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Vascular endothelial cells are a multifunctional cell type with organotypic specificity in their function and structure. In this review, we discuss various subpopulations of endothelial cells in the mammalian heart, which spatiotemporally regulate critical cellular and molecular processes of heart development via unique sets of angiocrine signaling pathways. In particular, elucidation of intercellular communication among the functional cell types in the developing heart has recently been accelerated by the use of single-cell sequencing. Specifically, we overview the heterogeneic nature of cardiac endothelial cells and their contribution to heart tube and chamber formation, myocardial trabeculation and compaction, and endocardial cushion and valve formation via angiocrine pathways.
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INTRODUCTION

Vascular endothelial cells, which compose the innermost lining of blood vessels, are a multifunctional cell type that dynamically governs tissue function and homeostasis by regulating blood flow, vascular tone, oxygen and nutrient transport, inflammation, and delivery of plasma-borne macromolecules (Aird, 2007; Ricard et al., 2021). Contingent upon the type of tissue or the organ of residence, endothelial cells exhibit a significant level of cellular, molecular, and functional heterogeneity (Augustin and Koh, 2017). Moreover, these organ-specific roles of the endothelial cells are manifested by the unique gene expression signatures that correspond to the organotypic characteristics of the local tissue (Ricard et al., 2021). Recent advances in single-cell sequencing techniques have particularly been advantageous in accelerating our understanding of the organotypic specificity of endothelial cells, as they have been able to eschew the critical limitations of primary endothelial cell culture where removal of endothelial cells from their local microenvironment rapidly promotes endothelial-to-mesenchymal transition (EndoMT) and thereby alters the identity and function of the isolated endothelial cells (Jakab and Augustin, 2020; Paik et al., 2020a). For example, single-cell RNA-sequencing of endothelial cells isolated from 11 major tissues of adult mice led to the profiling of transcriptomic features of quiescent arterial, venous, capillary, and lymphatic endothelial cells (Kalucka et al., 2020), and similarly an organism-wide analysis of Tabula Muris dataset unveiled novel markers of organ- and sex-specific endothelial cells in major organs of adult mice (Paik et al., 2020b). Notably, these single-cell transcriptome studies employed predictive analysis of intercellular communication, whereby unique sets of angiocrine (i.e., secreted) factors from endothelial cells were identified in each of the organs investigated.

In this review, we focus on the angiocrine role of heart-specific endothelial cells in cardiac development and the pathological conditions that arise from dysregulation of the cardiac endothelium. Mammalian heart development encompasses coordinated, spatiotemporal interactions of several cell types in a highly orchestrated manner. Consequently, dysregulation in the intercellular communication or improper generation of any one of the cell types can lead to congenital heart defects and pathological phenotypes (Daniela et al., 2010), which we discuss in this review.



HETEROGENEITY OF CARDIAC ENDOTHELIAL CELLS

In the mammalian heart, endothelial cells are the most abundant cell type next to cardiomyocytes and cardiac fibroblasts, occupying approximately 12 and 8% in cell number in atria and ventricles, respectively (Litviňuková et al., 2020). The precise role of cardiac endothelial cells in cardiac development varies by the specialized function of their subpopulations. Traditionally, pan-endothelial cells in the heart have been identified by the expression of cluster of differentiation 31 (CD31), CD34, CD105 (endoglin), CD144 (vascular endothelial cadherin), CD309 (vascular endothelial growth factor receptor 2), and endothelial nitric oxide synthase (Pratumvinit et al., 2013). Subpopulations of cardiac endothelial cells are classified based on their spatial location in the heart and their gene expression profile (Chen et al., 2014). Endocardial cells for example are specialized endothelial cells unique to the developing heart, which act as a barrier between blood and myocardium in the innermost part of the heart tissue. Endocardial cells are identified by expression of nuclear factor in activated T-cell, cytoplasmic 1 (Nfatc1; de la Pompa et al., 1998; Ranger et al., 1998), natriuretic peptide receptor 3 (Npr3; Hui et al., 2016), and cytokine-like protein 1 (Cytl1; Feng et al., 2019). Coronary endothelial cells expressing apelin (Apln; Tian et al., 2014), fatty acid-binding protein 4 (Fabp4; He et al., 2014), and CD36 (Feng et al., 2019) create and maintain coronary vessels within the myocardium, providing oxygen and nutrients to parenchymal cells and removing waste products. In addition to these two cell types, endothelial cells of the aorta have been shown to express EH domain-containing 3 and family with sequence similarity 167 member B (Fam167b; Feng et al., 2019). Finally, lymphatic endothelial cells that exist in a relatively small number in the heart are marked by the expression of podoplanin (Pdpn; Cimini et al., 2019).



ROLE OF ENDOTHELIAL CELLS IN HEART TUBE AND CHAMBER FORMATION

During cardiac development, cardiac progenitors from the mesodermal primitive streak differentiate into a cardiac crescent, then form a linear heart tube (Clowes et al., 2014). The heart tube has the endocardium as the inner layer and the myocardium as the outer layer, and these two layers are separated by an acellular extracellular matrix (ECM) layer called the cardiac jelly (Eisenberg and Markwald, 1995). Using lineage tracing in mice, endocardium was reported to arise from a precardiac progenitor in the late primitive streak expressing fetal liver kinase 1 (Flk1; Ema et al., 2006; Harris and Black, 2010). Vascular endothelial cells derived from myocardial lineages in the second heart field progenitors were also found to partially contribute to endocardium formation (Verzi et al., 2005; Milgrom-Hoffman et al., 2011). Once the linear heart tube elongates, it undergoes dextral looping and forms chambers through ballooning. During the cardiac chamber ballooning, proliferation of cardiomyocytes is favored in the outer curvature of the heart tube than in the inner curvature, and it has been suggested that this asymmetrical formation of the heart tube is mediated by mechanotransduction via Krüppel-like factor 2 (Klf2). Hence, greater wall shear stress is applied by blood flow on the endocardium in the inner curvature than on the cells in the outer curvature (Figure 1A), which further activates Klf2 that functions as a sensor of fluid shear stress through cilia, Polycystins 2, and Trpv4 (Heckel et al., 2015). Expression of Klf2 gene subsequently activates Notch signaling (Li et al., 2020), and it renders a central role in EndoMT in the ventral atrioventricular endocardial cushion (Chang et al., 2011) and the inner curvature (Camenisch et al., 2010). However, more monocilia are present in the outer curvature than the inner curvature (Van der Heiden et al., 2006; Hierck et al., 2008), and hence it has been speculated that Flf2 activation in the inner curvature is mediated by ion channels instead of cilia. However, more detailed mechanisms of the effects of lower shear stress and more cilia in the outer curvature on cardiac chamber ballooning by the enhanced proliferation of cardiomyocytes are to be elucidated.
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FIGURE 1. Role of angiocrine signaling in cardiac chamber ballooning, trabeculation, and compaction during cardiac development. Angiocrine signaling of cardiac endothelial cells governs major cellular and molecular processes in mammalian heart development. (A) Ballooning is achieved by more active proliferation in the outer curvature (OC) than in the inner curvature (IC), and this asymmetric proliferation between the inner and outer curvatures is associated with Klf2 and cilia signaling in endocardial cells activated by wall shear stress (WSS). (B) Initiation of trabeculation and growth of trabeculae (orange) in ECM bubble are regulated by Nrg1 secreted by endocardial cells (red). After trabeculation, compaction requires angiocrine signaling in both coronary endothelial cells (green) and endocardial cells (red). Endothelial dysfunction can cause left ventricular noncompaction (LVNC). Trabecular and compact cardiomyocytes are indicated in orange and yellow, respectively. E10, mouse embryonic day 10; OFT, outflow tract; RV, right ventricle; LV, left ventricle; CA, common atrium; AVC, atrioventricular canal; ECM, extracellular matrix; and P3, postnatal day 3.




TRABECULATION AND COMPACTION OF MYOCARDIUM

Trabeculae are bundles of cardiomyocytes protruding from the inner wall of the ventricular chamber. The function of trabeculae is to rapidly increase the number of cardiomyocytes in the ventricular chamber and to facilitate oxygen and nutrient exchange in the myocardium via diffusion with their greater surface area prior to the vascularization by the coronary endothelial cells (Sedmera et al., 2000; Pérez-Pomares and de la Pompa, 2011). Trabeculation, or the formation of trabeculae, is initiated as the endocardial endothelial cells lining the inside of the heart tube penetrate the cardiac jelly in the ventricular outer curvature (Männer and Yelbuz, 2019). In mouse embryos, endocardial cells penetrated the cardiac jelly to reach the myocardium after Notch signaling was activated in the endocardium of the ventricular chamber (Grego-Bessa et al., 2007). As endocardial ridges are generated between the touchdowns between the endocardium and myocardium, a layer of the cardiac jelly becomes ECM bubbles (Figure 1B). Subsequently, the trabecular cardiomyocytes enclosed in the ECM bubble start to proliferate, and the trabecular unit grows long toward the ventricular lumen (del Monte-Nieto et al., 2018).

The ECM in the ECM bubble almost disappears as the ECM proteolytic genes ADAM metallopeptidase 1 (Adamts1), matrix metallopeptidase 2 (Mmp2), and hyaluronidase 2 (Hyal2) are activated in the endocardium. During this process, Notch1 intracellular domain (N1ICD)/RBPJK induces the secretion of neuregulin 1 (Nrg1) by activating EphrinB2 in endocardial cells (Grego-Bessa et al., 2007; Figure 1B). Nrg1 plays an important role in the growth of trabeculae through paracrine signaling by promoting proliferation of trabecular cardiomyocytes through ErbB2/4 in the myocardium (Liu et al., 2010). This was confirmed by Nrg1, ErbB2, and ErbB4 null mice that did not form trabeculae in ventricular chambers (Yarden and Sliwkowski, 2001). In addition, Nrg1 promotes ECM synthesis and formation of apical ECM bubbles required for rearrangement and growth of trabeculae (del Monte-Nieto et al., 2018), and the trabeculation was poorly developed in the Notch1 mutants (Grego-Bessa et al., 2007). The ECM secretion by endothelial cells during trabeculation has been confirmed by the single-cell RNA sequencing results of E9.5 and E11.5 mouse heart undergoing trabeculation that showed the high expression of hyaluronan and proteoglycan link protein 1 (Hapln1), a key regulator in developmental ECM interactions in ventricular endothelial cells (DeLaughter et al., 2016).

Moreover, bone morphogenetic protein 10 (Bmp10) is highly expressed in trabecular myocardium and is known to play an important role in trabeculae growth but not in the initiation of trabeculation (Chen et al., 2004). Activation of Bmp10 is also independent of EphrinB2 and Nrg1 expression during trabeculation (Grego-Bessa et al., 2007). Following the trabeculae growth, hypertrabeculation is prevented by endocardial Tie2 expression, which inhibits proliferation of cardiomyocytes (Qu et al., 2019). Single-cell analysis of the ligand-receptor pairs between cardiomyocytes and endocardial cells in E10.5 mouse heart also showed that expression of transforming growth factor beta 1 (Tgfb1), previously characterized to inhibit proliferation of cardiomyocytes, was specifically identified in endocardial cells, and expression of its receptors Tgfbr1 and Tgfbr3 was found in cardiomyocytes (Li et al., 2019). Together, these findings therefore indicate that endocardial cells play a major role in the formation of trabeculae by dynamically regulating promotion and inhibition of cardiomyocyte proliferation and ECM degradation.

At 6–7 weeks of gestation in human and E13.5 in mice, these trabecular structures undergo a compaction process that thickens the ventricular myocardium and smoothens the endocardial surface (Sedmera et al., 2000; MacGrogan et al., 2018). At this time, the myocardium can be divided into trabecular myocardium expressing Nppa in the inner part of the ventricular myocardium and compact myocardium expressing Hey2 in the outer part (Tian et al., 2017). When the myocardium becomes thicker than the diffusion limit due to the rapid proliferation of cardiomyocytes, a hypoxic environment facilitates the formation of coronary vessels in the compact myocardium for the exchange of oxygen and nutrients (Tian et al., 2014; MacGrogan et al., 2018). Using lineage-tracing and clonal analysis tools, it has been revealed that the origin of most coronary endothelial cells is pan-endocardium (Wu et al., 2012; Hui et al., 2018), and about 10% of them are from proepicardium (Katz et al., 2012; Cano et al., 2016). This compaction is continued until postnatal day 28 in mice (Tian et al., 2017), and while some coronary endothelial cells of the postnatal heart are not expanded from embryonic coronary endothelial cells but instead converted from ventricular endocardial cells in the inner part of the myocardium (Tian et al., 2014). Similar to trabeculation, compaction is also largely influenced by endothelial cells through paracrine signaling, and defects in this process can lead to cardiomyopathies such as in the form of left ventricular noncompaction (Wengrofsky et al., 2019).

In autocrine and paracrine signaling during heart development, the Fringe family of glycosyltransferases attaches to the Notch and contributes to ligand selectivity (Panin et al., 1997). In particular, β-1,3-N-Acetylglucosaminyltransferase manic fringe (MFng) modulates the spatiotemporal specificity of Notch-receptor interactions by enhancing Dll4-Notch1 signaling and diminishing Jag-Notch signaling through glycosylation (Panin et al., 1997; Yang et al., 2004; D’Amato et al., 2016b). Expression of MFng is promoted in endocardial during trabeculation, but is required to be down-regulated during compaction to activate myocardial Jag1 and Jag2 signaling to Notch1. In addition to inactivation of MFng, activation of Mib1 gene up-regulates Jag1 in compact cardiomyocytes (D’Amato et al., 2016a). Since Jag1 expression is important for compaction, inactivation of Mib1 causes abnormally thin compact myocardium and large noncompacted trabeculae in mice (Luxán et al., 2013). On the other hand, activation of Dll4 by MFng activation in coronary endothelial cells is required for coronary vessel formation, which is needed for proper myocardial compaction (D’Amato et al., 2016b; Rhee et al., 2018). Therefore, MFng, which promotes Dll4-Notch signaling, must be activated or inactivated depending on the specific type of cardiac endothelial cells for the correct compaction process. In addition, deletion of Jarid2 in both coronary endothelial and endocardial cells increases the methylation at the Notch1 (Mysliwiec et al., 2012) and leads to noncompaction and hypertrabeculation of ventricular myocardium (Mysliwiec et al., 2011).

Compact cardiomyocytes are known to proliferate faster than trabecular cardiomyocytes, which is associated with myocardial growth supported by coronary endothelial cells independent of a blood flow (Giordano et al., 2001; Rhee et al., 2018). These studies show that both endocardial and coronary endothelial cells can impact myocardial compaction via angiocrine pathways by regulating proliferation and cellular maturation of cardiomyocytes. The signaling pathways involved in trabeculation and compaction have been elucidated in in vivo models of mice, chicken, and zebrafish, but the detailed mechanisms of spatially restricted cue from the myocardium for the initiation of endocardial cell sprouting and angiocrine signaling between compact cardiomyocytes and coronary endothelial cells are not yet defined.



ENDOCARDIAL CUSHION AND VALVE FORMATION

Following the looping of the heart tube, endocardial cushions are formed by expanding the cardiac jelly between the endocardium and the myocardium (Homan et al., 2019). In the embryonic heart, the endocardial cushions at the atrioventricular canal (AVC) and outflow tract (OFT) develop into atrioventricular (mitral/tricuspid) valves and semilunar (aortic/pulmonic) valves, respectively (Lin et al., 2012). When the valve formation is initiated, valve endothelial cells, a subpopulation of endocardium expressing JB3 (Wunsch et al., 1994) and lining the AVC and OFT, exhibit activated Dll4-Notch signaling (Figure 2). In the AVC, endocardial Notch1 signaling activates Wnt4 to induce Bmp2 expression in the adjacent myocardium (Wang et al., 2013). Mouse model studies in loss-of-function or gain-of-function of Notch1 and Bmp2 confirmed that expression of both Bmp2 in the AVC myocardium and N1ICD in the endocardium are required to induce EndoMT (Kisanuki et al., 2001; Luna-Zurita et al., 2010; Papoutsi et al., 2018). Notch activation also triggers upregulation of Snail1 and Snail2 expression (Donal et al., 2016) known to inhibit VE-cadherin (Cdh5) whose role is to regulate cell adhesion and cell-to-cell interactions of endocardial cells (Timmerman et al., 2004). Thus, down-regulation of Cdh5 reduces cell-cell contacts between endocardial cells and activates EndoMT. In addition to Notch signaling, Bmp2 has been shown to dramatically up-regulate Snail1 and Snail2 while down-regulating Slug in valve endothelial cells (Niessen et al., 2008). This subsequently leads to decreased expression of Cdh1 and Cdh5, which then promotes EndoMT (Niessen et al., 2008; Kroepil et al., 2012). In addition, expression of Slug in valve endothelial cells induces their migration by repressing VE-cadherin. Therefore, Snail and Slug regulate the initiation of cardiac cushion cellularization by inducing EndoMT (Niessen et al., 2008). Inactivation of Bmp receptor Alk2 in endothelial cells on the other hand results in cardiac cushion EndoMT defects from reduced expression of Snail, but not Slug and Hey2 (Niessen et al., 2008).
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FIGURE 2. Endothelial-to-mesenchymal transition (EndoMT) of valve endothelial cells expressing JB3 and angiocrine signaling during valve formation between E9.5 and E14.5. Valve formation is initiated by EndoMT of valve endothelial cells (purple) to become valve interstitial cells (blue) in cardiac jelly. During valve formation, the cushion is remodeled and elongated by valve interstitial cells, and the mature valve leaflet is supported by chordae tendineae. Endocardial cells and cardiomyocytes are indicated in red and yellow, respectively. OFT, outflow tract; AVC, atrioventricular canal; E9.5, E11.5, E14.5, mouse embryonic day 9.5, 11.5, 14.5, respectively.


Recently, single-cell transcriptomic analysis of valve endothelial cells in the transition state demonstrated that EndoMT was related to PI3K-Akt signaling pathway and AGE-RAGE signaling (Kang et al., 2020). These endocardial-derived valve interstitial cells (VICs) invade the cardiac jelly, proliferate, and remodel the endocardial cushions to form thin elongate valve leaflets (Xiong et al., 2012). With cellular trajectory analysis from single-cell RNA-seq of aortic valve leaflets in calcific aortic valve disease (CAVD) patients, it has been reported that valve endothelial cells may participate in the calcification and thickening of aortic valve disease though more active EndoMT, demonstrated by greater expressions of secreted protein acidic and rich in cysteine and mesenchymal markers (Col1A1 and Cnn1) in transformed valve endothelial cells of CAVD patients than healthy controls (Kang et al., 2020). In the later stages of valve formation, activation of Jag1-Notch1 signaling causes increased Hbegf expression in the endocardium. This inhibits Bmp-phosphorylated Smad1/5 (p-Smad1/5) signaling to restrict proliferation of VICs in cardiac jelly (Donal et al., 2016). Moreover, Jag1 mutants resulted in dysmorphic and thicker valve leaflets due to uncontrolled proliferation of the VICs (Donal et al., 2016). These studies indicate that the investigation of paracrine signaling between the valve endothelial cells and the myocardium should be performed in a spatiotemporally controlled manner to obtain organized and well-functioning heart valves. As the majority of these findings to date have been obtained from animal models, future studies using human induced pluripotent stem cell or 3-dimensional in vitro tissue engineering models for embryonic human heart combining with single-cell analysis will be necessary to corroborate and to translate to human cardiac development and disease mechanisms.



CONCLUSION

Angiocrine signaling of cardiac endothelial cells dynamically regulates proliferation and cellular maturation of cardiomyocytes and formation of endocardial cushion during mammalian heart development, playing a critical role in all phases of cardiogenesis. In this review, we described the angiocrine role of subpopulations of cardiac endothelial cells, including endocardial cells, coronary endothelial cells, and valve endothelial cells during cardiac development reported to date. Nonetheless, the heterogeneic nature of angiocrine signaling within the cardiac arterial, venous, and lymphatic endothelial cells remains poorly understood. Utilizing single-cell omics tools will enable profiling of specialized cell populations and heterogeneity with prediction of intercellular communication, further advancing our understanding of angiocrine function of endothelial cells in cardiac development, homeostasis, and disease. In addition, ongoing clinical trials will reveal whether therapeutics developed based on endocardial-myocardial angiocrine signaling will be effective in combatting human cardiovascular disease, as certain small-molecule candidates associated with nitric oxide-mediated and neuregulin-mediated pathways have been reported to demonstrate a reduction in mortality and improved cardiac output in heart failure patients in early phase clinical trials (Lim et al., 2015). Consequently, thorough elucidation of the role of angiocrine signaling in congenital heart disease will shed light on developing therapeutic strategies using genetic interventions.
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