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Abstract

Specific cell and tissue interactions drive the formation and function of the vertebrate 

cardiovascular systems. Although much attention has been focused on the muscular components of 

the developing heart, the endocardium plays a key role in the formation of a functioning heart. 

Endocardial cells exhibit heterogeneity that allows them to participate in events such as the 

formation of the valves, septation of the outflow tract, and trabeculation. Here we review the 

contributions of the endocardium to cardiovascular development and outline useful approaches 

developed in the chick and mouse that have revealed endocardial cell heterogeneity, the signaling 

molecules that direct endocardial cell behavior, and how these insights have contributed to our 

understanding of cardiovascular development and disease.
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Endocardial Differentiation

Early endocardial differentiation has been and area of intense interest in cardiac 

development for quite some time and critical events in this process have recently been 

reviewed (Ishii and others, 2009). Briefly the precursors of the early heart arise from a 

population of mesodermal cardiac progenitor cells that differentiate through sequential 

stages of differentiation that are characterized by expression of discrete transcription factor 

profiles in the lateral plate or cardiac mesoderm of the developing embryo (Fig. 1). 

Endocardial differentiation is first morphologically detected at approximately embryonic day 

(E) E7.5 of the mouse when a subset of the N-cadherin expressing cardiogenic precursors 

downregulates expression of this adhesion molecule and segregate from the ventral surface 
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of the cardiac mesoderm. The initial induction of endocardial differentiation may be the 

result of signaling from the adjacent lateral plate endoderm as seen in chick cardiac 

mesoderm explants. This differentiation and segregation of myocardium from the 

presumptive endocardium occurs in the rostral region of the cardiac crescent (Baldwin and 

others, 1991; Baldwin and others, 1994) as these cells establish residence in the space 

between what remains of the N-cadherin expressing epithelial cells and the anterior visceral 

endoderm (Linask, 1992; Linask and Lash, 1993) defining two distinct populations of cells 

that will eventually give rise to the endocardium and myocardium, respectively. Some 

controversy exists as to whether the endocardium and myocardium originate from a common 

precursor cell population. Several groups, have utilized single cell ES cell based 

differentiation models to demonstrated that endocardial cells arise from a common progeitor 

cell that also gives rise to myocardial cells as well as smooth muscle cells and these 

endothelial cell have a unique origin form other hematopoietically derived vascular 

endothelium of the embryo (Kattman and others, 2006; Kouskoff and others, 2005; Misfeldt 

and others, 2009; Moretti and others, 2006). However, there is conflicting data, largely 

derived from avian and fish models to suggest that myocardial and endocardial progenitors 

may be specified during gastrulation, prior to formation of the myocardial progenitors, and 

are thus not descendents of a common precursor (Cohen-Gould and Mikawa, 1996; Lee and 

others, 1994; Wei and Mikawa, 2000).

Like the differentiation of cardiac progenitor population, the endocardial cell population is 

characterized by sequential expression of vascular markers such as Flk1, CD31/PECAM-1, 
VE-Cadherin and Tal1, Tie2 and Tie2 in the cardiac crescent during vasculogenic formation 

of the primary endocardial plexus and subsequent remodeling of this plexus to form the 

inner lining of the primitive heart tube. (Reviewed in (Baldwin, 1996; Drake and others, 

1997). Unlike the myocardial cell population, no study has yet to identify a gene unique to 

the endocardium and thus not surprisingly, no single gene has been identified that is required 

for endocardial differentiation that is not also critical for general endothelial differentiation 

and vascular development. However, the endocardium does appear to be a unique 

subpopulation of endothelial cells as evidence not only by their derivation from a different 

progenitor pool, but also by the accentuated or temporally restricted expression of genes 

within the endocardial domain(Table 1). One protein, the transcription factor NFATc1, has 

been identified as the earliest marker of endocardial differentiation in the early embryo and 

is expressed exclusively in the endocardium and not in other endothelial populations through 

E12.5 in the mouse (Fig. 1). Interestingly, while NFATc1 is required for latter semilunar 

valve formation, it is not required endocardial differentiation but has served as a useful 

marker to idendify this unique cell population(de la Pompa and others, 1998; Ranger and 

others, 1998).

Appearance of Endocardial Cell Diversity

After the primitive heart tubes fuse in a cranial to caudal process, the heart undergoes 

looping, bringing the common atria superior to the common ventricle. The tubular heart at 

this point is comprised of two concentric layers of epithelium: the outer myocardial layer 

and the inner endocardial layer. In between these layers is an acellular, gel-like matrix, the 

cardiac jelly. At Hamburger-Hamilton (HH) stage 14 in the chick or E9.0 in the mouse the 
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cardiac jelly in the regions of the atrioventricular (AV) canal and the distal outflow tract 

(OFT) expands to form the endocardial cushions (Hamburger and Hamilton, 1992). A 

pivotal step in valvulogenesis occurs when a subpopulation of endocardial cells overlaying 

the endocardial cushions undergo an epithelial to mesenchymal transformation (EMT). The 

resulting mesenchymal cells populate the cardiac cushions and remodel the extracellular 

matrix (ECM) to aid in the formation of the valves and septa of the adult heart.

The endocardium displays functional heterogeneity during both the formation of the 

endocardial cushions and subsequent endocardial EMT. The first sign of this endocardial 

cell heterogeneity is seen in the initial formation of the endocardial cushions. The expansion 

of the endocardial cushions is due to the myocardial secretion of a glycosaminoglycan rich 

matrix which includes hyaluronic acid, versican and collagen I (Manasek, 1970; Manasek 

and others, 1973). Injection of hyaluronanidase into the cushions of chick embryos to cause 

breakdown of hyaluronic acid caused cushion formation to fail (Baldwin and Solursh, 1989). 

These data were confirmed in the mouse by the inactivation of hyaluronan synthase 2 (has2), 

which is specific to the cushion forming regions in the heart, to eliminate hyaluronic acid 

synthesis. Targeting has2 precludes endocardial cushion formation and subsequent valve 

development (Camenisch and others, 2000). Similarly, disruption of Cspg2, which encodes 

the ECM protein versican, yields a similar phenotype wherein the endocardial cushions are 

absent from the tubular heart among other heart defects (Mjaatvedt and others, 1998). Thus, 

the ECM of the endocardial cushions is distinct from that of the adjacent ventricle and atria.

The signals which induce cushion formation are incompletely described, but include Bmp, 

Wnt and Notch signaling pathways (Lyons and others, 1990; Schubert and others, 2002; 

Timmerman and others, 2004). Bmp2 is expressed in the AV and OFT myocardium prior to 

cushion expansion, starting at E8.5 (Sugi and others, 2004). Mouse embryos with 

myocardial specific deletion of Bmp2 lack AV cushions, have decreased Has2 expression 

corresponding with decreased ECM deposition, and possess AV myocardium patterning 

defects (Ma and others, 2005). Notch has also been shown to be required for endocardial 

cushion formation. Mice with deletions of Notch1 or its associated transcription factor 

RBPJk lack cushions (Timmerman and others, 2004). Inhibition of canonical Wnt signaling 

by overexpression of the wnt antagonist dickkopf-1 in zebrafish or by endothelial β-catenin 

deletion in mice prevents cushion tissue formation, while expansion of wnt signaling with β-

catenin in zebrafish or Wnt9A overexpression in chick expand the domain of the endocardial 

cushions (Hurlstone and others, 2003; Liebner and others, 2004; Person and others, 2005a). 

These data identify Wnt signaling a regulator of endocardial cell heterogeneity. The ultimate 

inductive signal that specifies and induces cushion formation, and the identity of the 

associated endocardium, is unknown.

Endocardial Cell Transformation

Immediately after cushion formation at HH14+/E9.5, factors secreted by the myocardium 

induce a subpopulation of endocardial cells overlying the cardiac cushions to undergo a 

phenotypic and morphological change termed EMT. The criteria for determining if a cell has 

undergone EMT are derived from the morphological and molecular events which occur if an 

epithelial cell in a sheet is to transition into a mesenchymal cell. Briefly, the apical-basal 
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polarity of the endothelial cells is lost as tight-junctions and other adhesion complexes are 

disassembled. VE-cadherin and PECAM-1, important in endothelial cell-cell adhesion, are 

downregulated during the initial steps of EMT and their loss is associated with the loss of 

the endothelial phenotype (Enciso and others, 2003; Ma and others, 2005). The 

downregulation of cadherins and other adhesion complexes is thought to be mediated by 

transcription factors associated with EMT whose expression is normally seen in 

transitioning cells. These transcriptional repressors include snail, slug, twist1, and goosecoid 

among others (Niessen and others, 2008; Shelton and Yutzey, 2008; Timmerman and others, 

2004). Loss of tight junctions and cell-cell adhesion cause a major reorganization of the 

cytoskeleton, which morphologically can be viewed as endothelial cells losing their rounded, 

‘cobblestone’ appearance and becoming elongate. The expression of Smooth Muscle α-

Actin (SMαA) a hallmark of cushion EMT and indicative of this change in cytoskeleton 

organization (Nakajima and others, 1997). During this process the transformed cells in the 

endocardial cushions also lose markers of endocardial cushion identity such as Nfatc1 (de la 

Pompa and others, 1998). A fundamental function of EMT is to make motile cells, and as 

such migration and invasion into the basal substrate are critical steps made possible by the 

transition from the stationary epithelial to the more motile mesenchymal phenotype.

In vitro Cushion Assay

Atrioventricular cushion (AVC) transformation has been studied extensively in avian 

systems using an in vitro assay in which the AVC is excised and placed on a collagen gel 

(Barnett and Desgrosellier, 2003b). In this assay, transformation can be divided into three 

steps based on cellular morphology. Endocardial cells separate from the epithelial sheet and 

elongate in a step termed activation. Next, elongate mesenchymal cells enter the matrix, a 

step termed invasion. Finally, cells migrate through the gel in the migration step. These three 

steps - activation, invasion, and migration - constitute EMT. As in the developing heart, 

EMT is tightly restricted such that endocardial cells in AVC explants undergo EMT whereas 

endocardial cells in the ventricle do not (Bernanke and Markwald, 1982). Transforming cells 

alter their pattern of gene expression downregulating molecules such as the endothelial 

marker PECAM-1 and upregulating SMαA and procollagen type I (Brown and others, 1996; 

Sugi and others, 2004). EMT can be quantitated by counting the number of cells in the gel.

This system has been used to demonstrate that the endocardium of the cushions is 

functionally different from the endocardium overlaying the ventricle (Mjaatvedt and others, 

1987). In in vitro explants assays, the myocardium adjacent to the endocardial cushions is 

necessary for the endocardium to undergo EMT (Bernanke and Markwald, 1982). Removal 

of this myocardium results in a lack of EMT, indicating that inductive signals from the 

myocardium adjacent to the cushions regulate endocardial EMT. Ventricular myocardium 

incubated with cushion endocardium does not result in EMT which implies that the 

inductive signal is present only in myocardium associated with the cushions. In addition, 

incubating AV cushion myocardium with ventricular endocardium does not result in 

endocardial EMT, demonstrating that the endocardium of the cushions is functionally 

distinct from endocardium overlaying the ventricles. Thus, there is restriction of both the 

endothelial cell population that transforms and restriction of the myocardial cell population 

that signals EMT. While the penultimate mechanism underlying this functional 
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heterogeneity in the endocardium is unknown, extensive investigation of this system has 

defined distinct gene expression profiles and signaling pathway activation in the cushion 

endocardium as compared to the rest of the endocardium.

The collagen gel assay has been used for several years to study the process of endocardial 

cell EMT and has led to the identification of several key molecules in EMT (Barnett, 2003; 

Butcher and Markwald, 2007; Schroeder and others, 2003). A role for members of the TGFβ 

family were identified in this manner and have been shown to be key regulators of 

endocardial cell EMT (reviewed in (Barnett and Desgrosellier, 2003b)). Three TGFβ ligands 

signal through three receptors: the TGFβ Type I (TGFβR1), Type II (TGFβR2), and Type III 

(TGFβR3) receptors. In the canonical signaling pathway (Shi and Massague, 2003) ligand 

binding to TGFβR2 recruits TGFβR1, activin receptor like kinase (ALK) 5, to the complex. 

The constitutively active kinase of TGFβR2 phosphorylates and activates the kinase domain 

of ALK5 which subsequently phosphorylates and activates downstream receptor associated 

(R-) Smads 2 and 3 (Kretzschmar and Massague, 1998). TGFβR3 or betaglycan has a short, 

highly conserved intracellular domain with no apparent signaling function (Cheifetz and 

others, 1992; Lopez-Casillas and others, 1991; Wang and others, 1991). Using the chick in 
vitro model of endothelial cell EMT, and a combination of ligand addition, neutralizing 

antisera (Potts and Runyan, 1989), and antisense oligonucleotides (Potts and others, 1991), 

the ligands TGFβ1, TGFβ2, and TGFβ3 as well as TGFβR1 (ALK5), TGFβR2, and TGFβR3 

have all been implicated in endocardial cell EMT (reviewed in(Barnett, 2003; Person and 

others, 2005b).

Viral Gene Transfer in the Heart Tube Endothelium

The coupling of experimental embryology with viral gene transfer increased the utility of the 

AVC transformation assay to test for the role of molecules using both gain and loss of 

function paradigms. This was first demonstrated by overexpressing TGFβR3 in 

nontransforming ventricular cells and inducing EMT with ligand addition (Brown and 

others, 1999). This was compared with antisera to target the receptor in the AVC to inhibit 

EMT, a result later confirmed by siRNA (Townsend, 2011). Therefore, explants from 

specific regions of the heart tube can be used to determine if molecules are sufficient, 

required, or both for EMT. This ability to score for gain-of-function and loss-of-function of 

candidate molecules provides a powerful system in which to assay for molecules that 

regulate EMT (Desgrosellier and others, 2005; Kirkbride and others, 2008b; Townsend and 

others, 2008b). These studies catalyzed an examination of the role of signaling molecules in 

endocardial cell EMT and the development and characterization of an in vitro system in the 

mouse (Camenisch and others, 2002). Studies have shown that downstream signaling 

molecules such as ALK2, Par6, and Smurf1 are both required and sufficient for EMT 

whereas ALK5, a major downstream effector of TGFβ, is only required (Desgrosellier and 

others, 2005; Lai and others, 2000; Townsend and others, 2008a). The requirement for 

ALK5 activity, Par6, and Smurf1 for TGFβR3-dependent endocardial cell EMT is consistent 

with the documented role of this pathway in the dissolution of tight junctions (Ozdamar and 

others, 2005). A modification of these experiments used overexpression of TGFβR3 in 

normally nontransforming ventricular endocardial cells to identify additional ligands for 

TGFβR3. These experiments demonstrates that BMP-2 not only binds to but can signal via 
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TGFβR3 (Kirkbride and others, 2008a). Overexpression of TGFβR3 in normally 

nontransforming ventricular endocardial cells was also used to demonstrate that TGFβR3-

dependent endocardial cell EMT stimulated by either TGFβ2 or BMP-2 requires Smad4 and 

activation of the Par6/Smurf1 pathway (Townsend, 2011).

These approaches, combined with genetic manipulation experiments in species such as 

mouse and zebrafish, have established roles for several factors, such as TGFβs, BMP, Notch, 

Wnt-β catenin, and VEGF, as well as extracellular matrix molecules, in regulating 

endocardial cell EMT (reviewed in (Barnett, 2003; Combs and Yutzey, 2009; Person and 

others, 2005b; Schroeder and others, 2003)). Extensive study has been done to uncover the 

signaling events which drive EMT specifically in the endocardial cells overlaying the 

cushions, which remain incompletely described (Barnett and Desgrosellier, 2003a). EMT 

can be driven by various signaling pathways including BMP, Notch, and TGFB. BMP2 is 

expressed specifically in the cushion myocardium and signals to the cushion endocardium to 

promote EMT. BMP type I receptors ALK2 and ALK3, which bind BMP2, are both required 

in the endocardium for cushion EMT. ALK2 is sufficient to drive endocardial cell EMT in 

ventricular explants in vitro. BMP signaling drives the endocardial expression of genes 

important in the progression of EMT, such as Twist1, Msx1, and Msx2, which are expressed 

in endothelial cells as they transition into mesenchyme.

Notch signaling is required for cushion EMT and linked to BMP2 signaling. Notch1 

signaling activity is restricted to the endocardium overlaying the cushions and drives the 

EMT promoting transcription factor snai1, which downregulates cadherins. While Notch1 

KO mice have hypoplastic valves, recent work by the de la Pompas laboratory showed that 

mice expressing the active form of the notch receptor throughout the endocardium have 

expanded regions of EMT marker expression into the ventricle in vivo, though BMP2 is 

required to drive full invasion of ventricular endocardium in vitro. Interestingly, increased 

notch signaling in the myocardium reduces BMP2 expression, while notch1 deletion in the 

endocardium expands BMP2 expression, suggesting that the endocardium also signals back 

to the myocardium during valvulogenesis. The current data indicates that Notch and BMP 

signaling interact to regulate EMT.

A recent example of a concerted approach using mouse and chick model systems to address 

the role of specific moleculesin the endocardium is the identification of the roles of Eph3A 

and Eph1A in endocardial EMT and valvulogenesis (Frieden, 2010). Eph3A is abundantly 

expressed in the valve mesenchyme. Targeted deletion of Eph3A resulted in hypoplastic 

cushions associated with decreased EMT and mesenchyme production (Stephen and others, 

2007). Eph1A was noted to be expressed in the endocardial cells adjacent to the 

mesenchyme suggesting that Eph1A functioned as a ligand to stimulate Eph3A (Stephen and 

others, 2007). Subsequent gene targeting of Eph1A yielded a less severe phenotype 

characterized by hyperplastic valve leaflets greater in cross sectional area than wildtype 

mice. Cushion explants studies in chick revealed that the addition of Eph1A-Fc to cushion 

explants or overexpression of Eph1A in endocardial cells decreased endocardial cell EMT in 
vitro consistent with the loss of Eph1A resulting in enhanced EMT resulting in hyperplasia. 

These data suggest a more complex relationship between Eph3A and Eph1A than just a 

unidirectional ligand-receptor interaction. Overexpression of Eph3A was sufficient to induce 
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endocardial cell EMT in normally nontransforming ventricular cells demonstrating that 

Eph3A is sufficient for EMT while Eph1A is a negative regulator of EMT. Since Eph 

receptors can signal in both a kinase-dependent and kinase-independent manner the 

expression of a kinase dead mutant was used to reveal a requirement of Eph3A kinase 

activity for this gain of function. These complementary approaches reveal a more complex 

role of this signaling pathway in endocardial cell EMT and valvulogenesis.

What can in vitro results tell us about in vivo phenotypes?

Studies of the role of the TGFβ are perhaps the most conspicuous example of apparently 

disparate in vitro and in vivo results. Although the abrogation of the function of the TGFβ 

ligands, and later the Type I, Type II, and Type III TGFβ receptors, was shown to inhibit 

EMT in vitro, targeting TGFβ2, TGFβR2, and TGFβR3 in vivo revealed that EMT can occur 

in the more complex extracellular matrix (ECM) and growth factor environment found in the 

native cushions. These studies are well exemplified by TGFβR2. This constitutively active, 

serine threonine kinase receptor is a component of all described TGFβ receptor complexes 

(reviewed in (Barnett, 2003). Brown et al (Brown and others, 1996) first targeted this 

receptor in vitro and showed that it was required for EMT. Later studies by Jiao et al (Jiao 

and others, 2006) used Cre-lox technology to selectively delete TGFβR2 from endothelial/

endocardial cells. Surprisingly, these cells did undergo EMT in vivo. However, when AV 

cushion explants were placed on collagen gels EMT failed to occur. This suggests that EMT 

on collagen does require TGFβ while EMT on the more complex matrix in vivo lacks this 

requirement. Loss of TGFβR2 does result in abnormal AV cushion remodeling and cardiac 

looping resulting in double inlet left ventricle (Jiao and others, 2006). Ongoing studies of 

TGFβR3 yield similar results. In the chick, targeting TGFβR3 in vitro inhibits endocardial 

cell EMT while overexpression of TGFβR3 in nontransforming ventricular endocardial cells 

causes EMT (Brown and others, 1999). Targeted deletion of TGFβR3 in the mouse reveals 

that EMT does occur in the AV cushion and OFT but the resulting cushions are greatly 

enlarged (Compton and others, 2007) (unpublished). When AV cushion explants from 

TGFβR3 null mice are placed on collagen gels, EMT fails to occur (unpublished). 

Interestingly, this in vitro requirement and in vivo phenotype is nearly identical to that seen 

for TGFβ2, the ligand that requires TGFβR3 for high affinity binding.

These observations suggest two conclusions concerning the role of TGFβ in EMT. First, the 

serendipitous use of collagen as the matrix for in vitro studies revealed that EMT on this 

substrate is exquisitely sensitive to alterations in TGFβ signaling. There is an obligate 

requirement for intact TGFβ signaling for endocardial cells to undergo EMT on collagen. 

Second, in vivo, the more complex ECM and growth factor environment can support EMT in 

the absence of TGFβ signaling as revealed by Jiao (Jiao and others, 2006) and our studies 

(Compton and others, 2007). However, in the case of the targeting of TGFβR2 and TGFβR3, 

although the cells can bypass a requirement for TGFβ signaling for EMT, the loss of TGFβ 

signaling via these receptors results in abnormal behavior of the endocardially-derived 

mesenchyme resulting in double inlet left ventricle in the case of TGFβR2 (Jiao and others, 

2006) and Double outlet right ventricle and hyperplastic cushions in the case of TGFβR3 

(Compton and others, 2007) and TGFβ2 (Bartram and others, 2001).
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This requirement for TGFβ signaling for EMT on collagen provides an extremely sensitive 

biological system for studying TGFβ signaling in endocardial cells and the role of the 

extracellular matrix in supporting EMT. First, since EMT on collagen requires TGFβ 

receptor activation, this system can be used to screen for downstream mediators of TGFβ 

signaling. This approach is proving especially useful in identifying the mechanisms by 

which TGFβR3 signals. In fact, endocardial cell EMT on collagen is the only known assay 

for TGFβR3 signaling. Second, since EMT on collagen is TGFβ dependent while EMT in 
vivo is not, this system provides the opportunity to identify the factors in vivo that allow 

endocardial cells to bypass the requirement for TGFβ. Assays using TGFβR3 null 

endocardial cells can be used as a screen whereby extracellular components components or 

growth factors can be added back to the matrix in a systematic way in order to identify those 

that stimulate EMT in the absence of intact TGFβ signaling. Therefore, although the in vitro 
collagen gel assay cannot accurately foretell the phenotype in vivo, it can uniquely provide 

essential insight into both the mechanisms of TGFβ signaling that regulate EMT and the in 
vivo environment that can support TGFβ-independent EMT. In the case of the identification 

of TGFβ signaling mechanisms that regulate EMT, specifically those downstream of 

TGFβR3 where little is known about the signaling pathway, this data will be essential in 

selecting molecules that function to control endocardial cell–derived mesenchyme during 

valve formation and in formulating therapeutic strategies to predictably alter the behavior of 

this mesenchyme. Therefore, although some significant differences are evident in the results 

obtained from this in vitro assay (Camenisch and others, 2002) when compared to genetic 

manipulations in vivo (for example, (Jiao and others, 2006)), the AVC transformation assay 

continues to provide useful insight concerning the molecules that regulate endocardial cell 

EMT, mesenchymal cell maturation, and valvulogenesis.

Finally, after endocardial cell EMT seeds the cardiac jelly of the endocardial cushions, the 

resultant mesenchyme cells express genes indicative of mesenchyme differentiation, which 

in valve interstitial cells include the upregulation of downstream BMP targets msx1, msx2 

and sox9 (Akiyama and others, 2004; Chan-Thomas and others, 1993; Chen and others, 

2008). A primary function of these differentiated mesenchymal cells is the secretion of ECM 

components. Cardiac cushion interstitial cells secrete procollagen-I, hyaluronic acid, and 

periostin, which are all required for cushion morphogenesis (Camenisch and others, 2000; 

Inai and others, 2008). The interstitial cells remodel the cardiac jelly into the highly 

organized ECM observed in the mature valves. The mesenchyme initiates the remodeling 

process by secreting ECM components, such as procollagen I, as well as proteins that 

modify the matrix, such as mmp2 (Shelton and Yutzey, 2008). Specific cleavage of the ECM 

components in the cardiac jelly continue at this stage, including cleavage of versican (Kern 

and others, 2006). Some secreted ECM components, such as periostin and cadherin11, might 

also regulate the lineage commitment and differentiation of interstitial cells themselves 

(Butcher and others, 2007; Shelton and Yutzey, 2008). Compared to the early steps in 

valvulogenesis, however, the hemodynamic and molecular mechanisms governing 

remodeling and the subsequent role of endocardium in these processes are relatively 

unknown (Person and others, 2005b).
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Role of the Endocardium in Later Stages of Semilunar Valve Remodeling

While the processes regulating EMT in the AVC and to a lesser extent, the OFT, have been 

extensively investigated as described above, our understanding of the mechanisms that 

regulate post EMT valve remodeling are quite limited. This is due, in part to the fact that 

unlike EMT, there is no in vitro bioassay for endocardial function in the later stages of 

valvulogenesis. In addition this period of development has been essentially inaccessible to 

experimental manipulation because gene perturbation studies in the mouse result in 

embryonic demise in the midgestation mouse embryo. However, based on studies of normal 

mouse and human embryos (Hurle and Colvee, 1983; Hurle and others, 1980; Maron and 

Hutchins, 1974), investigators have demonstrated that following the termination of EMT in 

the OFT of the mouse at E12.5, the condensed mesenchymal protrusions subsequently 

“elongate” to provide the true cardiac valve leaflets. The elongation of primitive valves 

appears to be a result of restricted proliferation of endocardial cells overlying the 

mesenchymal projections on the vascular side of the valve and selective cell death under the 

expanding endocardial rim. The growth of the endocardial edge and evacuation of apoptotic 

cells underneath the proliferating endocardial rim sculpt the swollen mesenchymal primitive 

valves into a typical excavated shape and results in morphogenesis of the sinuses of valsalva.

Recently, two studies using histochemistry, immunohistochemistry, and electron microscopy 

described late gestational and postnatal valve develop in chicken and mouse (Hinton and 

others, 2006) with a remarkably similar progression of developmental events seen in human 

fetuses (Aikawa and others, 2006). These studies document progression of remodeling and 

compartmentalization of the valve leaflet from a disorganized matrix of proteoglycans with 

little detectable elastin, and small amounts of disorganized collagen and relative uniform 

distribution of vascular interstial cells (VICs), to a highly stratified ECM into the 3 

organized layers of fibrosa (arterial aspect primarily composed of collagens), spongiosa 

(central aspect, primarily glycosaminoglycans), and ventricularis (ventricular aspect with 

elastin fibers) with compartmentalization of VICs resulting in increased cell density in the 

fibrosa and ventricularis. Notably, this process is not only conserved across species but 

extends well after birth into postnatal life. Both investigators documented significantly 

higher VIC density, proliferation, and apoptosis in the fetus which gradually decreased into 

adult life This decrease in VIC turnover was accompanied by a greater than 50 fold increase 

in valve cusp area in the chicken suggesting a major component of valve growth is from the 

increased production of ECM.

Interestingly, Aikawa, et al. (Aikawa and others, 2006), evaluated human fetal and adult 

valve formation and documented several important observations potentially relevant to the 

role of the endocardium in this remodeling process 1) valvular endothelial cells express an 

activated phenotype throughout fetal development as evidenced by accentuated expression of 

ICAM-1, VCAM-1, MMP-1, MMP13 and MHC-B nonmuscle myosin which is NOT seen 

in normal adult endothelium and 2) There is heterogeneity and plasticity of the VIC 

population with the majority of fetal VICs displaying an activated phenotype with 

progression to quiescence in the adult. Thus, fetal VIC activation occurs throughout 

development analogous to the valve changes that occur in pathological conditions and after 

surgical substitution (Rabkin-Aikawa and others, 2004; Rabkin and others, 2001) suggesting 
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that analogous molecular mechanisms likely direct both normal developmental and 

pathological interstitial cell activation (Rabkin-Aikawa and others, 2004). A recent in vitro 
study suggests that semilunar VIC plasticity may be the hallmark of a resident subpopulation 

of valve progenitor cells that maintain the ability to differentiate into either endothelial or 

interstitial cells in the valve leaflet (Paruchuri and others, 2006).

There are a few mouse mutants that escape early embryonic demise and are thus informative 

in unravelling the mechanisms of late gestational and early postnatal semilunar valve 

pathology and many of these mutants point to a central role for endocardial cell signaling. 

Most of these mouse models display normal EMT but then evolve a hyperplastic valve 

phenotype that suggests aberrations in valve remodeling. One common feature of many of 

these defects is perturbations that either enhance or attenuate RAS-MAPK signaling (rev 

in(Gelb and Tartaglia, 2006; Yutzey and others, 2005)). Epstein et al showed that 

hyperplastc aortic valve defects in NF1 mutant embryos previously attributed to defects in 

cardiac neural crest cells, result from a primary defect in OFT and AVC endocardium (Gitler 

and others, 2003). These defects were at least partially due to elevations in endocardial 

MAPK signaling secondary to the loss of NF1 suppression of Ras-Erk signaling resulting in 

increased proliferation and decreased apoptosis (Lakkis and Epstein, 1998b) (Lakkis and 

Epstein, 1998a). Consistent with this, patients with Nf1 mutations, develop pulmonary 

stenosis and hypertension but rarely defects in the AVC (Lin and others, 2000). NF1 loss of 

function is mimicked by gain of function mutations in the tyrosine phosphatase Shp2/

PTPN11 which results in a context and dosage dependent increase in Ras-Erk activation, 

increased proliferation, and decreased apoptosis resulting in semilunar valve and AV valve 

hyperplasia (Araki and others, 2004; Gelb and Tartaglia, 2006). Autosomal dominant gain of 

function mutations in Shp2 have been identified as causative for Noonan’s syndrome, the 

most common non-chromosomal syndrome with cardiac abnormalities characterized by 

pulmonary stenosis, hypertrophic cardiomyopathy, and occasionally AV valve defects 

(Tartaglia and others, 2002; Tartaglia and others, 2001). Most recently, hypomorphic 

mutations in SOS1 an essential RAS guanine nucleotide-exchange factor (Ras-Gef), result in 

enhanced RAS-ERK activation and can account for as high as 20% of the cases of Noonan’s 

syndrome not explained by Shp2 mutations (Roberts and others, 2007) (Tartaglia and others, 

2006).

Recent evidence implicate EGF signaling as an important regulator of latter valve 

remodeling and suggests members of this family may play different roles in OFT and AVC 

valve morphogenesis. Loss or attenuation of EGFR/ErbB1 signaling results in preferential 

hypercellularity of semilunar but not AV valves (Sibilia and others, 2003) and this 

hyperplastic semilunar valve phenotype is augmented when crossed to mice heterozygous 

for a null mutation in Shp2 (Chen and others, 2000) (Chen and others, 2000). Deletion of the 

EGF ligand, heparin binding (HB)-EGF, results in increased endocardial cushion size and 

cell proliferation of both semilunar and AV valves (Iwamoto and others, 2003; Jackson and 

others, 2003). These mice show prolonged Smad 1/5/8 phosphorylation and loss of 

phospolipase e (Tadano and others, 2005) (Tadano and others, 2005), a downstream 

component of EGF and Ras signaling, and similar to mice with a null mutation in inhibitory 

Smad (Galvin and others, 2000), have hyperplastic similunar valves. Interestingly, null 

mutations in other EGFR ligands (EGF, ampiregulin, TGF-α) have no effect on valve 
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formation. Thus, while abundant evidence suggests that Shp2-enhances signaling through 

EGF receptors via Ras (Shen and others, 2002) and leads to a transition form proliferation 

and expansion to remodeling and elongation of the valve leaflet, the exact mechanism of 

regulation is likely to be context dependent and receptor specific and may involve the 

intersection of multiple growth factor signaling pathways.

Unique Functions for the Ventricular Endocardium

While the characteristic ability of the AVC and OFT endocardium to undergo EMT has been 

appreciated for quite some time, the unique role of the ventricular endocardium was 

“serendipitously” elucidated by studies of the neuregulin growth factor. Previous studies on 

neuregulin signaling had primarily focused on its role in neural development as well as 

oncogenic transformation. The discovery that mice deficient for neuregulin develop a 

relatively normal early heart but fail to undergo ventricular trabeculation documented an 

essential role for this receptor and it’s ligands in cardiac development (Kramer and others, 

1996; Meyer and Birchmeier, 1995). This epidermal growth factor-like molecule signals 

through a family of protein tyrosine kinases of the EGFR family, Erb2, Erb3, Erb4 (reviewed 

in (Pentassuglia and Sawyer, 2009) that form heterodimers (ErbB2/ErbB3 or ErbB2/ErbB4) 

at the cell surface. Interestingly, neuregulin is expressed by the endocardium of the heart and 

the ErbB2/ErbB4 complex is expressed in a reciprocal pattern by the underlying 

myocardium. In contrast, the ErbB2/ErbB3 complex is expressed by the mesenchymal cells 

adjacent to the endocardium of the endocardial cushions in the atrioventricular canal and 

outflow tract. Deletion of either ErbB2 (Shen and others, 2002) or ErbB4 (Gassmann and 

others, 1995) results in absent trabeculation of the embryonic ventricle, decreased myocyte 

proliferation, and embryonic lethality at E10.5, similar to that seen in the neuregulin knock-

out mice. These data firmly establish the neuregulin signaling pathway between 

endocardium and myocardium as a very specific and essential step in ventricular 

morphogenesis. Likewise, targeted null mutations in the ErbB3 receptor (Erickson and 

others, 1997; Riethmacher and others, 1997) results in abnormal endocardial cushion 

development and defective valve formation resulting in congestive heart failure at E13.5. 

Thus, endocardial signaling via neuregulin is critical for several events intrinsic to 

myocardial development. Similarly, endocardial expression of Brg1 results in of ADAMTS1 

which is required for trabeculation of the ventricle (Stankunas and others, 2008). These 

studies confirm unique chamber specific roles for endocardial signaling in the developing 

heart (Rev. in (Brutsaert and others, 1996; Sedmera and others, 2000; Smith and Bader, 

2007).

Summary

Overwhelming evidence from several lines of investigation supports a remarkable degree of 

endocardial heterogeneity that allows endocardial cell populations to participate in several 

events during cardiac morphogenesis. The basis for the generation and maintenance of this 

diversity is only now being revealed. This knowledge will contribute to a clearer 

understanding of cardiac morphogenesis, contribute to our understanding of the molecular 

basis of congenital heart defects, and may provide novel therapeutic opportunities for the 

treatment of pediatric and adult cardiovascular disease.
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Figure 1. Gene Demarcating Pro- and Definitive Endocardial Cells
(A.) The genes listed in the legend are sequentially expressed within cardiogenic precursors 

that will ultimately contribute to the endocardium in vivo. At E6.5, cells of the epiblast begin 

to ingress through the primitive streak (PS) and those of the future mesoderm will begin to 

express Brachyury T. This includes the population of endocardial progenitors. These cells 

will also co-express other mesoderm specific genes such as Mesp1. By E7.25, cells of the 

same population will reside in the splanchnic mesoderm and can be identified by the 

expression of Isl1. The cardiac crescent that is visible by E7.5 contains cells of the 

splanchnic mesoderm that now express Flk1, Nkx2.5, and Nfatc1. At E8.25, the inner 

endocardial layer of the heart tube can be detected by the expression of Nfatc1 and Tie2. 

Above are images of whole mount embryos at the designated stages. Aside each whole 

mount image is a transverse section of the embryo. (B.) The pathway illustrated provides an 

in vitro delineation of genes expressed specifically during endocardial development. (C.) 

Representative images of Nfatc1 -LacZ BAC and Nfatc1-mCherry BAC expression in vivo 

within cardiogenic regions of a developing embryo at specific stages. The coronal section at 

E8.25 marks the endocardium (e) and the myocardium (m) of the heart tube.
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Figure 2. Endocardial functional heterogeneity during tubular heart morphogenesis
(A.) At e8.5/HH13, the u-shaped tubular heart is comprised of an outer layer of Myocardium 

(Red) and an inner layer of Endocardium (blue) with a layer of cardiac jelly in between. 

Possessing a common outflow tract (OFT), ventricle (Ven), atria (Atr) and atrioventricular 

canal (AVC), the region between the atria and ventricle. (B.) By e9.0/HH14- swellings of 

ECM at the AVC and OFT form the endocardial cushions and endocardial cell EMT is just 

about to begin in the AVC, while the OFT begins EMT a day later. By e10.5/HH16 

endocardial cells overlaying the cushions undergo EMT and invade cardiac jelly. (C.) The 

ventricular endocardium does not undergo EMT, rather it begins the complicated process of 

trabeculation around this time. The atrial endocardium undergoes neither EMT or 

trabeculation at this time.
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Figure 3. Viral gene transfer into the endocardium of the tubular heart
HH10-12 chicks are dissected into whatman rings and injected with virus expressing either 

GFP or a gene of interest. These embryos are incubated for 24 hours on egg agar. The 

atrioventricular canal (AVC) or ventricle (Ven) are excised, cut lengthwise, and explanted 

endocardial side down onto a collagen I gel. After 48 hours incubation, the explants are 

fixed and the total number of GFP positive transformed cells (in green) in the gel are 

counted. Loss of function can be scored as a reduction in the number of transformed cells in 

gels incubated with AVC explants. Gain of function scored is scored as the increase in the 

total number of GFP positive cells in gels incubated with Ven explants. Abbreviations: 

Endo-Endocardium, Myo-Myocardium, Gel-Rat tail collagen I gel.
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Table 2

Selected genes with valve formation defects in vivo in mouse knockout models.

Receptor Expression in Cushion KO Phenotype CHD

Alk2 Endo(Desgrosellier and others, 
2005)

Endo deletion causes hypoplastic
valves(Wang and others, 2005)

Primum type ASD, 
MVP
(Smith and others, 
2009)

Alk3 Endo/Mese/Myo(Dewulf and others, 
1995)

Endo deletion causes hypoplastic
valves, Myo deletion causes
interventricular septum, trabeculae
and AV cushion defects
(Song and others, 2007)

∼

Alk5 Endo/Mese/Myo Endo deletion results in hypoplastic
valves(Sridurongrit and others, 2008)

∼

Bmpr2 Endo/Mese/Myo Defective septation of conotruncus,
atrial septal defect, membranous
VSD, and thickened valve leaflets
(Beppu and others, 2009)

AVSD, ASD, PDA,
PAPVR+
(Roberts and others, 
2004)

Tgfβr2 Endo/Mese/Myo DILV(Jiao and others, 2006) ∼

Tgfβr3 Endo(Brown and others, 1999) Enlarged Valves (ECM)
(Unpublished)

∼

Notch1 Endo(Loomes and others, 2002;
Timmerman and others, 2004)

No cushion formation(Timmerman and others, 2004) VSD, TOF, BAV,
MVS(Garg and 
others, 2005;
McKellar and others, 
2007;
Mohamed and others, 
2006;
Timmerman and 
others, 2004)

Ligands

Bmp2 Myo(Lyons and others, 1990) Cushions do not swell, no EMT, AV
Myo patterning defects
(Ma and others, 2005)

∼

Tgfβ2 Endo/Mes/Myo(Dickson and others, 
1993)

Conotruncal cardiac
malformations(Sanford and others, 1997)

∼

Hb-Egf Endo(Jackson and others, 2003) Enlarged Valves(Iwamoto and others, 2003) ∼

Extracellular Matrix Associated Molecules

Vscn Myo(Zanin and others, 1999) No cushion formation(Mjaatvedt and others, 1998) ∼

Postn Mese(Kruzynska-Frejtag and others, 
2001)

Remodeling defects, AV
mesenchyme maturation
defects(Norris and others, 2008)

∼

Has2 Endo/Mese/Myo(Camenisch and 
others, 2000)

No cushion formation(Camenisch and others, 2000) ∼

Transcription Factors

Fog2 Endo/Mese/Myo(Flagg and others, 
2007)

Increased cushion EMT(Flagg and others, 2007), common 
AV
valve(Svensson and others, 2000;
Tevosian and others, 2000)

TOF(Pizzuti and 
others, 2003)

Gata4 Endo/Mese/Myo
(Rivera-Feliciano and others, 2006)

Endo deletion causes hypoplastic
valves(Rivera-Feliciano and others, 2006)

ASD, AVSD, PVT,
IoCV(Garg and 
others, 2003
Okubo and others, 
2004)

Smad6 Mese(Yamada and others, 1999) Hyperplasia of valves, OFT ∼

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2016 April 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

DeLaughter et al. Page 28

Receptor Expression in Cushion KO Phenotype CHD

septation defects(Galvin and others, 2000)

Sox9 Endo/Mese(Montero and others, 
2002)

Hypoplastic valves, misexpression
of Nfatc1, loss of ErbB3
expression(Akiyama and others, 2004;
Lincoln and others, 2007)

∼

Msx1, Msx2 Msx1-Endo/Mese, Msx2-
Endo/Mese/Myo
(Chen and others, 2008)

Individual, no phenotype(Satokata and others, 2000;
Satokata and Maas, 1994),
Both-Hypoplastic
valves(Chen and others, 2008)

∼

Tbx20 Endo/Mese/Myo(Stennard and 
others, 2003;
Yamagishi and others, 2004)

Heart patterning defects, no
endocardial cushions, Early
embryonic lethality (e10.5)
(Stennard and others, 2005)

ASDII, MVP, MVS,
PFO(Kirk and others, 
2007;
Posch and others)

Twist1 Endo/Mese(Ma and others, 2005) EMT occurs, embryonic lethal
(e11.5)(Chen and Behringer, 1995)

∼

β-catenin Endo/Mese/Myo Endo deletion results in lack of
cushions(Liebner and others, 2004)

∼

Rbpjk Endo/Mese/Myo No cushion formation(Timmerman ∼

Nfatc1 Endo(Misfeldt and others, 2009) Lack of OFT valves(de la Pompa and others, 1998; Ranger 
and others, 1998)

∼

Nf1 Endo/Mese/Myo Excessive cushion formation via
hyperproliferation(Lakkis and Epstein, 1998b)

∼

Abbreviations. Tissue: Endo-Endocardium, Mese-Mesencymal cells of the valve, Myo-Myocardium, DILV- Double Inlet Left Ventricle. CHD: 
ASD- Atrial Septal Defect, ASDII-Ostium Secundum Atrial Septal Defects, AVSD- atrioventrical Septal Defect, BAV-Bicuspid Aortic Valve, 
IoCV- Insufficiency of Cardiac Valves, MVP- Mitral Valve Prolapse, MVS- Mitral Valve Stenosis, PAPVR+ Partial Anomalous Venous Return
+Artery Hypertension, PDA- Patent Ductus Arteriosus, PVT- Pulmonary Valve Thickening, Tetralogy of Fallot, VSD- Ventricular Septal Defect.
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