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Abstract: The T-box gene family refers to a group of transcription factors that share a highly conserved, sequence-
specific DNA-binding domain (T-box) containing around 180-amino acids. According to HUGO gene nomenclature 
committee (HGNC), there are 18 T-box family members. These T-box genes have been implicated essential roles 
during embryogenesis and cardiac development, given their specific expression pattern in developing mammalian 
heart for several T-box genes, including TBX5. TBX5 is consisted of three transcriptional variants which cover 9 
exons and encode two distinct isoforms that differ in N-terminus. TBX5 is probably the most frequently studied T-
box gene over the past decade due to the typical cardiac defects observed in Holt-Oram syndrome (HOS), which is 
caused by TBX5 mutation. Most of the mutations are within exons 3-7 where locate sequence coding for the T-box 
domain. Notably, a variety of cardiac defects, as well as abnormalities in limb and other organs have been seen in 
HOS syndrome with different kinds of TBX5 mutations, suggesting a heterogeneous disease mechanism. We have 
performed a meta-analysis of TBX5 and found a significant correlation between its single nucleotide polymorphism 
(SNP) rs3825214 (A to G), and risk of atrial fibrillation and its subtypes, supporting TBX5 as a master transcription 
factor for cardiac development. In addition, bioinformatics analysis of this SNP identified several TFs that may be 
affected for their binding affinity with TBX5. Identification and characterization of more TBX5 mutations and SNPs 
hold promise for therapeutic strategy targeting TBX5 associated developmental abnormalities and diseases.
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Introduction

The T-box gene family is an ancient gene family 
as indicated by phylogenetic analysis. T-box 
genes are believed to have arisen from a com-
mon metazoan ancestor and from a genome 
wide duplication that occurred over 600 million 
years ago during the early evolution of verte-
brates [1]. These T-box family members, which 
share a highly conserved 180 amino acid T-box 
DNA-binding domain, exist in a wide range of 
organisms, including nematodes, frog, chick, 
mouse, and human [2-3]. No apparent sequ- 
ence similarity was observed between T-box 
and any other DNA-binding motif of known tran-
scription factors (TFs) [4]. Therefore, the T-box 
genes are unique and have been implicated in 
early embryonic cell fate decision, regulation of 
the development of extraembryonic structures, 

embryonic patterning, as well as many aspects 
of organogenesis [5, 6]. Among these gene  
family members, TBX5 has been extensively 
studied over the past decade due to its muta-
tion and correlation with the typical cardiac 
defects observed in Holt-Oram syndrome (HOS) 
[7, 8]. However, there are multiple mutations  
of TBX5 which mostly occur within the T-box 
coding region. The resultant clinical symptoms 
and cardiac or limb defects are not unanimous, 
suggesting a diverse genotype/phenotype cor-
relation and a heterogeneous disease mecha-
nism [9]. 

In this manuscript, we first summarized the 
T-box family of TFs by focusing on the group of 
TBX-2, one of the five subgroups of T-box family 
members. The close subfamily member of 
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TBX5, gene TBX4, was briefly reviewed with 
focus on illustration and comparison of the 
mRNA transcripts of human and mouse T-box 
5. We then summarized the mutations of TBX5 
and their association with HOS. The pathologi-
cal manifestations and the mechanisms that 
cause the diversity of HOS were as described. A 
meta-analysis of TBX5 single nucleotide poly-
morphism (SNP) indicates that rs3825214 (A 
to G) is highly associated with decreased risk of 
atrial fibrillation (AF) and its subtypes.

Materials and methods

Gene structure of human and mouse T-box 5 
transcription factor

The NCBI (The National Center for Biotechno- 
logy Information) gene database were search- 
ed for human and mouse T-box 5 transcription 
factor using terms TBX-5/homo sapiens and 
Tbx-5/mus musculus respectively. The struc-
ture of mRNA transcripts of human and mouse 
T-box 5, including their untranslated region, 
coding sequence (exons) and the regions where 
locate the binding and other functional motifs, 
was compared and illustrated based on data 
most recently updated in the NCBI database  
in December 2016 (https://www.ncbi.nlm.nih.
gov/gene/).

Meta-analysis of TBX5 SNP rs3825214

The MEDLINE and NCBI databases were 
searched for eligible articles until the end of 
2016 using keywords “Tbx5”, “rs3825214”, 
and “atrial fibrillation”. Google academic 
searching was also performed to obtain addi-
tional information that may be relevant for 
above searching terms. The inclusion and 
exclusion criteria was set for eligible studies 
and due to limited sample size of the studies 
selected, the statistical efficacy of the meta-
analysis was calculated using web-based soft-
ware Power and Precision Version 4 (available 
at http://www.power-analysis.com). This is a 
stand-alone statistical power analysis software 
that is used for the calculation of a sample size 
for a planned study. The power to detect an 
association between SNP rs3825214 and lone 
or total AFs was conducted to obtain the odds 
ratio (OR) with acceptable type I error probabil-
ity of 0.05.

Bioinformatics analysis of TBX5 SNP 
rs3825214

Potential transcription factor binding sites that 
may be affected by SNP rs3825314 and its 
normal allele were searched using the 
Transcription Factor Affinity Prediction software 
sTRAP (available at http://trap.molgen.mpg.de/
cgi-bin/trap_two_seq_form.cgi). This is a web-
based tool that was developed and maintain- 
ed at the Computational Molecular Biology 
Department at the Max Plank Institute for 
Molecular Genetics in Berlin, Germany. 
Candidate factors that show a binding differ-
ence with a p-value less than 0.05 were select-
ed and subjected to function analysis based on 
literature review. 

Results and discussion

T-box family of transcription factors

Based on HUGO gene nomenclature commit-
tee, there are 18 T-box gene family members 
(http://www.genenames.org/cgi-bin/genefami-
lies/set/766), including one pseudogene T-box 
23 (TBX-23). These genes are divided into five 
subgroups, including T (Brachyury), TBX1, TBX2, 
TBX6, and TBR1 (Figure 1). The T-box family 
members are generally known as essential 
transcription factors for heart and limb devel-
opment, as at least seven members of the 
T-box gene family are expressed in the embry-
onic heart in humans and vertebrate models. 
These genes include TBX1-5, TBX18 and 
TBX20, most of which belong to the TBX-2 sub-
family. TBX-2 subfamily members have recently 
been extensively studied given their important 
function during multiple biological processes. 
Among these subfamily members, TBX2 has 
been implicated in several developmental pro-
cesses such as patterning and morphogenesis 
of a wide range of tissues, coordinating cell fate 
and organs of limb, kidney, lung, mammary 
gland, heart, as well as craniofacial structure.
TBX2 is also overexpressed in several cancers 
including carcinoma, melanoma, pancreatic, 
small cell lung cancer, breast, bladder, and liver 
cancers and can suppress senescence, a cel-
lular process also relates to cancer develop-
ment [3]. TBX3 is an important transcriptional 
repressor which involves multiple tissue devel-
opment. TBX3 is also overexpressed in multiple 
cancer cells including bladder carcinoma, mela-
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noma, malignant primary breast cancer, and 
immortalized breast cancer cell lines [4, 5, 10, 
11]. Other functions of TBX3 include potential 
roles in bone development [12]. These studies 
suggest the importance of TBX3 in the prolifer-
ation and specification of cells and in relevant 
tissue development.

T-box family of transcription factor-TBX4

It has been generally accepted that TBX3 is the 
closest family member of TBX5, as both TBX3 
and TBX5 have been demonstrated to play 
essential roles in heart development, while 
mutations of TBX3 and TBX5 have been associ-
ated with HOS with distinct cardiac defect [13]. 
However, Tbx4 is also an important member of 
the T-box transcription factor family, which 
plays important roles during embryonic devel-
opment through modulating expression of tar-
get genes [5]. Murine Tbx4 is known to be 
essential for the formation of the umbilicus, 
skeletal muscular and hindlimb development. 
Tbx4 is associated primarily with the hindlimb, 

which may involve regulation of Tbx2, but fore-
limb expression of Tbx4 has also been observed 
[14, 15]. In addition, Tbx4 was identified as a 
novel transcriptional activator of Shox2 in both 
fore- and hind-limbs, which strongly suggests 
that Shox2 acts as a feedback modulator of 
Tbx4 during limb development [16]. Haploin- 
sufficiency of human TBX4 causes small pate- 
lla syndrome (SPS), an autosomal-dominant 
skeletal dysplasia characterized by patellar 
aplasia or hypoplasia and by anomalies of the 
knee, pelvis, and foot, including disrupted ossi-
fication of the ischia and inferior pubicrami 
[17]. TBX4 mutations might contribute to child-
hood-onset pulmonary arterial hypertension 
(PAH) through a decreased activation of the 
BMP pathway [18]. Hindlimb specific Tbx4 
expression may have evolved concomitantly 
with the evolution of pelvic fins in fish, which is 
the origin of the posterior limb pairing [19].  

In mice, Tbx4 null mutants lack chorio-allantoic 
fusion, which prevents formation of the umbili-
cal vessels and results in early lethal at embry-

Figure 1. Human T-box family of transcription factors. Based on HUGO gene nomenclature committee, there are 
18 T-box gene family members (http://www.genenames.org/cgi-bin/genefamilies/set/766), including one pseudo-
gene T-box 23 (TBX-23). These genes are divided into 5 subgroups, including T (Brachyury), TBX1, TBX2, TBX6, and 
TBR1. Listed are gene and gene IDs, their chromosomal localizations and the corresponding human diseases or 
mouse phenotypes that relate to the listed genes respectively.
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onic day 10.5 [15]. In addition, Tbx4-null mouse 
embryos have abnormal hindlimb development 
and severe defects in growth of the allantois 
and vasculogenesis. Such embryos are early 
lethal due to their inability to establish an 
umbilical connection and failure to form ves-
sels in the allantois by endothelial cells [15].
Previous mouse genetics studies also indicat-
ed an important role for Tbx4 and Tbx5 in lung 
growth and branching through interaction with 
fibroblast growth factor-10 (Fgf10) but not dur-
ing tracheal/bronchial cartilage development 
[20-22]. Notably, the T-box genes Tbx5 and 
Tbx4 are the earliest factors required to initiate 
forelimb and hind limb outgrowth respectively.
Tbx5 and Tbx4 directly regulate the expression 

within the DNA binding domain and the second 
segment (NLS2) is located at the C-terminal 
region [25]. The nuclear availability of Tbx5 is a 
measure of its transcriptional activity. The T-box 
is required for specific DNA binding and pro- 
tein-protein interactions, and previous experi-
ments have demonstrated that Tbx5 transcrip-
tionally activates multiple target genes expre- 
ssed during cardiac development. These genes 
include ANF, CX40 and SRF, which may singly or 
synergistically work with their cooperative part-
ners NKX2-5, GATA4 and TBX20 [26]. A normal 
structure and dosage of TBX5 is essential for 
upper limb and cardiac development; and 
mutations in this gene are associated with Holt-
Oram syndrome, in which about 85% of the 

Figure 2. TBX5/Tbx5 gene structure and its functional domains. A. Based on 
latest NCBI (National Center for Biotechnology Information) database, the 
human TBX5 gene is consisted of three transcriptional variants, namely 1, 3, 
and 4. Variant 1 is the longest TBX5 transcript encoding isoform I, while vari-
ant 4 also encode the same isoform I, but lack some 5’-UTR sequence com-
pared with variant 1. Variant 3, which encodes isoform II, lacks one exon at 
the 5’-end and thus, leads to shorter protein at the N-terminus. B. The Tbx5 
gene contains five variants (V1, V2, V3, V4, and V5) that are able to encode 
five Tbx5 protein isoforms a, b, c, d, and e. Variant 1 is consisted of 11 exons 
and encodes isoform a. Variant 2 is the only transcript that has exon 8 and 
encodes isoform b. Variant 3 is consisted of 10 exons and encodes isoform 
c. Variant 4 is consisted of 9 exons, represents the shortest transcript and 
encodes isoform d. Variant 5 lacks exon 2 and encodes isoform e. All the 
variants encode two functional domains: the T-box domain (DNA binding do-
main) and the T-box inhibition domain (Mediate protein-protein interaction). 
ATG: start codon; TGA: stop codon.

of Fgf10 and may establish  
an FGF signaling loop that 
drives successful limb out-
growth [15].   

T-box family of transcription 
factor-TBX5

As a critical member of the 
T-box family of transcription 
factors, TBX5 is essential for 
early cellular commitment, di- 
fferentiation, and, especially 
as an evolutionarily conserv- 
ed dosage-sensitive regulator 
for heart and limb develop-
ment [23, 24]. Based on lat-
est NCBI database, human 
TBX5 gene is consisted of 
three transcriptional variants, 
namely 1, 3, and 4 (Figure 
2A). Variant 1 is the longest 
TBX5 transcript encoding iso-
form I, while variant 4 also 
encode the same isoform I, 
but lack some 5’-UTR sequ- 
ence compared to variant 1. 
Variant 3, which encodes iso-
form II, lacks one exon at the 
5’-end and thus, leads to 
shorter protein at the N-ter- 
minus. Mouse Tbx5 gene is 
consisted of five transcription-
al variants that encode five 
isoforms a-e (Figure 2B). All 
five variants encode proteins 
that contain two nuclear local-
ization segments. The first 
segment (NLS1) is located 
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affected individuals have a structural heart 
defect and/or abnormalities in the cardiac con-
duction system [27].

TBX5 and Holt-Oram syndrome pathogenesis

Holt-Oram syndrome (HOS) is an autosomal 
dominant disorder and a rare syndrome (1 in 
100000 live births) characterized by forelimb 
and cardiac congenital abnormalities. It was 
first reported by Holt and Oram in 1960 in fam-
ily members over 4 generations [28]. Clinically, 
there are variations for Holt-Oram syndrome 
with the cardiac and skeletal defects vary wide-
ly ranging from mild to severe [29]. The most 
common cardiac anomalies associated with 
Holt-Oram syndrome include atrial and ventric-
ular septal defects and conduction disease or 
atrial fibrillation. These classic cardiac defects 
have been attributed to abnormal interactions 
of the T-box domain with NKX2-5 and GATA4 
[30]. It has been shown that interactions 
between TBX5 and NKX2-5 are essential for 
development of the conduction system. Fur- 
thermore, TBX5 and NKX2-5 both act syner- 
gistically to upregulate CX40 expression which 
is involved in the normal development of atrio-
ventricular conduction [30]. It has also been 
shown that there is a physical interaction 
between TBX5 and members of myocyte 
enhancer factor 2 C (MEF2C). This interaction 
leads to a synergistic activation of the α-cardiac 
myosin heavy chain MYH6, a structural protein 
of cardiomyocytes [31]. TBX5 is preferentially 
expressed in the left side of the developing 
heart where major cardiac anomalies occur. 
The interactions between TBX5 and the FGF10-
FGF8 loop and the SALL4 pathway may explain 

the pathogenesis of the classic radial ray defi-
ciency of HOS, while the non-classic upper limb 
phenotypes of HOS may be attributed to the 
complex interactions between TBX5 and other 
mesodermal and ectodermal factors [32, 33].

The majority of TBX5 mutations introduce pre-
mature stop codons and thus truncated pro-
teins that are unable to bind DNA and cause 
haplo-insufficiency of T-box activity. These mu- 
tations are usually accompanied with severe 
upper limb and cardiac malformations. Some  
of previous missense mutations of TBX5 and 
their associated clinical features were summa-
rized in Table 1. It has been reported that mu- 
tations causing alteration near the amino-ter-
minal end of the T-box will interfere with binding 
of the major groove of target DNA and cause 
significant cardiac malformations, while muta-
tions causing amino acid changes at the car-
boxyl end of the T-box will impact the interaction 
between TBX5 and the minor groove of target 
DNA and thus severe limb abnormalities [27]. 
Reduced Tbx5 dosage may contribute to the 
risk of heart defects via transcriptional regula-
tion of its target genes [34], while Tbx5 loss-of-
function mutation has been associated with 
lone atrial fibrillation and familial dilated cardio-
myopathy [9, 35-37]. Notably, correlation 
between TBX5 mutations and clinical pheno-
types of Holt-Oram syndrome have previously 
been established. For instance, Gly80Arg 
caused significant cardiac malformations but 
minor skeletal abnormalities, while Arg237Gln 
and Arg237Trp caused extensive upper limb 
malformations but less significant cardiac 
abnormalities [27]. The Asp61Tyr mutation was 
seen in a patient with severe aortic and mitral 

Table 1. Summary of some of the TBX5 mutations and human diseases
TBX5 mutation The upper limb anomaly The severity of cardiac anomaly
Asp61tyr Mild RRD Severe: aortic and mitral valve prolapse with agenesis of the left pericardium 

Gly80Arg Mild RRD Combined defects (severe)

Ile106Val Phocomelia Mild RRD No cardiac anomalies

Gly125Arg Radial head dislocation
Carpal synostosis
Scapular dysplasia

No cardiac anomalies
PAF, ASD
VSD
iRBBB

Arg237Gln RRD of variable severity ± triphalangeal thumb
Phocomelia 

No cardiac anomaly
Mild: isolated ASD or VSD PFO
Severe: not specified

Arg237Trp Mild RRD
Severe RRD

No cardiac anomaly
Mild: ASD
Severe: AV canal, VSD

RRD = radial ray deficiency, ASD = atrial septal defect, VSD = ventricular septal defect, PFO = Patent Foramen Ovale, PAF = paroxysmal atrial fibrillation, iRBBB = incom-
plete right bundle branch block.
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valve prolapse. Meanwhile, the Gly125Arg mis-
sense mutation and the intragenic duplication 
have all been associated with unique limb and 
cardiac phenotypes [33]. As to the transcrip-
tional regulation of TBX5 and its potential work-
ing mechanism in relation to cardiac anoma-
lies, it was previously shown that there is an 
interaction between Tbx5 and LMP4, a PDZ-LIM 
domain protein [38]. LMP4 acts as a repressor 
of Tbx5 activity and is associated with its nu- 
cleus and cytoplasm subcellular localization, a 
cellular activity that is also mediated by a 
nuclear export signal (NES), the CRM1 export 
protein [39]. TBX5, as well as Tbx20 and Nkx2-
5, may interact with the BAF (Brg1/Brm-
associated factor) chromatin remodeling com-
plex and play essential roles during heart 
development [40]. More recently, TBX5 has 
been associated with the nucleosome remodel-
ing and deacetylase (NuRD) complex and relat-
ed to the phenotypic consequence of heart 
development or congenital heart disease [41, 

42]. TBX5 mutations may affect its interaction 
with above complexes, thereby constitute a 
putative molecular mechanism of limb and 
heart defects (Figure 3).

TBX5 SNP rs3825214 is associated with de-
creased risk of atrial fibrillation

TBX5 SNPs have been associated with several 
diseases or with increased risk of the disease, 
such as rs2701108 and barrett’s esophagus 
which will increase the risk of esophageal ade-
nocarcinoma [43, 44]. Previous studies have 
established the correlation between TBX5 
mutations and atrial fibrillation or cardiac 
defects [9, 35-37]. Interestingly, as a master 
transcription factor for cardiac development, 
there are only a few reports that show a dis-
ease correlation of TBX5 SNPs with cardiac 
defects, including rs3825214 [45, 46]. A previ-
ous case-control study with the Chinese Han 
population has shown a moderate association 

Figure 3. Protein interactions in regulation of Tbx5 transcriptional activity. (1) TBX5 interaction with the PDZ-LIM 
domain protein (LMP4) or the CRM1 export protein has been associated with its subcellular localization between 
nucleus and cytoplasm. (2) TBX5 interacts with the BAF chromatin remodeling complex and other transcription 
factors to activate expression of its downstream target genes. (3) TBX5 binds the NuRD complex via interaction 
with CHD4 and recruits it to regulatory regions containing T-box binding elements. The NuRD complex deacetylates 
histones and remodels chromatin to a transcriptionally inactive state, and thus represses target gene expression.
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between rs3825214 and atrial fibrillation but a 
highly significant association between the G 
allele of rs3825214 and lone atrial fibrillation 
[45]. This observation was further confirmed in si- 
milar study with larger sample size [46]. We 
have performed a meta-analysis to specifically 
evaluated the correlation between TBX5 SNP 
rs3825214 and atrial fibrillation. The results 
suggested that rs3825214 showed strong cor-
relation with total and lone atrial fibrillation, 
atrial fibrillation with hypertension and with 
both genders (Figure 4). As only limited sample 
size from two eligible studies were included, we 
have evaluated the statistical efficacy of the 
meta-analysis using Power and Precision 
Version 4 software. The results showed that the 
statistical power for total atrial fibrillation is 
close to 88% (Figure 5A), while the efficacy for 

lone atrial fibrillation is approximately 98% 
(Figure 5B). These results demonstrate that 
about 88% and 98% of the studies were exp- 
ected to yield a significant effect with unequal 
two populations, and therefore, support a  
significant correlation between TBX5 SNP 
rs3825314 and the decreased risk of cardiac 
anomalies.

Candidate factors interacting with rs3825214 
and its normal allele

We have performed in silico sequence analysis 
of SNP rs3825214 and its normal allele using 
sTRAP software. This sequence analysis soft-
ware, available at strap.molgen.mpg.de, is able 
to analyze variations in the DNA sequence and 
predicts quantitative changes to the binding 

Figure 4. Forest plot of allele comparison of SNP rs3825214 of TBX5. For overall comparison (G vs A, association of 
rs3825214 and AF), rs3825214 is associated with a significantly decreased risk of AF in allelic comparison (G vs A: 
OR: 0.72, 95% CI 0.6-0.86), and decreased risk of Lone AF (G vs A: OR: 0.77, 95% CI 0.68-0.88). rs3825214 was 
associated with AF in either male or female groups. 
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strength of any TFs [47]. We successfully identi-
fied 7 candidate TFs, including FOXM1, SF1, 
ERR1, ALPHACP1, ATF3, PAX3, and CP2. The 
interactions between TBX5 and these factors 
may potentially be affected due to the sequen- 
ce variation of this SNP (p<0.05, Figure 6). 
Based on literature review, these candidate TFs 

have previously been implicated important bio-
logical functions, including cardiac develop-
ment, which, to some extent, might be attribut-
ed to its correlation with TBX5 SNP rs3825214 
[48-55]. The SNP variation of rs3825214 may 
affect the affinity of TFs with TBX5, as SNP 
rs3825214 has been shown to be adjacent to 

Figure 5. Results of the efficacy of meta-analysis of AF and Lone AF. Illustrated are sample/population size and sta-
tistical powers for total AF (A) and Lone AF (B). The power to detect an association of rs3825214 with total AF was 
88%, while the power of Lone AF was 98%. 
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the enhancer of TBX5 [56]. It is, therefore, pre-
dictable that the interaction between TBX5 and 
NKX2-5 and, possibly GATA4, may be affected, 
leading to altered expression of downstream 
target genes and corresponding biological 
effects.   

In summary

TBX5 has been established as a master tran-
scription factor for cardiac development. It has 
also been shown that TBX5, as well as TBX4  
are essential for limb development. TBX5 muta-
tions and SNPs may cause the cardiac and limb 
diseases and/or disease risk for corresponding 
defects under a variety of biological bases. 
Identification of these mutations and SNPs and 
their underlying disease-causing mechanisms 
will help with targeted therapeutic strategy 
against TBX5 associated disorders, majorly 
Holt-Oram syndrome.   
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