. Sox4 has been demonstrated to be an 

interacting protein-partner of Tbx3 probably mainly in the developing heart 

endocardial cushions where they co-expressed (Chapter 6). The expression of 

Sox11 in the heart, appearing to be transient 30, 32, seems not to overlap with that of 

Sox4 in the endocardial cushions 30, 32. We used the ChIP-peaks of Sox11 to test 

our hypothesis of how the occupied binding-sites from two functionally non-related 

datasets will be distributed when compared to each other (published Sox11 ChIP-

seq 24, GEO accession GSM818942). Transcription factors not working in concert 

in gene regulation, should, show a lower degree of localized overlap in terms of the 

ChIP-seq data profiles. One would expect this to be represented in a more 

extensive increase in the fold of overlapping peak number as the overlap window 

widths were extended. As shown in Figure 3c, the fold of overlapping peaks of 

Tbx3minusTbx5 with Sox11 indeed increases in a much more extensive way than 

the other factors as the peak widths increased. The intersection of Tbx5minusTbx3 

with these factors (not shown) showed comparable result as Tbx3minusTbx5. 

These results indicated that target-sites shared by Tbx3/5 and Gata4, Nkx2-5 and 

Msx1 are closely located to those of Tbx3 and Tbx5, showing that co-occupancy 

could be used as a predictor of protein-protein interaction. 

 

Genomic distribution of overlapping ChIP-peaks 
After determining the number of peak regions of each ChIP-seq data set, we 

characterized the distribution of the binding-peaks throughout the mouse genome 
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(Table 2). The genomic distribution of the peaks was defined in terms of promoter, 

intragenic and intergenic location. For this, we chose to define a promoter region 

as the 0-1 kb upstream region of a known gene (mouse refGene; 30480 genes). 

First we compared the genomic distribution of Tbx3minusTbx5 and 

Tbx5minusTbx3 peaks (thus after the subtraction of overlapping Tbx3 and Tbx5 

peaks from the Tbx3 and Tbx5 data set). Table 2 shows that their distributions 

appear similar in characteristic. This is the same for the Tbx3 peaks that overlap 

Tbx5 peaks (Tbx3/Tbx5), and for the Tbx5 peaks that overlap Tbx3 peaks 

(Tbx5/Tbx3), except that the portion found in the promoter regions (32.7% and 

37.4%, respectively) was much higher compared to Tbx3minusTbx5 and 

Tbx5minusTbx3 peaks (10.1% and 7.7 %, respectively). Note that the total number 

of promoter regions defined in this analysis comprises 30480 kb of the genome 

(approximately 1% of the genome), therefore it can be concluded that there is a 

significant enrichment of overlapping Tbx3/Tbx5 and Tbx5/Tbx3 peaks located in 

promoter regions.   

Subsequently, we investigated the genomic distribution of the co-

occupancy of Tbx3 and Tbx5 with Gata4, Nkx2-5 and Msx1. The previous 

assessment showed that the binding-sites of these interacting-partners are in close 

proximity to those of Tbx3 and Tbx5. Tbx3, Tbx5, Gata4, Nkx2-5 and Msx1 peaks 

with a minimum width of 15 bp were extended with 50 bp at the start and end for 

the assessment of the overlapping peaks of Tbx3 and Tbx5 with these factors. 

Tbx3minusTbx5 and Tbx5minusTbx3 peaks (thus after the subtraction of 

overlapping Tbx3 and Tbx5 peaks) were used. The numbers of the overlapping 

peaks are depicted in Table 2. The majority of the overlapping peaks concerning 

Gata4 and Nkx2-5 were found in the intragenic regions. However, the percentage 

Tbx5minusTbx3 / Gata4 overlapping peaks in the promoter region (15.8%) is three 

times higher than Tbx3minusTbx5 / Gata4 peaks in the promoter region (5.3%). 

The Tbx3minusTbx5 / Msx1 overlapping peaks were found largely in the intergenic 

regions (52.8%) whereas the majority of the Tbx5minusTbx3 / Msx1 overlapping 

peaks was located in the intragenic regions (51.4%). Taken together, the peak-

overlaps of Tbx5minusTbx3 with Gata4 and Msx1 are distributed in the genome 

slightly differently than those of the Tbx3minusTbx5 overlap.  

 

Distribution of overlapping ChIP-peaks with regard to transcription start site 

We assessed the distribution pattern of Tbx3minusTbx5 or Tbx5minusTbx3 peaks 

that overlap with Gata4, Nkx2-5 and Msx1 peaks with respect to the transcription 

start site (TSS). For this analysis, the TSS was defined as the start of the 5’UTR of  

each gene (mouse refGene; 30480 genes), covering regions of 0.5 kb up- and 0.5 

kb downstream of the start. As shown in the graphs in Figure 4, the numbers of 

overlapping ChIP-peaks (y-axis) distributed across a distance of 50 kb up- and  
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Overlapping factors 
Total 

overlapping 
ChIP-peaks 

Distribution of overlapping peaks (%) 

Promoter Intragenic Intergenic Total 

Tbx3minusTbx5 18859 10.1 58.1 31.8 
  

Tbx5minusTbx3 54421 7.7 64.3 28.1   

Tbx3/Tbx5 23318 32.7 48.3 19.0   

Tbx5/Tbx3 19455 37.4 41.7 20.9 
  

Tbx3minusTbx5 / 
Gata4 

1506 5.3 56.2 38.4 
  

Tbx5minusTbx3 / 
Gata4 

4220 15.8 51.9 32.1   

Tbx3minusTbx5 / 
Nkx2-5 

1424 6.2 65.9 27.9   

Tbx5minusTbx3 / 
Nkx2-5 

4980 8.9 61.5 29.5   

Tbx3minusTbx5 / 
Msx1 

352 6.0 41.2 52.8   

Tbx5minusTbx3 / 
Msx1 

276 5.1 51.4 43.5   

 

 

 

 

downstream from the TSS (x-axis) were assessed. The peaks in the graphs 

indicate enrichment of overlapping ChIP-peaks. Tbx3minusTbx5 / Gata4, 

Tbx3minusTbx5 / Nkx2-5 and Tbx3minusTbx5 / Msx1 overlapping peaks were 

found enriched in the vicinity of the transcription start sites (result of Tbx3 in Fig. 4; 

result of Tbx5 not shown). Since the DNA co-occupancy of transcription factors 

probably represents association of regulatory complexes, localized enrichment of 

overlapping peaks could be an indication of enhancer presence. Periodicity of peak 

enrichment at approximately 10, 25 and 40 kb (thus approximately every 15 kb) up- 

and downstream of the TSS was observed in the tested area (Fig. 4, right graphs), 

which might be reflective of a distance optima for enhancer locations. Regarding 

Table 2 Distribution of overlapping ChIP-peaks across the mouse genome. Assessment of the 
percentages of ChIP-peaks located in the promoter, intragenic and intergenic regions. ChIP-peaks of 
Tbx3minusTbx5 and Tbx5minusTbx3 are intersected with those of Gata4, Nkx2-5 and Msx1 and these 
peaks have length extension of 50 bp at both ends. 
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repetition of peak enrichment, Tbx3minusTbx5 / Gata4 and Tbx3minusTbx5 / 

Nkx2-5 overlapping peaks are more prominently enriched at 10 kb downstream of 

the TSS (red arrow in Fig. 4). This clustering of enhancer elements might associate 

with first introns, a region that has often been found to display enhancing 

properties relating to gene expression 33, 34. The distribution of Tbx5minusTbx3 

peaks with regard to the TSS showed similar in characteristic as that of 

Tbx3minusTbx5 peaks. 

 
 
 

Figure 4 Distribution of overlapping ChIP-peaks regarding to the transcription start site (TSS). 
Left: Graphs showing the number of Tbx3minusTbx5 peaks overlapping Gata4, Nkx2-5 or Msx1 peaks 
(y-axis) plotted against the genomic distance with regard to the TSS (x-axis). The numbers of peaks 
distributed in a distance of 50 kb up- and downstream from the TSS are assessed. Right: Enlargement 
of the graphs depicting periodicity of peak enrichment in approximately every 15 kb. More prominent 
peak enrichment at 10 kb downstream of the TSS is found for Tbx3minusTbx5 / Gata4 and 
Tbx3minusTbx5 / Nkx2-5 (red arrow).    
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GO term analysis of genes regulated by Tbx3 and/or Tbx5  
Genes that are probably regulated by Tbx3, Tbx5 or co-regulated by Tbx3 and 

Tbx5 were analyzed. The intragenic plus the promoter (defined as 1 kb upstream of 

each gene) portions of Tbx3minusTbx5 and Tbx5minusTbx3 peaks (thus after 

subtraction of the overlapping Tbx3 and Tbx5 peaks), and overlapping Tbx3 and 

Tbx5 peaks were assessed. Subsequently, target gene lists consisting of genes 

possessing peaks from each of these conditions were generated (see ‘Method’ 

section). Genes in these lists were defined with GenBank accession numbers that 

were also translated to gene names using DAVID bioinformatics resource 35, 36. 

Using an in-house script, the three gene lists consisting of genes with 

Tbx3minusTbx5, Tbx5minusTbx3, and overlapping Tbx3 and Tbx5 peaks were 

crossed by GenBank accession numbers in order to distinguish genes bound by 

Tbx3 only, Tbx5 only, and Tbx3 and Tbx5 (Fig. 5). Genes bound by Tbx3 and Tbx5 

can have the following binding-conditions: genes with solely overlapping bindings, 

genes with overlapping AND unique bindings from either or both, but non-

overlapping, or genes with solely non-overlapping bindings (Fig. 5). Note that it is 

technically difficult to distinguish unique genes from isoforms of the same gene. 

Therefore, in order to determine the numbers of unique genes excluding gene 

isoforms we could only count in genes of which GenBank accession numbers can 

be translated to gene names. The calculation of gene numbers resulted in 737 

genes occupied by Tbx3 only, 3514 genes by Tbx5 only, and 9193 genes by both 

Tbx3 and Tbx5. In total, 4686 genes contain Tbx3 peaks, of which 84% also 

contain at least one Tbx5 binding. This result shows that the major portion of Tbx3 

target genes is shared by Tbx5.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Determination of the target genes of Tbx3 and/or Tbx5. Draft depicting the binding 
conditions of gene groups bound by Tbx3 only, by Tbx5 only and by both Tbx3 and Tbx5. Tbx3 (black) 
and Tbx5 (grey) binding-peaks are presented as triangles. GO-term analysis for each gene group is 
presented in Table 3 and Table 4. 
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To analyze the group of genes solely bound by Tbx3, the group of genes 

solely bound by Tbx5 and the group of genes bound by both Tbx3 and Tbx5 

identified above (Figure 5), Gene Ontology (GO) term analysis was performed for 

these groups of genes. The top 5 list of biological process GO-terms by P-value 

are shown in Table 3. Among the top 5 of GO-terms, genes solely bound by Tbx3 

and thus probably regulated by Tbx3 are enriched for GO-terms including striated 

muscle tissue development and neuron differentiation, which is consistent with the 

knowledge that Tbx3 plays roles in these processes 37, 38. Genes uniquely bound 

by Tbx5 are concentrated for GO-terms related to translation and transcription 

processes, and cell cycle that has been suggested to require Tbx5 39. Genes 

bound by both Tbx3 and Tbx5 are enriched for GO-terms related to phosphate 

metabolic process, and protein localization and transport. Further, these genes are 

enriched for many GO-terms for heart development and heart function (Table 4), 

suggesting the requirement of co-regulation of Tbx3 and Tbx5 in the modulation of 

genes that are functional in the heart. 

 

GO term analysis of genes co-regulated by Tbx3/5 and their interacting-

partners 

To analyze down-stream target genes that could be regulated by the interaction of 

Tbx3 or Tbx5 and their protein-partners, GO-term analysis for the intragenic plus 

promoter portions of the overlapping peaks of Tbx3minusTbx5 or Tbx5minusTbx3 

with Gata4, Nkx2-5 and Msx1 was performed. Except for the group of 

Tbx3minusTbx5 / Msx1 overlapping bindings, all other groups of overlapping 

bindings were found enriched for GO-terms for heart development and heart 

contraction (Table 5). We searched for whether there were groups of genes co-

occupied by Tbx3 and interacting-partners and not by Tbx5 and interacting-

partners, or vice versa. Since Tbx3 is functionally classed as a repressor and Tbx5 

as an activator, we chose a number of terms related to both features for the 

comparison between Tbx3 and Tbx5, such as positive/negative regulation of gene 

expression and histone acetylation/deacetylation (Table 6). Except for the group of 

Tbx3minusTbx5 / Msx1 overlapping peaks, all other groups of overlapping peaks 

were enriched for GO-terms related to positive as well as negative regulation of 

gene expression. Interestingly, we discovered that in the case of Gata4 

overlapping, genes related to histone acetylation were found for Tbx5minusTbx3 / 

Gata4 genes but not for Tbx3minusTbx5 / Gata4 genes (Table 6).  
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Term Count % PValue 
Fold 

enrichm. 

Genes bound by Tbx3 and NOT by Tbx5 
    enzyme linked receptor protein signaling pathway 23 3.1 2.9E-04 2.4 

amine transport 12 1.6 3.9E-04 3.7 

neuron differentiation 29 3.9 4.6E-04 2 

transmembrane receptor protein tyrosine kinase signaling pathway 18 2.4 4.8E-04 2.6 

striated muscle tissue development 14 1.9 5.6E-04 3.1 

Genes bound by Tbx5 and NOT by Tbx3 
    translation 88 2.5 1.4E-06 1.6 

ncRNA metabolic process 55 1.6 2.3E-04 1.6 

RNA processing 100 2.8 8.3E-04 1.4 

M phase 69 2 1.1E-03 1.4 

transcription 345 9.8 1.1E-03 1.2 

Genes bound by Tbx3 AND Tbx5  
    phosphate metabolic process 568 6.2 3.6E-33 1.4 

phosphorus metabolic process 568 6.2 3.6E-33 1.4 

protein localization 505 5.5 4.5E-33 1.5 

establishment of protein localization 447 4.9 1.1E-31 1.5 

protein transport 444 4.8 1.3E-31 1.5 

     

Term Count % PValue Fold enrichm. 

Genes bound by Tbx3 and NOT by Tbx5         

heart development 16 2.2 1.3E-02 2.0 

Genes bound by Tbx5 and NOT by Tbx3 
    no heart related term 
    

Genes bound by Tbx3 AND Tbx5 
    heart development 163 1.8 3.5E-16 1.6 

heart morphogenesis 55 0.6 2.1E-06 1.6 

regulation of heart contraction 35 0.4 1.4E-03 1.5 

heart contraction 12 0.1 1.4E-02 1.9 

heart process 12 0.1 1.4E-02 1.9 

heart looping 18 0.2 3.7E-02 1.5 

heart trabecula formation 8 0.1 5.6E-02 1.9 

regulation of the force of heart contraction 10 0.1 8.0E-02 1.7 

adult heart development 10 0.1 8.0E-02 1.7 

     

Table 3 Biological process Gene Ontology (GO) term analysis of the target genes of Tbx3 and/or 
Tbx5. Top 5 of the GO-terms of Tbx3 target genes (upper panel), Tbx5 target genes (middle panel) 
and shared target genes of Tbx3 and Tbx5 (bottom panel). 
 

Table 4 Biological process Gene Ontology (GO) term analysis of the target genes of Tbx3 and/or 
Tbx5. Heart related GO-terms for Tbx3 target genes (upper panel), Tbx5 target genes (middle panel) 
and shared target genes of Tbx3 and Tbx5 (bottom panel). 
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Discussion 

 

Here we investigated the mechanism underlying the target binding profiles of Tbx3 

and Tbx5. By analyzing the Tbx3 and Tbx5 ChIP-seq peaks, we found, in vivo, that 

their DNA binding-motifs resemble the in vitro binding-consensus. We found that 

the majority of the Tbx3 ChIP-peaks overlap Tbx5 ChIP-peaks, and that they are 

distributed in a similar fashion across the mouse genome, suggesting that Tbx3 

and Tbx5 bindings occur largely at the same sites and genomic locations. We 

showed that the binding-sites of Tbx3 and Tbx5 and the published protein 

interacting-partners Gata4, Nkx2-5 and Msx1 show degrees of overlap that are 

Term Ct % 
P 

Value 
Fold 

enrich. Term Ct % 
P 

Value 
Fold 

enrich. 

Tbx3minusTbx5/Gata4 
    

Tbx5minusTbx3/Gata4 
    heart development 26 3.8 1.3E-07 3.5 heart development 41 2.5 1.8E-06 2.2 

heart morphogenesis 10 1.5 8.1E-04 4.0 heart morphogenesis 16 1.0 8.4E-04 2.6 
regulation of heart contraction 7 1.0 6.4E-03 4.2 heart growth 4 0.2 1.5E-02 7.0 

heart trabecula formation 3 0.4 3.5E-02 9.9 
regulation of heart 
contraction 10 0.6 1.9E-02 2.4 

regulation of the force of heart 
contraction 3 0.4 6.9E-02 6.8 

    
  

regulation of heart rate 3 0.4 9.9E-02 5.6 
    

  

Tbx3minusTbx5/Nkx2-5 
    

Tbx5minusTbx3/Nkx2-5         

heart development 25 3.4 5.3E-06 2.9 heart development 34 1.9 2.6E-03 1.7 

heart morphogenesis 10 1.4 2.1E-03 3.5 
    

  

heart trabecula formation 3 0.4 4.4E-02 8.6 
    

  
regulation of the force of heart 
contraction 3 0.4 8.7E-02 6.0 

    
  

Tbx3minusTbx5/Msx1 
   

  Tbx5minusTbx3/Msx1 
    no heart related term 

   
  heart development 5 4.0 4.9E-02 3.6 

          heart morphogenesis 3 2.4 7.7E-02 6.5 

Term Term Count % P-Value 
Fold 

enrichm. 

Tbx3minusTbx5 / Gata4  Tbx5minusTbx3 / Gata4  
    no histone related term  histone acetylation 8 0.5 2.1E-02 2.8 

 

histone H2A acetylation 4 0.2 6.9E-02 4.1 

 histone H4 acetylation 5 0.3 8.8E-02 2.9 

Tbx3minusTbx5 / Nkx2-5  Tbx5minusTbx3 / Nkx2-5  
    no histone related term  no histone related term     

Tbx3minusTbx5 / Msx1  Tbx5minusTbx3 / Msx1  
    no histone related term  no histone related term      

Table 5 Biological process Gene Ontology (GO) term analysis of genes co-occupied by Tbx3 or 
Tbx5 and their interacting-partners. Heart related GO-terms for Tbx3 and Tbx5 target genes with co-
occupancy of Gata4, Nkx2-5 and Msx1. 
 

Table 6 Biological process Gene Ontology (GO) term analysis of genes co-occupied by Tbx3 or 
Tbx5 and their interacting-partners. GO-terms related to histone modification are used for the 
comparison between Tbx3 and Tbx5 target genes with co-occupancy of Gata4, Nkx2-5 and Msx1. 
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spatially related, validating that these factors represent real synergistic binding 

partners in the co-regulation of select target genes. The GO term analysis showed 

that the majority of the Tbx3 target genes are shared by Tbx5. Therefore, Tbx3 and 

Tbx5 may function by activating or repressing the same gene packages. Based on 

this and the distance overlap analysis (Fig. 3C) it is very plausible that Tbx3 and 

Tbx5 have to compete with each other for the binding of target sites and interacting 

protein-partners in tissues where they are co-expressed. Based on our study in 

which the genome-wide binding-sites of Tbx3 were analyzed using our ChIP-seq 

data and compared with Tbx5 binding-profile, showing that Tbx3 and Tbx5 

recognize highly similar consensus sites, sharing a large number of gene targets 

and presumably regulatory elements, stoichiometry of Tbx3 and Tbx5 appears to 

play a major role in the mechanism underlying non-chamber versus chamber 

differentiation 6, 9, 10, 12, 13, 40.  

The data we present here appears to suggest that although Tbx3 and Tbx5 

share a large number of gene targets, they also display a level of unique target 

recognition that cannot be explained simply on the basis of their consensus binding 

sites, which are largely identical. This reflects the possibility that the determination 

of certain target genes specific to Tbx3 or Tbx5 could lie in unique, as yet to be 

identified protein interaction partners, or, a unique recognition of histone 

modification patterns.  

Our GO-term analysis for overlapping peaks of Tbx3 or Tbx5 and their 

interacting-partners would seem to demonstrate that Tbx5 and Gata4 co-regulate 

genes with terms related to histone acetylation (Table 6). Histone acetylation 

facilitates the reorganization of chromatin from a condensed state into an 

accessible state, permitting transcription factor association and therefore 

increasing gene transcription. This fits the current knowledge of Tbx5 working as a 

transcriptional activator. In fact, T-box factors have been demonstrated to have a 

role in epigenetic mechanisms. Physical association with histone-modifying 

complexes has been reported to be a conserved function for the T-box family. Tbx5 

is found to physically interact with H3K27-demethylase activity 41, and Tbx2 is likely 

to interact with histone deacetylase 1 (HDAC1) to repress transcription 42. 

However, it should be noted that the analysis we performed for genes probably co-

regulated by Tbx3 and Tbx5, which resulted in 30% (9193 from 30480) genes of 

the mouse genome, only covered the intragenic and promoter portions occupied by 

Tbx3 and Tbx5; there are still many (overlapping) peaks located in the intergenic 

regions that could represent enhancer elements of genes co-regulated by Tbx3 

and Tbx5. In other words, Tbx3 and Tbx5 may be involved in the co-regulation of a 

larger number of genes than discovered here.  

The T-box domain of mouse TBX3 shares 64% identical amino acid 

residues with the T-box domain of TBX5 43. Although sharing very high levels of 
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sequence similarity in the T-box domain, TBX3 and TBX5 diverge in sequence 

outside the T-box, which is the case for all other identified T-box factors. Since our 

data suggest that the T-box of Tbx3 and Tbx5 do not define differential regulation 

of gene targets and that the majority of gene targets appear to be the same, we 

investigated whether the C-terminal region is solely responsible for the 

transcriptional activities of TBX3 and TBX5 13, 44. Chimeric proteins were generated 

by combining the TBX3 T-box with the TBX5 N- and/or C-terminus in order to test 

whether they could induce transcription (Fig. 6a). The luciferase reporter assay 

using a Nppa promoter driven reporter construct showed that none of these 

chimeric proteins could ‘restore’ the induction level of a full-length TBX5 (Fig. 6b). 

A higher level of induction was observed when co-factors NKX2-5 and GATA4 

were added, but it was still lower than that of a full-length TBX5 (Fig. 6c). These 

findings suggest that the N- and C-terminal regions of T-box factors may not 

exclusively be responsible for the transcriptional activator or repressor functions, 

but the whole protein including the conserved T-box domain is required. Our data 

suggest that the T-box domain might contribute a portion of the function, possibly 

by recruiting other protein partners such as histone-modifying enzymes that 

regulate the epigenetic state 41, 45. In line with this it has been shown that a number 

of patient mutations located in the T-box domain of TBX3 and TBX5 appear to 

affect the recruitment of the non-permissive H3K27-demethylase and/or the 

permissive H3K4-methyltransferase complexes 41.  

The superimposed crystal structures of the T-box domain of human TBX3 2 

and TBX5 46 bound to a classical DNA T-site that is published in the JASPAR 

database show that the structures of the backbone and association of DNA of both 

T-box domains are highly similar (Fig. 7a). Human T-box domains share high 

degree of homology to mouse T-box domains (at amino acid level T-box of human 

TBX5 is 97% identical to mouse TBX5) 47. Therefore, the structure of the mouse T-

box domain is expected to be similar to the human T-box domain. We aligned the 

sequences of the part of the mouse T-box domain (amino acids 121-271) of TBX3, 

TBX5 and TBX20, the residues of which seem to be associated with the major 

groove of DNA, finding that the sequences differ at four residues (Fig. 7b). 

Interestingly, S128 and A263 residues of TBX3 are positioned opposingly 

compared to A128 and S263 residues of TBX5 as shown in the crystal structures 

(Fig. 7c). The de novo binding-motif of Tbx3 accessed from ChIP-seq analysis 

resembles that of Tbx5 and the JASPAR motif for five nucleotides, which could 

represent the core binding-motif (framed by black dashed line, Fig. 2 and Fig. 7d). 

Remarkably, at two bases further from the core binding, Tbx3 shows strong 

nucleotide preference for a C, while Tbx5 for a G (framed by red dashed line, Fig. 

7d).  Based on the crystal structures (Fig. 7c), the C and G base pair of the T-site 

are positioned in the major groove, and seem to juxtapositioned with an alanine  
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and a serine residue, respectively, which are the variable residues in the T-box 

domain as shown in the sequence alignment (Fig. 7b). TBX20 also possesses a 

serine for residue 128 and an alanine for residue 263, similar to TBX3 (Fig. 7b), 

and the binding-motif of Tbx20 shows preference for a C at the same position as 

Tbx3 motif (framed by red dashed line, Fig. 7d), assuming that these residues are 

positioned similarly in the tertiary structure of TBX20. The hypothesis that this 

sequence difference in the T-box domain of TBX3 and TBX5 at amino acids level 

could lead to the variation in consensus preference may partly explain the 

difference we observed in the ability of the T-box domain of TBX3, fused to the C-

terminus of TBX5, to induce a Nppa promoter driven reporter construct, possessing 

a perfect Tbx5 consensus. The influence and baring this difference may have in 

vivo in target site affinity remains to be investigated.  

A great percentage of the ChIP-peaks we analyzed were found in the 

intergenic regions (Table 2). Bindings of transcription factors in the intergenic  

Figure 6 T-box domain is required for Tbx3 and Tbx5 to function as a repressor and an 
activator. (A) Schematic presentation of TBX3 and TBX5 full length and chimeric TBX3/TBX5 proteins. 
Chimeric proteins are generated by combining the TBX3 T-box domain with the TBX5 C-terminus 
(TBX3-3-5 and TBX3-5minN-ter) and TBX5 N- and C-terminus (TBX5-3-5) to test whether the TBX3 
activity can be turned to TBX5 activity by swapping these domains. (B) Graph showing the repression 
and activation of luciferase transcription by TBX3 and TBX5, respectively. None of the chimeric 
proteins can activate the transcription at a level as high as TBX5. (C) Graph showing that upon the 
addition of NKX2-5 and GATA4 in the luciferase assay, the TBX3/TBX5 chimeric proteins are still not 
able to activate luciferase transcription at the same level as TBX5. Note the synergistic activation of 
NKX2-5/GATA4/TBX5-complex that is many folds higher than the activation by TBX5 alone.  
 

A 

B C 
Cos7 cells Cos7 cells 
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Figure 7 Sequence difference in the T-box domain of TBX3 
and TBX5 might lead to variation in consensus preference. 
(A) Left: ribbon diagram of the superposed crystal structures of 
the T-box domains of TBX3 2 and TBX5 46 bound to a classical 
DNA T-site (JASPAR database). ma, major groove; mi, minor 
groove. Right: 90 degree rotated view. (B) Sequence alignment of 
part of the mouse T-box domains of TBX3, TBX5 and TBX20 that 
is juxtapositioned in the major groove of the DNA. The asterisks 
depict the residue differences. (C) Magnification of part of the 
crystal structure of the T-box domain of TBX3 (top) and TBX5 
(bottom) showing the structural features of the binding of the T-
box domain and DNA major groove. The positions of four variable 
amino acids residues as shown in (B) are depicted. Alanine and 
serine residue are situated at distances < 9 Å (6 Å at shortest 
position) from the base pairs C and G. (D) Overview of the T-site 
(JASPAR database), and the de novo binding motifs of 
Tbx3minusTbx5, Tbx5minusTbx3 and the published motif of 
Tbx20 29 accessed from ChIP-seq analyses. Tbx3 motif resembles 
T-site and Tbx5 motif for five bases (framed by black dashed line). 
Tbx3, Tbx5 and Tbx20 show variable preference for either a C or 
a G (framed by red dashed line). The positions of the related G/C 
bases of T-site are depicted in (C).           
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regions might have functional properties relating to chromatin remodeling; they 

could trigger chromatin looping in which regulatory elements are brought into 

proximity with target genes in order to activate transcription 48, 49. Therefore, some 

enhancer elements can be located hundreds of base pairs away from their target 

transcription start site 50, 51. In our study, the majority of Tbx3/Msx1 binding-peaks 

were found in the intergenic regions, suggesting that next to direct transcriptional 

regulation, chromatin reorganization might be another important biological function 

of Tbx3-Msx1 interaction. A role for Msx1 in chromatin organization has already 

been suggested, showing that Msx1 is involved in the global redistribution of 

methylation patterns within the nucleus 52.  

Although dealing with ChIP-seq data sets derived from different biological 

models (mouse heart versus cell lines), comparable results may be expected when 

the experiments are performed in the same model, since our analysis for Tbx3 and 

Tbx5 bindings shows many similarities in target sites and genes, which could be 

expected for these two proteins that are known to recognize the same DNA 

consensus and share structural features. However, one must keep in mind that the 

epigenetic state involving mechanisms like histone modifications and DNA-

methylation could be different between these biological models, which could affect 

the protein-DNA bindings and thus the ChIP-seq results. This may complicate the 

analysis of the overlapping peaks of Tbx3 and Tbx5, and their interacting-partners. 

Therefore, a more accurate prediction may be obtained from ChIP-seq analysis in 

the same system. Further, as much as analyzing co-occupancy of Tbx3/5 and co-

factors could already provide reliable information about the location of the 

enhancer elements regulated by these T-box factors, still more extended research 

is needed in order to identify active enhancer elements for a specific gene. 

Overall, we feel that the data demonstrate that Tbx3 and Tbx5 recognize 

many of the same sites and target genes. One must then conclude that regional 

differences in their target gene expression profiles are achieved by either 

spatiotemporal expression differences of Tbx3 or Tbx5, differences in 

stoichiometric concentrations of Tbx3 or Tbx5 or unique protein partner 

recruitment. The second of these probably best explains the observable differences 

between the atrioventricular node gene expression profiles as compared to the 

atrioventricular bundle profile, both of which express both Tbx3 and Tbx5.  
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Methods 

 

Peak calling 

See Results section ‘ChIP-peak calling’. Unless stated otherwise, 15 bp minimal 

peak width, 50 bp gap distance, and two times the defined background tag count 

were used as parameters for defining peaks. Before analyzing the ChIP-seq data 

sets, peaks from Tbx3 control ChIP-seq were subtracted from all ChIP-seq data 

sets used here by using Galaxy software server 53-55. Analysis of the BED files, 

including the assessment of Tbx3minusTbx5, Tbx5minusTbx3 and overlapping 

peaks was further carried out using the Galaxy software server.   

 

Assessment of unique Tbx3 (Tbx3minusTbx5) and Tbx5 (Tbx5minusTbx3) peaks 

In order to find Tbx3 binding-sites not bound by Tbx5 and vice versa, Tbx3/Tbx5 

overlapping peaks were subtracted from Tbx3 ChIP-seq data set, and Tbx5/Tbx3 

overlapping peaks were subtracted from Tbx5 ChIP-seq data set. The resulted 

peaks represent unique Tbx3 and unique Tbx5 peaks. 

 

Assessment of overlapping peaks 

Unless otherwise indicated, to find overlapping regions of Tbx3 or Tbx5 and their 

interacting protein-partners, peaks of these factors with a minimal width of 15 bp 

were artificially extended with 50 bp at both ends afore the intersection of the data 

sets. Extension of peak width was not applied to the analysis of overlapping Tbx3 

and Tbx5 peaks. Binding-peaks within data sets were considered to be overlapped 

if two peaks have at least 1 bp of overlap. Tbx3minusTbx5 peaks and 

Tbx5minusTbx3 peaks were used for the intersection with peak regions of 

interacting-partners.   

 

De novo motif discovery 

De novo motifs enriched in Tbx3minusTbx5, Tbx5minusTbx3 and Tbx3 and Tbx5 

overlapping peaks were assessed by using MEME 25. Note that overlapping Tbx3 

and Tbx5 peak regions here were defined by merging of Tbx3/Tbx5 and Tbx5/Tbx3 

overlapping regions. In order to assess the binding-motifs precisely, random peaks 

with minimal peak width of 100 bp were used here. Position weight matrices from 

the TRANSFAC and JASPAR database 26-28 were used to compare the de novo 

motifs from ChIP-seq peaks with known transcription factor motifs. 

 

Gene Ontology (GO) analysis of Tbx3 and Tbx5 target genes 

First Tbx3minusTbx5, Tbx5minusTbx3 (peaks resulted from the subtraction of 

Tbx3/Tbx5 and Tbx5/Tbx3 overlapping peaks, respectively), and overlapping Tbx3 

and Tbx5 peak regions were assessed. Note that overlapping Tbx3 and Tbx5 peak 
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regions here were defined by merging of Tbx3/Tbx5 and Tbx5/Tbx3 overlapping 

regions. Subsequently, 30480 genes currently listed in UCSC mouse refGene were 

extracted using Galaxy software server. Promoter regions were assigned to the 1-

kb region upstream of annotated transcription start sites. Intragenic plus promoter 

regions were intersected with peak regions using Galaxy in order to assess a list of 

target genes. Genes were defined with GenBank accession numbers. At this 

manner, target gene lists consisting of genes with Tbx3minusTbx5, 

Tbx5minusTbx3, and Tbx3 and Tbx5 overlapping peaks were generated. Using an 

in-house script, these three target gene lists were intersected by GenBank 

accession numbers in order to generate three new gene lists containing genes 

bound by Tbx3 only, by Tbx5 only, and by Tbx3 and Tbx5. These gene lists were 

then subjected to Gene Ontology (GO) term analysis using DAVID bioinformatics 

resource 35, 36. In addition, translation of GenBank accession numbers in these lists 

to gene names using DAVID allows the accession of gene isoforms, thereby 

enabling the determination of the numbers of genes by the numbers of unique 

gene names. 

 

Gene Ontology (GO) analysis of genes co-regulated by Tbx3/Tbx5 and interacting 

–partners 

Overlapping peak regions of Tbx3minusTbx5 and interacting-partners, and 

Tbx5minusTbx3 and interacting-partners were assessed as mentioned above. 

Intragenic plus promoter portions of the overlapping peaks were subjected to GO-

term analysis using DAVID. 

 

Luciferase reporter assay with chimeric Tbx3/5 proteins 

Tbx3 and Tbx5 fusions were generated as depicted in Figure 6. The Tbox position 

is based on the terminal residues present in the final crystal structure of Tbx3. At 

the C-terminal of these positions, Tbx3 sequence was replaced with that of Tbx5. 

The N-terminal hybrid fusions were generated sequentially at 2 internal methionine 

residues of Tbx3 by PCR using the initial Tbx3 Tbox- Tbx5 C-terminus hybrid 

fusion. These were ligated together with the N-terminal fragment of Tbx5. 

Luciferase assays were carried out using the ANF-Luciferase construct as 

described before 20. Activity of hybrid fusions was evaluated by comparing the 

efficiencies of ANF induction by various Tbox constructs, in the presence of Nkx2-5 

and Gata4.  
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All primers used here: 
Tbx3-Hum-FHind ATAAAGCTTATGAGCCTCTCCATGAGAGATCCG 

Tbx3-Hum-RBam ATAGGATCCTACGGGGACGCGCTGCGGGACCT 

Tbx3-Hum-RKpn ATAGGTACCTTTTGCAAAAGGGTTGTTGTCTATTT 

Tbx3-Hum-FKpn ATAGGTACCCGGGACACTGGAAATGGCCGAAGAG 

TBX3-TBX5-REVMUTA CCCTTTTGCAAAAGGTTTCCGGGGCAGTGAT 

TBX3-TBX5-REVMUTB ATCACTGCCCCGGAAACCTTTTGCAAAAGGG 

TBX3-5-M1F ATAGGCTAGCATCATGGATCAATTGGTGGGGGC 

TBX3-5-M1R GGACTAGTGGATCCTTAGCTATTGTCG 

TBX3-5-M2F ATAGGCTAGCACCATGGAGCCCGAAGAAGAGGTG 

TBX5-M1F ATAGGCTAGCATGGCCGACGCAGACGAGGGCTTTG 

TBX5-M1R ATAGGCTAGCGCCCTGCTGGGTGAAGGCGGCCTG 
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