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Abstract

T-box (TBX) transcription factors are an ancient gene family with critical roles in embryogenesis.
Currently, TBX3, TBX5, and TBX20 are TBX genes defined to have multiple protein isoforms
created by alternative splicing and characterized by expression and functional studies. These
proteins are important for development as mutations lead to severe developmental disorders in
humans and mice. Cumulative studies suggest that alternative splicing of these genes can regulate
TBX activities during multiple biological processes including cardiogenesis, limb development,
and cancer mechanisms. This mini-review focuses on how alternative splicing adds complexity to
transcriptional regulation of target genes controlled by TBX transcription factors.
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1. Introduction

T-box (TBX) transcription factors are an ancient gene family important for organogenesis
and embryogenesis. Genome searches for genes sharing the T-box DNA-binding domain
revealed numerous highly-related transcription factor genes [1]. TBX transcription factors
recognize a 20-24 nucleotide palindromic sequence called the T-site or half of the sequence,
the T/2 site [2]. The T-box family is thought to have evolved from a primordial gene that
gained diversity through tandem duplication and then cluster dispersion resulting in TBX
genes maintaining similar functions and loci [3]. While the TBX transcription factors can be
expressed in similar developmental times and tissues, they provide distinct functions
through control of expression levels, timing and localization of expression, and interaction
with different cofactors. Isoforms of the same TBX gene can have different subcellular
localizations, expression levels, and functional characteristics. Cumulative studies have
shown that alternative splicing provides a potential critical role in regulating TBX protein
activities.

Alternative splicing creates different protein products from a single gene and is estimated to
affect approximately 90% of the genes expressed in humans [4,5,6]. Multiple isoforms can
increase the function and the complexity of the genome. There are multiple types of
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alternative splicing, with the most common being exon skipping [7,8]. The control of
alternative splicing is defined by the pre-mRNA sequence and the availability of
spliceosome proteins [4,9]. Alternative splicing is regulated in a developmental stage-
specific or tissue-specific manner depending on the localization, timing, and type of factors
expressed.

This mini-review highlights the alternatively spliced isoforms found within the TBX
transcription factor family. Alternatively spliced isoforms have been described in expression
and function analyses in three TBX transcription factor genes: TBX3, TBX5 and TBX20
(Figure 1). All three genes are critical for development as mutations or deletions lead to
severe developmental disorders in humans and mice. Determining how these transcription
factors are regulated is important to fully understand complex processes such as
cardiogenesis, limb development, and cancer mechanisms. From recent studies, expression
and functional analyses have revealed a potential regulatory role of protein isoforms on TBX
transcription factor functions.

2. TBX3 and TBX3+2a

TBX3 is a transcriptional repressor important for the development of multiple tissues.
Haploinsufficiency of TBX3 causes ulnar-mammary syndrome (UMS, OMIM ID: 181450),
an autosomal dominant disorder affecting 1 in 100,000 live births [10,11]. UMS is
characterized by defects in upper limb, apocrine gland, mammary gland, dental, and genital
development and the defects are highly variable within families. TBX3 is expressed
primarily in the tissues affected in UMS. In addition, TBX3 is overexpressed in different
cancer cells including malignant primary breast cancer tumors and immortalized cancer cell
lines of breast cancer, bladder carcinoma, and melanoma [12,13,14]. In most studies, TBX3
functions as inhibiting senescence and thereby promoting cell proliferation and
immortalization. Overexpression of TBX3 in primary cells leads to immortalization
[12,15,16]. Ablation of TBX3 expression leads to a decrease in proliferation with a cell
type-dependent increase in apoptosis [13,17,18]. TBX3 regulation of proliferation is cell-
type dependent as TBX3 inhibits proliferation during cardiogenesis [14,19,20,21]. Other
functions of TBX3 include potential roles in bone development, where a decrease in TBX3
expression reduced the differentiation of osteoblasts and the osteogenic-differentiation of
human adipose stromal cells (hRADSC) [13,17]. These studies place TBX3 function as
important for the proliferation and specification of cells and tissues critical for development.

TBX3 isoforms are designated TBX3 and TBX3+2a [22]. Alternative splicing of exon 2a
results in a 60 nucleotide (nt) insertion incorporating 20 amino acids (aa) within the T-box
DNA-binding domain (Figure 1) [11,12]. The transcripts of TBX3 and TBX3+2a are found
in multiple tissues in mice and humans. This insertion is highly conserved within other
TBX3 mammalian orthologs and is absent in the avian genome. In other vertebrate and
invertebrate genomes, insertions at the exon 2a site are observed, however they do not
exhibit similarity to the mammalian transcripts. Currently, there are no other insertions of
this nature within the TBX family [14]. The ratio of the transcripts varies between tissues
and species indicating tissue-specific and species-specific regulation of expression. Both
isoforms are expressed in breast cancer cell lines, and the ratio between isoforms is altered
between cell lines, indicating a potential role in cancer mechanisms [12]. In hADSC, TBX3
is the predominant isoform and upon differentiation with osteogenic medium, the isoform
ratio is altered with increasing amounts of TBX3+2a expressed, indicating a potential role in
differentiation [17]. With the altered isoform levels, future studies should concentrate on
determining the importance of isoform amounts. It will be important to identify if isoform-
specific target genes exist as a subset of these genes can be alternatively regulated
depending on isoform protein levels.
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With the 20 aa insertion within the T-box DNA-binding domain, it was important to
determine whether both isoforms could bind to DNA. Two separate studies offered
conflicting results. In the first study, analysis by electrophoretic mobility shift assay
(EMSA) was used to determine if the amount of T-box binding element (TBE) DNA would
increase when incubated with nuclear extracts of mouse embryonic fibroblast (MEF) cells
overexpressing TBX3 or TBX3+2a. The addition of TBX3 resulted in an increase of bound
DNA, indicating DNA-binding ability. However, the addition of TBX3+2a did not result in
any discernable increase of bound DNA [12]. While TBX3+2a was not able to bind DNA in
this study, another EMSA study was modified to strictly test the DNA-binding capabilities
of both isoforms. TBX3 and TBX3+2a proteins were purified from bacterial cultures and
incubated with the consensus TBE and the TBE within the Nppa promoter region. This
assay resulted in TBX3 and TBX3+2a binding to DNA. Through comparison to TBX3/DNA
structure [23], they propose that the 20 aa insert does not contact the DNA and most likely
does not affect DNA-binding [14]. The direct DNA-binding experiments and structural
analysis more conclusively show that both isoforms can bind to DNA. In future studies,
DNA-binding affinities and confirmation of DNA-binding within relevant cell types should
be determined for both isoforms.

TBX3 and TBX+2a share common transcriptional targets that function in inhibiting
senescence. In one study, overexpression of TBX3 in MEF cells resulted in continuous and
increased growth, while TBX3+2a resulted in decreased lifespan. However, it was later
noticed that the TBX3+2a isoform was unknowingly used in a similar functional study
resulting in increased proliferation [14,24]. In luciferase reporter assays, TBX3 and
TBX3+2a inhibited the expression of p21€!P1 a tumor suppressor gene involved in p53-
mediated senescence [14]. Future studies should focus on identifying additional target genes
with roles in proliferation and senescence. Analyzing target gene expression between
primary and immortalized cell lines can establish a connection between TBX3 isoform
protein levels and target gene expression.

In vivo analysis of TBX3 isoform functions has been analyzed in the developing hearts of
mice. Transgenic mice were created with TBX3 or TBX3+2a overexpressed in the
myocardium of the developing heart. Embryos overexpressing TBX3 or TBX3+2a resulted
in abnormalities or failure in chamber formation and heart looping. In addition, the ectopic
expression resulted in a severe decrease in expression of the chamberspecific markers of
Cx40 and Nppa [14]. In luciferase reporter assays, TBX3 and TBX3+2a decreased the
NKX2-5/TBX5-driven activation of the Nppa promoter. In addition, both isoforms
physically interact with NKX2-5 via the T-box DNA-binding domain [14]. While these
studies do not support isoform-specific functions during heart development, more relevant
cell types will need to be tested. Since TBX3 is critical for mammary and limb development,
future studies should include functional analysis within these developmental systems.

3. TBX5a and TBX5b

TBXS5 is critical for forelimb development and cardiogenesis [25,26,27,28,29].
Haploinsufficiency of TBX5 causes Holt-Oram Syndrome (HOS, OMIM ID: 142900), an
autosomal dominant disorder characterized by upper limb malformations and cardiac
septation defects, which occurs in 1 in 100,000 live births [30,31]. Analysis of TBX5
expression identified an alternatively spliced isoform [32]. The longer TBX5 isoform (518
aa) is designated TBX5a. Alternative splicing of exon 8 inserts 40 nt after the T-box DNA-
binding domain creating 4 aa and a stop codon resulting in a 255 aa protein designated
TBX5b (Figure 1). Both isoforms are expressed in different tissues and cell lines. During
heart development, the ratio is altered with TBX5a being more prominent in embryonic
hearts and TBX5b in adult hearts. In transfected cell studies, TBX5a is strictly localized to
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the nucleus and TBX5b in both the nucleus and cytoplasm. These localizations are seen in
various cell types including cardiac, skeletal muscle, and fibroblast cells [32].

Both isoforms can bind to DNA with TBX5a showing a stronger binding affinity. TBX5a
can bind to the Nppa promoter and activate transcription. However, due to the lack of the C-
terminal transcriptional activation domain on the TBX5b isoform, TBX5b cannot activate
the Nppa promoter in luciferase reporter assays in cell lines or cardiomyocytes. It is
noteworthy that increasing amounts of TBX5b does not attenuate TBX5a-driven activation
of Nppa transcription. Both TBX5 isoforms physically interact with GATA4 and can
collaborate to activate transcription of GATAA4 target genes. However, TBX5a has a
stronger binding affinity for GATA4 and is the only isoform to interact with NKX2-5,
resulting in isoform-specific activation of Nppa [32].

Examining TBX5 isoform amounts throughout heart development revealed that TBX5a is
more prominent in proliferative developing cells while TBX5b is more prominent in
terminally differentiated cells. To identify potential isoform-specific functions, TBX5a was
overexpressed in adult hearts using tamoxifen-inducible a-myosin heavy chain-driven Cre
transgenic mice [32]. Treatment increased TBX5a expression in the ventricles with a
concomitant upregulation of Nppa. Overexpression of TBX5a resulted in cardiac
hypertrophy with immunohistochemical analysis showing an increase in myocyte growth
without an increase in proliferation. To study TBX5b function, the proliferative myoblast
cell line, C2C12, transfected with TBX5b resulted in cell morphology changes and
significant cell death due to increased apoptosis. Similar overexpression studies with TBX5a
did not result in changes of cell morphology or apoptosis. These studies support the roles of
TBXb5a regulating cardiomyocyte growth and TBX5b regulating cardiomyocyte growth
arrest. Future studies should include conditional isoform-specific knockout mouse model
strategies to determine developmental time point and cell type requirements for each
isoform.

4. TBX20a and TBX20b

TBX20 is a critical cardiogenic transcription factor important for proliferation, chamber
specification, and valvulogenesis. Missense mutations have been identified in human
patients with congenital heart defects and adult cardiomyopathies [33,34,35]. TBX20
physically interacts with NKX2-5, GATA4, and GATAS and synergizes with these cofactors
to regulate target genes [36]. TBX20 can activate or repress cardiac target genes important
for cardiac chamber specification and extracellular matrix formation within endocardial
cushions [37,38,39].

Characterization of TBX20 identified multiple isoforms expressed in several species. One
study comprehensively characterized TBX20 isoforms designated TBX20a-d [36]. The two
most-studied isoforms are TBX20a and TBX20b (Figure 1). In mice, both transcripts
contain exons 1-6 which encode for the entire T-box DNA-binding domain. TBX20a is the
full length protein of 445 aa encoded by exons 1-6, 9, and 10. TBX20b is truncated after the
T-box DNA-binding domain at 297 aa due to alternative splicing of exon 7 which contains a
termination codon [36].

The TBX20 isoforms are coexpressed during heart development with TBX20a expressed at
higher levels in both mice and humans [36,40]. One study examined TBX20a-specific
expression in E9.0-12.0 mouse hearts. While general TBX20 expression is seen throughout
the myocardium, TBX20a is restricted to the developing outflow tract with less myocardial
expression [37]. In our laboratory, we determined the presence of TBX20 isoforms by
western blot analysis of protein lysates collected from the head, heart, and body of E12.5
mice (Figure 2a). TBX20a was only expressed in the heart while TBX20b was expressed in
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all three samples. While this was a brief look into TBX20 expression during development, it
does reveal the need for careful isoform-specific expression analysis. We also examined the
subcellular localization of myc-tagged TBX20 isoforms by immunofluorescent staining of
transfected COSMBG cells. Similar to TBX5, TBX20a is localized exclusively in the nucleus
while TBX20b has cytoplasmic and nuclear localization (Figure 2b). Future studies of heart
development will need to define isoform-specific role within the heart, specifically in
determining cell-type specific expression of TBX20 isoforms. Conditional ablation of each
TBX20 isoform in knockout mouse models will help define cell type-specific roles. In
addition, future studies involving the development of other embryonic structures should
concentrate on the functions of TBX20b.

The TBX20 isoforms have similar and dynamic protein interactions and transcriptional
activities. Both isoforms can bind to DNA, interact with cofactors NKX2-5, GATA4, and
GATAG5, and activate transcription. TBX20b can synergistically increase activation of the
NKX2-5-binding sites and the Nppa promoter when coexpressed with cofactors NKX2-5,
GATA4, and GATAS. While TBX20a can activate transcription with the same cofactors, the
effect is additive instead of synergistic, most likely due to the C-terminal repression domain
[36]. A recently published study from our laboratory identified muskelin as a novel
interacting partner to only the TBX20b isoform [41]. Muskelin is an intracellular protein
involved in protein complexes of nucleocytoplasmic shuttling and signal transduction
machinery [42,43,44,45,46,47]. As protein interactions are critical for maintaining a cardiac
transcription factor network, future studies should identify more isoform-specific protein
interactions and test their role in regulating TBX20 activities.

To determine potential functional differences between the TBX20 isoforms, Xenopus
embryos were injected with TBX20a or TBX20b mRNA [36]. Ectopic overexpression of
TBX20a resulted in changes in cell migration of the anterior/posterior axis. The formation of
a protrusion resembling a secondary anterior/posterior axis or tail was observed and analysis
revealed induction of lateral mesoderm and endoderm. Injections of TBX20b resulted in no
change. This study suggests that within the Xenopus system, the activities of TBX20a cannot
be replaced by TBX20b.

5. Conclusions

The TBX genes are important for proper embryogenesis with mutations or deletions causing
developmental disorders in humans and mice. Regulation of TBX transcription factor
activity has been characterized through protein interactions and DNA binding affinities. An
emerging mechanism of regulation is the production of different protein isoforms by
alternative splicing. This mini-review highlights the role of alternative splicing within the
TBX genes, TBX3, TBX5, and TBX20, and how alternative splicing adds another level of
complexity of TBX functions. Future studies should determine the prevalence of alternative
splicing of the other TBX genes. Most expression analyses show general expression without
defining isoform specificity. Determining isoform-specific expression throughout
development will help define cell-type specific functions. The expression analyses can then
be supported by the use of isoform-specific knockout mouse model strategies to further
define isoform-specific functional significance. In addition, with tissue-specific expression
evident with these TBX genes, it will be important to determine the upstream regulators of
alternative splicing, potentially tissue-specific expression of splicing proteins. Finally, these
TBX proteins have significant roles in human development and determining whether the
pathogenic mutations affect alternative splicing or isoform-specific function could have
clinical significance.
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e T-box genes TBX3, TBX5, and TBX20 have alternatively spliced transcripts.

e Alternative splicing of TBX genes provide a potential regulatory role on
function.

e Future studies of TBX proteins should include isoform-specific functional

analysis.
Abbreviations
aa amino acids
EMSA electrophoretic mobility shift assay
hADSC human adipocyte stromal cells
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Figure 1. Schematic of TBX protein isoforms

The protein structures of the murine TBX3, TBX5, and TBX20 protein isoforms are
depicted with the T-box DNA-binding domain in white. The 20 aa insertion within the T-
box of TBX3+2a is shown in grey.
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Figure 2. TBX20 isoforms show distinct tissue expression and subcellular localizations

(A) Tissue from E12.5 ICR mice was dissected into head, heart, and body lysates. Lysates
were analyzed by SDS-PAGE and western blot analysis. Antibody used was TBX20 (Sigma,
HPA008192). TBX20a is 55 kDa. TBX20b is 33 kDa.

(B) COSMEG cells were plated on glass coverslips in a 24 well plate and transfected with 0.8
ug of DNA using Lipofectamine 2000 according to manufacturer’s protocol (Invitrogen).
TBX20a and TBX20b were cloned into the pPCMV-Tag3 construct to create a myc-tagged
fusion protein (Stratagene). Cells were processed for immunocytochemistry using antibodies
for myc (Cell Signaling). Coverslips were mounted onto glass microscope slides with DAPI
counterstaining mounting solution (Vectashield).
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