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Abstract: 

 

The mammalian heart forms from multiple embryonic lineages whose 

specification and contributions to the developing heart are exquisitely controlled by 

transcription factors and signaling molecules. GATA4 is a zinc finger transcription factor 

that is expressed in multiple cardiovascular lineages and is required for embryonic 

viability. GATA4 controls heart development by regulating gene expression in multiple 

embryonic lineages, including the endocardium, which is an inner lining of specialized 

cardiac endothelium, and the myocardium, which is the muscular layer of the heart. In 

spite of its importance in heart development, the transcriptional pathways upstream of 

Gata4 in the developing heart were previously unknown.  

Here, we describe several enhancers from the mouse Gata4 locus that are active 

in the embryo and focus on a distal enhancer that is active in multiple cardiac lineages 

early in heart development. Detailed expression and lineage analyses show that the 

cardiac Gata4 enhancer is active in both myocardial and endocardial lineages when the 

heart first forms but restricts to the endocardium as the heart undergoes looping and 

further development. This pattern of activity requires GATA-binding sites, which appear 

to play a role in the repression of enhancer activity in extracardiac tissues in the embryo. 

The activation of this enhancer in transgenic embryos and in cultured aortic endothelial 

cells is dependent on four ETS sites. To identify which ETS transcription factors might 

be involved in Gata4 regulation via the ETS sites in the enhancer, we determined the 

expression profile of 24 distinct ETS factors in embryonic mouse hearts. Among multiple 

ETS transcripts present, ETS1, FLI1, ETV1, ETV5, ERG, and ETV6 were the most 
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abundant in the early embryonic heart.  We found that ETS1, FLI1, and ERG were 

strongly expressed in the heart at embryonic day 8.5 and that ETS1 and ERG bound to 

the endogenous Gata4 enhancer in cultured endothelial cells.  FLI1 and ERG activated 

the enhancer in a fibroblast cell line. Thus, these studies define the ETS expression 

profile in the early embryonic heart and identify an ETS-dependent cardiac enhancer 

from the Gata4 locus. 
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Chapter 1: Introduction 

 
 

The adult mammalian heart is composed of four chambers connected to the 

vasculature through inflow and outflow vessels. Deoxygenated blood flows from the 

inferior and superior vena cava into the right atrium, passes through the tricuspid valve 

and into the right ventricle where it is pumped through the pulmonary artery to the lungs. 

Oxygenated blood arrives in the left atrium via the pulmonary veins, flows through the 

mitral valve into the left ventricle. Blood leaves the heart through the aorta and is 

distributed through a hierarchical network of vasculature. The cardiac chambers are 

composed mainly of myocardial cells, which are striated muscle cells that contract to 

propel blood through and out of the heart, and endocardial cells, which are specialized 

vascular cells that line the inside of the heart. The vasculature is composed of endothelial 

and smooth muscle cells that line the vessels and provide vascular tone. 

Unfortunately, heart function is disrupted in approximately one percent of live 

births (Bruneau 2008). Congenital defects can occur as combined or isolated 

malformations of nearly every component of the newborn heart. Most commonly they 

occur as defects of the cardiac valves, but other dangerous abnormalities include those of 

the septa that divide the cardiac chambers, the ventricles, and the vessels that carry blood 

to and from the heart (Bruneau 2008). These defects are the result of disruptions in the 

developmental program that governs cardiogenesis in the embryo. Thus, understanding 

the cardiogenic developmental program is key to treating and preventing congenital heart 

defects. 
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Cardiovascular morphogenesis 

Around embryonic day (E) 6.5 in the mouse, the embryo undergoes gastrulation, 

which is the division of the embryo into three germ layers: endoderm, ectoderm, and 

mesoderm (Evans, Yelon et al. 2010). Endoderm gives rise to organs associated with the 

digestive and respiratory systems. Ectoderm gives rise to cells of the nervous system and 

skin. Mesoderm gives rise to blood, bone, and muscle. The heart forms from bilaterally 

symmetrical mesodermal progenitors in the anterior lateral mesoderm known as the 

cardiac crescent, which is first apparent at E7.5 (Srivastava 2006). In humans, the cardiac 

crescent appears around day 15 (Srivastava 2006).  

By E8.5 in mice and day 21 in humans, cardiac progenitors have migrated 

medially over the endodermal layer, and fused at the midline to fashion a linear heart tube 

made up of an outer layer of myocardium that surrounds an inner layer of endothelium 

known as endocardium (Brand 2003). Like nearly every subsequent step in heart 

development, precursor migration and fusion require proper functioning of the cardiac 

cells and also adjacent populations. Mutations in genes required for cardiac cell 

specification can result in cardia bifida, a condition in which two separate contractile 

hearts are generated, presumably from non-migratory progenitor pools (Saga, Miyagawa-

Tomita et al. 1999; Yelon, Ticho et al. 2000; Li, Zhou et al. 2004). Cardiac precursor 

fusion requires migration to the midline over a cellular and extracellular substratum, and 

precursors unable to interact with this substratum are incapable of migrating and fusing 

(Trinh and Stainier 2004; Totong, Schell et al. 2011). Proper functioning of the 

endodermal substratum is also required for the medial migration and heart development 

(Molkentin, Lin et al. 1997; Kupperman, An et al. 2000; Kikuchi, Agathon et al. 2001; 
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Maretto, Muller et al. 2008).  If linear heart formation does occur properly, it is at this 

stage that blood and nutrients taken into the linear heart via the posterior sinus venosus, 

or atrial precursor, are first actively pumped out of the heart via the anterioral-positioned 

outflow tract and into the embryo. 

At E9.5 in mice and day 28 in humans, the heart undergoes looping 

morphogenesis, a process in which the future outflow tract and right ventricle loops down 

and to the right of the future left ventricle (Brand 2003). The posterior sinus venosus 

moves up and becomes positioned dorsally to the ventricles. Again, these morphogenic 

processes require proper functioning of multiple embryonic tissues. Some mutant hearts 

undergo randomized or leftward looping due to defects in left-right patterning (Chen, 

Norris et al. 2010). The majority of the myocardium that will eventually make up the 

right side of the heart is derived from mesoderm, known as the second heart field (SHF), 

that is added to the embryonic heart as it undergoes looping (Black 2007). Early studies 

of the SHF suggested it was a discrete source of cardiac tissue, but it may be more 

appropriate to consider it a population of progenitors that is continuous with the first 

progenitor pool, which is mobilized earlier than the SHF to give rise to the linear tube 

(Cai, Liang et al. 2003; Dyer and Kirby 2009). Regardless of its precise boundaries, 

disruptions in the SHF result in embryos that exhibit unlooped hearts with absent or 

malformed right ventricles and/or outflow tracts (Black 2007).  

Within the looped heart, the cardiac cushions and interventricular septum arise 

and begin to divide the inflow and outflow chambers and the right and left sides. The 

cardiac cushions are swellings of the outflow tract and atrioventricular regions populated 

by endocardial cells that have undergone endocardial-to-mesenchymal transition (EMT) 
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in response to cues from the adjacent myocardium (Chakraborty, Combs et al. 2010). The 

outflow tract cushions also include neural crest-derived cells, which are an ectodermally-

derived cell population required for embryonic development that migrate to the 

developing heart from the neural folds (Hutson and Kirby 2003). Within the chambers of 

the looped heart, fingerlike projections known as trabeculae grow into the heart from the 

chamber myocardium. Trabeculation is the result of controlled myocardial cell 

proliferation in response to specific cues from neighboring endocardium (Wagner and 

Siddiqui 2007). The interventricular septum, composed mainly of second heart field-

derived tissue begins to separate the right and left ventricles (Verzi, McCulley et al. 

2005).  

Later stages of heart development are highlighted by several essential 

morphogenic and migration events. Around E10.5, tissue dorsal to the inflow region, 

known as the dorsal mesocardium, protrudes ventrally and contributes to atrial and 

outflow tract septation (Goddeeris, Rho et al. 2008). By E11.5, the embryonic heart 

begins to resemble the adult heart, with separated right and left sides, inflow and outflow 

chambers, valves, and vascular connections. Within the ventricles, the trabeculation 

continues and the outer layer of myocardium undergoes compaction. Compact 

myocardium has unique proliferative and contractile properties, and its development 

requires signaling from endocardium and from another cell type known as cardiac 

fibroblasts (Lavine, Yu et al. 2005; Ieda, Tsuchihashi et al. 2009).  Cardiac fibroblasts are 

absent from the early embryonic heart, but by adulthood they account for nearly two-

thirds of the cells in the heart (Baudino, Carver et al. 2006). Although additional sources 

are possible, the proepicardium is thought to be the principle source of cardiac fibroblasts 
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(Krenning, Zeisberg et al. 2010). The proepicardium is a transient outgrowth of the 

septum transversum, which is located just posterior to the inflow region of the embryonic 

heart. Starting around E11.5 in the mouse, cells from the proepicardium migrate over the 

surface of the nascent heart to create a thin layer of cells surrounding the heart known as 

the epicardium. In addition, some migrating cells invade into the cardiac tissue, and give 

rise to cardiac fibroblasts and endothelial cells that will make up the coronary vasculature 

(Ratajska, Czarnowska et al. 2008).  

Starting around E11.5, the cardiac cushions begin to undergo extensive 

remodeling (Butcher and Markwald 2007). The highly proliferative cushion mesenchyme 

transitions to a less-proliferative state, and deposits increasingly stratified extracellular 

matrix (ECM) components. The atrioventricular valves become thin, and fenestrations 

appear on the ventricular side. By E15 the fenestrations coalesce and the residual tissue 

becomes fibrous cords that connect the leaflet to the ventricular wall. Outflow tract 

cushion remodeling also involves stereotyped ECM deposition and cell proliferation. In 

addition, the outflow tract cushions are continuous with a twisting protrusion of neural 

crest- and endocardial-derived cells that descend caudally through the outflow tract to 

divide the aorta and pulmonary aorta. By E15 the aorticopulmonary division is complete, 

and the valves are sculpted into mature semilunar shapes. The corresponding stage of 

development for E15 is around day 50 in humans. Thus, the basic components of the 

neonatal heart are established by this stage. Until birth, the heart will continue to grow by 

physiologic hypertrophy so it can perform blood and nutrient distribution for the neonate 

(Drenckhahn 2009). 
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The developing heart is continuous with the embryonic vascular system, which is 

also composed of mesodermal-derived tissues (Flamme, Frolich et al. 1997; Drake and 

Fleming 2000; Patan 2000; Patan 2004; De Val and Black 2009).  Around E7.0, 

extraembryonic yolk sac mesodermal cells, known as hemangioblasts, give rise to blood 

islands. The outer cells proliferate and become the first endothelial cells while the cells in 

the interior of the blood islands develop into the primitive hematopoietic system. Major 

vessels within the embryo are first apparent around E8.5. As the linear heart tube forms, 

angioblasts in the lateral mesoderm differentiate into endothelial cells and form the dorsal 

aortae. Recent zebrafish work suggests that the next major vessel to form, the cardinal 

vein, forms from ventral sprouting of cells from aortic precursors (Herbert, Huisken et al. 

2009). Alternatively, the cardinal vein may arise from de novo vasculogenesis similar to 

the dorsal aortae approximately a half day later. The embryonic vasculature connects to 

the yolk sac vasculature via the vitelline system, which is composed of vitelline arteries 

derived from the distal part of the dorsal aortae and veins derived from the sinus venosus 

(Drake and Fleming 2000).  Endothelial precursor cells within a transient embryonic 

tissue known as the allantois, give rise to the umbilical veins and arteries via 

vasculogenesis (Downs, Gifford et al. 1998). By E9.5 the dorsal aorta and cardinal veins 

are elaborated through angiogenesis, a process through which new vessels are made 

through sprouting, branching, and intussception. Interestingly, arterial-venous identity is 

already established by this stage (Swift and Weinstein 2009). Veins are vessels that 

deliver blood to the heart and generally composed of endothelial cells with a thin smooth 

muscle layer and few elastic fibers. Arteries are vessels that distribute blood to the body 

and are composed of endothelial cells surrounded by several layers of contractile smooth 
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muscle cells (Atkins, Jain et al. 2011). As organogenesis proceeds, the growing embryo is 

vascularized through angiogenesis and extensive vascular remodeling. 

 

Cardiovascular cell types and their development 

The morphogenic events that define cardiogenesis are the result of a complex 

developmental program driven by signaling and transcriptional pathways. Signaling 

pathways establish developmental cues, spatiotemporal boundaries, and differentiated 

cell types. Transcriptional pathways are hierarchical networks of transcription factors that 

bind regulatory regions of target genes and determine the properties of progenitor and 

mature cell types. In general, signaling molecules and transcription factors transform a 

relatively uniform collection of embryonic cells, known as the blastocyst, into an embryo, 

with all its diverse cell types and organs. This section will focus on the development of 

four cell types essential to cardiogenesis and heart function: myocardial, endocardial, 

endothelial, and vascular smooth muscle cells. 

While gastrulation at E6.5 does not immediately give rise to differentiated 

cardiovascular cell types, mesodermal cells that arise through gastrulation will eventually 

be further specified towards myocardial, endocardial, endothelial, and smooth muscle 

cells. Mesodermal cells emerge from a population of embryonic cells that undergo EMT 

in response to BMP, Nodal and Wnt signals produced by adjacent ectoderm (Nakajima, 

Sakabe et al. 2009). Brachyury encodes a T-box binding (TBX) transcription factor and is 

widely considered a defining marker of early mesoderm along with Flk1, which is a 

receptor for vascular endothelial growth factors (VEGF) (Fehling, Lacaud et al. 2003; 

Kattman, Huber et al. 2006; Wardle and Papaioannou 2008).  Recent work suggests 
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another TBX transcription factor Eomes is a direct target of Nodal signaling and may be 

the earliest marker of cardiac mesoderm (Costello, Pimeisl et al. 2011). Precisely where 

Eomes acts relative to other transcription factors present in multipotent mesodermal cells, 

such as Brachyury or Isl1, is unclear (Bondue, Tannler et al. 2011). Eomes is upstream of 

Mesp1, which is considered a master regulator of all cardiovascular cell fates (Saga, 

Miyagawa-Tomita et al. 1999). 

Shortly after the appearance of Mesp1-postive cells, cardiac progenitors organize 

in the cardiac crescent in response to inductive BMP, fibroblast growth factor (FGF), and 

Sonic Hedgehog (SHH) signals and negative Wnt signals (Wagner and Siddiqui 2007). 

The core cardiovascular transcription factors Nkx2-5, GATA4, Hand2, and MEF2C are 

expressed in the cardiac progenitors in the crescent at E7.5 (Bondue and Blanpain 2010). 

Other key transcription factor genes include FoxH1 and Isl1, which are required for SHF 

development, as well as members of the SOX and TBX transcription factor families (Cai, 

Liang et al. 2003; von Both, Silvestri et al. 2004; Brown, Martz et al. 2005; Takeuchi, 

Mileikovskaia et al. 2005; Sakamoto, Hara et al. 2007; Singh, Horsthuis et al. 2009).  

It is controversial whether cells of the cardiac crescent give rise to myocardial, 

endocardial, endothelial, and smooth muscle cells in the developing embryo. Several 

lines of evidence suggest cells from the cardiac crescent are indeed multipotent. Using 

markers such as Nkx2-5, and Isl1, progenitors in the cardiac crescent can be isolated and 

directed towards multiple cardiovascular cell types (Moretti, Caron et al. 2006; Wu, 

Fujiwara et al. 2006). Importantly, dilution experiments demonstrate that one cell from 

the crescent can give to cells of multiple lineages, indicating that individual cells exhibit 

significant plasticity. Several groups have used embryonic stem (ES) cells to generate 
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aggregates of differentiated cells, known as embryoid bodies (EB), to identify 

multipotent mesodermal progenitors of multiple cardiovascular lineages (Kattman, Huber 

et al. 2006; Kattman, Adler et al. 2007). Mice with deletions in genes encoding core 

cardiovascular transcription factors have defects in multiple cardiovascular cell types, 

although these results might also be attributable to secondary effects (Tanaka, Chen et al. 

1999; Cai, Liang et al. 2003). Finally, marker and fate-mapping analyses have identified 

numerous regulatory elements and genes that mark multiple cardiovascular cell types 

(Kattman, Adler et al. 2007; Harris and Black 2010).  

However, the in vivo potential of cardiovascular progenitors in the crescent may 

be less than suggested by these findings. Labeling studies in chick embryos suggest 

cardiac cell types are pre-specified before the crescent stage and are localized to specific 

sub-regions within the crescent (Cohen-Gould and Mikawa 1996; Wei and Mikawa 2000; 

Milgrom-Hoffman, Harrelson et al. 2011). Other work in the chick suggests myocardial 

progenitors are specified prior to late gastrulation (Yatskievych, Ladd et al. 1997). 

Recently, a study that tracked endocardial cells in the cardiac crescent of chicks 

suggested that while some endocardium is derived from Isl1+ and Flk1+ progenitors, 

similar to myocardium, endocardial cells could be identified as QH-1+ cells adjacent to or 

within the cardiac crescent (Milgrom-Hoffman, Harrelson et al. 2011). These 

observations could support a model in which endocardial and myocardial progenitors are 

indeed separable at the crescent, but an alternative interpretation is that the QH-1+ cells 

are differentiated endocardial cells and that endocardial progenitors in the crescent 

simply have not yet activated the antigen recognized by the QH-1 antibody. In the mouse, 

MLC2a, a marker of differentiated myocardium, is also found in the crescent (Cai, Liang 
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et al. 2003). In zebrafish, endocardial and myocardial progenitors are separable before 

heart formation and endocardial cells may be derived from specialized endothelial 

progenitors that join myocardial progenitors in a common progenitor pool (Lee, Stainier 

et al. 1994; Keegan, Meyer et al. 2004; Bussmann, Bakkers et al. 2007).  

There are several possible explanations for the apparent disagreement of these 

studies. It is possible multipotent progenitors exist in the mouse cardiac crescent but not 

in the heart-forming regions of chick and zebrafish. However, this is unlikely because the 

signaling and transcriptional pathways regulating cardiogenesis are largely conserved 

across divergent species and are thought to be ancient (Olson 2006). In addition, other 

groups have used in vitro and overexpression techniques to demonstrate plasticity in 

chick and zebrafish (Harris and Black 2010). Instead, the disagreement could be 

attributable to the different techniques employed. It is possible that cells in heart-forming 

regions can indeed be manipulated ex vivo or in vitro to adopt multiple cardiovascular 

cell fates, but within the embryo, these fates are fixed by spatiotemporal cues. 

Regardless of precisely when and where multipotent precursors lose plasticity, by 

E9.5, differentiated myocardial, endocardial, endothelial, and smooth muscle cells can all 

be detected in the looped heart and early vasculature. Many of the same molecules 

involved in the induction of cardiovascular progenitors from mesodermal cells are also 

involved in the further specification of cells into discrete cardiovascular lineages. In 

addition, other signaling molecules like TGF-!, Notch, and downstream transcription 

factors like MEF2C and Nfatc1 are involved in cardiovascular cell differentiation 

(Srivastava 2006). 
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Myocardial cells are a unique muscle cell type that express proteins such as 

cardiac troponin-I and sarcomeric myosin (MF20) to facilitate cell contraction. 

Cardiomyoctes also express hormones, such as atrial natriuretic peptide, that are involved 

in homeostatic control of blood volume. Binding sites for the core cardiac transcription 

factors involved in the specification of precursors also exist in the regulatory regions of 

many genes that perform mature cardiomyocyte functions. Similarly, BMP, SHH, FGF, 

Wnt and Notch signals are required for cardiomyocyte differentiation from either first or 

second heart field cells (Srivastava 2006). One recent study identified the downregulation 

of c-kit, a receptor for stem cell growth factor, as the key event in the transition from 

precursor cell to a mature cardiomyocyte (Wu, Fujiwara et al. 2006), but the events that 

make a mature cardiomyocytes from a noncontractile precursor are incompletely defined.  

Not only are the precise signals unclear, a full appreciation of all the precursor 

populations that eventually makeup the mature myocardium is incomplete. Further 

complicating the picture, there are different myocardial cell types in the mature heart. 

The contractile and connective characteristics of atrial and ventricular myocardial cells 

are different. The basic helix-loop-helix (bHLH) transcription factor Hey2 promotes 

ventricular myocardial cell development in part through the suppression of atrial 

characteristics (Koibuchi and Chin 2007). Even within the ventricular chambers, 

trabecular and compact myocardial development exhibit different sensitivities to a 

pathway that includes endocardial Notch and autocrine Bmp10 signals (Grego-Bessa, 

Luna-Zurita et al. 2007).  

Such a complicated picture of myocardial cell development is somewhat 

unsatisfying. In contrast to skeletal muscle, which can be formed from fibroblasts by 
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overexpression of just one transcription factor, MyoD (Li, Yu et al. 2005), cardiac muscle 

formation likely involves a constellation of factors in vivo and in vitro. Indeed, 

overexpression of three transcription factors, GATA4, Tbx5, and MEF2C, can generate 

contractile, cardiomyocyte-like cells from dermal fibroblasts (Ieda, Fu et al. 2010). There 

is great interest in identifying strategies to generate of large numbers of cardiomyocytes 

(as opposed to multipotent populations) because unlike other organs commonly affected 

by injury, the heart has little regenerative capacity (Bergmann, Bhardwaj et al. 2009). An 

early approach utilized an embryonic carcinoma cell line, P19, and more recent efforts 

have used ES cell and EB cultures (Passier and Mummery 2005). These efforts have 

made substantial contributions to our knowledge of cardiomyocyte differentiation, but 

until very recently, have had little impact on patient recovery from heart diseases (Bolli, 

Chugh et al. 2011).  The ability of four transcription factors to convert differentiated cell 

types into ES-like cells, known as induced pluripotent stem (iPS) cells offers new 

possibilities (Yoshida and Yamanaka 2011). Not surprisingly, early attempts to generate 

cardiomyocytes from iPS cells yielded multipotent populations capable of differentiation 

into multiple cardiovascular lineages (Schenke-Layland, Rhodes et al. 2008). Subsequent 

efforts have been able to generate functional cardiomyocytes from iPS cells (Mauritz, 

Schwanke et al. 2008; Martinez-Fernandez, Nelson et al. 2009; Zhang, Wilson et al. 

2009).  

Among the multiple cardiovascular cell types, endocardial cells are of particular 

clinical interest because malformations in the endocardium and its derivatives underlie 

numerous pediatric and adult cardiac diseases (Bruneau 2008; Markwald, Norris et al. 

2010). Certainly, many embryos with disrupted endocardial development also have 
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abnormal endothelial development; Mef2c-null and Etv2-null embryos are two examples 

(Lin, Lu et al. 1998; Bi, Drake et al. 1999; Lee, Park et al. 2008). However, there is 

limited, but clear evidence, that endocardium is more than simply a spatially restricted 

subpopulation of endothelium. Endocardial cells have distinct cytoskeletal, connective, 

and metabolic characteristics compared to other types of endothelial cells (Melax and 

Leeson 1967; Brutsaert and Andries 1992; Andries and Brutsaert 1993). During 

embryonic development, endocardial cells perform unique roles in the developing heart. 

They induce some myocardial cells to form essential trabeculae, ridges of myocardium 

within the ventricles (Wagner and Siddiqui 2007; Stankunas, Hang et al. 2008). 

Endocardial cells influence inotropic properties of myocardium (Smith, Shah et al. 1991). 

A subset of specialized cells from the endocardium undergoes EMT to populate the 

endocardial cushions, which give rise to the cardiac valves and portions of the 

interventricular and atrial septa (Person, Klewer et al. 2005; Hutson and Kirby 2007; 

Snarr, Kern et al. 2008).  BMP, TGF-!, VEGF and Notch signals all play a role in this 

process (Markwald, Norris et al. 2010). Bmp2 and Bmp4 are expressed in the 

myocardium at the time of cushion formation and culture of cushion-derived endothelial 

cells with these molecules enhances TGF-!-directed EMT in an ex vivo model of cushion 

formation (Nakajima, Yamagishi et al. 2000). In addition, mice with null mutations in the 

transcription factor genes Gata4, Nfatc1, Hey1/2, Msx1, and Msx2 exhibit defects in 

cushion formation. 

The unique nature of endocardial cells may arise, in part, from their distinct 

origins relative to endothelial cells. Careful analysis of the mice lacking Tie1 and Tie2, 

two receptor tyrosine kinases that are expressed throughout the vasculature, including the 
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endocardium, revealed that cells lacking both genes contribute normally to all vascular 

structures except endocardium (Puri, Partanen et al. 1999; Thomas and Augustin 2009). 

Zebrafish embryos with mutations in a gene known as cloche appear to lack endocardium 

and cells of the embryonic blood system, while the main vessels of the trunk appear 

normal (Stainier, Weinstein et al. 1995). Zebrafish embryos with a mutation in the bHLH 

transcription factor SCL/TAL1 appear to have normal angioblast migration but disrupted 

endocardial precursor migration (Bussmann, Bakkers et al. 2007). In co-culture 

experiments similar to those that defined endoderm as a key inducer of myocardium, 

precardiac mesoderm could be directed towards an endocardial cell fate by endoderm or 

endoderm-conditioned medium (Sugi and Markwald 1996). Using an EB system to 

model differentiation, one group recently demonstrated that endocardial cell progenitors 

are distinguishable from endothelial progenitors by their expression levels of several 

genes, including Nfatc1 (Misfeldt, Boyle et al. 2009). In the same study, the authors 

suggest signals received by the endocardium during cardiogenesis are different from 

signals in other areas of endothelial specification in the embryo (Misfeldt, Boyle et al. 

2009). Another group used a similar method to show that cardiac cell progenitors and 

endothelial progenitors are generated in distinct waves of mesodermal initiation 

(Kouskoff, Lacaud et al. 2005).  

Endothelial cells arise at numerous times and places within the embryo, in 

contrast to endocardial and myocardial cell differentiation, which occur within a 

relatively restricted region of the embryo. Regardless of their location or subtype, all 

endothelial cells act as barrier between blood-containing vessel lumen and surrounding 

tissue. They are characterized by their thin shape, tight intercellular junctions, and ability 
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to produce factors that manipulate red and white blood cells. SHH, VEGF and Notch 

signals are key inductive signals for endothelial cell differentiation from multipotent 

mesoderm (Atkins, Jain et al. 2011). Current understanding holds that ectodermal-derived 

SHH signals induce a VEGF gradient in the neighboring mesoderm (Le Bras, Vijayaraj et 

al. 2010; Herbert and Stainier 2011). High VEGF induces expression of the Forkhead 

transcription factors FoxC1 and FoxC2 that lead to increased Notch activity and arterial 

specification. The Notch receptor Dll4 is expressed in arterial endothelial cells and is 

required for arterial development (Gale, Dominguez et al. 2004).  Arterial endothelial 

cells are identified in the embryo by their expression of Ephrin B2 ligand, which binds a 

class of receptor tyrosine kinases known as ephrins (Swift and Weinstein 2009). Low 

VEGF leads to expression of the COUP-TFII transcription factor and a venous fate 

(Pereira, Qiu et al. 1999; You, Lin et al. 2005; Lanner, Sohl et al. 2007). Venous 

endothelial cells are associated with reduced Notch activity and expression of another 

receptor tyrosine kinase, EphB4 (Swift and Weinstein 2009). Arterial and venous 

endothelial cells are the two fundamental endothelial cell types, but further differentiation 

into organ-specific endothelial cells and lymphatics also occurs. Although these distinct 

mature populations are well described, the genetic and developmental differences 

between them are largely unexplored.  

Smooth muscle cells play dynamic roles in the cardiovascular system and as such 

retain a great deal of plasticity even after they have become fully differentiated. They 

express contractile proteins as well as a plethora of receptors and signaling molecules 

involved in vasodilation and constriction. The signaling and transcriptional pathways that 

regulate their differentiation appear to depend on their embryological origins, which 



 16 

include the neural crest, proepicardium, SHF, and somites (Chen 2011). Mouse genetic 

studies have identified TGF-!, thrombin, and platelet-derived growth factor (PDGF) 

signaling as regulators of smooth muscle cells differentiation (Owens, Kumar et al. 

2004). Serum Response Factor (SRF) is a central regulator of smooth muscle cell 

differentiation, as most genes that carry out smooth muscle cell function are regulated by 

this transcription factor and its numerous co-factors, which include GATA6 and 

Myocardin (Li, Liu et al. 1997; Wang, Chang et al. 2001; Yin and Herring 2005).  

 

Genetics of congenital cardiovascular disease 

Animal model studies that have defined the morphogenic events, cell 

specification, signaling cascades, and transcriptional pathways involved in cardiovascular 

development have contributed a substantial amount to our understanding of 

cardiovascular disease in humans. In many cases, the genes described in the previous two 

sections have been found to be mutated in heritable cardiac diseases (Srivastava 2006; 

Srivastava 2006; Black 2007; Bruneau 2008). Families harboring mutations in a causative 

gene contain individuals with a spectrum of cardiac defects. In addition, a number of 

syndromes have been identified whose underlying disease alleles most likely give rise to 

various extracardiac abnormalities, such as limb or craniofacial defects. Portions of the 

developmental programs associated with heart development are reinitiated in certain adult 

disease states (Oka, Xu et al. 2007). The factors involved in cardiogenesis are now being 

used to advance regenerative and stem cell medicine (Gonzales and Pedrazzini 2009; 

Yamashita 2010). 



 17 

The tissues that divide the right and left atria and ventricles are often incomplete, 

resulting in atrial and ventricular septal defects. These defects have been associated with 

mutations in the transcription factor genes Nkx2-5, Gata4, Tbx5, and Tbx20 (Bruneau 

2008). Tbx5 is the causative gene associated with Holt-Oram Syndrome, which is an 

inherited disorder associated with malformations of the heart and upper limbs (Basson, 

Bachinsky et al. 1997; Li, Newbury-Ecob et al. 1997). In addition, one family afflicted 

with atrial septal defects harbors a mutation in myosin heavy chain 6, a structural protein 

expressed in cardiomyocytes of the atria (Ching, Ghosh et al. 2005). 

Malformations of the outflow tract and right ventricle, which can result in 

cyanosis, are among the most serious of the cardiac abnormalities (Srivastava 2006; 

Srivastava 2006; Black 2007; Bruneau 2008). The observation that these defects often 

occur in individuals with normal atria and a normal left ventricle has long puzzled 

physicians and scientists. This puzzle may be solved by the observation that the heart 

forms from multiple lineages, including the SHF, which gives rise to right ventricle and 

outflow tract. Cyanotic defects include transposition of the great arteries, tetralogy of 

Fallot, pulmonary atresia, double outlet right ventricle, and persistent truncus arteriosus. 

Mutations in various SHF factor genes, including Hand2, Nkx2-5, Gata6, and Tbx1, have 

been attributed to these types of congenital heart defects (Kodo and Yamagishi 2011).  

Valve defects are the most common congenital heart defects and can remain 

undetected until adulthood (Bruneau 2008). They include bicuspid aortic valve, mitral 

atresia and stenosis, tricuspid atresia, and Ebstein’s anomaly of the tricuspid valve. Valve 

defects often occur along with other cardiac defects, as in the case of individuals 

harboring mutations in Nkx2-5 and Gata4 (Benson, Silberbach et al. 1999; Moskowitz, 
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Wang et al. 2011). Ptpn11 encodes a tyrosine phosphatase protein called SHP-2 and 

mutations in this gene are associated with Noonan syndrome (Aoki, Niihori et al. 2008). 

Alagille syndrome is another multi-faceted disease that includes congenital hearts 

defects. Mutations in the gene encoding the Notch receptor, Jagged1, are associated with 

Alagille syndrome, and Notch1 mutations can cause a spectrum of aortic valve diseases, 

including congenital malformations as well as valve calcification in adults (MacGrogan, 

Nus et al. 2010). 

 

The ETS family of transcription factors 

Members of the ETS family of transcription factors play numerous roles 

throughout endothelial development (Sato 2001; Hollenhorst, Jones et al. 2004; Song, 

Suehiro et al. 2009; Meadows, Myers et al. 2011). The family is composed of 

approximately thirty factors in mammals.  ETS proteins are defined by the presence of a 

conserved ETS DNA-binding domain and a common consensus target sequence, 

GGA(A/T) (Hollenhorst, Jones et al. 2004). This ETS domain is winged helix-turn-helix 

domain consisting of approximately 85 amino acids that form three alpha helices and four 

anti-parallel beta sheets (Hollenhorst, McIntosh et al. 2011). Within the family there 

exists subfamilies, linked by further sequence homology outside of the ETS domain that 

in some cases form other characterized domains. For example, ETS1 and ETS2 are 

closely related factors that both possess pointed domains that are involved in protein-

protein interactions (Hollenhorst, McIntosh et al. 2011).  

ETS factors regulate vascular development by binding consensus sequences in 

target genes that are important in endothelial cell development and function (Song, 
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Suehiro et al. 2009).  ETS1, ETS2, FLI1, ETV6 and ETV2 are required for normal 

vascular development in mice (Wang, Kuo et al. 1997; Barton, Muthusamy et al. 1998; 

Spyropoulos, Pharr et al. 2000; Lee, Park et al. 2008; Wei, Srinivasan et al. 2009). ETS1 

and ETS2 directly regulates the endothelial genes Kdr, Flt1, and Angpt2, and various in 

vitro studies have shown ETS1 is necessary for endothelial migration and tube formation 

(Meadows, Myers et al. 2011). In mouse embryos, deletion of either gene does not 

prevent vessel formation, but double knockouts have severe defects in angiogenesis and 

die by E13.5 (Wei, Srinivasan et al. 2009). Overexpression of FLI1 induces expression of 

Kdr, and the FLI1 expression profile suggests it also plays an important role early in 

endothelial cell development (Liu, Walmsley et al. 2008). Fli1-null embryos die by 

E12.5, due to defects in vascular patterning (Spyropoulos, Pharr et al. 2000). ERG is the 

closest relative of FLI1 within the ETS family and it too has been implicated in 

endothelial cell development by in vitro studies and expression profiling (Nikolova-

Krstevski, Yuan et al. 2009). In contrast to other ETS proteins, ETV6 functions mainly as 

a transcriptional repressor and has been shown to bind and inhibit FLI1 (Kwiatkowski, 

Bastian et al. 1998). Etv6 is required for vascular remodeling and survival beyond E11.5 

(Wang, Kuo et al. 1997).  

These genetic studies point to a role for ETS factors in the later stages of vessel 

development as in most cases, endothelial cells are present in mutant mice. However, 

three important sets of observations suggest ETS factors do indeed govern early 

endothelial cell specification. One, numerous studies have shown that ETS factors 

directly regulating other transcription factors in addition to genes associated with 

terminal differentiation of endothelial cells (Pimanda, Ottersbach et al. 2007; De Val, Chi 
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et al. 2008; Pimanda, Chan et al. 2008; Song, Suehiro et al. 2009). Two, the expression 

profiles of ELK3, ERG, ETS1, ETS2, ETV2, ETV6 and FLI1 overlap during 

vasculogenesis and combination knockout and knockdown studies suggest these factors 

perform many redundant roles during early endothelial cell specification (Pham, Lawson 

et al. 2007). And three, one ETS factor, ETV2, is essential for endothelial cell 

specification in numerous animal models (Sumanas and Lin 2006; De Val, Chi et al. 

2008; Lee, Park et al. 2008; Neuhaus, Muller et al. 2010; Salanga, Meadows et al. 2010; 

Chun, Remadevi et al. 2011). 

A role for ETS factors in cardiovascular lineages apart from endothelial cells 

remains unclear.  Using a protocol to differentiate mouse ES cells into cardiac 

progenitors cells, the ETS factors ETS1 and FLI1 were found to be enriched in 

cardiogenic mesoderm along with other factors that sit atop the transcriptional pathway 

for heart development (Christoforou, Miller et al. 2008). As mentioned previously, Etv2-

null embryos have no endothelium and, as expected, they also have no endocardium (Lee, 

Park et al. 2008). Supporting a role for Etv2 in heart development, it has been shown that 

the essential cardiac transcription factor Nkx2-5 directly regulates Etv2 expression in the 

developing cardiovascular system (Ferdous, Caprioli et al. 2009). Mice lacking the ETS 

factor ETS1 have ventricular septal defects (Ye, Coldren et al. 2010). Work in Ciona 

intestinalis suggests that the ETS factor ETS1 may specify cardiac lineages early in heart 

development (Davidson, Shi et al. 2006).  In Drosophila, the ETS transcription factor 

pointedP2 acts downstream of pannier, which encodes a GATA transcription factor 

(Alvarez, Shi et al. 2003). Pannier promotes the development of cardiac progenitors from 

cardiac mesoderm and pointedP2 generates pericardial cells from this progenitor pool. It 
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should be clarified that while adjacent to the heart, pericardial cells perform various 

functions in the developing fruit fly, including filtering and detoxifying blood. 

 

The GATA family of transcription factors 

The GATA family of transcription factors plays critical roles in the transcriptional 

pathways that regulate the development of diverse organs and cell types. Members share 

a zinc-finger DNA-binding domain that binds to the GATA consensus sequence, 

(A/T)GATA(A/G) (Brewer and Pizzey 2006). The DNA-binding domain of the six main 

GATA factors is composed of two zinc-finger domains with consensus amino acid 

sequence Cys-X2-Cys-X17-Cys-X2-Cys (Brewer and Pizzey 2006). The C-terminal zinc 

finger is required for DNA sequence specificity and direct interaction, and the N-terminal 

zinc finger indirectly stabilizes the protein-DNA interaction. The DNA-binding domain is 

flanked by other domains associated with protein-protein interactions and post-

translational modifications (Brewer and Pizzey 2006). As is the case with many 

transcription factors, these domains are believed to mediate transactivation, but because 

GATA factors are associated with gene activation and repression, presumably depending 

on their co-factor binding, it is possible these domains also mediate transcriptional 

repression. 

The “hematopoietic” GATA factors include GATA1, GATA2, and GATA3. 

GATA1 is expressed in red blood cell and platelet progenitors as well white blood cell 

subsets, mast cells and eosinophils (Harigae 2006). Mice lacking Gata1 have defects in 

red blood cell and platelet development (Shivdasani, Fujiwara et al. 1997). Families with 

mutations in Gata1 have heritable anemia and thrombocytopenia (Crispino 2005). In 
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several cases, the mutations do not affect GATA1 DNA-binding, but instead its ability to 

interact with an essential co-factor known as friend-of-GATA-1 (FOG-1) (Muntean and 

Crispino 2005). GATA2 is expressed in hematopoietic stem cells, erythroid progenitors, 

and endothelial cells and mice lacking Gata2 have defective hematopoiesis (Tsai and 

Orkin 1997). GATA2 can compensate for loss of GATA1 in some aspects of erythroid 

development. However, in other settings, GATA1 and GATA2 compete for DNA-

binding with GATA1 displacing GATA2 as cells transition from pluripotent to 

differentiated states (Bresnick, Martowicz et al. 2005). GATA3 is found in adrenal 

glands, kidneys, central nervous system, inner ear, breast tissue, T cells, and other cells of 

the immune system (Ho, Tai et al. 2009). Tissue-specific knockouts in each of these 

lineages have demonstrated essential roles for Gata3 in their proper development and/or 

function. Mutations in Gata3 in humans are associated with hypoparathyroidism, 

sensorineural deafness and renal anomalies (Van Esch and Devriendt 2001).  

The “cardiac” GATA factors play essential roles in diverse tissues in addition to 

the heart. GATA4 will be discussed in detail below. In the embryo, GATA5 is expressed 

in the heart, allantois, lung bud, urogenital ridge, bladder, and gut epithelium (Laverriere, 

MacNeill et al. 1994). Among the three cardiac GATA factors, GATA5 expression is the 

most restricted within the embryonic heart, as it appears limited to the endocardium 

(Zeisberg, Ma et al. 2005). Initial studies of mice lacking Gata5 suggested it was 

essential for urogenital ridge development, but subsequent analyses have shown an 

essential role in aortic valve development (Laforest, Andelfinger et al. 2011). The authors 

of this recent study showed that GATA5 regulates the Notch pathway and other aspects 

of endocardial development. Gata6 is expressed in the primitive streak, heart, allantois, 
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lung buds, urogenital ridge, vascular smooth muscle cells, stomach, and intestine 

(Morrisey, Ip et al. 1996). GATA6 is readily detectable throughout endocardial and 

myocardial lineages in the embryo. Gata6-null mice die early in development, around 

E6.5 (Koutsourakis, Langeveld et al. 1999). By using tetraploid complementation, a 

technique in which embryonic tissue lacks Gata6 while extraembryonic tissue is wild 

type, a requirement for Gata6 in the liver was demonstrated (Zhao, Watt et al. 2005). 

GATA6 and Wnt establish a feed-forward loop required for inflow tract development 

(Tian, Yuan et al. 2010). GATA6-Wnt interactions may be employed in other 

developmental settings, as the pathway is required for lung development as well (Tian, 

Yuan et al. 2010).  Given the broad expression patterns of these GATA factors it might 

be surprising that the phenotypes associated with their null alleles are relatively subtle. 

This is commonly attributed to redundancy between the three cardiac factors (Afouda, 

Ciau-Uitz et al. 2005; Holtzinger and Evans 2007; Peterkin, Gibson et al. 2007; Haworth, 

Kotecha et al. 2008; Afouda and Hoppler 2011). Indeed, in mice with a germline 

mutation in Gata4, GATA6 is upregulated (Watt, Battle et al. 2004). Strikingly, loss of 

both GATA4 and GATA6 leads to acardia (Zhao, Watt et al. 2008). 

Transcriptional pathways involving cardiac GATA factors appear to be conserved 

among divergent species. Pannier is a Drosophila GATA transcription factor that shares 

85% sequence identity with GATA4, and is expressed in the dorsal mesoderm adjacent to 

the ectoderm, a region from which cardiac cells emerge (Gajewski, Fossett et al. 1999). 

Pannier is required for the formation of cardioblasts and the dorsal vessel, a contractile 

organ that is considered the heart analog in fruit flies, and gain-of-function studies have 

shown that Pannier can induce ectopic cardioblast formation (Gajewski, Zhang et al. 
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2001; Klinedinst and Bodmer 2003; Han and Olson 2005; Qian, Liu et al. 2005). Pannier 

cooperates with tinman, which is orthologous to Nkx2-5 in mammals, to activate gene 

expression of D-mef2 and hand (Gajewski, Fossett et al. 1999; Gajewski, Zhang et al. 

2001). Pannier may also regulate adult dorsal vessel physiology, similar to mouse Gata4 

(Oka, Maillet et al. 2006; Qian and Bodmer 2009). In C. elegans, the GATA factors 

MED-1 and MED-2 are essential for the formation of organs from mesoderm, including 

the pharynx, a contractile feeding tube similar, and potentially orthologous, to the heart 

and dorsal vessel (Maduro, Meneghini et al. 2001; Broitman-Maduro, Lin et al. 2006). 

Like murine GATA4, Ci-GATAa is expressed early in the development of the 

invertebrate chordate Ciona intestinalis (Ragkousi, Beh et al. 2011). By expressing a 

fusion protein of the GATAa DNA-binding domain and a repressor motif in heart 

progenitor cells, GATAa activity was shown to be necessary for normal migration and 

proliferation. Expression of FoxF, Nkx, Bmp2/4 and GATAa itself were significantly 

reduced in these embryos, indicating GATAa regulates the earliest factors in the 

signaling and transcriptional pathways that direct heart development in tunicates, a group 

that diverged from the vertebrate chordates approximately 500 million years ago 

(Passamaneck and Di Gregorio 2005; Ragkousi, Beh et al. 2011).  

Faust, a zebrafish mutant lacking GATA5 expression, displays developmental 

abnormalities similar to those associated with loss of Gata4 in mice (Molkentin, Lin et al. 

1997; Reiter, Alexander et al. 1999; Zeisberg, Ma et al. 2005; Rivera-Feliciano, Lee et al. 

2006; Rojas, Kong et al. 2008). Faust embryos have disrupted foregut development, 

cardia bifida, reduced myocardial precursors, and lack expression of Nkx2-5. 
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Overexpression studies have demonstrated that, along with other factors, zebrafish gata5 

can promote cardiovascular fates (Lou, Deshwar et al. 2011). 

In mice, GATA4 is a central regulator of cardiovascular development. Early in 

mammalian development, GATA4 is found the endoderm and mesoderm (Arceci, King et 

al. 1993). During organogenesis, it is expressed in the developing heart, allantois, 

intestine, pancreas, liver, and gonads. Gata4-null mice have defective endoderm 

development leading to cardia bifida (Kuo, Morrisey et al. 1997; Molkentin, Lin et al. 

1997).  Although morphogenesis is disrupted, cardiomyocyte specification appears 

normal in these mice as MLC2a, MLC2v, Nkx2-5, Hand1, and Hand2 are all expressed at 

levels comparable to wild type embryos (Kuo, Morrisey et al. 1997; Molkentin, Lin et al. 

1997). The endodermal defect precluded detailed analyses of heart development after 

E8.5, so numerous studies have used various genetic tools to remove Gata4 in specific 

lineages. Using tetraploid complementation, Gata4 was shown to be required for survival 

beyond E10 (Watt, Battle et al. 2004). The hearts of these embryos fail to initiate 

chamber formation and display disrupted myocardial development. In addition, the 

embryos appear to lack a proepicardium (Watt, Battle et al. 2004). Mice lacking Gata4 in 

the myocardium die around E11.5 due to cardiac insufficiency (Zeisberg, Ma et al. 2005). 

These embryos have hypoplastic hearts, defective EMT and cushion formation, and in 

some cases only a single ventricle. Hand2 expression levels are reduced and the authors 

also observed reduced myocardial proliferation. Removal of Gata4 in the SHF and its 

derivatives leads to hypoplastic right ventricle and reduced expression of cell cycle genes 

cyclin D2 and Cdk4 (Rojas, Kong et al. 2008).  Mice lacking Gata4 in the endothelium 

die around E12.5 of apparent heart failure (Rivera-Feliciano, Lee et al. 2006). These 
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embryos appear to have normal endothelium but have disrupted endocardial cushion 

development. Gata4-null endocardial cells fail to undergo EMT and populate cushions 

because of reduced expression levels of ErbB3 and extracellular signal-regulated kinase 

(ERK) activation (Rivera-Feliciano, Lee et al. 2006). Complementary studies in mice and 

chick have demonstrated that GATA4 can induce cardiomyocyte and endothelial 

differentiation from mesoderm and even reprogram dermal fibroblasts to cardiomyocytes 

when introduced in combination with other core cardiac transcription factors (Latinkic, 

Kotecha et al. 2003; Takeuchi and Bruneau 2009; Ieda, Fu et al. 2010; Kamei, Kempf et 

al. 2011). Using other tissue-specific deletion strategies, Gata4 has been shown to be 

required for the development and function of ovaries, testes, and gastric epithelium 

(Jacobsen, Narita et al. 2002; Afouda, Ciau-Uitz et al. 2005; Jacobsen, Mannisto et al. 

2005; Kyronlahti, Euler et al. 2011; Kyronlahti, Vetter et al. 2011). In the adult heart, 

GATA4 has been used to identify cardiac stem cells in rats (Kawaguchi, Smith et al. 

2010).  Adult mice with conditional deletion of Gata4 suffered from progressive loss of 

cardiac function, and when challenged with pressure overload or exercise, performed 

more poorly than control mice (Oka, Maillet et al. 2006). 

The cardiac genes misregulated in embryos lacking GATA factors are likely a 

significant underestimation of the developmental program downstream of GATA activity. 

This is likely true because of the ability of GATA factors to compensate for each other 

and the high number of GATA-binding sites in the regulatory regions of transcription 

factors and terminal differentiation markers (Molkentin 2000; Brewer and Pizzey 2006). 

GATA factors directly regulate the expression of genes involved in the earliest steps of 

cardiogenesis, such as Bmp4, Wnt2, Nkx2-5, and Mef2c (Lien, Wu et al. 1999; Nemer and 



 27 

Nemer 2003; Dodou, Verzi et al. 2004; Alexandrovich, Arno et al. 2006). GATA-binding 

sites have also been identified in the regulatory regions of numerous structural genes, 

indicating they play roles in later stages of cardiovascular cell differentiation (Brewer and 

Pizzey 2006). Finally, GATA factors are required for the survival and proliferation of 

differentiated cell types, as they directly regulate cell cycle genes and genes involved in 

apoptosis (Brewer and Pizzey 2006; Rojas, Kong et al. 2008). 

The activities of many transcription factors can be modified by post-translational 

modifications and GATA factors, and GATA4 in particular, are no exception (Suzuki 

2011). In many cases, phosphorylation, the addition of a negatively charged phosphate 

group, can alter a transcription factor’s affinity for DNA or other proteins, modifying its 

ability to affect gene activation. GATA4 activation is regulated through phosphorylation 

by ERK and mitogen-activated protein kinases (MAPK) (Kitta, Clement et al. 2001; 

Liang, Wiese et al. 2001; Yanazume, Hasegawa et al. 2002; Suzuki, Day et al. 2003; 

Tremblay and Viger 2003; Tenhunen, Sarman et al. 2004; van Berlo, Elrod et al. 2011). 

GATA4 phosphorylation is likely to be a mode of regulation common among different 

cell types and responses, as different stimuli have been shown to be upstream of the 

modification. GATA4 subcellular localization can be regulated by phosphorylated by 

GSK3-! (Morisco, Seta et al. 2001; Kerkela, Kockeritz et al. 2008). 

Acetylation, the addition of acetyl groups to lysine, is another post-translational 

modification that alters transcription activity (Takaya, Kawamura et al. 2008; Trivedi, 

Zhu et al. 2010; Kaichi, Takaya et al. 2011; Schlesinger, Schueler et al. 2011). GATA4 

can be reversibly acetylated and this modification appears to play a role in GATA4-

mediated response to hypertrophic signals and GATA4-directed differentiation of ES 
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cells into cardiomyocytes (Kawamura, Ono et al. 2005; Takaya, Kawamura et al. 2008; 

Wei, Shehadeh et al. 2008; Trivedi, Zhu et al. 2010; Kaichi, Takaya et al. 2011; 

Schlesinger, Schueler et al. 2011). The histone acetyltransferase, p300, interacts with 

GATA4 and can enhance its transcriptional activity (Kawamura, Ono et al. 2005). Other 

proteins, known as histone deacetylases, can remove acetyl groups from GATA4 and 

reduce GATA4 transcriptional activity (Kawamura, Ono et al. 2005). Finally, small 

ubiquitin-like modifier proteins, such as Sumo-1, can be covalently linked to GATA4, 

and this modification can affect GATA4-dependent gene activation (Wang, Feng et al. 

2004). 

GATA4 partners with an extensive list of other DNA-binding factors to regulate 

downstream genes. The majority of these factors appear to synergize with GATA4 in 

activating its targets. In cardiomyocytes, GATA4 physically interacts and co-regulates 

genes with Hand2, GATA6, MEF2C, Tbx5, YY1, and Nkx2-5 (Pikkarainen, Tokola et al. 

2004). Other transcriptional partners such as SMAD proteins and NFATc4 are of interest 

because they connect GATA4 target gene activation to TGF-!/BMP and calcineurin 

signaling cascades (Molkentin, Lu et al. 1998; Morimoto, Hasegawa et al. 2001; Brown, 

Chi et al. 2004; Lee, Evans et al. 2004; Belaguli, Zhang et al. 2007). In smooth muscle 

cells and the heart, GATA4 interacts with SRF (Sepulveda, Vlahopoulos et al. 2002; He, 

Kong et al. 2011). Other co-factors inhibit GATA4 target gene activation. Interaction 

with retinoid X receptor (RXR) " or HEY proteins inhibits GATA4-mediated gene 

activation (Clabby, Robison et al. 2003; Fischer, Klattig et al. 2005). Interactions 

between GATA factors and FOG proteins have been extensively studied (Cantor and 

Orkin 2005). Work in blood cells suggests FOG-1 modulates hematopoietic GATA factor 
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occupancy on distal regulatory elements by manipulating long-range chromatin 

interactions. Other models suggest FOG proteins recruit repressive complexes to GATA 

target genes. GATA4 interacts with FOG-2 and this interaction is necessary for GATA4 

function in several cell types, including gastric epithelium and cardiomyocytes (Hirai, 

Ono et al. 2004; Jacobsen, Mannisto et al. 2005; Bielinska, Seehra et al. 2007). The 

necessity of GATA4:FOG interactions is conserved, as knockdown of Fog1 leads to 

unlooped hearts in zebrafish (Walton, Bruce et al. 2006). 

The downstream targets and transcriptional partners of GATA4 are well-studied, 

so it is surprising that little is known about what lies directly upstream of Gata4. In flies, 

Pannier is activated by Tinman and the Decapentaplegic (DPP) signaling pathway, the 

Drosophila ortholog of the vertebrate BMP pathway (Gajewski, Zhang et al. 2001; 

Klinedinst and Bodmer 2003). In C. elegans, the GATA factor encoding genes, med-1 

and med-2, are activated in the mesoderm by the bZIP/homeodomain factor SKN-1 

(Maduro, Meneghini et al. 2001). In zebrafish, an enhancer of Gata4 contains required 

TBX-binding sites and GATA4 expression in the heart is regulated by mga, a 

transcription factor that contains TBX and bHLHzip DNA-binding domains (Heicklen-

Klein and Evans 2004; Rikin and Evans 2010). The relevance of this result in zebrafish to 

mice and humans is questionable, as amino acid sequence suggests zebrafish GATA4 is 

orthologous to mouse and human GATA4 but expression and loss-of-function studies 

suggests that zebrafish GATA5 is the functional ortholog of mouse and human GATA4 

(Reiter, Alexander et al. 1999; Reiter, Kikuchi et al. 2001; Heicklen-Klein, McReynolds 

et al. 2005; Holtzinger and Evans 2005; Holtzinger and Evans 2007). Explant chick 

studies suggest BMP4 can induce Gata4 expression (Schultheiss, Burch et al. 1997). In 
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the chick, GATA-binding sites have been identified in the Gata5 gene and in the mouse 

and chick, Nkx2-5-binding sites are located in cardiac regulatory regions of the Gata6 

gene (Brewer and Pizzey 2006). In tbx5-null mice, Gata4 transcript levels are reduced in 

the developing heart (Bruneau, Nemer et al. 2001). GATA4 was first identified as a 

retinoic acid-inducible factor in mice (Arceci, King et al. 1993). Collectively, these 

studies support the notion that GATA factors, and GATA4 in particular, function atop 

cardiogenic transcriptional pathways, but they do not identify the factors that act directly 

on the Gata4 gene (McCulley, Kang et al. 2008; Uchimura, Komatsu et al. 2009; Li, 

Pashmforoush et al. 2010; Lin, Dolle et al. 2010; Tirosh-Finkel, Zeisel et al. 2010; Wang, 

Greene et al. 2010; Sorrell and Waxman 2011).  

Gata4 represents a central and highly regulated node in the developmental 

pathway that governs cardiovascular development in humans, mice, and other model 

systems. The work herein describes the first analyses of the transcriptional control of 

Gata4 in the developing cardiovascular system of mammals. 
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Chapter 2: Results 

 

Gata4 is regulated by multiple discrete enhancers 

 To determine what directly regulates Gata4 in the cardiovascular system we 

started by comparing the Gata4 loci in the mouse, human, and opossum using BLAST 

and VISTA analyses (Fig. 1) (Altschul, Gish et al. 1990; Mayor, Brudno et al. 2000). 

Common noncoding sequences in the loci would indicate potential function in gene 

regulation because placental and marsupial mammals diverged approximately 150 

millions years ago (Graves 1996). We screened nine regions conserved among 

mouse/human and mouse/opossum for in vivo enhancer activity by cloning them into the 

transgenic reporter plasmid Hsp68-lacZ (Kothary, Clapoff et al. 1989) and assayed !-

galactosidase reporter activity by X-gal staining of transgenic embryos. Much of this 

work has already been described in detail (Rojas, De Val et al. 2005; Rojas, Schachterle 

et al. 2009; Rojas, Schachterle et al. 2010), so it will be briefly summarized here. 

 We identified two enhancers that drove expression to the endoderm and 

endodermal-derived organs. One enhancer, known as G4, directed expression to the 

endoderm at E7.5 (Rojas, Schachterle et al. 2010).  At E9.5, the Gata4 G4 enhancer was 

active in the ventral and dorsal regions of the midgut. At later stages the enhancer was 

active in the endodermal compartments of the pancreas and stomach. Other endodermal-

derived organs, including the liver and lungs, are not marked by the enhancer but are 

derived from definitive endoderm in which the enhancer was active at earlier stages of 

embryogenesis. This pattern of activity overlapped with the expression patterns of 

GATA4 and FoxA2.  Foxa2 is a Forkhead transcription factor that is required for the 
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development of various endoderm-derived organs (Ang, Wierda et al. 1993). The activity 

of the Gata4 G4 enhancer was dependent on conserved on Forkhead binding sites, which 

were bound by FoxA2. A second endodermal enhancer was active at E9.5 in the 

developing foregut and midgut (Rojas, Schachterle et al. 2009). By E18.5, enhancer 

activity was restricted to gastric epithelium, duodenal crypts and pancreatic acinar cells. 

The pattern of expression overlapped the expression patterns of GATA4 and the 

homeodomain transcription factor Pdx-1, which is required for pancreatic and 

gastrointestinal development (Offield, Jetton et al. 1996). The enhancer contained 

required HOX- and GATA-binding sites that were bound by GATA4 and Pdx-1.  

 A third enhancer, termed G2, directed a subset of endogenous Gata4 expression 

to the lateral mesoderm and allantois early in development (Rojas, De Val et al. 2005). At 

E9.5, Gata4-G2-lacZ was expressed in the septum transversum, a transient embryonic 

organ that includes the proepicardium and gives rise to the liver and diaphragm (Watt, 

Battle et al. 2004). At later stages, Gata4 G2 enhancer activity restricted to the liver 

mesenchyme. Enhancer activity required forkhead- and GATA-binding sites and BMP4 

signaling. Among the Forkhead transcription factors, FoxF1 is a likely candidate 

regulator because the expression pattern directed by the enhancer overlapped with FoxF1, 

which is required for the development of lateral plate mesoderm (Mahlapuu, Ormestad et 

al. 2001). Interestingly, deletion of a conserved sequence within the enhancer that 

spanned 21-bp resulted in an expanded pattern of activity that included the heart (Fig. 

2A). The expansion of enhancer activity to the outer layer of the heart at this stage (Fig. 

2B) suggested that the mutant enhancer was active in cells as they migrate from the 

proepicardium to the heart to form the epicardium. One attractive model for this 
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expansion of activity is that the Gata4 G2 enhancer is deactivated in cells as they migrate 

from the proepicardium to the epicardium, and that this deactivation is mediated by 

elements within the 21-bp region. To first test whether cells in the epicardium are indeed 

derived from cells in the proepicardium with prior Gata4 G2 enhancer activity, we 

generated transgenic mice in which the expression of Cre recombinase was controlled by 

the Gata4 G2 enhancer and a minimal mesodermal promoter from the Mef2c locus 

(Dodou, Verzi et al. 2004). The minimal mesodermal promoter is derived from the 

anterior heart field enhancer of Mef2c (AHFp) that lacks required Isl1- and GATA-

binding sites and was inactive in 6/6 transgenic embryos (data not shown). We crossed 

these transgenic mice with mice bearing the Rosa26lacZ/lacZ allele and analyzed the 

resulting Gata4-G2-CreTg/0; Rosa26lacZ/+ embryos. In these embryos, enhancer activity in 

cells will direct expression of Cre, which will recombine the Rosa26 locus to indelibly 

and constitutively express !-galactosidase (Soriano 1999), generating a “fate map” of 

cells that experienced enhancer activity during embryogenesis. X-gal staining was 

observed in the outer layer of the heart of Gata4-G2-CreTg/0; Rosa26lacZ/+ embryos, 

supporting the notion that the enhancer marks proepicardial cells in the septum 

transversum that migrate to form the epicardium (Fig. 2C, D).  

 Interestingly, the 21-bp region contains a consensus TBX-binding site. Tbx5 is 

expressed in the developing epicardium and coronary vasculature and may play a role in 

the development of these tissues from the proepicardium (Hatcher, Diman et al. 2004; 

Bimber, Dettman et al. 2007; Bock-Marquette, Shrivastava et al. 2009). Tbx5 bound to 

radiolabeled probe encompassing the putative TBX-binding site within the 21-bp region 

of the Gata4 G2 enhancer (Fig. 3, lane 2), and excess unlabeled probes containing a 
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control Tbx5 site competed for binding (Fig. 3, lane 3).  Unlabeled control probe 

containing a mutated version of the TBX site did not compete (Fig. 3, lane 4). Unlabeled 

Gata4 G2 TBX probe competed while unlabeled Gata4 G2 TBX mutant probe failed to 

compete (Fig. 3, lanes 5 and 6), indicating the binding was specific.  These results 

demonstrate that the 21-bp region of the Gata4 G2 enhancer contains a TBX site capable 

of Tbx5 protein binding. Combined with the deletional analysis and fate map data, it is 

tempting to speculate that the TBX site might play a role regulating enhancer activity in 

migrating proepicardial cells. Further studies are needed to determine the role this site 

plays in the activity of the enhancer, and whether Tbx5 regulates the Gata4 G2 enhancer 

in this domain. 

 Collectively, these studies demonstrate that Gata4 is regulated by multiple 

discrete enhancers in a manner similar to other transcription factors such as Mef2c 

(Dodou, Xu et al. 2003; De Val, Anderson et al. 2004; Dodou, Verzi et al. 2004; 

Agarwal, Verzi et al. 2011). GATA4 is found in many diverse tissue types in the embryo 

and the adult and its expression in these lineages is the result of separable regulatory 

elements whose combined activity establishes the complete expression pattern as detected 

by immunohistochemistry or in situ hybridization.  

 

Identification of a Gata4 enhancer with activity in the developing heart 

 The most distal region that we tested spans 1945-bp and is located approximately 

93-kb away from the Gata4 transcriptional start site (Fig. 1). At E7.5, enhancer activity 

was observed in the embryo in a crescent-shaped region of splanchnic mesoderm 

corresponding to the developing heart field (Fig. 4A). The expression pattern of GATA4 
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protein at the same embryonic stage was similar because it included the crescent-shaped 

region of precardiac mesoderm marked by the Gata4-G9-lacZ transgene but was also 

broader because GATA4 protein was detected the lateral mesoderm (LM) (Fig. 4C).  This 

was expected since endogenous GATA4 is expressed in multiple lineages in addition to 

the heart (Arceci, King et al. 1993; Molkentin 2000).  Detailed analyses of transverse 

sections showed X-gal staining in the precardiac mesoderm and allantois at E7.5 (Fig. 

4B).  At E8.5, the Gata4 G9 enhancer was active in the linear heart tube and allantois 

(Fig. 4D, E) in a pattern similar to endogenous GATA4 expression (Fig. 4F).  Transverse 

sections through the hearts of transgenic lines with enhancer activity revealed that the 

majority (9/12) of Gata4-G9-lacZ lines had activity restricted to the endocardium at E8.5 

with at most, a few cells stained in the myocardium (Fig. 4G).  However, a minority of 

the lines (3/12) with strong expression of !-galactosidase in the endocardium also 

exhibited X-gal activity in the myocardium at E8.5 (Fig. 4H). Importantly, the expression 

of !-galactosidase from weak and strong lines overlapped with a subset of the 

endogenous GATA4 expression pattern in the heart, as determined by anti-!-

galactosidase and anti-GATA4 immunofluorescence (Fig. 4I).  Three transgenic lines 

displayed no activity in the heart or elsewhere at this stage, probably due to insertion into 

inactive regions in chromatin (data not shown). 

 At E9.5, Gata4-G9-lacZ transgene expression was restricted to the endocardium 

of the looping heart and to the endothelium of the proximal outflow tract in the majority 

of the independent transgenic lines with enhancer activity (7/11) (Fig. 4J,M).  However, 

as was the case at E8.5, X-gal staining in myocardial cells could be detected in the 

strongest lines at E9.5 (4/11) (Fig. 4K,N).  In these strong lines, X-gal activity was more 
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restricted within the myocardium compared to E8.5, suggesting further restriction to the 

endocardium (Fig. 4, compare panels H and N). The pattern of transgene activity in the 

heart, even in the strongest lines, was more restricted than endogenous GATA4 (Fig. 4J, 

L, O). Endogenous GATA4 protein was detectable in the septum transversum and 

developing gut at this stage (4L), but neither the weak nor strong lines displayed X-gal 

staining in either of those tissues (4J, K). Thus, Gata4 G9 enhancer activity marks a 

restricted subset of the broader endogenous GATA4 expression pattern. 

 By E11.5, Gata4-G9-lacZ enhancer activity was restricted to the endocardial cell 

layer of the developing heart in all lines examined and activity was never observed in the 

myocardium (Fig. 4P, Q). We also observed robust enhancer activity in the mesenchymal 

cells populating the proximal outflow tract and atrioventricular endocardial cushions 

(Fig. 4Q). The staining of these cells likely reflects their endocardial origin since they are 

derived primarily from endothelial cells overlying the cushions that have undergone 

endothelial-to-mesenchymal transition (Combs and Yutzey 2009). We cannot rule out the 

possibility that the enhancer may have activity in mesenchymal cells of neural crest 

origin, but we consider this unlikely since enhancer activity was never observed in the 

cardiac neural crest itself.  As in earlier stages, !-galactosidase-positive cells overlapped 

with a subset of endogenous GATA4 (Fig. 4R).  At later stages of embryonic 

development and in neonatal mice, Gata4-G9-lacZ transgene expression was detected in 

the outflow tract endocardium and in the aortic endothelium in some lines (data not 

shown). Thus, while the enhancer is strongly active in endocardial cells and weakly in 

myocardial cells when the linear heart first appears, its activity remains strong only in the 

endocardium and its derivatives in the endocardial cushions at subsequent stages. 
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Importantly, this dynamic enhancer activity occurs within the broader endogenous 

GATA4 expression pattern. These results, and the location of the enhancer proximal to 

the Gata4 locus, suggest the Gata4 G9 enhancer is indeed a bona fide enhancer of mouse 

Gata4 transcription. 

 

The Gata4 G9 enhancer is active in cells that give rise to both endocardium and 

myocardium 

 

The endocardium and myocardium are derived from precursors present in the 

cardiac crescent that express many of the same markers (Harris and Black 2010). Our 

observations that X-gal staining appeared in both the endocardial and myocardial layers 

of the heart at E8.5 reflected the intimate relationship between these two cell types (Fig. 

4E, H). To more closely examine the activity of the Gata4 G9 enhancer in endocardial 

and myocardial cells, we compared the expression of !-galactosidase from Gata4-G9-

lacZ transgenic embryos to endothelial and myocardial markers during cardiogenesis 

(Fig. 5). Endomucin is a sialomucin protein expressed by vascular endothelial cells 

(Brachtendorf, Kuhn et al. 2001; Feng, Di et al. 2010), including the endocardium, and 

myosin heavy chain is a marker of myocardium (Bader, Masaki et al. 1982). 

!-galactosidase expression completely overlapped with the expression of the 

endothelial marker endomucin within the endocardium at E8.5 (Fig. 5A). As noted above, 

in the majority of transgenic lines examined at E8.5, transgene activity was mostly 

restricted to the endocardium (Fig. 4D, G).  However, in lines with the strongest X-gal 

staining, the expression of !-galactosidase also overlapped with the expression of myosin 
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heavy chain in some, but not all, cells of the myocardium (Fig. 5B).  In addition, there are 

endomucin-positive, !-galactosidase-negative cells in the dorsal aorta, indicating the 

enhancer is inactive in the endothelium at this stage. At E9.5, transgene activity was 

apparent in the endocardium and a few cells of the dorsal aorta (Fig. 5C). We observed 

only a few myocardial cells that also expressed the transgene (Fig. 5D), but the majority 

of the myocardium was !-galactosidase-negative. By E11.5, transgene activity was 

restricted within the endocardium (Fig. 5E). It remained strongly detectable in the 

endocardium overlying the outflow tract and atrioventricular cushions. Endomucin was 

strongly detectable throughout the endothelium and much of the endocardium, but was 

reduced in the endocardium overlying the cushions (Fig. 5E), in agreement with previous 

reports (Feng, Di et al. 2010). Similar to the X-gal staining, we detected no anti-!-

galactosidase staining in the myocardium at this stage (Fig. 5F). Thus, the Gata4-G9-lacZ 

is active in presumptive endocardial and myocardial progenitors in precardiac mesoderm 

at E7.5 and is active throughout the endocardium at E8.5.  After E8.5, the enhancer also 

has weak and incomplete activity in the myocardium, which is only apparent in the 

strongest transgenic lines at early stages.  

 Our data indicate that the Gata4-G9-lacZ transgene is active broadly among 

multiple cardiovascular lineages at early stages of cardiovascular development. At the 

linear heart stage, we observed enhancer activity in myocardial and endocardial cells. At 

later stages, we were unable to observe myocardial cells in which the enhancer was 

active. Based on these observations, we hypothesized that the enhancer was active in 

cells that give rise to both endocardium and myocardium but remains active only in 

endocardium. To test this hypothesis, we generated transgenic mice in which the 
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expression of Cre recombinase was controlled by the Gata4 G9 enhancer and a minimal 

promoter from the Mef2c locus. We crossed these transgenic mice with mice bearing the 

Rosa26lacZ/lacZ allele and analyzed the resulting Gata4-G9-CreTg/0; Rosa26lacZ/+ embryos, 

which will display a fate map of Gata4 G9 enhancer activity (Soriano 1999). Importantly, 

a transgene composed of the Gata4 G9 enhancer upstream of the mesodermal promoter 

from the Mef2c locus and the lacZ gene was active in a pattern similar to the Gata4-G9-

lacZ (Fig 6A). 

 As expected, X-gal staining of Rosa26lacZ/+ embryos harboring the Gata4-G9-Cre 

transgene was broader than staining of Gata4-G9-LacZ embryos (Fig. 2, 6). At E7.5, 

staining was observed in the precardiac mesoderm and also in extraembryonic tissue in 

the yolk sac (Fig. 6B). At E9.5 and E11.5, X-gal staining indicated enhancer activity had 

occurred in cells of the developing heart (Fig. 6C, D). As mentioned previously, X-gal 

staining of Gata4-G9-lacZ transgenic embryos showed that the Gata4 G9 enhancer was 

inactive in myocardial cells at E11.5 (Fig. 4Q, 5F, 6E, G). In contrast, sections of X-gal-

stained Rosa26lacZ/+ embryos harboring the Gata4-G9-Cre transgene showed staining in 

the myocardium at E11.5 (Fig. 6F, H), indicating that X-gal staining of the myocardium 

in Gata4-G9-CreTg/0; Rosa26lacZ/+ embryos represented a “fate map” of enhancer activity 

that included myocardium. Combined with our marker analyses, these Cre data suggest 

that the Gata4 G9 enhancer is active in precursors cells that give rise to endocardium and 

myocardium. 

 

A 404-bp fragment of Gata4 G9 is necessary and sufficient for enhancer activity in 

vivo 
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 To delimit the essential transcription factor binding elements within the Gata4 G9 

fragment, we wanted to define a minimal region necessary and sufficient for cardiac 

activity in embryos. Comparison of mouse, human, and bovine Gata4 sequence revealed 

one 404-bp evolutionarily-conserved region (ECR), spanning base pairs 902-1305, within 

the 1945-bp Gata4 G9 enhancer (Fig 7A). To determine whether this region was 

necessary and sufficient for enhancer activity in vivo, we tested deletion constructs of 

Gata4-G9-lacZ for activity in transgenic mouse embryos (Fig 7A-H). The ECR was 

required for enhancer activity in vivo, as evidenced by the inactivity of the Gata4 G9 

enhancer transgene in which the conserved region was deleted (Fig. 7C). Smaller 

deletions of regions within the ECR yielded mixed results. Deletion of 92-bp, 

corresponding to base pairs 1077-1168 appeared to reduce the activity of the enhancer, as 

only 1 embryo bearing the transgene displayed weak activity in the developing heart (Fig. 

7D). We obtained similar results with a mutant transgene in which base pairs 1169-1263 

were deleted (Fig. 7E). The two of six transgene-positive embryos that displayed 

enhancer activity had weak staining in the heart. The evolutionarily-conserved 404-bp 

region directed activity to the heart at E8.5 in a pattern similar to the full-length 1945-bp 

enhancer (Fig. 7, compare panels F and B), indicating that the ECR was sufficient for 

Gata4 G9 enhancer activity in the heart and allantois. As with the full-length construct, 

the transgene composed of the ECR region was active mainly in the endocardium. An 

enhancer construct with base pairs 1077-1168 displayed minimal activity in the heart 

(Fig. 7G) and was less penetrant than Gata4 G9[902-1305]. We also tested a transgenic 

enhancer composed of multimerized sequence from base pairs 1077-1168 (Fig 7A). In 

contrast to the other minimal enhancers tests, this construct was active in the heart at E8.5 
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and was also active broadly throughout the vasculature, including the dorsal aorta and 

intersomitic vessels, in six of seven transgene-positive embryos (Fig. 7H). 

 We also tested the activity of the full-length Gata4 G9 enhancer, the 902-1305 

sufficiency region, and the #902-1305 fragment in bovine aortic endothelial cells 

(BAEC) (Fig. 7I). Bovine aortic endothelial cells (BAEC) are a well-established 

endothelial system (Ronicke, Risau et al. 1996; Schlaeger, Bartunkova et al. 1997; Gory, 

Dalmon et al. 1998), and we reasoned that because the Gata4 G9 enhancer was active in 

endocardial endothelium and in the proximal aortic and outflow tract endothelium in 

transgenic mice, BAEC would serve as a relevant cell culture system to further 

characterize enhancer function, particularly since there are no established endocardial cell 

lines.  The full-length and minimal 404 bp Gata4 G9 enhancer fragments directed robust 

and significant reporter activity in BAEC compared to the parental TK vector (Fig. 7I). 

Interestingly, the ECR was more active than the full-length construct, suggesting 

elements outside of the minimal region might repress activity in cultured cells. However, 

in the developing embryo, these putative repressor elements appear to play no role, as the 

minimal region did not direct activity outside of the tissues in which the full-length 

enhancer was active (Fig. 7F). Alternatively, the smaller 404-bp fragment might position 

critical regulatory elements closer to the promoter than the full-length, 1945-bp fragment, 

allowing for more potent activation in cultured cells.  Importantly, the mutated enhancer 

(#902-1305), in which the ECR was deleted, displayed only background activation in 

BAEC (Fig. 7I). These cell culture experiments were consistent with the in vivo data in 

transgenic mouse embryos and establish that Gata4 G9[902-1305] contains elements that 
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are necessary and sufficient for enhancer activity in the heart, including the endocardium, 

and aortic endothelium in vivo and in cultured aortic endothelial cells. 

 

The Gata4 G9 enhancer is regulated by TGF-!  signals 

 Many extracellular signals play essential roles in cardiogenesis (Schultheiss, 

Burch et al. 1997; Lee, Evans et al. 2004; Lavine, Yu et al. 2005; Davidson, Shi et al. 

2006; Wagner and Siddiqui 2007; Wagner and Siddiqui 2007; Uchimura, Komatsu et al. 

2009; Li, Pashmforoush et al. 2010; MacGrogan, Nus et al. 2010; Tian, Yuan et al. 2010; 

Tirosh-Finkel, Zeisel et al. 2010; Wang, Greene et al. 2010; Chun, Remadevi et al. 2011). 

Since the Gata4 G9 enhancer is active at the earliest stages of cardiac development and 

another Gata4 enhancer has been shown to respond to signals commonly associated with 

cardiac induction (Rojas, De Val et al. 2005), we wanted to test if inhibitors to these 

signals could modulate Gata4-G9-lacZ transgene activity. Ex vivo culture of Gata4-G9-

lacZ embryos with inhibitors of Notch, VEGF, FGF, and Wnt signaling did not alter 

transgene activity compared to control embryo cultures (data no shown). Because 

numerous studies have placed Gata4 downstream of BMP in the mesoderm, we also 

tested the activity of the Gata4 G9 enhancer in embryos lacking Bmp4. E7.5 embryos 

with one copy of Bmp4 displayed a normal pattern of enhancer activity (Fig. 8A). In 

embryos lacking Bmp4, X-gal staining was observed in a pattern unlike the cardiac 

crescent (Fig. 8B). This broader activity may either be due to negative regulation of the 

enhancer by Bmp4 in regions outside of the crescent, or to a more general mesodermal 

patterning defect.  We favor the latter interpretation because treatment of embryos at later 
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stages with Noggin, an inhibitor of BMP signaling, did not result in broader enhancer 

activity (Fig. 8C-F). 

Culture of Gata4-G9-lacZ E7.5 embryos with an inhibitor of TGF-! signals 

reduced enhancer activity (Fig. 9A-C). Gata4-G9-lacZ E8.5 embryos also displayed 

reduced X-gal staining when treated with a TGF-! inhibitor (Fig. 9D-F). In contrast, 

treatment of E8.5 Gata4-G2-lacZ embryos did not reduce X-gal staining (Fig. 9G-H). X-

gal staining of E9.5 transgenic embryos was unaltered by culture with an inhibitor of 

TGF-! signals (Fig. 9I-K). The ECR region of the Gata4 G9 enhancer contains several 

putative SMAD binding sites, although direct binding could not be demonstrated. These 

data suggest that Gata4 G9 enhancer is activated by TGF-! signals, potentially by direct 

binding of SMAD proteins or other mechanisms. 

 

The Gata4 G9 enhancer contains potential binding sites for numerous transcription 

factors essential for heart development 

 The 404-bp region necessary and sufficient for enhancer activity contains 

consensus sequences for a number of DNA-binding proteins implicated in the earliest 

stages of heart development (Fig. 10). We identified two sequences within this region 

that adhered to the consensus sequence of RBP-J$, which activates downstream genes in 

response to Notch signaling and is essential for normal heart development (Gale, 

Dominguez et al. 2004; Grego-Bessa, Luna-Zurita et al. 2007). The two indicated sites 

were bound by RBP-J$ in vitro (data not shown), so we generated transgenic mice 

bearing the Gata4-G9-lacZ transgene in which the two RBP-J$ binding sites were 

mutated and compared transgene activity of the mutant construct to a wild type transgene. 
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The mutant transgene drove expression to the developing heart and allantois at E8.5 (Fig. 

11A).  

Forkhead transcription factors are important for heart and vascular development 

and other Gata4 enhancers are regulated by Forkhead-binding sites (Mahlapuu, Ormestad 

et al. 2001; Li, Zhou et al. 2004; von Both, Silvestri et al. 2004; Rojas, De Val et al. 

2005; De Val, Chi et al. 2008; Rojas, Schachterle et al. 2010). Using EMSA analysis, we 

identified a sequence within the ECR that was bound by FoxC2 (data no shown), but 

mutation of the site did not alter enhancer activity compared to wild type at E9.5 (Fig. 

11B).  

ISL1 is essential for heart development and GATA factors partner with Isl1 to 

activate Mef2c in the developing heart (Cai, Liang et al. 2003; Dodou, Verzi et al. 2004; 

Takeuchi, Mileikovskaia et al. 2005). Two sequences within the ECR matched the Isl1-

binding sequence and were bound by Isl1 in EMSA (data no shown), however mutation 

of these sites did not alter transgene activity at E8.5 (Fig. 11C).  

TBX transcription factors play multiple essential roles in heart development by 

directly regulating downstream genes (Bruneau, Nemer et al. 2001; Garg, Kathiriya et al. 

2003; Brown, Martz et al. 2005; Singh, Horsthuis et al. 2009; Nadeau, Georges et al. 

2010; Rikin and Evans 2010). Gata4 G9 contains a TBX site bound by Tbx5 in vitro 

(data no shown), but mutation of this site did not significantly alter reporter gene 

expression in embryos (Fig. 11D).  

Nkx2-5 is an essential regulator of heart development and its ortholog in flies 

directly activates the Drosophila GATA factor, pannier (Gajewski, Fossett et al. 1999; 

Tanaka, Chen et al. 1999; Molkentin, Antos et al. 2000; Gajewski, Zhang et al. 2001; 
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Ferdous, Caprioli et al. 2009; Schlesinger, Schueler et al. 2011). Mutation of the 

sequence that was bound by Nkx2-5 in vitro (data no shown) does not alter Gata4 G9 

activity at E9.5 in vivo (Fig. 11E).  

Finally, we identified SOX-binding sites within the ECR of the Gata4 G9 

enhancer. SOX proteins play important roles in early cardiogenesis and vascular 

development (Downes and Koopman 2001; Sakamoto, Hara et al. 2007; Cermenati, 

Moleri et al. 2008; Jin and Patterson 2008). The Gata4 G9 enhancer contains two SOX 

sites that were bound by Sox17 in vitro (data no shown), but mutation of these sites did 

not alter transgene activity at E9.5 (Fig. 11F). 

 

The Gata4 G9 enhancer contains four GATA sites essential for enhancer restriction 

 Among multiple potential candidate sites within the 404-bp conserved region of 

Gata4 G9, we identified four consensus GATA-binding sites in the mouse sequence (Fig. 

10). These GATA sites were intriguing because the enhancer is active in regions where it 

could be regulated by GATA factors (Arceci, King et al. 1993; Molkentin, Antos et al. 

2000; Rojas, De Val et al. 2005; Zeisberg, Ma et al. 2005; Rivera-Feliciano, Lee et al. 

2006; Rojas, Kong et al. 2008; Rojas, Schachterle et al. 2009; Rojas, Schachterle et al. 

2010).  GATA4 bound to radiolabeled probes encompassing each of the four GATA sites 

(Fig. 12, lanes 2, 7, 12, 18), and excess unlabeled probes for each site competed for 

binding (Fig. 12, lanes 3, 8, 13, and 19).  Probes encompassing each of the four GATA 

sites with mutations in the consensus GATA-binding sites failed to compete for GATA4 

protein (Fig. 12, lanes 4, 9, 14, and 20), suggesting the binding was specific.  Excess 

unlabeled control probe, encompassing a previously characterized GATA binding site 
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(Rojas, De Val et al. 2005) competed for binding (Fig. 12, lanes 5, 10, 15, and 21).  For 

GATA-C and GATA-D, we further confirmed binding was specific by showing mutated 

control probe failed to compete (Fig. 12, lanes 16 and 22). These results demonstrate that 

the Gata4 G9 ECR contains four GATA sites capable of GATA4 binding and that 

mutations of the GATA consensus elements abrogate protein binding.  

 To examine the Gata4 G9 GATA sites for functionality in vivo, we generated 

transgenic mice bearing the full-length Gata4-G9-lacZ transgene or the minimal Gata4-

G9[902-1305]-lacZ transgene in which the four GATA sites were mutated. Surprisingly, 

mutation of the GATA sites expanded transgene activity in the context of the full length 

enhancer and the minimal enhancer (Fig. 13) compared to control Gata4 G9 enhancers 

(Fig. 4). Similar to the activity of the wild type enhancer, we observed mutant GATA 

Gata4 G9 enhancer activity at E7.5 in the cardiac crescent (Fig. 13A). At E8.5, the 

mutant full-length and ECR enhancers were active in the developing heart and allantois 

and in regions outside of the Gata4 G9-lacZ expression pattern, which included tissue 

dorsal to the developing heart and ectoderm near the hindbrain (Fig. 13B, D).  Transverse 

sections revealed X-gal staining in the dorsal ectoderm, endoderm, and myocardium in 

addition to the endocardial X-gal staining of the wild type enhancer (Fig. 13C). At E9.5, 

mutant enhancer activity included the developing heart as well hindbrain, pharyngeal 

endoderm, and an increased proportion of the vasculature (Fig. 13E). Sections through 

these embryos revealed expansion of activity to the myocardium, pharyngeal endoderm 

and dorsal neural tube (Fig. 13F). At E11.5 mutant enhancer activity was observed in the 

heart, endoderm, and developing hindbrain (Fig. 13G). Detailed analyses revealed 

staining in the endocardium and also the myocardium, pharyngeal endoderm, and regions 
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within the neural tube (Fig. 13H). Thus, the GATA sites in the Gata4 G9 enhancer are 

necessary for the proper spatiotemporal control of activity and are likely bound by GATA 

factors that restrict enhancer activity to the developing heart and endocardium during 

embryogenesis. We also tested if the mutant enhancer directed increased activity in 

BAEC. Mutation of the four GATA sites in the context of the minimal enhancer did not 

alter reporter activity compared to control (Fig. 13I).  

 We wanted to test if GATA4 was responsible for Gata4 G9 enhancer restriction 

to cardiac lineages. We crossed mice bearing the Gata4-G9-lacZ transgene to Gata4+/- 

mice. We then crossed the resulting Gata4-G9-lacZ +Gata4+/- to Gata4+/- mice and 

analyzed the expression pattern of the Gata4G9 enhancer in Gata4+/- and Gata4-/- E8.5 

embryos. Gata4 G9 enhancer activity was comparable in embryos lacking Gata4, 

compared to heterozygotes (Fig. 14A, B). Thus, Gata4 is not required to restrict enhancer 

activity to the developing heart during embryogenesis.  

It is possible that GATA co-factors are recruited to the enhancer in tissue-specific 

manner and that their presence confers spatial restriction. A number of co-factors have 

been identified that repress GATA-dependent gene activation (Clabby, Robison et al. 

2003; Cantor and Orkin 2005; Fischer, Klattig et al. 2005; Roche, Bassett et al. 2008). 

We attempted to model this using in vitro transactivation studies by transfecting cells 

with a Gata4 G9 reporter vector, GATA factors, and potential co-repressors. GATA4 did 

not activate the Gata4 G9 enhancer in P19CL6 cells compared to a mutant version of the 

enhancer in which the GATA-binding sites were mutated (Fig. 14C lanes 2 and 5). 

GATA4/VP16 activated Gata4-G9[902-1305]-luciferase, and this activation was 

dependent on the four GATA consensus sites (Fig. 14C lanes 3 and 6). Co-transfection 
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with several known negative regulators of GATA-dependent activation, such as FOG-2, 

and HRT2, did not affect reporter activity (data not shown). These results support the 

notion that the GATA sites in the ECR can be directly bound by GATA4. However, 

further studies will be needed to elucidate the mechanism underlying the GATA-

dependent spatiotemporal restriction of Gata4 G9 enhancer activity. 

 

The Gata4 G9 enhancer contains four ETS sites essential for enhancer function 

 The ECR region of the Gata4 G9 enhancer contains ten consensus ETS binding 

sites in the mouse sequence (Fig. 10). The presence of multiple ETS sites was intriguing 

since several ETS transcription factor family members are well-established essential 

regulators of endothelial development (Graves and Petersen 1998; De Val and Black 

2009; Meadows, Myers et al. 2011).   

To determine which of the consensus ETS elements within the 404-bp region of 

the Gata4 G9 enhancer function as bona fide ETS transcription factor binding sites, we 

designed probes encompassing each of the ten consensus ETS elements and tested their 

ability to compete for the binding of the ETS1 DNA-binding domain (DBD) to a bona 

fide control ETS site. The control probe encompasses site “A” from an endothelial 

enhancer from the Mef2c locus (De Val, Anderson et al. 2004). We used the ETS1 DBD 

as a general ETS domain because ETS1 binding has been well characterized and because 

all ETS transcription factors share this highly conserved motif (Graves and Petersen 

1998; Hollenhorst, Jones et al. 2004). As expected, ETS1 efficiently bound to a 

radiolabeled probed encompassing the bona fide control ETS site (Fig. 15, lane 2), and 

excess unlabeled control probe competed for binding (Fig. 15, lane 3).  Each of the Gata4 
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G9 probes containing ETS consensus elements competed for ETS1 DBD binding to the 

control probe to some extent, although most competed only weakly (Fig. 15, lanes 4-12).  

Among the ten Gata4 G9 ETS site probes, ETS-E, ETS-H, and ETS-I/J competed most 

effectively (Fig. 15, lanes 8, 11, 12).  The binding of the ETS1 DBD to the ETS-E, ETS-

H, and ETS-I/J sites was specific since competitor probes with mutations in each of those 

ETS sites abolished competition for binding to the control probe (Fig. 15, lanes 17-22).  

Similar results were obtained for ERG (data not shown).  

To further characterize the strongest ETS sites in the ECR of the Gata4 G9 

enhancer probes encompassing each of the sites were radiolabeled and tested in direct 

ETS-protein binding EMSAs. ETS1 DBD bound ETS-H and weakly bound ETS-E and 

ETS-I/J (data not shown). ETV2 strongly bound all four of the ETS sites (Fig. 16). ETS-

E was bound by ETV2 and excess unlabeled control probe and ETS-E competed for 

binding (Fig. 16, lanes 3, 5). Unlabeled control and ETS-E probes with mutated ETS 

consensus elements did not compete (Fig. 16, lanes 4, 6). ETS-H was strongly bound by 

ETV2 (Fig. 16, lane 8). Unlabeled control and ETS-H probes competed for binding in an 

ETS consensus-sequence-dependent manner (Fig. 16, lanes 9-12). ETS-I/J was weakly 

bound by ETV2 (Fig. 16, lane 14). Unlabeled control and ETS-I/J probes competed for 

binding in an ETS consensus-sequence-dependent manner (Fig. 16, lanes 15-18). These 

results demonstrate that the Gata4 G9 ECR contains several ETS sites capable of ETS 

protein binding and that ETS-E, ETS-H, and ETS-I/J are the sites with the highest affinity 

for ETS factors in vitro. 

To examine the Gata4 G9 ETS sites for functionality in vivo, we generated 

transgenic mice bearing the Gata4-G9-lacZ transgene and the minimal Gata4-G9[902-
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1305]-lacZ transgene in which ETS-E, ETS-H, and ETS-I/J sites were mutated and 

compared transgene activities of the mutant construct to a wild type transgene (compare 

Fig. 17 and Fig. 4). Mutation of the four ETS binding sites within the context of the full-

length enhancer reduced transgene activity in the heart at E8.5 (Fig. 17A). Among the 10 

transgenic embryos, 4 displayed no transgene activity, 5 displayed minimal activity with 

X-gal staining in a few endocardial cells (representative embryo from this group is shown 

in Fig. 17A), and one had X-gal staining comparable to a “weak” Gata4 G9 transgenic 

line. Mutation of the four ETS binding sites in the Gata4-G9[902-1305]-lacZ transgene 

completely abolished enhancer activity (Fig. 17B), indicating that the four most robust in 

vitro-binding ETS sites are required for Gata4 G9 enhancer function in vivo. To further 

test the notion that the Gata4 G9 enhancer is regulated by ETS binding sites, we 

generated transgenic mice bearing the Gata4-G9-lacZ transgene in which the four ETS 

sites were mutated and the four GATA sites mutated (Fig 19). Among the 3 transgene-

positive embryos, none expressed the lacZ transgene in a pattern similar to the Gata4 G9 

enhancer or the mutant GATA Gata4 G9 enhancer (Fig. 17C). Consistent with these 

observations, mutation of the same four ETS sites resulted in a significant reduction of 

enhancer activity in BAEC compared to the wild type construct (Fig. 17D). Thus, these 

results establish that Gata4 G9 cardiac enhancer is a direct transcriptional target of ETS 

factors in vivo and in cultured endothelial cells.  

 

Expression of ETS genes in the early mouse heart 

 The ETS family contains more than thirty members, all of which contain a DNA-

binding domain that specifically binds to a GGA(A/T) motif in target enhancers, such as 
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those identified in the Gata4 G9 enhancer.  Expression analyses have shown 19 ETS 

factors are expressed in endothelial cells and 20 ETS factors are expressed in the adult 

heart (Hollenhorst, Jones et al. 2004). Thus, a large number of ETS factors could 

potentially bind the candidate ETS sites in the Gata4 G9 enhancer.  As a first step to 

determine the ETS factors that are the most highly expressed in the developing heart 

when the Gata4 G9 enhancer is active, we performed qPCR using validated primers 

designed to examine mRNA expression of 24 unique ETS genes in dissected hearts and 

associated tissues at E8.5 (Fig. 18).  Transcripts for multiple ETS factors were detected 

by qPCR, which showed that the most abundant ETS transcripts in the early embryonic 

mouse heart were GABPA, FLI1, ETV5, ETV6, ETS1, ERG, ELF1, ETV1, and ETS2 

(Fig. 18A). We also performed non-quantitative RT-PCR using the same primers and 

cDNA prepared from a litter of E8.5 hearts (Fig. 18B).  These data confirmed that 

transcripts for many ETS transcription factors are present in embryonic hearts (Fig. 18B). 

Due to technical difficulties, expression of ELF3 could not be assessed by qPCR (see 

Materials and Methods). However, non-quantitative RT-PCR demonstrated that E8.5 

embryonic hearts lacked ELF3 transcripts. Non-quantitative RT-PCR and qPCR indicated 

E8.5 embryonic hearts also lacked ELF5, EHF, SPDEF, and SPIC mRNA. 

 Among those ETS genes expressed in the early heart, several are known to be 

required for embryonic development and endothelial gene expression. Gabpa, Ets1, Ets2, 

Fli1, Etv6, and Erg are essential for embryonic development and regulate endothelial 

gene expression (Spyropoulos, Pharr et al. 2000; Hollenhorst, Jones et al. 2004; 

Ristevski, O'Leary et al. 2004; Loughran, Kruse et al. 2008; De Val and Black 2009; 

Wei, Srinivasan et al. 2009). By contrast, Etv5-, Etv1-, and Elf1-null mice have 
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apparently normal endothelial development and are viable (Arber, Ladle et al. 2000; 

Garrett-Sinha, Dahl et al. 2001; Hippenmeyer, Huber et al. 2007).  Because Gata4 is also 

required in the endothelium for normal endocardial development and embryonic viability 

(Rivera-Feliciano, Lee et al. 2006), we further analyzed by immunohistochemistry the 

expression patterns of those ETS proteins that were abundantly expressed in the early 

heart and that also play essential roles in development (Fig. 18C-G).  

 We analyzed the expression patterns of ETS1, FLI1, ERG, GABPA, and ETV6 by 

immunohistochemistry to determine whether the expression of those ETS proteins 

overlapped with Gata4 G9 enhancer activity at E8.5.  ETS1, FLI1, and ERG were 

expressed in the endocardium at E8.5 (Fig. 18C-E). ETS1 and FLI1 were also strongly 

expressed in the myocardium, whereas ERG was not readily detected in the myocardium 

at this stage (Fig. 18C-E). GABPA and ETV6 were not strongly expressed in the 

endocardium (Fig. 18F, G). The apparent abundance of GABPA as determined by qPCR 

might have been the result of strong expression in the neighboring foregut (Fig. 18F), 

which may have been inadvertently included when embryonic hearts were isolated. 

Alternatively, this may reflect a discrepancy between GABPA RNA and protein 

expression. The abundance of ETV6 in the early embryonic heart by PCR was likely the 

result of strong expression in the myocardium rather than expression in the endocardium, 

which was undetectable by immunohistochemistry at E8.5 (Fig. 18G).  Because the 

Gata4 G9 enhancer is active primarily in the endocardium at E8.5 (Figs. 4, 5), we 

reasoned that ETS factors present throughout the endocardium could be potential 

regulators of the enhancer.  The data in Fig. 19 show that ETS1, FLI1, and ERG protein 
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expression correlated with Gata4 G9 enhancer activity in the endocardium, therefore, we 

pursued these factors as potential direct regulators of the Gata4 G9 enhancer. 

 

ETS1 and ERG occupy the endogenous Gata4 G9 enhancer 

 To determine if ETS1, FLI1, and ERG occupied the ETS sites in the endogenous 

Gata4 G9 enhancer in endothelial cells, we performed ChIP assays in BAEC (Fig. 19). 

Binding of FLI1 to the endogenous enhancer was not reproducibly detected (data not 

shown).  However, anti-ETS1 and anti-ERG antibodies consistently immunoprecipitated 

genomic DNA fragments encompassing the region containing ETS binding sites in the 

endogenous Gata4 G9 enhancer, as indicated by amplification with primers specific for 

the region (Fig. 19A, C, "-ETS1 and "-ERG). A nonconserved region 5 kb away from 

the ETS binding sites was not amplified under conditions in which the region containing 

ETS binding sites in the endogenous Gata4 G9 enhancer was efficiently amplified (Fig. 

19B, D, "-ETS1 and "-ERG), showing that anti-ETS1 and anti-ERG antibodies were 

binding specifically to the ECR in Gata4 G9 and not to adjacent non-conserved regions.  

Importantly, neither the ECR containing the ETS binding sites nor the nonconserved 

region 5 kb away were immunoprecipitated by non-specific isotype control antibody (Fig. 

19A-D, IgG). Thus, these results establish that ETS1 and ERG bind directly to the Gata4 

G9 enhancer in the ECR containing multiple bona fide essential ETS sites. 

 

Activation of the Gata4 G9 enhancer in vitro by ETS factors 

 Our analyses of the required cis-elements suggested that the ETS-binding sites in 

the enhancer were bound by factors that activated the Gata4 G9 enhancer. In addition, 
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expression profiling, EMSA and chromatin immunoprecipitation studies suggested that 

these ETS-binding sites were indeed bound by members of the ETS family of 

transcription factors. We wanted to test which members of the ETS family were capable 

of activating the enhancer in in vitro transactivation assays. ERG and FLI1 were capable 

of activating the enhancer while ETS1 did not activate the enhancer (Fig. 20A). Mutation 

of the ETS binding sites abrogated transactivation by ERG and FLI1 (Fig. 20A). 

 To complement the overexpression studies, we attempted to knockdown members 

of the ETS family of transcription factors. Western blotting and RT-PCR indicated that 

BAEC expressed ETS1, ERG, and FLI1 (data not shown). We designed multiple small-

interfering RNAs (siRNA) against ETS1 and ERG. Unfortunately, we were unable to 

knock down ERG mRNA levels, so we were unable to assess its contribution to the 

activity of the Gata4 G9 enhancer in BAEC. Treatment of BAEC with siRNAs against 

ETS1 significantly reduced ETS1 mRNA levels and the activation of the Gata4 G9 

enhancer (Fig. 20B, C). Thus, these studies indicate that ETS factors activate the Gata4 

G9 enhancer. 
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Figure Legends 
 
 

Figure 1. VISTA plot and schematic representation of the mouse Gata4 locus. VISTA 

plots (Mayor, Brudno et al. 2000) showing sequence conservation between the mouse and 

opossum and the mouse and human Gata4 loci. Peaks of conserved sequence are circled 

in red. Below the plots is a scheme of the mouse Gata4 locus, represented by a black 

horizontal line. Exons are depicted as vertical black blocks. Regions tested for enhancer 

activities are represented by red blocks (G1-G9). The bent arrow represents the 

transcriptional start. 

 

Figure 2. The Gata4 G2 enhancer is active in the lateral mesoderm and septum 

transversum and marks migrating proepicardial cells during mouse embryonic 

development. Whole-mount (A, C), and sagittal (B, D) sections of X-gal-stained Gata4-

G2 #21-lacZ and Gata4-G2 AHFp-CreTg/0; Rosa26lacZ/+ embryos and are shown. Similar 

to Gata4-G2-lacZ at E9.5, Gata4-G2 #21-lacZ directs expression to the septum 

transversum (ST) and lateral mesoderm (LM) (A) (Rojas, De Val et al. 2005). In contrast 

to Gata4-G2-lacZ, Gata4-G2 #21-lacZ activity occurs in the outer layer (arrowheads) of 

the embryonic heart. X-gal staining of E10.5 Gata4-G2 AHFp-CreTg/0; Rosa26lacZ/+ 

embryos indicates that the outer layer of cells (arrowheads) of the heart is derived from 

Gata4-G2 AHFp-Cre-expressing proepicardial cells (C, D). 

 

Figure 3. The Gata4 G2 enhancer contains a TBX-binding site. Recombinant Tbx5 was 

used in EMSA with radiolabeled probe encompassing a TBX-binding site from the Gata4 
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G2 enhancer that exists within the 21-bp that are deleted in the Gata4 G2 #21 enhancer. 

Lane 1 contains unprogrammed rabbit reticulocyte lysate. Tbx5 bound to the TBX-

binding site in Gata4 G2 enhancer (lane 2). A control probe competed for Tbx5 protein 

(lane 3) (Ghosh, Packham et al. 2001). Mutation of the TBX-binding consensus sequence 

in the control probe abrogated competition for Tbx5 protein (lane 4). Unlabeled probe 

encompassing the TBX-binding site from the Gata4 G2 enhancer competed, while 

mutation of the TBX consensus sequence failed to compete, indicating binding was 

specific (lanes 5, 6). 

 

Figure 4. The Gata4 G9 enhancer is active in cardiac progenitors in the cardiac crescent 

and the linear heart tube and restricts to endocardium during mouse cardiogenesis. X-gal 

stained embryos photographed as whole-mounts (A, D, E, J, K, P) or following transverse 

sectioning of stained embryos (B, G, H, M, N, Q) are shown. For comparison, wild type 

embryos stained as whole mounts with anti-GATA4 antibody are shown (C, F, L). In 

addition, transverse frozen sections stained for immunofluorescence with anti-!- 

galactosidase and anti-GATA4 antibodies are also shown (I, O, R). Strong Gata4-G9-

lacZ transgenic lines are pictured in B, E, H, I, K, N, and O; weak Gata4-G9-lacZ lines 

are pictured in D, G, J, M. Asterisks mark endocardium and arrowheads mark 

myocardium. al, allantois; EC, endocardial cushions; LV, left ventricle; PCM, precardiac 

mesoderm; RV, right ventricle;. Bars in all panels = 100 "M. 

 

Figure 5. The Gata4 G9 enhancer is active in the endocardium and myocardium of the 

linear heart but restricts to the endocardium at later stages of development. Transverse 
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sections from a strong transgenic Gata4-G9-lacZ line at E8.5, E9.5 and E11.5 were 

stained with anti-!-galactosidase (A, A”, B, B”, C, C”, D, D”, E, E”, F, F”), anti-

endomucin (A, A’, C, C’, E, E’), and anti-myosin heavy chain (MyHC) (B, B’, D, D’, F, 

F’) antibodies. At all time points indicated, the Gata4 G9 enhancer directed !-

galactosidase expression to the endocardium (asterisks). At E8.5, a minority of cells in 

the myocardial layer also showed anti-!-galactosidase staining (arrowheads), but at later 

stages few, if any myocardial cells showed anti-!-galactosidase staining. Merged images 

show endomucin-!-galactosidase-double-positive orange cells (A, C, E) and MyHC-!-

galactosidase-double-positive orange cells (B). Note that there are no !-galactosidase-

negative endocardial cells at E8.5, but at later stages transgene activity throughout the 

endocardium was reduced (A, C, E). There are endomucin-positive, but !-galactosidase-

negative endothelial cells in the dorsal aorta (DA) at E8.5. At E9.5 and E11.5, we 

observed some !-galactosidase staining in the DA (C, E). At all stages examined, the 

majority, if not all, of the MyHC-positive cells are !-galactosidase-negative (B, D, F). 

Bars in all panels = 100 "M. 

 

Figure 6. The Gata4 G9 enhancer is active in endocardial and myocardial progenitors in 

the mouse embryo. Whole mount (A-D) embryos and sections (E-H) from Gata4-G9 

AHFp-lacZ and Gata4-G9 AHFp-CreTg/0; Rosa26lacZ/+ were stained for !-galactosidase 

activity with X-gal. At E9.5, Gata4-G9 AHFp-lacZ embryos displayed transgene activity 

in the developing heart, similar to Gata4-G9-lacZ (A, 4J-K). Gata4-G9 AHFp-CreTg/0; 

Rosa26lacZ/+ embryos exhibited a pattern of lacZ expression grossly similar to Gata4-G9-

lacZ embryos, with staining in the precardiac mesoderm and embryonic heart (B-D, 4A, 
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4J-K, 4P). Direct comparison of sections from Gata4-G9-lacZ and Gata4-G9 AHFp-

CreTg/0; Rosa26lacZ/+ embryos shows that while transgene activity is absent from the 

myocardium at E11.5 in Gata4-G9-lacZ embryos (arrowheads), it is present in the 

myocardium of Gata4-G9 AHFp-CreTg/0; Rosa26lacZ/+embryos (E-H). Both transgenic 

lines have activity in the endocardium at E11.5 (asterisks) (E-H). Bars in all panels = 100 

"M. 

 

Figure 7. The Gata4 G9 enhancer contains a deeply conserved region that is necessary 

and sufficient for activity in vivo and in cultured aortic endothelial cells. (A) The black 

horizontal lines represent the Gata4 G9 enhancer and deletion mutants. The blue box 

between positions 902 and 1305 represents the evolutionarily conserved region (ECR). 

The column to the right indicates the number of independent transgenic lines that 

expressed !-galactosidase in the endocardium at E8.5 over the total number of transgene-

positive embryos. (B-H) Whole mount X-gal-stained representative transgenic embryos 

collected at E8.5-9.5 from the constructs tested. (E) BAEC were transfected with TK-

luciferase, full-length Gata4-G9[1-1945]-TK-luciferase, Gata4-G9[#902‒1305]-TK-

luciferase, or Gata4-G9[902–1305]-TK-luciferase reporters. The activity of the Gata4 

G9[1-1945] enhancer was approximately 7-fold higher than the parental TK vector while 

the Gata4 G9[#902-1305] construct was inactive (lanes 1-3). The construct containing 

Gata4 G9[902-1305] showed 53-fold more activity compared to the parent vector. Data 

are shown as the mean fold activation over TK-luciferase. Error bars represent SEM for 8 

independent transfections and analyses. Indicated p values were calculated by two-tailed, 

unpaired t test. 
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Figure 8. Activity of the Gata4 G9 enhancer does not require Bmp4 signaling. (A-B) The 

Gata4-G9-lacZ activity was analyzed in Bmp4+/– and Bmp4-/- backgrounds by X-gal 

staining of embryos at E7.5. As expected, heterozygous Bmp4+/-; Gata4-G9-lacZ embryos 

displayed staining in the precardiac mesoderm (A). Bmp4-/-; Gata4-G9-lacZ embryos 

exhibited a disorganized pattern of X-gal staining (B). (C-F) Explanted tissue containing 

the heart of embryos from a strong Gata4-G9-lacZ stable transgenic line was collected at 

E8.5 and E9.5 and cultured for 24 hours in the presence of BSA (C, E) or recombinant 

Noggin (D, F). Following explant culture, explants were X-gal stained. Gata4 G9 

enhancer activity appeared unchanged in the hearts of control and Noggin-treated 

cultures.  

 

Figure 9. Early activity of the Gata4 G9 enhancer requires TGF-! signaling. Explanted 

tissue of embryos from Gata4-G9-lacZ (A-F, I-K) and Gata4-G2-lacZ (G-H) transgenic 

lines was collected and cultured for 24 hours in the presence of BSA or SB431542, which 

is an inhibitor of (TGF-!) type I receptor activin receptor-like kinase ALK5 and its 

relatives ALK4 and ALK7. Following explant culture, explants were X-gal stained. At 

E7.5 and E8.5, Gata4 G9 enhancer activity was reduced in a dose-dependent manner by 

an inhibitor of TGF-! signaling (A-F). In contrast, another enhancer from the Gata4 

locus, which requires BMP signals for activity (Rojas, De Val et al. 2005), was 

unaffected by the same culture conditions (G, H). At E9.5, Gata4 G9 enhancer activity 

was not changed after incubation of explant tissue with an inhibitor of TGF-! signaling.  
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Figure 10. The Gata4 G9 enhancer contains transcription factors binding sites. (A) 

ClustalW analysis of the 404-bp Gata4 G9 ECR, comparing mouse, human, and bovine 

sequences. The region contains 10 ETS consensus sequences, 2 ISL1 consensus 

sequences, 1 Nkx2-5 consensus sequence, 1 Forkhead consensus sequence, 4 GATA 

consensus sequences, 2 RBP-j$ consensus sequences, 3 SOX consensus sequences, and 1 

TBX consensus sequence. The highlighted sequences were tested in EMSA and found to 

bind at least one member of the family that binds the consensus sequence. Consensus 

sequences are named according to their relative positions in this figure, e.g. moving from 

left to right in the top region, the first three ETS sites are ETS-A, ETS-B, and ETS-C. 

 

Figure 11. Gata4 G9 enhancer activity is independent of consensus binding sites for 

various transcription factors. Representative transgenic embryos harboring Gata4 mutant-

lacZ transgenes are shown (A-F). Mutant transgenes were generated by introducing 

mutations in the indicated consensus sequences highlighted in figure 10. Sequences for 

the mutations are listed in the Methods section.  

 

Figure 12. The Gata4 G9 enhancer contains four GATA-binding sites. Recombinant 

GATA4 was used in EMSA with radiolabeled probes encompassing each of the four 

GATA consensus sequences from the Gata4 G9 enhancer highlighted in Figure 10. Lanes 

1, 6, 11 and 17 contain unprogrammed rabbit reticulocyte lysate. GATA4 bound to each 

of the four the GATA-binding sites in Gata4 G9 enhancer (lanes 2, 7, 12 and 18). 

Binding was specific, as unlabeled probes encompassing each of the four sites did not 

compete (lanes 3, 8, 13 and 19). Mutation of the GATA-binding consensus sequences in 
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abrogated competition for GATA4 protein (lanes 4, 9, 14, and 20). Unlabeled control 

probe encompassing the GATA-binding site from the Gata4 G2 enhancer (Rojas, De Val 

et al. 2005) competed (lanes 5, 10, 15, and 21). Mutation of the GATA consensus 

sequence in the control site failed to compete for binding with GATA-C and GATA-D 

(lanes 16 and 22). 

 

Figure 13. Restriction of Gata4 G9 enhancer activity is dependent on four GATA sites. 

Whole mount images (A, B, D, F, H) and sections (C, E, G) of  X-gal stained transgenic 

embryos harboring Gata4-G9 4x GATA mutant-lacZ and Gata4-G9[902–1305] 4x 

GATA mutant-lacZ transgenes are shown. Compared to stage-matched embryos from the 

Gata4-G9-lacZ transgenic lines in Figure 4, embryos from the Gata4-G9 4x GATA 

mutant-lacZ and Gata4-G9[902–1305] 4x GATA mutant-lacZ lines exhibited broader 

enhancer activity at E8.5, E9.5, and E11.5, with staining in pharyngeal endoderm and 

ectoderm (carrots), and myocardium (arrowheads) in addition to endocardial staining 

(asterisks). (I) BAEC were transfected with TK-luciferase, Gata4-G9[902–1305]-TK-

luciferase, or Gata4-G9[902–1305] 4x GATA mutant-TK-luciferase, and activity was 

determined. No statistically significant difference in activity was observed between 

Gata4-G9[902–1305]-TK-luciferase, or Gata4-G9[902–1305] 4x GATA mutant-TK-

luciferase (lanes 2 and 3). Data are shown as the mean fold activation over TK-luciferase 

control. Error bars represent SEM for 4 independent transfections and analyses.  

 

Figure 14. Activity of the Gata4 G9 enhancer does not require GATA4. (A-B) The 

Gata4-G9-lacZ activity was analyzed in Gata4+/– and Gata4–/– backgrounds by X-gal 
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staining of embryos at E8.5. No difference in enhancer activity was observed. (C) 

Undifferentiated P19CL6 cells were transfected with Gata4-G9[902–1305]-TK-

luciferase, or G9[902–1305] 4x GATA mutant-TK-luciferase, and pRK5, pRK5 GATA4, 

or pRK5 GATA4/VP16. GATA4/VP16 activated the wild type Gata4 G9 enhancer is 

GATA-consensus sequence dependent manner (lanes 3 and 6). Data are shown as the 

mean fold activation over empty vector control (pRK5). Error bars represent SEM for 5 

independent transfections and analyses. Indicated p values were calculated by two-tailed, 

unpaired t test. 

 

Figure 15. The Gata4 G9 enhancer contains four ETS1-binding sites. Recombinant 

ETS1 DNA-binding domain (DBD) was used in EMSA with radiolabeled probe 

encompassing a bona fide ETS-binding site from the Mef2c locus. Lanes 1 and 13 contain 

unprogrammed rabbit reticulocyte lysate. ETS1 DBD bound to the bona fide ETS-

binding site in the control probe (lanes 2, and 14) and this specific binding was competed 

by unlabeled control probe (lanes 3, 15). Unlabeled probes corresponding to each of the 

ETS sites in the Gata4 G9 ECR were used as competitors for ETS1 DBD binding to the 

control probe (lanes 4–12). The Gata4 G9 ETS sites competed to varying degrees. Probes 

encompassing ETS-E, -H, and -I/J competed most efficiently (lanes 8, 11, and 12), and 

were further examined for competition with the control probe using wild type and mutant 

versions of each (lanes 17–22). Mutation of the ETS-binding consensus sequences in 

ETS-E, H, and I/J reduced competition compared to wild type sequences (compare lanes 

17-18, 19-20, and 21-22). 
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Figure 16. The Gata4 G9 enhancer contains four ETV2-binding sites. Recombinant 

ETV2 was used in EMSA with radiolabeled probes encompassing each of the four ETS 

consensus sequences from the Gata4 G9 enhancer that robustly competed for ETS1 DBD 

finding. Lanes 1, 7, and 13 contain unprogrammed rabbit reticulocyte lysate. ETV2 

bound to each of the four the ETS-binding sites in Gata4 G9 enhancer (lanes 2, 8, and 

14). Unlabeled control probe encompassing the ETS-binding site from the Mef2c locus 

competed (lanes 3, 9, and 15). A control probe in which the ETS consensus sequence is 

mutated failed to compete (lanes 4, 10, and 16). Binding was specific, as unlabeled 

probes encompassing each of the four sites did not compete (lanes 5, 11, and 17). 

Mutation of the ETS consensus sequences in each of the four sites abrogated competition 

for ETV2 protein (lanes 6, 12, and 18).  

 

Figure 17. Gata4 G9 enhancer activity is dependent on four ETS sites. (A-C) 

Representative transgenic E8.5 embryos harboring Gata4-G9 4x ETS mutant-lacZ, 

Gata4-G9[902–1305] 4x ETS mutant-lacZ, and Gata4-G9 4x GATA 4x ETS mutant-

lacZ transgenes are shown. The majority of the independently generated Gata4-G9 [902–

1305]-lacZ transgenic lines showed the pattern shown in (A). No activity of the mutant 

transgene was observed in any of the 6 independent lines harboring the Gata4-G9[902–

1305] 4x ETS mutant-lacZ transgene (B). No activity of the mutant transgene was 

observed in any of the 3 independent lines harboring the Gata4-G9 4x GATA 4x ETS 

mutant-lacZ transgene (C).  
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Figure 18. ETS factor expression profile in embryonic mouse hearts. (A) Quantification 

of ETS transcript levels in embryonic hearts at E8.5 by qPCR showed that GABPA, 

FLI1, ETV5, ETV6, ETS1, ERG, ELF1, ETV1, and ETS2 were the most abundant. Data 

are expressed as the mean transcript abundance relative to GAPDH from 5 independent 

tissue isolations and qPCR analyses. Error bars represent SEM. (B) A representative 

agarose gel from non-quantitative RT PCR of ETS transcripts levels in a litter of 

embryonic hearts confirm expression of a number of ETS factors. (C–G) 

Immunohistochemical analyses of wild type E8.5 mouse hearts with antibodies to ETS1, 

FLI1, ERG, GABPA, and ETV6. FLI1, ETS1, and ERG proteins were expressed in 

locations with Gata4 G9 enhancer activity (compare panels C-E with Figs. 4G–I). ETS1 

and FLI1 proteins were expressed in the endocardium (asterisks in B, C) and myocardium 

(arrowheads in C, D). ERG expression appeared to be largely restricted to the 

endocardium (asterisks in E). GABPA protein was strongly expressed in the foregut and 

largely absent from the embryonic heart (F). ETV6 protein was present in the 

myocardium (arrowheads in G) with little or no expression detected in the endocardium 

(asterisks in G). Bars in all panels = 100 "M. 

 

Figure 19. ETS1 and ERG bind to the endogenous Gata4 G9 enhancer in aortic 

endothelial cells. BAEC were used as a source of genomic material in ChIP to examine 

ETS1 and ERG binding to the Gata4 G9 ECR, which contains the essential ETS sites. 

Input material not subjected to ChIP was used a positive PCR control. ChIP with isotype-

matched IgG was used as negative control. Isolated genomic material was subjected to 

PCR, and the resulting products were analyzed by agarose gel electrophoresis. (A, C) 
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PCR with primers specific to the Gata4 G9 ECR demonstrated that the region of the 

endogenous bovine Gata4 G9 enhancer containing the ETS sites was bound by ETS1 (A) 

and ERG (C) in vivo. (B, D) PCR with primers designed to detect a region of the bovine 

Gata4 locus 5 kb from the G9 enhancer shows that neither ETS1 (B) nor ERG (D) bound 

to this region distal to G9 under identical conditions in which G9 was bound in (A, C). 

Sizes in bp are indicated at the left of each panel. H2O (water) indicates a negative PCR 

control with no added template. 

 

Figure 20. Activation of the Gata4 G9 enhancer by ETS factors. (A) 3T3 cells were 

transfected with Gata4-G9[902–1305]-TK-luciferase, or Gata4-G9[902–1305] 4x ETS 

mutant-TK-luciferase, and expression vectors for the indicated ETS transcription factors. 

ERG and FLI1 activated the wild type Gata4 G9 enhancer compared to empty vector 

control (lanes 3, 7 and 4, 8). Data are shown as the mean fold activation over empty 

vector control (pCI). Error bars represent SEM for 6 independent transfections and 

analyses. (B-C) BAEC were transfected with control siRNA, or siRNAs designed to 

reduce transcripts of ERG or ETS1, and TK-luciferase or Gata4-G9[902–1305]-TK-

luciferase. Significant reduction of ETS1 mRNA was achieved while ERG levels were 

not reduced as determined by qPCR (B). Data are shown as the mean percent knockdown 

of transcript over siRNA control for 4 independent experiments. Treatment of BAEC 

with ETS1 siRNA reduced the fold activation of Gata4-G9[902–1305]-TK-luciferase 

relative to TK-luciferase (C). Data are shown as the mean percent reduction of fold 

activation over TK-luciferase control for 5 independent experiments. Indicated p values 

were calculated by two-tailed, unpaired t test. 
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Chapter 3: Discussion 
 

Modular regulation of Gata4 

GATA4 directly regulates essential specification and proliferation programs in 

multiple embryonic and adult tissue types (Kiiveri, Liu et al. 2002; Bosse, Piaseckyj et al. 

2006; Bielinska, Seehra et al. 2007; Jay, Bielinska et al. 2007; Haworth, Kotecha et al. 

2008; Nishida, Miyagawa et al. 2008; Rojas, Kong et al. 2008; Beuling, Baffour-Awuah 

et al. 2011; Kyronlahti, Euler et al. 2011; Kyronlahti, Vetter et al. 2011). Distinct 

combinations of signaling molecules and transcription factors guide specification and 

proliferation among these diverse tissue types. So, Gata4 expression must be able to be 

controlled by different cues. Similar to other broadly expressed transcription factors, this 

regulatory diversity is achieved through modular regulation: discrete enhancers within the 

Gata4 locus drive subsets of gene expression to multiple embryonic and adult tissue 

types. Our studies focused on the regulation of Gata4 during the early stages of 

organogenesis and revealed that indeed, the combined activities of the Gata4 G2, G4, G8, 

and G9 enhancers at E9.5 reflect parts of the broader endogenous pattern of GATA4 

(Rojas, De Val et al. 2005; Rojas, Schachterle et al. 2009; Rojas, Schachterle et al. 2010) 

(Fig. 4). A full appreciation of the transcriptional regulation of Gata4 will include other 

discrete enhancers, and possibly additional layers of complexity such as subnuclear 

localization and chromatin looping (Ahmed and Brickner 2007; Deng and Blobel 2010). 

Two themes emerged from our characterization of the transcriptional regulation of 

Gata4. First, we found that three of the four enhancers we identified are regulated by 

GATA-binding sites (Fig. 13) (Rojas, De Val et al. 2005; Rojas, Schachterle et al. 2009). 

This suggests that Gata4 is bound by GATA4 protein, or that other GATA transcription 
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factors are required for the proper control of Gata4 expression. We found that the Gata4 

G2 and Gata4 G8 enhancers contain GATA-binding sites that are required for transgene 

expression. If Gata4 is autoregulated in the lateral mesoderm and endoderm, it is 

seemingly erroneous to suggest that GATA4 protein precedes Gata4 gene activation in 

these domains. One possibility is that Gata4 G2 or G4 enhancer activation is the result of 

earlier activities of other regulatory elements that drive GATA4 expression. 

Alternatively, an initial and undetectable pool of GATA4 protein could be available by 

nonspecific gene activation, and Gata4 G2 or G4 enhancer activation is the result of a 

feed-forward mechanism that generates detectable and functional levels of GATA4.  

A second theme that emerged is that the Gata4 enhancers we identified have 

broad activity throughout a domain in the early embryo and restrict to specific lineages 

derived from that domain as organogenesis proceeds. The Gata4 G2 enhancer drives 

expression throughout the lateral mesoderm and proepicardium but rapidly restricts to a 

small subset of mesodermal-derived tissue in the developing liver. This restriction is at 

least partially disrupted by removal of a 21-bp sequence in the enhancer that contains a 

TBX-binding site (Figs. 2 and 3), which is interesting because Tbx5 has been proposed to 

play a role in migrating proepicardial cells and can act as a repressor (Takeuchi, Ohgi et 

al. 2003; Hatcher, Diman et al. 2004; Liu and Stainier 2010). Further tests will be 

necessary to determine if a TBX transcription factor deactivates Gata4 G2 enhancer 

activity as cells migrate from the proepicardium to the heart. The Gata4 endodermal 

enhancers are active throughout the foregut but then restrict to areas within endodermal-

derived tissues such as the intestine and pancreas. The Gata4 G9 enhancer is active in 

myocardial and endocardial cells at the linear heart stage, but by E11.5 is active only in a 
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subset of the endocardium that overlies the cardiac cushions. The fate maps of the Gata4 

G2, G4 and G9 enhancers indicate that the progenitor cells that are marked by enhancer 

activity in the early embryo give rise to much broader population of mature cells types 

compared to the hsp68-lacZ transgenic lines (Figs. 2, 6) (Rojas, Schachterle et al. 2010). 

Thus, our studies have defined the distinct developmental cues that activate several 

enhancers from the Gata4 locus, but future work will be necessary to determine if there 

are distinct factors that deactivate these Gata4 enhancers as development proceeds. 

 

Regulation of Gata4 expression in the heart 

GATA4 is an important transcriptional regulator of myocardial and endocardial 

development, and numerous studies have defined its requirement and downstream gene 

targets in those lineages (Garg, Kathiriya et al. 2003; Zeisberg, Ma et al. 2005; Oka, 

Maillet et al. 2006; Rivera-Feliciano, Lee et al. 2006; Rojas, Kong et al. 2008). However, 

prior to the present study, direct transcriptional regulation of the Gata4 gene itself had 

not been defined in any cardiovascular lineage. The Gata4 G9 enhancer described here 

overlaps almost perfectly with GATA4 expression in the endocardium but, unlike 

endogenous GATA4 protein, it is largely absent from the myocardium after E8.5 (Figs. 4 

and 5) (Zeisberg, Ma et al. 2005; Oka, Maillet et al. 2006), suggesting that other 

regulatory modules must control Gata4 expression in myocardial cells. To date, we have 

not identified any myocardial enhancers based solely on sequence conservation, 

suggesting the Gata4 locus includes non-conserved enhancer elements. Consistent with 

this notion, recent work identifying enhancers by combining ChIP and deep-sequencing 
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demonstrated that many functional enhancers in numerous cardiac genes exist outside of 

regions of sequence conservation (Visel, Blow et al. 2009; Blow, McCulley et al. 2010). 

A recent genome-wide ChIP-seq analysis using biotinylated cardiac transcription 

factors expressed in the cardiomyocyte cell line HL1 identified the Gata4 G9 region as a 

bound target, suggesting myocardial occupancy of the enhancer by GATA4 and 

myocardial-specific activation (He, Kong et al. 2011). By contrast, our detailed analyses 

in transgenic mice demonstrate that the element is predominantly endocardial, although 

we observed incomplete, weak myocardial activity in a minority of the lines at linear and 

looping heart stages (Figs. 4 and 5).  Furthermore, mutation of GATA sites in the ECR, 

which were bound by GATA4 in EMSA, did not negatively affect enhancer activity in 

the hearts of transgenic embryos at any stage examined (Fig. 13). Thus, it is clear that 

additional approaches will be needed to fully describe the regulation of Gata4 in the 

myocardium. 

Surprisingly, many of the cis-elements that were bound by their related trans-

factor in EMSAs were not required for enhancer activity in the hearts of transgenic 

embryos (Fig. 11). Many of these cis-elements are deeply conserved, adhere to 

consensus-binding sequences, and are associated with transcription factors that play 

essential roles in cardiac gene regulation. However, they may simply not be transcription 

factor-binding sites for the proteins tested. A second possibility is that the Gata4 G9 

enhancer is indeed bound by some or all of the proteins tested, and the proteins function 

redundantly to control enhancer activity. While this is difficult to prove, it is an intriguing 

possibility because the transcriptional regulation of cardiac development includes 

numerous factors with overlapping and partially redundant functions (Srivastava 2006; 
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Srivastava 2006). Just as removal of one key transcription factor can weakly disturb but 

not abrogate heart development (Lyons, Parsons et al. 1995; Molkentin, Lin et al. 1997; 

Lin, Lu et al. 1998; Bruneau, Nemer et al. 2001; Cai, Liang et al. 2003; Takeuchi, 

Mileikovskaia et al. 2005), so to the removal of one cis-element might weakly disturb 

enhancer activation but not disrupt it completely. Since our transgenic embryo assay is 

non-quantitative, fractional perturbations of enhancer activity are undetectable. 

 

Regulation of endocardial gene expression by ETS transcription factors 

ETS factors are essential regulators of endothelial gene expression (De Val and 

Black 2009), and a regulatory role in the endocardium further reinforces the notion that 

endocardium is a specialized endothelium (Harris and Black 2010). Here, we analyzed 

the ETS transcript expression profile in the early embryonic heart and found that 

transcripts for FLI1, ETV5, ETV6, ETS1 ERG, ELF1, ETV1, and ETS2 were the most 

highly expressed in the early embryonic heart (Fig. 18).  Based on our data, the ETS 

expression profile of the embryonic heart shares more similarities with the HUVEC 

profile than the adult heart profile (Hollenhorst, Jones et al. 2004), suggesting distinct 

embryonic and adult ETS profiles for the heart and that the expression profiles of ETS 

factors in the embryonic heart are dominated by expression in the endocardium. 

Our data support a model in which Gata4 is directly regulated by ETS1, ERG, or 

both factors in the developing heart. These two factors are abundantly expressed in the 

developing heart, bind the four ETS sites in vitro, and occupy the enhancer in BAEC. 

However, it possible other ETS factors might occupy the enhancer in the developing 

heart. ETV2 is expressed, at very low levels, in the endocardium of the developing heart 
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(Ferdous, Caprioli et al. 2009) and bound the ETS-binding sites in vitro (Fig. 16). In 3T3 

cells, a mouse fibroblast cell line, ERG and its close relative FLI1 were able to activate 

the Gata4 G9 enhancer and this activation required the four ETS-binding sites (Fig. 20). 

ETS1 failed to activate the enhancer in 3T3 cells. The inability of ETS1 to activate the 

enhancer is surprising, given that it bound the enhancer in vitro and in BAEC. It is 

possible that that ETS1 requires post-translation modifications necessary for downstream 

gene activation and the factors that perform these modifications are absent in 3T3 cells. 

Knockdown of ETS1 reduced basal activation of Gata4 G9 enhancer in BAEC and it is 

likely that knockdown of ERG will have the same effect, although none of the siRNAs 

tested were able to effectively reduce ERG transcript levels (Fig. 20). Taken together, 

these data suggest that depending on the cellular context, several ETS transcription 

factors are capable of binding and activating the enhancer. Importantly, our studies do not 

exclude other ETS factors that are present in the embryonic heart as potential 

transcriptional regulators, nor do they prove that ETS1 and ERG regulate Gata4 in the 

embryonic heart.   

The regulatory networks driving the development of endocardium and 

endothelium appear to overlap significantly, and the ETS1 and ERG expression domains 

include extracardiac vasculature (Fig. 18), so it is surprising that the Gata4 G9 enhancer 

is active mainly in the endocardium and not throughout extracardiac vasculature. Indeed, 

many of the vascular enhancers our group has identified are pan-endothelial and include 

endocardium, suggesting that the transcriptional pathways governing vascular 

development at various sites in the embryo are shared (De Val, Chi et al. 2008). 

Furthermore, a recent report demonstrated that endothelium from extracardiac regions 
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can contribute to the endocardium (Milgrom-Hoffman, Harrelson et al. 2011). Using 

quail-chick chimeras, the authors transplanted quail endothelial cells from the vitelline 

vessel into the developing chick heart and observed quail-derived endothelial cells in the 

chick endocardium. They also transplanted tissue from chick cardiac crescent to a region 

adjacent to the vitelline vessel of quail and observed quail-derived endothelial cells in the 

explanted chick crescent. These data suggest that endothelial and endocardial cells are at 

least partially interchangeable, but importantly, it remains to be determined if 

transplanted endothelial cells can perform essential functions of endocardium in the heart, 

such as mediating cushion formation and trabeculation. 

There are several possible explanations for the absence of Gata4 G9 enhancer 

activity throughout extracardiac endothelium. One possibility is that additional activators 

expressed exclusively in the Gata4-G9-lacZ expression domain are required in 

combination with ETS factors for enhancer activation to occur. A second possibility is 

that endocardial enhancers respond to specific levels of ETS transcriptional activity that 

are not met throughout the vasculature. A recent study that analyzed ERG expression in 

different vascular beds of the heart found that ERG was enriched in endocardial 

endothelial cells compared to venule, artery, and capillary endothelial cells (Yuan, 

Sacharidou et al. 2011). Interestingly, in some “strong” transgenic lines, Gata4-G9-lacZ 

transgene expression was present in some endothelial cells of the dorsal aorta, although 

we could not detect GATA4 protein in these cells.  It is tempting to speculate that this 

observation might reflect transgene insertion effects, and that “strong” lines are the result 

of insertions into genomic locations that allow for artificially increased sensitivity to ETS 

levels, and broader enhancer activity in the endothelium. A third possible mechanism 
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underlying the endocardial restriction of the Gata4 G9 enhancer is that it contains cis-

elements bound by a factor or factors that repress enhancer activity in extracardiac 

endothelium. We found that multimerizing a 92-bp sequence from within the ECR 

directed pan-endothelial activity, suggesting that the ECR responds to a simple 

endothelial program that is further refined by factors that repress enhancer activity 

outside of the developing heart. It would be interesting to test if a potentially restrictive 

region could render other pan-endothelial enhancers endocardial-specific. If this were 

true, the factor or factors that bind restrictive elements might play a more general role in 

delineating vascular sub-types. Future studies will address the molecular mechanisms 

controlling enhancer restriction, and hopefully explain the long-standing observation that 

endocardium is a molecularly and functionally unique endothelium. 

 

Origins of the endocardium 

The endocardium shares many properties with other endothelial populations, but 

several studies have suggested that endocardial progenitors are distinct from other 

endothelial progenitor populations. Endocardial and aortic precursor cells briefly 

colocalize in the avian embryo, although by the 1-somite stage they adopt different 

migratory patterns (Coffin and Poole 1988; Coffin and Poole 1991). In mice, cardiogenic 

mesoderm leaves the primitive streak after mesoderm fated to become other endothelial 

populations has already exited (Kouskoff, Lacaud et al. 2005; Misfeldt, Boyle et al. 

2009). Cardiogenic mesoderm cells, marked by Flk1 expression, give rise to several 

cardiovascular lineages, including endocardium (Fehling, Lacaud et al. 2003; Kattman, 

Huber et al. 2006).  GATA4 protein was detectable, and the Gata4 G9 enhancer was 
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active, in the allantois (Figs. 2, 4), which contains Flk1-positive vasculogenic tissue 

(Downs, Gifford et al. 1998), suggesting that the endocardium and allantois share 

common regulatory pathways that are distinct from other endothelium. Using embryonic 

stem cells bearing an Nfatc1-lacZ BAC transgene to track endocardial cell production, 

Misfeldt and co-workers demonstrated that culturing ES cells with Wnt3a gave rise to 

endothelial cells, while culturing ES cells with Noggin and Dickkopf-1 gave rise to 

endocardial and myocardial cells (Misfeldt, Boyle et al. 2009), suggesting developing 

endocardium responds to cardiogenic signals. Interestingly, a regulatory element that 

drives expression to the endocardium within the Nfatc1-lacZ transgene contains putative 

ETS- and GATA-binding sites (Zhou, Wu et al. 2005).  

Several studies have demonstrated the close association between endocardial and 

myocardial progenitors (Masino, Gallardo et al. 2004; Kattman, Huber et al. 2006) and 

the data presented here, that the Gata4 G9 enhancer is briefly active in both myocardial 

and endocardial cell types prior to restricting to the endocardium and endocardial 

cushions, also supports the close relationship between these two cell fates. At the linear 

heart tube stage, the Gata4-G9-lacZ transgene expression was observed in both the inner 

tube composed of endocardial cells and the surrounding outer tube of myocardial cells 

(Figs. 4-5). However, by E9.5, enhancer activity appeared to be maintained mainly in the 

endocardium, and by E11.5 there were no cells in the myocardium expressing the 

transgene (Figs. 4-5). By contrast, when the Gata4 G9 enhancer was used to direct 

expression of Cre, and Gata4-G9-Cre transgenic mice were crossed to Rosa26lacZ/lacZ to 

create a “fate map” of Gata4 G9 enhancer activity, we observed robust endocardial and 

myocardial expression of lacZ at E11.5 (Fig. 6). Our data cannot discriminate whether the 
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Gata4 G9 enhancer is activated in a bipotent myocardial and endocardial progenitor 

present in the primitive streak or later in the cardiac crescent. In either case, Gata4 G9 

enhancer activity is only maintained in endocardial cells and not in the myocardium.  

Based on our observations that the Gata4 G9 enhancer is dependent on ETS-

binding sites for activity in both endocardium and myocardium, it is provocative to 

speculate that one or more ETS proteins is involved in the restriction of enhancer activity 

to the endocardium during development. ETS factors have been shown to act downstream 

of TGF-! signaling and synergize with SMAD2/3 (Lindemann, Ballschmieter et al. 

2001). TGF-! signaling plays an essential role in endocardial development (Nakajima, 

Yamagishi et al. 2000) and an endocardial knockout of a TGF-! receptor displays a 

phenotype similar to the endocardial knockout of Gata4 (Rivera-Feliciano, Lee et al. 

2006; Sridurongrit, Larsson et al. 2008). Preliminary data suggest that the Gata4 G9 

enhancer is also regulated by TGF-!, raising the possibility that paracrine TGF-! signals 

maintain enhancer activity in the endocardium. However, just as there are several 

possible mechanisms underlying the repression of enhancer activity throughout the 

endothelium, there are other possible mechanisms to account for the deactivation of 

activity in the myocardium after E8.5. 

The expansion of the enhancer activity directed by the Gata4 G9 4x GATA 

mutant enhancer compared to the wild type enhancer included myocardium at E11.5, as 

well as other extracardiac regions (Fig. 13). These data are difficult to interpret, because 

the expansion of activity to the myocardium, endoderm hindbrain, and extracardiac 

vasculature represent a diverse set of tissues whose commonalities are unclear. It is 

possible though, that a GATA co-factor is expressed in the domains to which the mutant 
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enhancer activity expands. Such a factor might be normally recruited to the Gata4 G9 

enhancer and repress activity in these domains. Several repressive co-factors of GATA 

proteins have been identified, so it would be interesting to test if these factors modulate 

Gata4 G9 activity in the domains in which the Gata4 G9 4x GATA-m enhancer is active 

(Clabby, Robison et al. 2003; Cantor and Orkin 2005; Fischer, Klattig et al. 2005). 

 

Transcriptional pathways in congenital heart disease 

Analyses of the specific mutations in human GATA4 and mechanistic studies in 

model systems suggest that disruption of GATA4 transactivation function or interaction 

with other transcription factors may cause the heritable heart defects associated with 

GATA4 mutations (Garg, Kathiriya et al. 2003; Schluterman, Krysiak et al. 2007; 

Moskowitz, Wang et al. 2011).  Together, these studies suggest that a greater 

understanding of the transcription factor interactions and pathways involving GATA4 

may lead to a clearer understanding of the mechanisms underlying endocardially-derived 

heart defects.  Consistent with this idea, ETS1 mutations have also recently been 

associated with endocardium-derived defects in humans (Ye, Coldren et al. 2010). 

One ultimate goal of defining transcriptional pathways of cardiac development is 

to clarify the mechanisms underlying cardiac defects. GATA4 mutations in humans are 

strongly associated with valve and septation defects (Garg, Kathiriya et al. 2003; 

Hirayama-Yamada, Kamisago et al. 2005; Zhang, Li et al. 2008; Butler, Esposito et al. 

2010).  The valve leaflets and the membranous portions of the septa are largely derived 

from endothelial cells of endocardial origin (Person, Klewer et al. 2005; Harris and Black 

2010), suggesting that GATA4 function in endocardial derivatives is essential for proper 
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valve and septal development in humans.  Inactivation of Gata4 in endothelial cells, 

including the endocardium, results in embryonic lethality and profound endocardial 

cushion and valve leaflet defects that mimic the heritable human diseases observed in 

families with GATA4 mutations (Rivera-Feliciano, Lee et al. 2006). Our work implicates 

ETS1 and ERG as direct regulators of Gata4 via the Gata4 G9 enhancer, and as such, 

suggests disturbances in ETS1 or ERG function in the endocardium could underlie 

cardiac diseases. This notion is supported by the recent report that deletion of ETS1 was 

observed in patients with Jacobsen syndrome, and targeted disruption of Ets1 in mice led 

to malformations in cardiac structures derived from endocardial cells (Ye, Coldren et al. 

2010). The GATA4 mutations found in human pedigrees affected by cardiac defects are 

found in coding regions of the locus. As genome sequencing technologies increase in 

speed and accessibility, and our appreciation of regions once considered the “dark 

matter” of the genome, more disease alleles will be likely mapped to noncoding 

regulatory regions (Loots 2008). It would be interesting to determine whether mutations 

in other ETS factors that are expressed in the heart, including ERG, or in ETS-dependent 

noncoding regulatory regions, such as the Gata4 G9 enhancer described in these studies, 

are also associated with endocardial malformations in humans.  
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Chapter 4: Materials and Methods 

 

Bioinformatic analyses, cloning, and mutagenesis 

Mouse, human, and cow sequences were compared using BLAST and VISTA 

(Altschul, Gish et al. 1990; Mayor, Brudno et al. 2000). The 1945-bp Gata4 G9 fragment 

was generated by PCR from mouse genomic DNA using the following primers: 5’-

gctggacctgtctcgagcacacttgttat-3’ and 5’-tctcagaataacccgggatgactattt-3’. The 404-bp 

Gata4 G9[902-1305] fragment was generated from Gata4 G9 using the following 

primers: 5’-ggcgtttctcgagtagtccttggatgccagaa-3’ and 5’- ataatcacccgggcctgttgccctccgccct-

3’. These Gata4 G9 fragments were cloned into the XhoI-XmaI sites of the transgenic 

reporter plasmid hsp68-lacZ (Kothary, Clapoff et al. 1989).  

To generate Gata4 G9[1077-1168] and Gata4 G9 3x[1077-1168], the 92-bp 

sequence was amplified with the following primers 5’-gtggaagatctccggtgcagaaaccact-3’ 

and 5’-atctcggatccgctgtttttctattagt-3’. The Gata4 G9[1077-1168] fragment was cloned 

into pBluescript II SK+ as a BglII-BamHI fragment into the BamHI site and the resulting 

vector was digested with SpeI, blunted, and then digested with XhoI. This was cloned 

into XhoI-SmaI sites of the transgenic reporter plasmid the hsp68-lacZ. To multimerize 

the fragment the Gata4 G9[1077-1168] pBluescript II SK construct was digested with 

BamHI and two Gata4 G9[1077-1168] PCR fragments were added sequentially. 

To clone the Gata4 G9 mutant constructs for the generation of transgenic mice 

and in vitro assays, a HindIII-PstI fragment from Gata4-G9-lacZ construct was subcloned 

into the HindIII/PstI sites of the pBluescript II SK vector. This was used as template in 

SOEing PCR reactions (Horton) with T7, T3, the mutagenic primers listed below (Table 
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1) and their reverse complements. The PCR products were digested with HindIII/PstI and 

cloned into Gata4-G9-lacZ digested with HindIII/PstI, replacing the wild type sequence 

between those two restriction enzyme sites. For the Gata4 G9[902-1305] mutant 

constructs used to generate transgenic mice and in in vitro studies, the Gata4 G9[902-

1305] primers listed above and mutagenic primers were used to amplify and mutagenize 

Gata4 G9[902-1305] sequence. Mutated Gata4 G9[902-1305] products were cloned into 

the XhoI-XmaI sites of the transgenic reporter plasmid hsp68-lacZ. 

 

Table 1: List of mutagenic Gata4 G9 primers 

Gata4 G9 [#902-1305] 5’- gctctgagggacgcaggggatccagtgagc-3’ 
Gata4 G9 [#1077-1168] 5’-aggctgtcgcagccctgatactcagact-3’ 
Gata4 G9 [#1169-1263] 5’-aatagaaaaacagcggcgtggggggga-3’ 
Gata4 G9 CSL-A mutant 5’-gaacggggtgaatgctgattaggattc-3’ 
Gata4 G9 CSL-B mutant 5-ctcagactgatgggcaataccattgtctg-3’ 
Gata4 G9 GATA-A mutant 5’-atgagaattcagctcaatgggttcc-3’ 
Gata4 G9 GATA-B mutant 5’-tcaacatttcagagctcaggggtg-3’ 
Gata4 G9 GATA-C mutant 5’-aaaacagcagtgcgccaggcccggctc-3’ 
Gata4 G9 GATA-D mutant 5’-ggcccggctcctgcgcctcagactga-3’ 
Gata4 G9 ISL1-A mutant 5’-ctccccctcccatggtggaaagcggag-3’ 
Gata4 G9 ISL1-B mutant 5’-gggtgttagacccatggaaaaacagc-3’ 
Gata4 G9 NKX2-5 mutant 5’-cccggtgcagaaacgcgtccaagccagg-3’ 
Gata4 G9 FOX mutant 5’-ccaggcatgacctggtgatttcagt-3’ 
Gata4 G9 SOX-A mutant 5’-taaggggtggaggatggggtgttagac-3’ 
Gata4 G9 SOX-B mutant 5’-gcaggacgactaatagaaaaacagcagtg-3’ 
Gata4 G9 TBX mutant 5’-tggacaatggccaggacgactaata-3’ 
Gata4 G9 ETS-E mutant 5’-ttctgataaatgggttgctccacccctccc-3’ 
Gata4 G9 ETS-H mutant 5’-ctcagactgatgggcaataccattgtctg-3’ 
Gata4 G9 ETS-I/J mutant 5’-ccagggcgacaggcattgcagaggcgtgggg-3’ 
 

All PCR cloning was performed with the High Fidelity PCR System (Roche). 

PCR was  performed with 10X buffer, 20µM dNTPs, 1µl Expand High Fidelity Enzyme 

mix, and 2ng of each primer. 
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The Gata4 G2 enhancer from which 21-bp were deleted, and the Gata4-G2-Cre 

vector containing the minimal mesodermal promoter from the Mef2c locus were cloned 

by Anabel Rojas. To clone the Gata4-G9-Cre vector containing the promoter from the 

Mef2c locus, Mef2c-AHF-Cre was digested with BglII, blunted, and digested with XhoI. 

This strategy removed the conserved enhancer region but retained the basally inactive 

promoter region. An XhoI-SmaI fragment from the Gata4-G9-lacZ vector was cloned 

into the digested Mef2c-AHF-Cre plasmid. 

The expression vectors for the ETS transcription factors were provided by the 

Oettgen lab and have been previously described (Dube, Akbarali et al. 1999). The 

expression vectors for GATA4 and GATA4/VP16 have been previously described 

(Rojas, Kong et al. 2008). 

 

Generation and genotyping of transgenic mice 

Transgenic lacZ reporter fragments were generated by gel purifying XhoI-SalI 

fragments from parental hsp68-lacZ plasmids. Gata4-G9-Cre was generated by purifying 

an XhoI-NotI fragment. Gel-purified digested DNA was suspended in 5mM Tris-HCl, 

0.2mM EDTA (pH 7.4) at a concentration of 2ng/µl. Pronuclear injection of transgene 

fragments was performed as described previously (Dodou, Verzi et al. 2004). Injected 

embryos were implanted into pseudopregnant CD-1 females, and embryos were collected 

at various developmental stages for transient analyses or were allowed to develop to 

adulthood for the establishment of stable transgenic lines. 

To test the activity of the enhancer in Gata4-null genetic backgrounds, the null 

allele was first generated by crossing Gata4flox/flox males to Mef2c-AHF-Cre females, 
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which direct Cre expression in the female germline. Male progeny with the genotype 

CreTg/0; Gata4+/- were crossed with wild type females and the resulting the Cre-negative, 

Gata4+/- males were used in subsequent crosses. Gata4-G9-lacZ females were crossed 

with Gata4+/- or Bmp4+/- males and the resulting Gata4-G9-lacZTg/0; Gata4+/- or Bmp4+/- 

heterozygote males were backcrossed with Gata4+/- or Bmp4+/- females. The progeny 

analyzed were: Gata4-G9-lacZTg/0; Gata4-/- and Gata4-G9-lacZTg/0; Gata4+/- as well as 

Gata4-G9-lacZTg/0; Bmp4-/- and Gata4-G9-lacZTg/0; Bmp4+/-. 

For genotyping, yolk sacs or tail biopsies were digested in lysis buffer (100mM 

NaCl, 25mM EDTA pH8.0, 1% sodium dodecyl sulfate, 10mM Tris-HCl pH8.0, 5µg 

proteinase K) at 55°C overnight. Genomic DNA was recovered by phenol-chloroform 

extraction and isopropanol precipitation. To detect lacZ transgenes, PCR was performed 

using the following primers, 5’-ggcgtttctcgagtagtccttggatgccagaa-3’ and 5'-

gtgtccggtgacgtgatcctct-3’, which correspond to sequence within the Gata4 G9 enhancer 

and Hsp68 and are thus specific to the Gata4-G9-lacZ transgene. PCR was performed 

with an annealing temperature of 55o and 35 cycles and contained 10X buffer, 2.5 mM 

MgCl2, 20µM dNTPs, and 1µM of each primer. LacZ transgenes were also detected by 

digesting purified genomic DNA with EcoRV at 37°C overnight, and then Southern 

blotting using a radiolabeled probe specific for lacZ, which was generated by purifying 

an EcoRI fragment from pCR2.1-TOPO-lacZ. Cre transgenes were detected by digesting 

purified genomic DNA with EcoRV at 37°C overnight, and Southern blotting using a 

radiolabeled probe specific for Cre, which was generated by purifying an NcoI-BamHI 

fragment from pBS-Cre. To genotype Gata4-null and control mice, PCR with an 

annealing temperature of 60o and 30 cycles was performed using purified genomic DNA, 
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10X buffer, 2.5 mM MgCl2, 20µM dNTPs, and 1ng of each of the following primers: 5’-

tccatgagaccccagagtgtgcctgag-3’, 5’-accctggaagacaccccaatctcgg-3’, and 5’-

tgtcattcttcgctggagccgc-3’ (Zeisberg, Ma et al. 2005). These reactions generate two 

products, one for the wild type allele and another for the floxed allele. To genotype 

Bmp4-null and control mice, PCR with an annealing temperature of 55o and 35 cycles 

was performed using purified genomic DNA, 10X buffer, 2.5 mM MgCl2, 20µM dNTPs, 

and 2ng of each of the following primers: 5’-agactctttagtcagcattttcaac-3’, and 5’-

agcccaatttccacaacttc-3’ (Liu, Selever et al. 2004). All experiments using animals were 

reviewed and approved by the UCSF Institutional Animal Care and Use Committee and 

complied with all institutional and federal guidelines. 

 

Embryo explant culture 

Embryos from transgenic lines were collected at E7.5-E9.5 at room temperature. 

The yolk sac, head and caudal regions were removed and used for X-gal staining as 

described below to determine whether embryos carried the lacZ transgene. For this quick 

genotyping, staining was done at 37°C instead of RT. The embryonic heart and attached 

tissue were cultured in Dulbecco modified Eagle medium supplemented with 1% fetal 

bovine serum, penicillin (100 U/ml), streptomycin (100 U/ml) and 2 mM L-glutamine at 

37°C.  Recombinant Noggin, which binds to and inhibits BMP signals, was reconstituted 

in PBS + 0.1% BSA and used in embryo culture at a final concentration of 10 nM. DAPT 

is an inhibitor of %-secretase activity and Notch signaling and was prepared in DMSO and 

used at a concentration of 100µM. DKK1 is an inhibitor of Wnt signaling and was 

prepared in PBS + 0.2% BSA and used at a concentration of 0.1µg/ml. SU5416 is a 



 107 

VEGF receptor protein tyrosine kinase 1/2 inhibitor and was prepared in 100mM ethanol 

and used at a concentration of 45µM. SU5402 is an inhibitor of tyrosine kinase activity of 

FGF receptor 1, and was prepared in DMSO and used at a concentration of 30µM. 

Sulindac, a Wnt inhibitor, was reconstituted in 1M Tris-HCl, pH 8.0 and used at a 

concentration of 500µM. SU431542, is an inhibitor of TGF-! type I receptor activin 

receptor-like kinase ALK5, and its relatives ALK4 and ALK7. It was dissolved in DMSO 

and used at a concentration of 2µM. Control tissues were treated with vehicle. For E9.5 

embryos, the hearts continued beating throughout the 24-hour duration of the experiment. 

Following treatment, tissues were washed, pre-fixed and !-galactosidase activity was 

assessed by X-gal staining (described below). After X-gal staining, embryos were fixed 

in 4% paraformaldehyde at 4o overnight. 

 

X-gal staining, immunofluorescence, and immunohistochemistry 

Embryos and newborns from transgenic lines were collected and stored briefly on 

ice. Embryos or tissues were pre-fixed in 2% paraformaldehyde, 0.2% glutaraldehyde in 

1x phosphate buffered saline (PBS) at 4°C for 30 min to 2 h, depending on the age of the 

embryo. Embryos were rinsed in PBS and stained for !-galactosidase overnight in the 

dark at room temperature in PBS containing 5mM K4Fe(CN)6, 5mM K3Fe(CN)6, 2mM 

MgCl2, 1mg/ml 5-bromo-4-chloro-3-indolyl !-D-galactopyranoside. Following staining, 

embryos were rinsed twice in PBS and post-fixed in 4% paraformaldehyde at 4°C 

overnight. After rinsing in PBS, embryos were stored in 70% ethanol at 4°C. For 

sections, embryos were embedded in paraffin, and transverse and sagittal sections were 
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cut at a thickness of 6µm, de-waxed, and counterstained with Nuclear Fast Red. Sections 

were mounted with Cytoseal-60 (Richard Allen Scientific). 

For section immunofluorescence and immunohistochemistry, embryos were fixed 

in 4% paraformaldehyde at 4°C for 1 h or overnight, depending on the antibody. For 

sections, embryos were embedded in paraffin, sectioned, de-waxed, boiled in antigen 

retrieval solution (Biogenex) for 5 min, rested, and again for 3min. Slides were incubated 

in blocking solution, which was PBS containing 10% sheep serum and 0.1% Triton X-

100 at room temperature) for 1 h. For whole mount immunohistochemistry, embryos 

were boiled in antigen retrieval solution (Biogenex) for 5 min, rested, and again for 3 

min, treated with 5% H2O2, and incubated with blocking solution containing PBS with 

5% milk, 5% sheep serum, and 0.1% Triton X-100 at room temperature for 1 h. Slides 

were incubated at 4°C overnight with the following primary antibodies 1:100 dilutions in 

blocking serum: rabbit anti-ETS1 (Santa Cruz; sc-350), mouse anti-GABPA (Santa Cruz; 

sc-28311), rabbit anti-FLI1 (Santa Cruz; sc-356), rabbit anti-ERG1/2/3 (Santa Cruz; sc-

353), rabbit anti-ETV6 (Santa Cruz; sc-11382), mouse anti-myosin heavy chain (DHSB; 

MF20), mouse anti-GATA4 (Santa Cruz; sc-25310), chicken anti-!-galactosidase 

(Abcam; Ab9361), and rat anti-endomucin (eBioscience; 14-5851-82). Samples were 

washed three times in PBS at room temperature and then incubated at RT for 1-2 h with 

the following secondary antibodies at 1:300 dilutions in blocking serum: biotinylated 

goat anti-rabbit IgG (Vector Laboratories; BA-1000), biotinylated goat anti-mouse IgG 

(Vector Laboratories; BA-9200), Alexa Fluor 594 goat anti-chicken IgG (Invitrogen; 

A11042), streptavidin Alexa Fluor 488 (Invitrogen; S32354), and Oregon Green anti-

mouse IgG (Invitrogen; O-6383). For immunofluorescence, after final washing, slides 
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were mounted using SlowFade Light Antifade (Molecular Probes) and photographed with 

a Coolsnap HQ2 CCD camera attached to a Nikon Ti-E Microscope at the Nikon Imaging 

Center at UCSF. For section immunohistochemistry, after incubation with biotinylated 

antibody and washing, slides were incubated with streptavidin-HRP by mixing 2 drops of 

reagent A and 2 drops of reagent B from the Vectastain ABC kit in 5ml of PBS. After 

washing, peroxidase activity was detected with the DAB substrate kit and photography 

was performed with a SPOT RT Slider camera attached to a Nikon Microphot-FXA 

microscope. For whole mount immunohistochemistry, after treatment with biotinylated 

antibody, embryos were washed in blocking buffer and incubated with streptavidin HRP 

by mixing 1 drop of reagent A and 1 drop of reagent B from the Vectastain ABC kit in 

1.5ml of blocking buffer at 4o overnight. The next day, embryos were washed and 

detection of peroxidase activity was performed with the DAB substrate kit. 

 

Cell Culture, transfections, and reporter assays 

For transfection experiments, full-length Gata4 G9, G9[902-1305], and mutant 

constructs were subcloned from hsp68-lacZ as KpnI fragments into the KpnI site of a 

modified pGL2-Basic vector (Promega) that contains the thymidine kinase (TK) minimal 

promoter.  Bovine aortic endothelial cells (BAEC) were purchased from Cambrex Bio 

and maintained in Dulbecco modified Eagle medium supplemented with 10% fetal 

bovine serum, 1% L-glutamine and 1% Penicillin/Streptomycin. 3T3 cells were 

maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine 

serum, 1% L-glutamine and 1% Penicillin/Streptomycin. P19CL6 cells were maintained 

in "MEM with nucleosides supplemented with 10% FBS and 1% penicillin/streptomycin.  
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Transient transfections were performed in 24-well (4x104 cells/well) or 96-well plates 

(8x103 cells/well) using Lipofectamine LTX (Invitrogen). To test the basal activities of 

the Gata4 G9 constructs in BAEC in 24-well plates, 0.4 µg of reporter was used in each 

transfection. To test the transactivation abilities of the GATA and ETS transcription 

factors in P19CL6 and 3T3 cells in 96-well plates, 40ng of reporter and 40ng of activator 

were used in each transfection. 48 h after transfection, cells grown in 24-well plates were 

harvested and resuspended in 50µl 0.1M NaPO4 buffer and lysed by freeze/thawing three 

times. Cells transfected in 96-well plates were harvested and lysed using 50µl of 5x 

Passive Lysis Buffer (Promega). For both 24-well and 96-well transient transfection 

formats, 10µl lysates were used in luciferase activity assays with 40µl of substrate from 

the Luciferase Assay System (Promega) and the Glomax Multi Detection System 

(Promega). 10µl of lysate were also used in Bradford assays to determine protein 

concentration. Luciferase activity was normalized by protein concentration. 

For siRNA experiments, RNA oligonucleotides were suspended at a concentration 

of 50µM, and 15µl of each oligonucleotide was used in annealing reaction with 2x 

annealing buffer (100mM Tris pH 8, 100mM NaCl), and incubating at 95°C for 10 

minutes, and then allowing the reaction to cool to room temperature. Transient 

transfections were performed in 12-well plates (4x105 cells/well) with Lipofectamine 

2000 according to manufacturer’s instructions. Cells were transfected with 200ng of 

reporter, 20pM of siRNA, and 8ng of pCDNA3.1 !-galactosidase. Multiple siRNA 

sequences were tested for ETS1 and ERG, but only one ETS1 siRNA gave significant 

knockdown of target mRNA. The ETS1 siRNA sequence was 5’-

ggagauggcugggaauucaagcuuu-3’, which was adapted from an siRNA sequence designed 
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to knockdown human ETS1 (Koinuma, Tsutsumi et al. 2009). BLOCK-IT fluorescent 

oligonucleotide was used as control siRNA (Invitrogen, 2013). 48 hr after transfection, 

cells were harvested and resuspended in 50µl 0.1M NaPO4 buffer and lysed by 

freeze/thawing three times. Luciferase activity and protein concentration was measured 

as described above. In addition, chemiluminescent !-galactosidase assays were 

performed using the Luminescent !-gal kit (Clontech) and the Glomax Multi Detection 

System (Promega). The amount of transcript reduction was determined by quantitative 

PCR (described below). The following primers were used: bovine ETS1 forward 5’- 

agcagtcgcctagccaatc-3’, bovine ETS1 reverse 5’-aattcatgttgggcttgctc-3’, bovine ERG 

forward 5’-accagattcttggacccaca-3’, bovine ERG reverse 5’- ggtcggtcatcttgaactcc-3’, 

bovine GAPDH forward 5’-gcatcgtggagggacttatg-3’, and bovine GAPDH reverse 5’- 

cagtgagcttcccgttgag-3’. 

 

cDNA preparation and Quantitative Real Time PCR 

Embryos were collected between 8.5 and 9.5 days post-coitum and hearts were 

mechanically dissected and pooled. RNA was extracted using the Qiagen RNeasy Micro 

Kit and DNAseI treatment was perform on-column for 30 min at room temperature. 

Purified RNA was analyzed and quantitated by measuring the 260/280 and 260/230 ratios 

on a Beckman Coulter DU730 Life Science UC/Vis Spectrophotometer. Typically, one 

litter of embryos yielded 1-2 µg RNA. RNA was used to generate cDNA with the 

SuperArray RT2 First Strand Kit by mixing 1-2 µg RNA with 1µl of random primers, 

2.5µl of 10x buffer, 1µM of dNTP, 0.5µl of RNAse inhibitor, and 1µl of reverse 

transcriptase, and incubating the solution at 37°C for 1 h.  
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cDNA generated from 1-2 µg RNA was divided among the 26 quantitative real 

time PCR (qPCR) reactions. Reactions were performed in triplicate using SYBR Green 

PCR Master Mix (Applied Biosystems) and 180 nM of forward and reverse primers. 

Primers for each ETS factor have been previously described (Galang, Muller et al. 2004).  

The reaction mixtures were analyzed on an Applied Biosystems 7900HT Fast Real Time 

PCR System. For each experiment, a standard curve relating GAPDH cDNA 

concentration to threshold cycle (Ct) was generated using serial dilutions of cDNA.  

cDNA concentration was calculated according to the standard curve with the log of the 

concentration of input RNA on the x-axis and the average Ct on the y-axis, and then 

normalized to the GAPDH concentration. The dissociation curve for each reaction was 

also analyzed to ensure that a single product was made from the reaction and that the size 

of the product matched the expected size (Galang, Muller et al. 2004). Reactions using 

primers designed to amplify ELF3 consistently yielded products with unacceptable 

dissociation curves and were left out of the quantitative analysis. For non-quantitative RT 

PCR, reactions were performed with an annealing temperature of 60o and 30 cycles, using 

purified cDNA, 10x buffer, 2.5 mM MgCl2, 20µM dNTPs, and 200nM of each of the 

indicated primer. 

 

Electrophoretic mobility shift assay (EMSA) 

To radioactively label probes encompassing potential binding sites, 

oligonucleotides were designed to include a consensus-binding site flanked by 10-15 base 

pairs and 5’-gg-3’ nucleotides at the 5’ end on the positive and negative strands. 

Oligonucleotides were annealed by mixing 5µg of each strand with 2x annealing buffer 
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(100mM Tris pH 7.6, 10mM DTT, 20mM MgCl2, 2mM Spermidine), incubating at 95°C 

for 10 minutes, and then allowing the reaction to cool to room temperature. 2µg of 

double-stranded oligonucleotides were labeled with [32P]-dCTP using Klenow to fill in 

overhanging 5’ ends and purified on a nondenaturing polyacrylamide-TBE gel. Labeled 

probe was purified from the gel and suspended in 40mM KCl and incubated at 37°C 

overnight. Recombinant protein was generated using an expression vector containing 

cDNA, which was transcribed and translated using the TNT QuickCoupled 

Transcription/Translation System (Promega). Below, the vectors used for generating 

protein are listed with references and the polymerase used in TNT reactions. 

 

Table 2: List of expression vectors and control probes 

pCDNA3.1 CSL (Liang, 
Chang et al. 2002) 

T7 Control 5’-attactatttcccacacatctta-3’ 
Mutant 5’-attactattaaccacacatctta-3’ (Liang, Chang et al. 
2002) 

pRK5 GATA4 Sp6 Control 5’-gagtagagataagcaggg-3 
Mutant 5’-gagtagagctcagcaggg-3’ (Rojas, De Val et al. 
2005) 

pCR2.1 TOPO FoxC2 
(Kang, Nathan et al. 2009)  

T7 Control 5’-ggggaggagcagcctgtttgttttgccagatctgtgc-3’ (De 
Val, Chi et al. 2008) 

pCITE Isl1 (Dodou, Verzi et 
al. 2004) 

T7 Control 5’-ggtttacttgctaggtacctggataac-3’ 
Mutant 5’-ggtttacttgctaggtacctggataaag-3’ (Dodou, Verzi 
et al. 2004) 

pCDNA3.1 Tbx5  T7 Control 5’-ctcttctcacacctttgaagtggg-3’ 
Mutant 5’-ctcttctcatccctttgaagtggg-3’ (Ghosh, Packham et 
al. 2001) 

pCITE Nkx2-5 (Dodou, 
Verzi et al. 2004) 

T7 Control 5’- tgtgtcaagtggctgtag-3’ (Wang, Chmelik et al. 
2002) 

pRK5 Sox17 Sp6 Control 5’-agaaatccaggacaatagagactgtgggtg-3’ 
Mutant 5’-agaaatccaggcaccgagagactgtgggtg-3’ (Niimi, 
Hayashi et al. 2004) 

pCITE ETS1 DNA-binding 
domain (DBD)  (De Val, 
Anderson et al. 2004) 

T7 Control 5’-gctcagagaaggaagtggagagt-3’ 
Mutant 5’-gctcagagaagcttgtgggaggtt-3’ (De Val, Anderson 
et al. 2004) 

pCI ERG (Dube, Akbarali et T7 Control 5’-gatcttcgaaacggaagttcgag-3’ 
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al. 1999) Mutant 5’-gatcttcgaaacccaagttcgag-3’ (Vlaeminck-
Guillem, Vanacker et al. 2003) 

pCI FLI1 (Dube, Akbarali et 
al. 1999) 

T7 Control 5’-ctcagattcctccacaggaagtcctttg-3’ 
Mutant 5’-ctcagattcctccacaccaagtcctttg-3’ (Magnaghi-
Jaulin, Masutani et al. 1996) 

pCS2 ETV2 (De Val, Chi et 
al. 2008) 

Sp6 Control 5’-gctcagagaaggaagtggagagt-3’ 
Mutant 5’-gctcagagaagcttgtgggaggtt-3’ (De Val, Anderson 
et al. 2004) 

 

DNA binding reactions were performed for 10 minutes at room temperature in 1x 

binding buffer (15mM KCl, 5mM Hepes pH 7.9, 5% glycerol, 0.04 mM EDTA, 0.125 

mM DTT, 0.25 mM PMSF) with recombinant protein, 0.5-1µg poly-dI-dC, and 1-2µg 

competitor DNA. Radioactively labeled probe was added and the reactions were 

incubated for 20 minutes at room temperature. The sequences of the probes designed for 

protein-binding sites in the Gata4 G9 are listed below. Reactions were electrophoresed 

on a 6%-10% nondenaturing polyacrylamide gel at 150V for 2-3 h at room temperature. 

Gels were then vacuum-dried and exposed to film.  

 

Table 3: List of Gata4 G9 probes 

Gata4 G9 CSL-A 5’-gaacggggtgaattctcatgagaattc-3’ 
Gata4 G9 CSL-B 5’-ctcagactgatgggaaataccattgtctg-3’ 
Gata4 G9 GATA-A 5’-atgagaattctgataaatgggttcc-3’ 
Gata4 G9 GATA-B 5’-tcaacatttcagtgataaggggtg-3’ 
Gata4 G9 GATA-C 5’-aaaacagcagtggataaggcccggctc-3’ 
Gata4 G9 GATA-D 5’-gcccggctcctgatactcagactga-3’ 
Gata4 G9 ISL1-A 5’-ctccccctccctcaattaaagcggag-3’ 
Gata4 G9 ISL1-B 5’-gggtgttagactaatagaaaaacagc-3’ 
Gata4 G9 NKX2-5 5’-cccggtgcagaaaccacttccaagccagg-3’ 
Gata4 G9 FOX 5’-ccaggcatgacatcaacatttcagt-3’ 
Gata4 G9 SOX-A 5’-taaggggtggacaatggggtgttagac-3’ 
Gata4 G9 SOX-B 5’-ggtgttagactaatagaaaaacagcagtg-3’ 
Gata4 G9 TBX  5’-tggacaatggggtgttagactaata-3’ 
Gata4 G9 ETS-A 5’-tagtccttggatgccagaaagaaa-3’ 
Gata4 G9 ETS-B 5’-agaaagaaaggccaggaattgtggc-3’ 
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Gata4 G9 ETS-C 5’-ggaattgtggcggggaacccaccccat -3’ 
Gata4 G9 ETS-D 5’-ccagctgttaagggggaacggggtgaattct-3’ 
Gata4 G9 ETS-E  5’-ttctgataaatgggttcctccacccctccc-3’ 
Gata4 G9 ETS-F 5’-cccggtgcagaaaccacttccaagccaggcatga-3’ 
Gata4 G9 ETS-H 5’-ctcagactgatgggaaataccattgtctg-3’ 
Gata4 G9 ETS-I/J 5’-ccagggcgacagggattccagaggcgtgggg-3’ 
 

Chromatin immunoprecipitation (ChIP) 

ChIP assays were performed using the ChIP Assay Kit (Millipore; 17-295). DNA 

was isolated from confluent BAEC grown on 10 cm plates. Chromatin derived from 

1x106 cells was cross-linked by incubating cells for 30 min at room temperature in 1% 

paraformaldehyde. The cross-linking reaction was stopped by adding 125mM glycine and 

incubating at room temperature for 5 min. Cells were lysed and sonicated with 10 cycles 

of 30 sec at 45% power and 30 sec of rest with Fisher Scientific Model 120 Sonic 

Dismembrator in the cold room on ice to shear the DNA into 200-500 bp fragments. 

Samples were pooled so each immunoprecipitation was performed with lysate derived 

from 3-4x106 cells. Samples were pre-cleared and incubated with antibody at 4o 

overnight. Normal rabbit IgG (Santa Cruz; sc-2027), rabbit anti-ETS1 (Santa Cruz; sc-

350), and rabbit anti-ERG1/2/3 (Santa Cruz; sc-353) were used at a concentration of 1 

µg/ml. After incubation with protein-A-agarose beads, samples were washed according to 

manufacturer’s instructions at room tempature and protein-DNA complexes were eluted 

in 1% SDS, 0.1M NaHCO3. The crosslinks were reversed by incubating samples with 5M 

NaCl at 65°C for 4 h. The DNA was recovered by phenol-chloroform extraction. 1µg of 

yeast tRNA was added at the isopropanol precipitation step to visualize pelleted material. 

5µl from a 20µl DNA sample was used as template in PCR reaction with annealing 

temperature of 60o and 38 cycles. PCR contained 10x buffer, 2.5 mM MgCl2, 20µM 
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dNTPs, and 1µM of each primer. The primers used to amplify the region of the bovine 

Gata4 G9 enhancer containing the ETS sites were 5’-gacaatgggtgttagactaatag -3’ and 5’-

gcttgtggccgctgggatccctgtcgc -3’. The primers used to amplify a non-conserved sequence 

of Gata4 outside the Gata4 G9 enhancer region were 5’-ttagagggctacagtccatacg-3’ and 

5’-agattaatcagactcatctggcc-3’. 
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