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Abstract

TBX5is a member of the T-box transcription factor family and is primarily known for its role in
cardiac and forelimb development. Human patients with dominant mutations in 7BX5are
characterized by Holt—-Oram syndrome, and show defects of the cardiac septa, cardiac conduction

system, and the anterior forelimb. The range of cardiac defects associated with 7BX5 mutations in

humans suggests multiple roles for the transcription factor in cardiac development and function.

Animal models demonstrate similar defects and have provided a useful platform for investigating

the roles of 7BX5 during embryonic development. During early cardiac development, 7BX5
appears to act primarily as a transcriptional activator of genes associated with cardiomyocyte
maturation and upstream of morphological signals for septation. During later cardiac development,
TBX5 s required for patterning of the cardiac conduction system and maintenance of mature
cardiomyocyte function. A comprehensive understanding of the integral roles of 7BX5 throughout
cardiac development and adult life will be critical for understanding human cardiac morphology
and function.

1. TBX5, A MEMBER OF THE T-BOX FAMILY OF TRANSCRIPTION FACTORS

Ever since the association of 78X5 mutations with Holt-Oram syndrome (Basson et al.,
1997; Li et al., 1997), the 7BX5 gene has been a source of study, particularly with respect to
cardiac and limb development. This review covers progress since those initial reports,
published two decades ago.

The T-box family of transcription factors share a common T-box DNA-binding domain
(Bollag et al., 1994) and are named after the founding member, 7, which encodes the
transcription factor Brachyury (Herrmann, Labeit, Poustka, King, & Lehrach, 1990;
Pflugfelder, Roth, & Poeck, 1992). The T-box domain is approximately 170-200 amino
acids in length (Agulnik, Bollag, & Silver, 1995; Agulnik et al., 1996; Bollag et al., 1994;
Papaioannou, 2014), binds DNA directly (Pflugfelder et al., 1992), and is required for
transcriptional activity (Kispert, Koschorz, & Herrmann, 1995). All members of the T-box
gene family appear to bind the DNA consensus motif AGGTGHBA (Conlon, Fairclough,
Price, Casey, & Smith, 2001; He, Kong, Ma, & Pu, 2011; Jolma et al., 2013; Kispert et al.,
1995; Mathelier et al., 2016; Waldron et al., 2016; Wilson & Conlon, 2002). While some
members, such as 7and EOMES, are only able to bind palindromic sequences as dimers
(Conlon et al., 2001; Ghosh et al., 2001; Kispert et al., 1995; Muller & Herrmann, 1997),
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others, including 7BX2, TBX3, and TBX5, can bind individual motifs as monomers
(Bruneau et al., 2001; Carreira, Dexter, Yavuzer, Easty, & Goding, 1998; Ghosh et al., 2001;
He, Wen, Campbell, Wu, & Rao, 1999).

In the human genome, there are 17 coding genes that fall within five subfamilies of the T-
box family (Agulnik et al., 1996; Papaioannou & Silver, 1998), most of which show
sequence similarity between vertebrates and invertebrates (Agulnik et al., 1995, 1996;
Papaioannou & Silver, 1998; Pflugfelder et al., 1992; Ruvinsky, Silver, & Gibson-Brown,
2000; Wilson & Conlon, 2002). The human genes 7BX2, TBX3, TBX4, and TBX5 belong
to one subfamily, and are homologous to the Drosophila gene omb (Agulnik et al., 1996).
These four genes likely originated through tandem duplication of the ancestral gene through
unequal crossover to form the ancestral 7BX2/3and TBX4/5 (Agulnik et al., 1996;
Ruvinsky et al., 2000), followed by cluster duplication prior to the divergence of bony fish
and tetrapods approximately 400 million years ago (Agulnik et al., 1996; Ruvinsky & Silver,
1997). This second duplication event generated one cluster containing 7BX2and 7BX4 and
a second containing 7BX3and 7BX5, which are located on human chromosomes 17 and 12,
respectively (Agulnik et al., 1996; Ruvinsky & Silver, 1997).

The T-box family gene 7BX5encodes a 518-amino acid protein with a 180-amino acid T-
box domain located between amino acid residues 56 and 236 (Basson et al., 1997; Li et al.,
1997). TBX5 contains two nuclear localization sequences (NLS): NLS1 located within the
T-box domain (amino acids 78-90), and NLS2 located outside the T-box domain on the C-
terminal end (325-340) (Collavoli et al., 2003; Zaragoza et al., 2004). While each NLS is
sufficient to drive nuclear localization, they appear to work cooperatively (Collavoli et al.,
2003). As a transcription factor, TBX5 also contains a transactivation domain located from
amino acids 339-379 with functional requirement of amino acids 349-351 (Zaragoza et al.,
2004). The sequence of amino acids 152-160 has been proposed to act as a nuclear export
signal through the CRM1 export pathway by which TBXS5 subcellular localization can be
regulated through binding with the PDLIM7 protein (Camarata et al., 2006, 2010; Kulisz &
Simon, 2008); however, this theory remains controversial as the crystal structure of TBX5
suggests this domain would be located on the inside of the protein and inaccessible without
major protein rearrangements (Stirnimann, Ptchelkine, Grimm, & Muller, 2010). Aside from
these domains, TBX5 also contains several other protein—protein interaction domains,
discussed in detail later.

In addition to the best-described isoform, sometimes referred to as 7BX5a (Georges, Nemer,
Morin, Lefebvre, & Nemer, 2008), there have been four additional isoforms described in the
literature (Georges et al., 2008; Yamak et al., 2015). These isoforms are derived from
alternative splicing within the 7BX5 locus and result in proteins of varying lengths,
including either an N-terminal or a C-terminal truncated form as well as forms with varying
C-terminal modifications (Georges et al., 2008; Yamak et al., 2015). Interestingly, all
described isoforms retain the T-box domain (Yamak et al., 2015). The alternative isoforms
show differential expression and activity, including antagonism of TBX5a, and further
investigation into these isoforms will be important for understanding the roles of 7BX5in
human development and health (Yamak et al., 2015).
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2. TBX5 EXPRESSION

The broad spatiotemporal expression domains of 7B8X5 during development appear to be
generally conserved throughout vertebrate evolution and consist of the heart, forelimb, and
retina (Bruneau et al., 1999; Chapman et al., 1996; Gibson-Brown et al., 1996; Gibson-
Brown, Agulnik, Silver, & Papaioannou, 1998; Horb & Thomsen, 1999; Showell, Christine,
Mandel, & Conlon, 2006; Takabatake, Takabatake, & Takeshima, 2000); however, some
tissue-specific expression differences occur between species. First, we will examine the
expression domains of 7B8X5 in the common tetrapod models as well as humans, with the
greatest emphasis on subcardiac domains, and then we will discuss the regulation of 7BX5
gene expression based on evidence from mouse and human studies.

2.1 TBX5 Expression Domains in the Embryonic and Adult Heart

The cardiac expression patterns of 7B8X5in human, mouse, chick, and frog are very similar.
In human hearts, 7BX5'is expressed in the epicardium, myocardium, and endocardium of
embryonic and adult hearts (Hatcher, Goldstein, Mah, Delia, & Basson, 2000). Human
TBX5is expressed in the free walls and septa of all four chambers during development;
however, atrial expression is much greater than ventricular, as seen in mouse and chicken
(Hatcher et al., 2000). 7BX5is expressed in the embryonic atrioventricular (AV) node, and
is excluded from the AV valves (Hatcher et al., 2000). 7BX5 is expressed throughout the
epicardium, but not in the endocardium of the left ventricle (Hatcher et al., 2000). Much like
in animal models, 7BX5 expression is absent from the developing outflow tract of the heart
(Hatcher et al., 2000). In human adults, 7B.X5 expression is highest in the atrial appendages,
followed by the lungs, left ventricle, and esophagus (GTEx Consortium, 2013; Mele et al.,
2015).

In mice, Thx5becomes abundantly expressed around E8.0 throughout the cardiac crescent
(Bruneau et al., 1999), and this expression becomes restricted to the posterior portion of the
forming heart tube, corresponding to the sinus venosa and future atria, between E8.25 and
E8.5 (Bruneau et al., 1999; Chapman et al., 1996). At E9.0, 7bx5 expression expands
throughout the future left ventricle (Bruneau et al., 1999). Additionally, atrial expression of
Thbx5'is stronger than in the left ventricle, and in the ventricular free wall it is higher than in
the trabeculae (Bruneau et al., 1999). 7bx5is also expressed in the right ventricular
trabeculae, but not free wall (Bruneau et al., 1999). Expression of 76x5in the left ventricle
and atria is maintained throughout embryonic development (Chapman et al., 1996). During
maturation of the mouse heart, like humans, 7bx5is expressed in and colocalizes with
markers of the cardiac conduction system, including the AV bundle and bundle branch
(Moskowitz et al., 2004). Genetic inducible fate mapping demonstrated that left ventricular
Tbx5 expression arises from the first heart field, specified prior to morphogenesis of the
heart, whereas atrial and atrial septum 7hx5 expression arises from Mef2cAHF' second
heart field domain, suggesting potential independent roles of 7b6x5in the first and second
heart fields during development (Devine, Wythe, George, Koshiba-Takeuchi, & Bruneau,
2014).

In cardiac development of the chick, Thx5 expression is first detected throughout the entire
bilateral cardiac primordia (Bruneau et al., 1999). This expression is maintained following
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fusion of the heart tube along the entire rostrocaudal length (Gibson-Brown et al., 1998), but
adopts an anterior-to-posterior gradient shortly after (Bruneau et al., 1999). Although there
appears to be a gradient to the expression, 7b6x5is expressed throughout the whole heart
during cardiac looping (Gibson-Brown et al., 1998). After looping is complete, 7bx5
expression remains in the entire heart except the outflow tract, and this is the only major
difference between mouse and chick heart expression. However, as cardiac development and
maturation proceed, expression of 7bx5is restricted from the right ventricle, similar to the
expression pattern in the mouse embryo (Bruneau et al., 1999).

In Xenopus, the earliest expression domains of zbx5 are in two lateral stripes, corresponding
to the cardiac primordia, on either side of the embryo and continue to be expressed in the
migrating precardiac mesoderm (Horb & Thomsen, 1999; Showell et al., 2006). Similar to
chick cardiogenesis, after fusion at the midline and formation of the early heart tube, t6x5'is
expressed throughout most of the cardiac tissue including the sinus venosus/inflow tract of
the heart (Horb & Thomsen, 1999; Showell et al., 2006). As development continues, tbx5
expression is lost from the most anterior structure, the bulbus cordis, and is strongly detected
in the posterior regions of the heart, while it is also maintained in the ventricle (Horb &
Thomsen, 1999; Showell et al., 2006). tbx5is expressed robustly in both the endocardium
and myocardium and is detected in the epicardium (Horb & Thomsen, 1999).

2.2 Extracardiac TBX5 Expression

In addition to the cardiac expression domains, 7BX5 is expressed in many noncardiac
tissues. Perhaps the best-studied expression domain outside of the heart is that of the
developing forelimb. 7bx5'is expressed in the lateral plate mesoderm giving rise to the
forelimb starting at E8.8 of mouse embryonic development (Gibson-Brown et al., 1996) and
is robustly expressed in the forelimb bud at E9.5 (Chapman et al., 1996; Gibson-Brown et
al., 1996). Expression throughout the developing limb is maintained until E11.5, when it
then becomes restricted to the proximal portion of the forelimb (Gibson-Brown et al., 1996).
Thx5'is also expressed in the periochondrium of the forelimb at E13.5 (Gibson-Brown et al.,
1996).

Outside of the heart and forelimb, 7B.X5 expression has been reported in several notable
domains during development. The earliest reported expression domain for 76x5 during
mouse development is in the allantois at E7.5 where it is transiently coexpressed with 7bHx4
(Chapman et al., 1996). Expression of 76x5in the allantois has been suggested to be a
mammalian-specific trait, as transcription of 7b6x5is never observed in the allantois of chick
embryos (Gibson-Brown et al., 1998). Thx5is also expressed in the optic vesicle and the
neural retina of the developing eye in mouse, chick, and Xenopus where it is coexpressed
with the other members of the omb family of T-box genes (Chapman et al., 1996; Gibson-
Brown et al., 1998; Horb & Thomsen, 1999; Showell et al., 2006). Additionally, 76x5'is
expressed in the mesenchyme of the mandibular arch, the trachea, and the lung, as well as
the body wall of the thorax (Chapman et al., 1996; Gibson-Brown et al., 1998). In both
mouse and chicken, expression of 7hx5 has been reported in the genital papilla (Chapman et
al., 1996; Gibson-Brown et al., 1998). Specific to avian development, 7bx5 expression is
observed in the notochord during midembryonic development (Gibson-Brown et al., 1998).
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2.3 Transcriptional Regulation of TBX5

The mechanisms governing spatiotemporal regulation of 78X5 have begun to be addressed
by defining cis-regulatory elements driving 78X5 expression in the embryo and adult.
Preliminary investigations have identified several elements that drive distinct spatial domains
during development; however, this area is ripe for future investigations. Tiling experiments
have identified three enhancers associated with in vivo expression of 7bx5in the
mammalian heart (Minguillon et al., 2012; Smemo et al., 2012). The first enhancer,
corresponding to hgl9 chr12:114,463,712-114,464,080, drives expression of a reporter
construct in both ventricular and atrial myocardium of E11.5 mouse hearts (Smemo et al.,
2012). The second enhancer, hg19 chr12:114,701,207-114,704,691, drives expression in the
posterior portion of the heart, including the ventricles, interventricular septum, and AV canal
(Smemo et al., 2012). Additionally, this second enhancer contains a low-frequency SNP that
abrogates the enhancer’s ability to drive expression (Smemo et al., 2012). While this SNP
was predicted to disrupt a TAL1 binding site, 7a/Z is not expressed in the myocardium,
suggesting other members of the basic helix—loop-helix E-box-binding transcription factors
may be driving expression of this enhancer (Smemo et al., 2012). The third 7bx5 enhancer,
hgl19 chrl12:114,853,271-114,858,238, is sufficient to drive expression in the ventricles,
interventricular septum, and AV canal as well as the atria (Smemo et al., 2012).

In addition to the identified cardiac enhancers, there have been two additional enhancers
identified that regulate limb expression. The first is located within intron 2 of 7bx5and
drives expression within the lateral plate mesoderm of the forelimb, but not the heart
(Minguillon et al., 2012). This forelimb enhancer is regulated in part through Hox4/5 genes,
expressed in the region of the lateral plate mesoderm that gives rise to the forelimb, and has
been proposed as the mechanism by which forelimb 7bx5 expression is positionally defined
along the anterior—posterior body axis (Minguillon et al., 2012). The second forelimb
enhancer identified is known as CNS12 and is located approximately 120 kbp downstream
of the 7bx5 coding region (Adachi, Robinson, Goolsbee, & Shubin, 2016). The CNS12
enhancer drives expression in the lateral plate mesoderm and is sufficient to drive 76x5
expression for forelimb formation (Adachi et al., 2016).

Taken together, 76x5 expression in the developing heart and forelimb appears to be driven
by distinct cis-regulatory elements, although the factors and transcriptional complexes that
control the expression of these enhancers have yet to be uncovered.

Recent insight into the regulation of 7bx5 expression has come from investigations of the
local three-dimensional architecture of the 7bx5 locus and its neighboring genes: Rbm19,
Tbx3, and Med13/(Jin et al., 2013; van Weerd et al., 2014). Circular chromosome
conformation capture with sequencing (4C-seq) data from the viewpoints of the 76x3and
Tbx5 promoters, and the CTCF binding site between the two loci, suggests that the loci are
in contact and that putative cis-regulatory elements for each gene are located almost
exclusively within their own loci with CTCEF sites acting as a regulatory barrier (Fig. 1) (van
Weerd et al., 2014). Additionally, 4C-seq from the viewpoint of Rbm19, the nearest gene 3
of Tbxb5, suggests partially overlapping regulatory elements (van Weerd et al., 2014).
Together, this suggests that most of the c/s-regulatory information for 76x5 expression is
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located in the 375 kbp region between the CTCF sites demarcating the boundaries of the
Tbx3l Tbx5 and the Tbx5Rbm19loci (Fig. 1) (van Weerd et al., 2014).

In addition to transcriptional regulation, 76x5 has also been shown to be regulated through
microRNA-dependent mechanisms (Wang et al., 2014). In a screen of candidate human
microRNAs, MiR-10a and MiR-10b were shown to bind to the 3’-UTR of the 7bx5and
inhibit its translation (Wang et al., 2014). More recently, it has been shown that regulation
through these two microRNAs may play a role in adult conduction defects and pathological
remodeling in disease-state hearts (Torrado et al., 2015).

3. TBX5 HAPLOINSUFFICIENCY: HOLT-ORAM SYNDROME

Holt—-Oram syndrome is an autosomal dominant disorder caused primarily by dominant
mutations in 7BX5. Holt—Oram syndrome is a clinical diagnosis that includes completely
penetrant, variably expressed upper-limb malformations including preaxial radial ray
anomalies and congenital heart defects, typically septal and/or conduction defects (Holt &
Oram, 1960). Although sometimes difficult to detect, upper-limb malformations are fully
penetrant, while structural cardiac defects occur in 76% of patients with Holt—-Oram
syndrome (Basson et al., 1994, 1999; Holt & Oram, 1960; Newbury-Ecob, Leanage,
Raeburn, & Young, 1996). Holt—Oram syndrome affects 1 in 100,000-135,000 live births in
European populations (Barisic et al., 2014; Elek, Vitez, & Czeizel, 1991), although defects
can occur in any population (Al-Qattan & Abou Al-Shaar, 2015; Ekure, Okoromah, Briggs,
& Ajenifuja, 2004; Kimura, Kikuchi, Ichinoi, & Kure, 2015; Najjar, Mardini, Tabbaa, &
Nyhan, 1988). Holt—-Oram syndrome exhibits classic Mendelian inheritance for a dominant
trait (Basson et al., 1997, 1994; Holt & Oram, 1960; McDermott et al., 2005), and the risk of
nonaffected parents with an affected proband giving rise to a second child with a de novo
pathogenic mutation is the same as the average population (McDermott, Fong, & Basson,
1993). Manifestations of upper-limb defects can include single or combinatorial
abnormalities of the hand and digits, bones of the lower arm, humerus, or shoulder girdle
(Basson et al., 1994; Newbury-Ecob et al., 1996). Defects of the hand and digits must
include defects of the thumb for the Holt—Oram diagnosis, while defects of the lower arm
are associated primarily with the radius (Basson et al., 1994; Holt & Oram, 1960;
McDermott et al., 2005; Newbury-Ecob et al., 1996). Structural abnormalities of the heart
can include secundum-type atrial septal defects, primum-type atrial septal defects, and/or
ventricular septal defects (Basson et al., 1994; Holt & Oram, 1960; Newbury-Ecob et al.,
1996). Conduction system defects manifest as long PR interval, AV block, bundle branch
block, bradycardia, sick sinus syndrome, and atrial fibrillation (Basson et al., 1994; Holt &
Oram, 1960; Newbury-Ecab et al., 1996), and these conduction defects can occur in the
absence of overt structural defects (Basson et al., 1994; Newbury-Ecob et al., 1996). Holt—
Oram syndrome is not associated with defects of the lower limb, postaxial upper limb,
gastrointestinal system, genitourinary, or nervous system, which if present suggest an
alternative diagnosis (Basson et al., 1994; Debeer, Race, Gewillig, Devriendt, & Frijns,
2007; Holt & Oram, 1960; McDermott et al., 2005; Newbury-Ecob et al., 1996).

Current evidence supports a model in which Holt—=Oram syndrome is caused by 7BX5
haploinsufficiency (Basson et al., 1997; Li et al., 1997) with genetic abnormalities
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associated with 7B8X5 coding or splice regulatory sequences underlying approximately 70%
of patients meeting strict clinical diagnoses (Debeer et al., 2007; McDermott et al., 2005). In
the latest collection of the Human Gene Mutation Database, there have been 103 reported
mutations in coding, splicing, or regulatory sequences of 7B8.X5, which result in Holt-Oram
syndrome or other cardiac defects (Stenson et al., 2014), recently reviewed in Yamak et al.
(2015). Additionally, there have been 44 pathologic point mutations reported in the coding
region of 7BX5 (Stenson et al., 2014). Similar to the eight reported gross deletions (Stenson
et al., 2014), some of these are nonsense mutations resulting in highly truncated proteins that
are thought to act as null alleles (Basson et al., 1997; Fan et al., 2003; Gruenauer-
Kloevekorn & Froster, 2003; McDermott et al., 2005). Missense mutations have been
reported throughout much of the T-box domain, typically resulting in transcriptional
decrements (Basson et al., 1999; Boogerd et al., 2010; McDermott et al., 2005; Postma et al.,
2008). There are also several reported mutations that result in missplicing or alternative
splicing (Basson et al., 1999; Borozdin et al., 2006; Cross et al., 2000; Heinritz et al., 2005;
McDermott et al., 2005; Vianna, Miura, Pereira, & Jatene, 2011). Interestingly, duplications
of 7TBX5 are pathogenic, resulting in atypical Holt—-Oram syndrome (Kimura et al., 2015;
Patel, Silcock, McMullan, Brueton, & Cox, 2012). Additionally, a patient with a
homozygous, single-base-pair mutation within a c/s-regulatory element controlling 7BX5
displayed decreased 7BX5 expression and non-syndromic congenital heart disease, raising
the possibility that the etiology of some of the remaining 30% of Holt—-Oram patients may
result from c/s-regulatory element mutations (Smemo et al., 2012).

While all cases of Holt—Oram syndrome result in both cardiac and forelimb defects, several
cases have been reported in which defects in either the heart (Basson et al., 1997;
Brassington et al., 2003; Li et al., 1997; Yang et al., 2000) or the limb (Brassington et al.,
2003; Li et al., 1997; Yang et al., 2000) appear more severe in one tissue than the other,
suggesting a potential tissue-specific role for distinct domains of the protein (Isphording,
Leylek, Yeung, Mischel, & Simon, 2004). While the underlying mechanisms of these biased
defects have not been identified, some proposed models include differences in binding
partners and binding motif recognition (Basson et al., 1999; Camarata et al., 2006; Garg et
al., 2003; Isphording et al., 2004; Krause et al., 2004).

4. ANIMAL MODEL OF HOLT-ORAM SYNDROME

Investigations into the role of 7BX5in cardiac development have been undertaken in most
major animal model systems: mouse, chick, frog, and zebrafish. Each system provides a
unique set of tools for investigating the role of 78X5in the developmental etiology of Holt—
Oram syndrome. The most well-characterized model of Holt-Oram syndrome is the mouse
heterozygous for a Thx5 knockout allele. The 7hx571/%€ mouse allele contains loxP sites
surrounding exon 3, which encodes a portion of the T-box DNA-binding domain, and upon
Cre-mediated recombination, will generate truncated 7bx5 transcripts (Bruneau et al., 2001).
Germline deletion of exon 3 generates the Thx5™1-1/% mouse (Bruneau et al., 2001).
Heterozygous Thx5"m1-1/5€ mice exhibit the characteristic haploinsufficient phenotype of
Holt-Oram syndrome, including anterior defects of the forelimb, septal defects of the heart,
and defects of cardiac conduction (Bruneau et al., 2001; Moskowitz et al., 2004). The mouse
animal model has provided a robust system in which to study Holt-Oram syndrome in vivo
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and will continue to provide a platform by which to study the disease and the role of 76x5in
cardiac and limb development.

5. TBX5 IN CARDIAC MORPHOLOGIC DEVELOPMENT

The morphologic cardiac defects associated with Holt—-Oram syndrome are most commonly
malformations of the septa dividing the left and right sides of the heart (Basson et al., 1994;
Holt & Oram, 1960; McDermott et al., 2005; Newbury-Ecob et al., 1996). From our current
understanding, the ontogeny of the septa dividing the ventricular and atrial chambers is quite
different (Anderson, Webb, Brown, Lamers, & Moorman, 2003), and yet defects in both
arise from haploinsufficiency of 7bx5 (Basson et al., 1997; Bruneau et al., 1999, 2001;
Hoffmann et al., 2014; Koshiba-Takeuchi et al., 2009; Takeuchi et al., 2003; Xie et al.,
2012).

5.1 Ventricular Septum

The morphology of the ventricular septum depends heavily on the localization of 76x5
expression during development. Both the left and the right ventricles contribute equally
toward the formation of the interventricular septum, suggesting that a balance of left and
right contributions may underlie development of the septum (Franco et al., 2006). During
development of the ventricular chambers, 7bx5is unilaterally expressed on the left side,
including the left side of the ventricular septum (Bruneau et al., 1999, 2001; Takeuchi et al.,
2003). Overexpression of 7hx5 bilaterally results in malformation of the ventricular
chambers and absence of the ventricular septum (Koshiba-Takeuchi et al., 2009; Liberatore,
Searcy-Schrick, & Yutzey, 2000; Takeuchi et al., 2003). However, it remains unclear
whether Tbx5-dependent transcriptional regulation alone controls ventricular septum
formation (Franco et al., 2006; Koshiba-Takeuchi et al., 2009; Takeuchi et al., 2003). Two
additional T-box family genes, 7Tbx18and TbxZ20, are unilaterally expressed in the left and
right ventricles, respectively (Franco et al., 2006; Takeuchi et al., 2003). The boundary
between Thx5-positive, Thx2(-negative, and 7bx5-negative, Tbx20-positive myocardium
appears to demarcate the location of ventricular septation and shifts in the expression levels
can result in ventricular septum abnormalities; however, the exact mechanism by which the
interface between 7bx5and the other T-box family genes instructs formation of the
ventricular septum remains unclear (Koshiba-Takeuchi et al., 2009; Takeuchi et al., 2003).

5.2 Atrial Septum

Haploinsufficiency of 7BX5in Holt—-Oram patients results in atrial septal defects in
approximately half of cases (Bruneau et al., 1999), and 7bx5 haploinsufficient mice exhibit
atrial septal defects approximately 40% of the time (Bruneau et al., 2001). The atrial septum
is derived from the second heart field contributing to the inflow tract of the heart (Goddeeris
et al., 2008; Hoffmann, Peterson, Friedland-L.ittle, Anderson, & Moskowitz, 2009;
Mommersteeg et al., 2006; Snarr, Wirrig, Phelps, Trusk, & Wessels, 2007; Wessels et al.,
2000). Sonic hedgehog (Shh), secreted from the pulmonary endoderm, signals through GLI-
dependent transcription factors and is essential for atrial septation (Goddeeris et al., 2008;
Hoffmann et al., 2009, 2014; Xie et al., 2012). G/i1 genetically interacts with 7bx5in the
second heart field to coactivate downstream targets, including OsrZ and FoxfI (Goddeeris et
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al., 2008; Hoffmann et al., 2009, 2014; Xie et al., 2012). Furthermore, deletion of one or
both copies of 7bx5 from Shh-receiving cells results in primum-type atrial septal defects,
which can be rescued through constitutive activation of hedgehog signaling (Xie et al.,
2012). This supports a model in which 7hx5 acts upstream of active Sh/signaling in the
second heart field and that both 76x5and activating GLI factors coregulate transcription at
the top of a hierarchy of atrial septation genes (Hoffmann et al., 2014; Xie et al., 2012).

6. TBX5 IN CARDIAC CONDUCTION SYSTEM DEVELOPMENT

The cardiac conduction system is a highly specialized network of cardiomyocytes within the
heart that generate and transmit electrical impulses throughout the heart to coordinate
contraction. A majority of Holt—-Oram syndrome patients present with conduction system
abnormalities (Basson et al., 1994; Holt & Oram, 1960; Newbury-Ecob et al., 1996).
Evidence suggests that 7b6x5 plays three key roles in the cardiac conduction system:
specification of the conduction system during development, regulation of the conduction
system transcriptome, and maintenance of conduction system identity in the adult (Arnolds
et al., 2012; Moskowitz et al., 2007, 2004). 7hx5and Nkx2-5 genetically interact to specify
the ventricular cardiac conduction system in a ventricular subdomain with the highest
expression of both factors (Moskowitz et al., 2004; Thomas et al., 2001). Furthermore, 7bx5
and Nkx2-5are required to coregulate the transcriptional repressor /a2, which is required for
proper formation and function of the conduction system (Moskowitz et al., 2007). Although
the 7hx5-dependent transcriptome in the conduction system has not been well characterized
to date, 7bx5'is required for the regulation of critical conduction system ion channels, Gja5
and Scnba, and removal of 7bx5 from the adult ventricular conduction system results in loss
of these ion channels and altered ventricular conduction system function (Arnolds et al.,
2012; Bruneau et al., 2001; Moskowitz et al., 2004; van den Boogaard et al., 2014).

7. HOMOZYGOUS TBX5 MUTATIONS REVEAL NOVEL ROLES OF TBX5

While much attention has been focused on understanding 76x5 haploinsufficiency as it
relates to human disease, homozygous deletion of 746x5in animal models reveals novel
requirements for 76x5 not uncovered by haploinsufficiency.

7.1 Complete Loss of Mammalian Thx5

As Tbx5 haploinsufficiency is associated with the phenotype of Holt—Oram syndrome in
mice and 7bx5 null embryos die in utero around E10.5, most studies examining the role of
Thbx5'in cardiac morphogenesis and transcription have focused on the 76x5null
heterozygote. In contrast, the null state provides the opportunity to understand critical roles
of Tbhx5not observed in heterozygotes (Agarwal et al., 2003; Bruneau et al., 2001;
Hoffmann et al., 2014; Luna-Zurita et al., 2016; Mori et al., 2006; Moskowitz et al., 2004;
Rallis et al., 2003; Xie et al., 2012). In the mouse, germline deletion of both copies of 7bx5,
Thx5tm1.Lsdtml.1Jse regylts in embryonic lethality by E10.5 (Bruneau et al., 2001). These
animals exhibit a grossly abnormal, linear heart tube (Bruneau et al., 2001) and complete
absence of the forelimb buds (Agarwal et al., 2003; Bruneau et al., 2001). The complete
absence of the forelimb buds indicates a role for 76x5in limb bud initiation, shown to be
downstream of fibroblast growth factor signaling (Agarwal et al., 2003; Hasson, Del Buono,
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& Logan, 2007; Rallis et al., 2003). Similar to the germline homozygous null embryos,
homozygous hypomorphs for 76x5 show embryonic lethality prior to E11.5, with
hypoplastic left ventricles and sinoatrial structures (Mori et al., 2006). Distinctly, unlike the
Thx5homozygous null phenotype, homozygous hypomorphs still undergo heart looping and
rudimentary formation of the left and right atrial chambers (Mori et al., 2006). These
observations indicate important roles for 7bx5 at sequential stages of cardiac development,
although the distinctions between these roles have yet to be elucidated.

7.2 Zebrafish tbx5a/tbx5b

The heartstrings mutation is the first published mutation of zbx5ain zebrafish and was found
as part of a screen for recessive lethal mutations affecting cardiac function (Garrity, Childs,
& Fishman, 2002). The tbx5al heartstrings mutants or morpholino knockdown of tbx5a
recapitulate some aspects of Holt—-Oram syndrome including forelimb defects and
conduction defects (Ahn, Kourakis, Rohde, Silver, & Ho, 2002; Garrity et al., 2002). The
hearts of these animals appear to develop normally during early cardiac development, only
later displaying defects starting with the failure of heart looping and subsequent
deterioration of chamber myocardium and heart failure (Ahn et al., 2002; Garrity et al.,
2002).

More recently, a second copy of tbx5 (tbx5b6) was found in the genome of zebrafish (Albalat,
Baquero, & Minguillon, 2010). While tbx5ais expressed in the eye, heart, and forelimb
during early development, tbx5b is only expressed robustly in the eye and heart (Albalat et
al., 2010), suggesting possible redundant functions for the two fbx5 genes during early heart
and eye development. Using morpholinas, tbx5a, thx5b, or thx5al tbx56 double knockdowns
all result in the heartstrings phenotype, i.e., normal heart tube formation, bradycardia, and
progressive deterioration/heart failure (Garrity et al., 2002; Parrie, Renfrew, Wal, Mueller, &
Garrity, 2013). Different downstream targets have been identified for tbx5aand tbx5b (Parrie
et al., 2013). While tbx5b6 knockdown does not result in patterning defects of chamber
formation or sinus venosus seen in either the tbx5a mutants or knockdown experiments,
thx5b knockdown results in abnormal expansion of two morphogenesis markers, #and2and
veana, similar to tbx5a (Garrity et al., 2002; Parrie et al., 2013). However, known direct
targets of mammalian 7BX5 or zebrafish tbx5a, such as bmp4, nppa, tbx2b, and hey2
(Bruneau et al., 2001; Camarata et al., 2010; Chi et al., 2008; Plageman & Yutzey, 2004;
Puskaric et al., 2010), were not disrupted with fbx5b knockdown, and neither tbx5a
overexpression nor thx5b overexpression rescues the reciprocal knockdown, suggesting the
role of thx5bis different than that of tbx5a (Parrie et al., 2013). The apparent differences in
thx5a and tbx5b function suggest that following gene duplication there may have been
evolutionarily beneficial subfunctionalization of the two copies.

8. THE TBX5 GENE REGULATORY NETWORK

As a T-box transcription factor, the primary role of TBX5 is thought to be the regulation of
target gene transcription. Historically, TBX5 has thought to act a positive regulator of
transcriptional activity; however, recent evidence suggests that TBX5 may have a role in
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both transcriptional activation and repression (Fig. 2). In this section, we will explore what is
known about both roles.

8.1 Positive Transcriptional Activation by TBX5 and Cofactors: Cardiomyocyte Specific
Factors, Chromatin Modification, and Maturation

TBX5has long been known to act as a positive regulator of transcription in heart
development and cardiomyocyte maturation (Bruneau et al., 2001; Goetz, Brown, & Conlon,
2006; Hiroi et al., 2001; Moskowitz et al., 2004). Some of the earliest identified direct
targets of 7BX5were NPPA (encoding ANF) and GJA5 (encoding cx40), both of which are
expressed in differentiating cardiomyocytes during development and are markers of cardiac
chamber differentiation (Bruneau et al., 2001; Christoffels et al., 2000; Delorme et al., 1997;
Hiroi et al., 2001). Gja5and Nppa are both highly sensitive markers of TBX5 activity with a
nearly complete loss of Gja5in Thx5™M1L1J56+ embryos and a graded response of Ajppa
across a Thx5allelic series (Bruneau et al., 2001; Mori et al., 2006).

The first identified interaction partner of TBX5 was the tinman transcription factor NKX2-5
(Hiroi et al., 2001). Identified by a classic yeast two-hybrid screen, TBX5 and NKX2-5
interact through the highly conserved C-terminus of NKX2-5, relying on four key amino
acids in an a-helix, P139, D140, R150, and Q151 (Bruneau et al., 2001; Hiroi et al., 2001;
Luna-Zurita et al., 2016). The interaction between TBX5 and NKX2-5 allows the proteins to
synergistically activate targets such as Ajppa through tandem transcription factor binding
motifs (Bruneau et al., 2001; Hiroi et al., 2001). This interaction of TBX5 and NKX2-5 at
tandem binding motifs induces bending in the DNA for transcriptional activity, a molecular
mechanism by which synergistic activities of TBX5 and NKX2-5 interactions are
determined at specific c/s-regulatory elements (Luna-Zurita et al., 2016). Furthermore, the
interaction between TBX5 and NKX2-5 is required to maintain fidelity in transcription
factor binding throughout the genome, and the absence of either factor allows for
inappropriate localization and activation of noncardiac genes by the other (Luna-Zurita et
al., 2016). To this point, several sites within TBXS5 are important for the synergistic
activation of Ajgpa, which can be abrogated by HOS mutation in the a-helix mentioned
earlier as well as G80R and R237W (Boogerd et al., 2010; Garg et al., 2003; Hiroi et al.,
2001).

Besides NKX2-5, TBXS5 also shows direct interaction with other major cardiac transcription
factors, including GATA4 (Garg et al., 2003; Maitra et al., 2009), GATA6 (Maitra et al.,
2009), TBX20 (Brown et al., 2005), MEF2C (Ghosh et al., 2009), and Myocardin (Wang,
Cao, Wang, & Wang, 2011). The interaction between TBX5 and GATA4 was diminished by
GATA4 mutations causing nonsyndromic congenital heart defects (Garg et al., 2003), as well
as by 7BX5Holt-Oram mutations causing heart defects but not those causing only limb
defects (Boogerd et al., 2010; Garg et al., 2003; Luna-Zurita et al., 2016). Both GATA4-
TBX5 and MEF2C-TBXS5 interactions are required for synergistic activation of a-cardiac
myosin heavy chain encoded by MYH6 (Ghosh et al., 2009; Maitra et al., 2009), though
GATAG6-TBX5 protein interactions are not, suggesting that TBX5 interaction partners
generate tissue- and context-specific gene expression (Maitra et al., 2009).
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TBX5as a transcription factor appears to act as part of a multifactor transcriptional complex
for the activation and maintenance of cardiac lineage genes; however, the ability of
transcription factors to regulate gene targets requires the ability of the factors to bind open
chromatin. Addition of Gata4, MefZ2c, and Tbx5to fibroblasts is sufficient to drive
reprogramming toward a cardiomyocyte fate (leda et al., 2010; Qian et al., 2012). This
ability to reprogram cells suggests that this core set of transcription factors may drive
chromatin accessibility. In support of this supposition, it has been shown that TBXS5 interacts
with Baf60c and Brgl, encoded by Smarca3and Smarca4, respectively, members of the
SWI/SNF family of proteins involved in chromatin remodeling to drive mesodermal cells to
cardiomyocyte fate in vitro and in vivo (Lickert et al., 2004; Takeuchi & Bruneau, 2009;
Takeuchi et al., 2011). Furthermore, in 7bx5 haploinsufficient mice, there is a loss of
chromatin remodeling complexes at the promoters of 7bx5-dependent cardiac genes
(Takeuchi et al., 2011). For another T-box family member, T-bet, encoded by 76x21, it has
been previously shown that T-bet, the Brgl chromatin-remodeling complex, and H3K27
demethylases physically interact (Miller, Mohn, & Weinmann, 2010), suggesting potential
shared mechanisms with 7bx5in chromatin transitions seen in cardiac development
(Wamstad et al., 2012).

8.2 TBX5-Mediated Repression: Inhibition of Noncardiomyocyte Fate Through Chromatin
Remodeling

In addition to its positive role driving cardiac gene regulatory networks, recent genomic
studies indicate that TBX5 acts as a direct transcriptional repressor during cardiac
development where it is required for inhibition of inappropriate gene expression
(Lewandowski et al., 2014; Waldron et al., 2016). While transcriptional repression by T-box
factors in cardiac development and function has been well documented in the cases of TBX2
(Carreira et al., 1998; Christoffels et al., 2004) and TBX3 (He et al., 1999; Hoogaars et al.,
2007, 2004; Lingbeek, Jacobs, & van Lohuizen, 2002), and it has been shown that TBX20
has roles in both transcriptional repression and activation (Kaltenbrun et al., 2013; Sakabe et
al., 2012; Stennard et al., 2005), only recently has a repressive role for TBX5 been
elucidated. Waldron et al. (2016) demonstrated that 76x5 inhibits noncardiac gene
regulatory programs, including neuronal networks during early cardiac development.
Through biochemical and genetic interaction studies, it was shown that TBX5 protein
interacts with the nucleosome remodeling and deacetylase (NURD) complex during
embryonic development (Waldron et al., 2016). Similar to TBX20, the TBX5-NuRD
interaction complex acts as an inhibitory mechanism by which TBXS5 is able to repress
noncardiogenic gene expression in the heart (Kaltenbrun et al., 2013; Waldron et al., 2016).
TBXS5 physically interacts with the NURD complex through an evolutionarily conserved a.-
helix domain located from amino acids 255-264 and disruption of this domain can result in
Holt-Oram syndrome (e.g., S261C; Brassington et al., 2003; Waldron et al., 2016). Using
cardiomyocytes derived from murine embryonic stem cell differentiation, Luna-Zurita et al.
(2016) demonstrated that TBX5 imparts specificity in cardiac transcription factor complexes
by preventing off-target binding of other cardiac transcription factors. These findings
suggest that the dual roles of T-box factors (i.e., TBX5 and TBX20 repression of
noncardiomyocyte fate) may be a more common theme in cardiac development than
previously thought.
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8.3 Direct Targets of TBX5 Regulation

As a member of the T-box family of transcription factors, TBXS5 regulates transcription
through direct interaction with DNA. In recent years, multiple groups have turned to
chromatin immunoprecipitation with sequencing (ChlP-sequencing) to identify direct targets
of TBX5 binding and regulation (He et al., 2011; Luna-Zurita et al., 2016). The first ChlP-
seq dataset was generated in the HL-1 atrial cardiomyocyte cell line using an overexpression
construct of biotinylated TBX5, which identified over 56 k binding sites within the genome
(He et al., 2011). The second set of data was generated using ChlP-exo technology in the
context of mouse ES cell differentiation in both cardiac progenitors and cardiomyocytes,
resulting in approximately 5 and 9 k bindings sites, respectively (Luna-Zurita et al., 2016).
While these datasets share many of the same locations, each also identifies many unique
sites, suggesting that binding site information will need to be generated in each 76x5
expression context in order to understand the direct 7bx5 transcriptome. For example,
whereas approximately 60% and 40% sites identified in the cardiac progenitor and
cardiomyocyte mouse ES cell datasets are shared, only 4% of sites identified in the HL-1
dataset are shared with the mouse ES cell datasets. It is currently unclear to what degree the
HL-1 dataset overestimates and the mouse embryonic stem cell datasets underestimate the
total number of relevant binding sites, or whether both datasets overestimate functional
binding events, HL-1 to a greater extent. Inclusion of additional markers, such as open
chromatin, histone marks, and known TBX5-binding partners may allow the broad
utilization of current datasets for identification of truly functional TBX5-binding sites.

To date, functionally confirmed direct targets of 78X5 are almost exclusively in genes
implicated in cardiac proliferation, maturation, and function, including Ajppa, Gja5, and
Scnba (Arnolds et al., 2012; Bruneau et al., 2001; Goetz et al., 2006; Hatcher et al., 2001,
Hiroi et al., 2001; Mori et al., 2006; Moskowitz et al., 2007, 2004; Puskaric et al., 2010; Xie
et al., 2012). Interestingly, the direct targets mediating the morphogenesis requirement for
TBX5remain unknown. While some candidate target genes may act prior to morphological
changes (Hoffmann et al., 2014; Xie et al., 2012), no direct mediators of morphology have
been uncovered. 7BX5 may therefore indirectly regulate these processes. With advances in
genome-wide technology, understanding the basis by which 7BX5 regulates morphological
change will be key to understanding the role of 7BX5in cardiac development.

9. CONCLUDING REMARKS

The requirement of 78X5 for normal human cardiac structure was identified over 20 years
ago (Basson et al., 1997; Li et al., 1997); however, surprisingly, the mechanistic role of
TBX5in cardiac development remains unclear. Little is known about the essential
downstream targets of TBX5-mediated transcription in the context of cardiac development.
Similarly, the complex temporal and spatial gene expression of 7BX5 has been mapped
throughout development and into adult life; however, the cis-regulatory architecture
governing this expression is just beginning to be described. From a biochemical perspective,
significant strides have been made in recent years to understand how TBX5 activates gene
expression. However, the mechanisms by which TBX5 and its cofactors are targeted to
specific loci, the temporal recruitment of TBX5 and its cofactors, the interplay between
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TBX5 and it cotranscriptional partners, and the mechanisms distinguishing active and
repressive TBX5 activity are just recently coming into focus, and provide opportunities for
exciting mechanistic studies. These areas of investigation will contribute to a broader
understanding of the mechanisms underlying the requirement for TBX5 in cardiac
morphogenesis and more generally the transcriptional control of metazoan development.
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Fig. 1.
Representation of 7bx5 regulatory domain. Chromatin capture techniques suggest
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interactions between the promoter of Thx5 and cis-regulatory elements are limited to a 375-
kbp region demarcated by functional CTCEF sites located between Rbmi19and 7bx5and

Thx5and Tbx3 (van Weerd et al., 2014).
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Fig. 2.
Transcriptional regulation by TBX5. TBX5, through its interactions with other cardiac

transcription factors, such as GATA4 and NKX2-5, and the BAF chromatin-remodeling
complex drive active transcription of target cardiac genes in regions of open chromatin (fop
panel). TBX5, through its interactions with the NuRD complex and other transcriptional
repressors, such as SALL4, remodel chromatin to a closed state, which represses gene
expression of noncardiac genes (bottom panel). Reprinted from Boogerd, C. J., & Evans, S.
M. (2016). TBX5 and NuRD divide the heart. Developmental Cell, 36(3), 242-244, with
permission from Elsevier.
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