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Abstract

:

Tightly-regulated levels of retinoic acid (RA) are critical for promoting normal vertebrate development. The extensive history of research on RA has shown that its proper regulation is essential for cardiac progenitor specification and organogenesis. Here, we discuss the roles of RA signaling and its establishment of networks that drive both early and later steps of normal vertebrate heart development. We focus on studies that highlight the drastic effects alternative levels of RA have on early cardiomyocyte (CM) specification and cardiac chamber morphogenesis, consequences of improper RA synthesis and degradation, and known effectors downstream of RA. We conclude with the implications of these findings to our understanding of cardiac regeneration and the etiologies of congenital heart defects.
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1. Introduction


The vertebrate heart is the first organ to form and function in all vertebrates. Its ability to function properly during embryogenesis and postnatal life is vital for both the normal development of other organs and an embryo’s long-term survival. We now recognize that vertebrate heart development during embryogenesis is a progressive process that integrates many intricate cellular interactions. Consequently, given the complexity of heart development, it is not surprising that congenital heart malformations are the most common human birth defects, accounting for nearly one-third of all major congenital anomalies and an incidence of ~1% of all live births [1]. The congenital heart diseases (CHDs) that arise from these malformations can be due to genetic or environmental causes [2]. Hence, understanding the mechanisms that promote normal and aberrant vertebrate heart development is critical for generating preventative and therapeutic strategies for the broad etiologies of CHDs.



Retinoic acid (RA) is the most active metabolic product of Vitamin A (retinol) within vertebrate embryos. Although RA signaling is necessary for normal vertebrate heart development, it is critical that the levels of embryonic RA are maintained within an appropriate range as both decreases and increases in RA signaling can result in congenital heart malformations [3,4]. Indeed, at least in animal models, Vitamin A deficiency (VAD) can result in a variety of severe congenital heart abnormalities, including the absence of the coronary vascular network and a ballooned, non-compartmentalized, randomly-positioned heart with inflow and outflow tract anomalies [5,6,7,8]. In humans, although there is less incidence of VAD in Western societies [9], it is still pandemic and affects ~15% of pregnant women worldwide [10]. Excessive intake of RA or Vitamin A (called hypervitaminosis A) is highly teratogenic in humans and can result in transposition of the great vessels (TGV), tetralogy of Fallot (TOF), double-outlet right ventricle (DORV), persistent truncus arteriosus (PTA), atrioventricular septal defects (AVSDs), and aortic-arch artery malformations [11,12]. Significantly, RA is used therapeutically, such as for severe cases of nodular acne vulgaris. In the US, women of childbearing age are required to be on two forms of contraceptive when being treated with isotretinoin (an isoform of RA) for acne, indicative of RA’s significant teratogenicity [13]. Furthermore, due to the emphasis of dietary vitamin supplementation, it is estimated that 75% of people in developed nations regularly ingest more than the recommended daily allowance for Vitamin A [14]. Despite the attention that RA signaling has received over the past 70 years with respect to heart development, there is still a considerable way to go until we have a complete understanding of the precise mechanisms by which RA signaling reiteratively directs the multitude of processes required for normal heart development (Figure 1). Here, we highlight known roles of RA signaling during early vertebrate heart development, the current understanding of the requirements of RA signaling during CM specification, and the implication that downstream responses to RA signaling contribute to specific heart malformations.




2. Initial Insights into the Roles of RA Signaling during Heart Development


The study of RA signaling has a rich history, initiating with the investigation of VAD in the 1920s [15,16]. Collectively, a series of studies led by Dr. Josef Warkany were the first to suggest that the levels of Vitamin A, and consequently RA, need to be tightly-regulated for the establishment of normal vertebrate heart development. In the late 1940s and early 1950s, Wilson and Warkany showed that rat embryos harvested from mothers fed a VAD diet exhibited outflow tract (OFT) and aortic arch defects [5,6,17,18]. At about the same time, Cohlan first demonstrated that excessive intake of Vitamin A (hypervitaminosis A) also causes a spectrum of congenital anomalies in rat embryos [19]. Subsequently, Warkany et al. showed that hypervitaminosis A caused OFT and septal defects in mice [20]. As indicated above, we now understand that excessive RA itself is a potent teratogen, which can occur due to hyper-supplementation, excess liver intake, or oral RA therapy, and may result in RA embryopathy and CHDs that include a spectrum of OFT and septal defects [8,9,11,12,21,22,23,24]. Since these initial experiments, studies in a variety of vertebrate animal models have demonstrated that inappropriate RA signaling results in a similar spectrum of congenital malformations [7,25,26,27,28,29,30,31,32,33,34,35,36]. Importantly, our understanding of the role(s) of RA signaling during heart development have evolved considerably, in part due to the greater realization that vertebrate heart development is a dynamic process [21,37,38,39,40,41,42,43,44,45]. We now know that the differentiation of cardiac progenitors occurs continuously, but functionally and genetically in two waves [4,39,46,47,48,49,50] (Figure 2). In all vertebrates, cardiac progenitors are specified bilaterally at positions within the anterior lateral plate mesoderm (ALPM). Subsequently, progenitor cells move toward the midline to fuse, forming the rudimentary heart tube. The first heart field (FHF), the earlier differentiating wave of cardiac progenitors, forms the primitive heart tube. The second heart field (SHF), which comprises later differentiating cardiac progenitors in the pharyngeal mesoderm adjacent to the FHF, then accrete to both poles of the developing heart. In the more complex four-chambered hearts found in birds and mammals, the left ventricle is predominantly derived from the FHF, while the SHF contributes to both atria, the right ventricle, and the outflow tract (Figure 2A). In the two-chambered heart of zebrafish, the SHF gives rise to almost half the ventricle, the bulbous arteriosus in the outflow tract, and a small portion of the atrium [39,46,47] (Figure 2B).




3. RA Signal Restricts Cardiac Progenitor Specification


3.1. Restriction of Cardiac Progenitors Fields within the ALPM


Proper levels of RA signaling are required reiteratively throughout vertebrate heart development, with defined roles during early patterning of the cardiac progenitor fields, OFT development, epicardial cell determination, and cardiac regeneration (Figure 1). RA signaling’s requirement in early cardiac progenitor patterning has received a significant amount of attention. Because RA signaling is both necessary and sufficient to promote posterior fates along the anterior–posterior (A-P) axis early in vertebrate embryos [51,52], it is logical that its earliest requirements in cardiogenesis reflect this role. Indeed, the major RA producing enzyme, Aldehyde dehydrogenase 1 family member A2 (Aldh1a2—formerly called Raldh2) is expressed within the ALPM and somites that are immediately posterior to the cardiogenic field [53,54,55]. As discussed in a number of informative reviews in greater detail [56,57], it was first hypothesized that RA signaling partitions naïve cardiac progenitors into atrial and ventricular CMs by promoting atrial identity at the expense of ventricular identity. This hypothesis, attractive due to its simplicity, was derived from studies in zebrafish, chicken, and mouse embryos that showed overtly differential sensitivity of the atrial and ventricular chambers to modulation of RA signaling [29,30,58,59]. However, these studies were largely based on morphological analysis of the hearts. As argued below, the use of cardiac progenitor markers for the FHF and SHF, updated fate maps, and the quantification of cardiomyocytes within the cardiac chambers of these models have challenged this hypothesis. Our position is that RA signaling does not strictly promote atrial identity within CMs in vivo within the vertebrate embryo. Despite the lack of in vivo support for a role in determining atrial and ventricular identity, this does not diminish the observations that certain RA concentrations can be used to preferentially induce atrial identity in embryonic and induced pluripotent stem cells [60,61,62,63,64]. Thus, manipulating RA signaling levels can be employed in directed differentiation protocols to enhance the generation of specific CM populations in in vitro contexts, which clearly is valuable for tissue engineering and regenerative approaches that may be used to confront cardiac diseases.



The prevailing hypothesis for the early requirement of RA signaling in vivo is that it restricts the cardiac progenitor fields within the ALPM (Figure 3 and Table 1), again as part of its role in A-P patterning along the embryonic axis. This hypothesis originated from studies in zebrafish. It was demonstrated that both zebrafish mutants bearing aldh1a2 mutations, called neckless (nls), and inhibition of RA signaling in embryos using pharmacological antagonists result in increased specification of cardiac progenitors within the ALPM, producing larger hearts with increased number of atrial and ventricular CMs [41,65]. Subsequently, studies in the frog Xenopus laevis and mice also indicated that RA signaling limits cardiac specification within the ALPM [66,67]. In mice, Aldh1a2 mutants have a posterior expansion of cardiac progenitor marker expression [67,68]. Despite the expansion, it is still unclear if RA signaling strictly restricts SHF specification or aspects of both FHF and SHF specification. It has been suggested that RA signaling restricts the SHF in mice [67]. However, in the absence of RA signaling, the SHF progenitor cells fail to differentiate in mouse embryos, which accounts for the observed OFT defects. In zebrafish, whether RA signaling differentially affects FHF or SHF progenitors has not been reported. Nevertheless, consistent with the observation that RA signaling restricts both ventricular and atrial progenitors, caged-fluorescein-mediated lineage tracing in zebrafish has shown that the ventricular and atrial progenitors lie in a medio-lateral orientation within the ALPM [46,69,70] (Figure 3). It had been proposed that ventricular and atrial progenitors have an A-P relationship within vertebrate embryos [53], which at one point was argued to support the RA-chamber patterning hypothesis mentioned above. However, the most recent fate-maps of the ALPM in chick embryos have suggested that the orientation of ventricular and atrial progenitors is also medio-lateral [71]. Thus, current data support that RA signaling has a conserved requirement restricting the cardiac progenitor fields within the ALPM of vertebrates.




3.2. Coordination of Adjacent Cardiac and Forelimb Progenitor Fields by RA


RA signaling patterns cell fates in all three embryonic germ layers along the A-P axis [38,89]. Thus, the expansion of the cardiac progenitor field within the ALPM due to insufficient RA signaling indicates that this consequence might affect neighboring progenitors. In addition to cardiac defects, Aldh1a2 mutant mice and zebrafish embryos lack forelimbs (the pectoral fins in zebrafish) [41,90]. Consistent with this hypothesis, studies in zebrafish and mice have shown that loss of RA signaling inversely affects fate decisions between the adjacent cardiac and forelimb progenitors fields within the ALPM [41,90,91,92]. Caged-fluorescein lineage tracing has shown that in RA signaling-deficient zebrafish embryos, cardiac progenitors arise from a region of the posterior ALPM that normally harbors forelimb progenitors [41]. Furthermore, in zebrafish tbx5a expression, the ortholog of TBX5 in humans that commonly results in Holt-Oram (hand-heart) syndrome and is essential for venous pole development [93,94], normally marks a continuous band of cells that encompasses cardiac and forelimb progenitors [95]. This continuous band of expression within the ALPM subsequently separates into anterior cardiac and posterior forelimb mesenchyme populations as development proceeds. However, in RA signaling-deficient zebrafish embryos, all the tbx5a+ cells contribute to the heart field, consistent with a posterior expansion and partitioning of fates within this expression field [95]. Furthermore, there is mechanistic evidence that the coordination of this fate decision occurs through RA’s repression of FGF signaling, which promotes cardiac specification. In aldh1a2/nls zebrafish and Aldh1a2 mouse mutants, the expression of Fgf8 homologs is expanded in cardiac progenitors [67,68,96,97,98]. In zebrafish, inhibition of Fgf8a is sufficient to restore pectoral fin development in RA signaling-deficient embryos. Thus, within vertebrate embryos, RA signaling has a conserved requirement limiting FGF signaling within the ALPM, which is necessary to coordinate proper heart and forelimb development [90,92].




3.3. Dose-Dependent Differential Regulation of Atrial and Ventricular Progenitor Specification by RA


The teratogenicity of RA demonstrates the critical need to limit RA signaling within embryos. With respect to early patterning, increases in RA signaling support the hypothesis that RA restricts cardiac specification more generally (Figure 3). Specifically, treatment of zebrafish and chick embryos and embryonic stem cells with high concentrations of RA can eliminate CM specification [30,33,58,99,100,101]. Thus, loss and gain of RA signaling have conserved requirements limiting ventricular and atrial CM specification. Despite the ability of high levels of RA signaling to eliminate CM progenitors, the effects of intermediate increases in RA signaling are rather nuanced, which can in part explain the interpretation that RA signaling promotes atrial identity at the expense of ventricular identity. Interestingly, depending on the level of excess RA signaling, dramatically different and seemingly paradoxical effects on ventricular and atrial specification are observed, which are demonstrably not the clear converse of loss of RA signaling. For instance, treatment of zebrafish embryos with persistent, yet very low concentrations of RA can promote both ventricular and atrial specification [34]. Yet, treatment of zebrafish embryos with varying levels of intermediate concentrations can independently affect ventricular and atrial specification, which parallels the degree of induced posteriorization along the A-P axis across the three germ layers. Lower-intermediate concentrations of RA can promote atrial specification without affecting ventricular progenitor specification, while higher-intermediate concentrations start to repress ventricular specification without affecting atrial specification. As the previously used RA concentrations in models like chickens and zebrafish did not predominantly eliminate cardiac progenitors [29,30], it is clear how the overt morphology of these hearts could lead to the interpretation that RA signaling promotes atrial identity at the expense of ventricular identity. Importantly, in zebrafish, cardiac defects due to loss of cyp26a1 and cyp26c1, which are necessary to degrade RA, recapitulate the defects observed with lower-intermediate RA treatments, reflecting the lower levels of endogenous retinoids within these embryos compared to exogenous treatments [42,44,83,102] (Table 1). Since it is established that RA signaling acts as a morphogen within the zebrafish embryo [40,103,104,105,106], we have proposed that this concentration-dependent effect of RA on cardiac specification is due to a flattening of the RA signaling gradient [3]. Similar to what is observed with loss of RA, increased RA signaling affects fate decisions between cardiac and adjacent progenitors within the ALPM. Lineage-tracing in embryos deficient for both Cyp26a1 and Cyp26c1 in zebrafish embryos have shown that the resulting increase in RA signaling promotes an anterior shift in the cardiac field. This expansion of atrial progenitors with moderate increases in RA levels is at the expense of more anterior cranial vasculature progenitors [44]. Thus, like loss of RA signaling, increases in RA signaling promote fate decisions between cardiac and adjacent progenitor fields within the embryo.





4. Consequences of Perturbing Components of the RA Signaling Pathway during Heart Development


4.1. Congenital Heart Malformations from Loss of RA Synthesis


RA is generated through a series of enzymatic steps from Vitamin A [3,4]. As indicated in part above, the importance of proper RA signaling to vertebrate heart development has been revealed through studying mutants involved in the production and degradation of RA, as well as in the storage of its precursors. In humans, mutations that affect the gene Stimulated by retinoic acid 6 (STRA6), which is required for the translocation of retinol into cells, are associated with Matthew Wood Syndrome, a disease characterized by dextrocardia, OFT, and septal defects [75,76,77,88] (Table 1). However, murine KOs for Stra6, as well as enzymes involved in the transport of retinol (Retinol binding protein 4 (Rbp4)) and storage of retinol (Lecithin retinol acyltransferase (Lrat)), do not have overt cardiac defects themselves [24,107,108,109,110,111]. Therefore, we will not focus on them here, but refer to other reviews covering their requirements in more detail [3,112]. In contrast to loss of enzymes involved in the transport and storage of retinol, perturbation of the enzymes required to synthesize RA produce dramatic cardiac defects. A long-standing view was that the local production of RA through tissue-specific expression of Aldh1a2 produced the embryonic RA gradient. However, a mutagenesis screen in mice first showed that Retinol dehydrogenase 10 (Rdh10), which is required for the conversion from retinol to retinal also has localized expression that helps generate the RA gradient [85]. Indeed, with respect to the heart, the most severe defects in Rdh10 mutant mice appear to phenocopy Aldh1a2 KO mice as both exhibit linearized, dilated, and unlooped hearts [28,67,85] (Table 1). However, the severity of the overall phenotype of Rdh10 KO appears to vary with genetic background [86,87,113]. Although a rdh10a mutant zebrafish has yet to be reported, we have found that Rdh10a-depleted zebrafish embryos have enlarged hearts with increased CM number, similar to aldh1a2 zebrafish mutants [114]. As described above, in both aldh1a2/nls mutant zebrafish and Aldh1a2 KO mice, there is a posterior expansion of cardiac progenitors [41,65,68,115]. Recent work has shown that RA signaling within the posterior SHF regulates interactions between T-box transcript factors to promote proper heart development. The transcription factor Tbx1, which is associated with DiGeorge syndrome (DGS) in humans [72,73], is a conserved regulator of SHF accretion to both cardiac poles of the heart [116,117]. During the early stages of heart tube elongation in mice, a subset of Tbx1-expressing cells in the posterior SHF downregulates the arterial pole progenitor program via the expression of Tbx5 at the future venous pole [43]. The posterior Tbx5 activation in this population requires RA for its expression, as blocking the RA signaling that promotes the caudal Tbx5 expression leads to AVSDs [43]. While Aldh1a2 KO mice have a posterior expansion of the cardiac progenitor field and OFT defects due to a failure of the SHF to differentiate, pleotropic effects on other tissues that contribute to the heart also underlie these defects. Specifically, Aldh1a2 KO mice have improperly localized cardiac neural crest within the OFT [118]. Thus, in addition to proper patterning of cardiac progenitors along the A-P axis, the production of RA is necessary to partition the SHF and for the proper incorporation of neural crest into the OFT.




4.2. Congenital Heart Malformations from the Inability to Limit RA


CYP26A1 is the major RA-degrading enzyme during early vertebrate development [80,81,82,119]. In humans, loss of CYP26A1 expression is indirectly associated with DGS, which results in OFT and aortic arch defects. DGS is predominantly associated with heterozygous deletion of the 22q11.2 region on chromosome 22. The defects found with DGS are largely attributed to loss of the TBX1 gene [120]. Numerous studies have pointed to a mutually repressive signaling loop between Tbx1 and RA signaling during pharyngeal arch artery development, in part through Tbx1 promoting Cyp26a1 expression [72,115,121,122]. In LgDel/+ mice, a model for DGS that are hemizygous for 24 different genes, pharyngeal defects are enhanced with RA treatment, supporting the idea that there is increased sensitivity to RA in this model [123]. Likewise, the spectrum of congenital malformations in murine and zebrafish Cyp26a1 mutants is consistent with increased RA levels [80,82,83,102,124,125]. In mice, Cyp26a1 KO results in looping defects [80]. Although Cyp26c1 KOs alone do not have overt cardiac defects [83], compound Cyp26a1 and Cyp26c1 KOs produce a more severe phenotype, indicating that there is some functional redundancy between these enzymes within embryos [83]. As already discussed above, the earliest cardiac defect observed in Cyp26-deficient zebrafish embryos is an increase in atrial specification at the expense of adjacent anterior endothelial progenitors, due to an anterior shift in the cardiac progenitor field residing in the ALPM [44]. However, we found that modest depletion of the Cyp26 enzymes can produce OFT defects independent of the early patterning defects. Remarkably, the cardiac defects in these Cyp26-depleted embryos results from two mechanisms: First, there is a failure of SHF progenitors to join the OFT. Instead, they contribute to the pharyngeal arch arteries; Second, FHF ventricular CMs are extruded from the heart tube, due to disruption of their cell polarity and the surrounding extracellular matrix [42]. While Cyp26 enzymes facilitate the degradation of RA, dehydrogenase/reductase 3 (Dhrs3) is necessary to limit available embryonic RA levels, as the major embryonic reductase responsible for converting retinal back into retinol for storage. Dhrs3 null mice and Dhrs3a-deficient zebrafish have increases in RA signaling, consistent with its role in limiting RA production [26,74,126,127]. Importantly, Dhrs3 KO mice exhibit a spectrum of congenital heart defects, including OFT and septal defects [74], as well as aberrant invasion and migration of the epicardial cells into the myocardium, which results in thinning of the myocardium and aberrant coronary vessel formation [26] (Table 1). Thus, cardiac integrity within the nascent heart tube, OFT, and epicardial development are particular sensitive to increased levels of RA.




4.3. Congenital Malformations from Loss of Retinoic Acid Receptors


RA is a ligand for cognate nuclear hormone receptors that produce direct transcriptional output [128]. Canonical RA signaling is integrated through RA receptors (RARs) that bind RA response elements (RAREs) upon heterodimerization with retinoid X receptors (RXRs) [103]. In mammals, there are 3 RARs (-α, -β, and -γ), each with numerous RAR isoforms. There appears to be significant functional redundancy between them, given that mutation of a single isoform does not result in significant overt cardiac defects. Double KOs of RARα with RARβ, RARγ, or RXRα exhibit a range of OFT defects (Table 1), including DORV, PTA, AVSDs, and aortic arch defects [35,78,79,129]. However, studies of hearts in RXRα KO mice have indicated that KO of this single RXR isoform have subtle cardiac defects due to premature differentiation of ventricular CMs. Although this phenotype can be partially recapitulated in RARα KO and VAD mice [130,131,132,133,134,135], supporting that it may be mediated by RA signaling, a caveat is that RXRs can dimerize with other nuclear hormone receptors [128]. Nevertheless, work specifically examining the OFT defects of RARα1; RARβ double mutants has shown that the SHF fails to differentiate in these mutants [79]. Furthermore, these mutant mice fail to express the transcription factor Gata4, a marker of cardiac progenitor specification, in the caudal portion of the SHF. Importantly, both RARα1; RARβ mutants and Gata4+/−; Gata6+/− heterozygous mice are born with a common arterial trunk, supporting a relationship between RA signaling and Gata factors during OFT development [79,136].



In addition to the apparent genetic interaction between RA signaling and Gata4, it appears that the OFT septation defects observed in RARα1; RARβ double mutant mice may be due to a direct downstream response of RARs within the mesodermally-derived OFT to limit TGF-β signaling [79]. Interestingly, ectopic expression of RA signaling causes OFT/cushion defects that occur via the direct repression of Tbx2—and consequently TFG-β—lending support to a broader antagonistic relationship between RA and TFG-β signaling that needs to be balanced for proper vertebrate OFT development [137]. In contrast to murine models, it has been proposed that RARs have distinct and non-redundant roles in other vertebrates. For instance, in chick embryos, it has been shown that RARγ regulates left–right patterning and looping during cardiac morphogenesis, and that RARα2 is required for the formation of the inflow tract [84]. Due to the genome-wide duplication in teleosts, zebrafish have 4 RARs (-αa, -αb, -γa, and -γb, yet they lack β genes) and 6 RXRs (-αa, -αb, -βa, -βb, -γa, and -γb) [138,139]. There is significant redundancy of RARs in zebrafish [140]. However, we found that depletion of the zebrafish RARαb1 isoform results in slight cardiomegaly due to increased CM specification [34]. Surprisingly, these defects appear to be due to inappropriate feedback that results in a gain of low levels of RA signaling. Collectively, these data suggest that RA and its various receptors intimately interact with other signaling networks and likely via a variety of downstream transcription factors to finetune the regulation and complex process of OFT development.





5. Downstream Effectors of RA Signaling in Vertebrate Heart Development


The stimulation of RA signaling leads to the expression of downstream effectors that direct proper heart development. During early embryonic patterning, RA directly targets numerous homeobox (Hox) transcription factors that promote positional identity within embryos [141,142,143,144,145,146,147]. Data supports that anterior Hox genes are critical for proper OFT development in mice [148], which is consistent with the sensitivity of OFT defects observed from perturbed RA signaling. Lineage tracing experiments in mice have revealed that SHF progenitors contributing to both atria and the inferior wall of the OFT express Hoxa1, Hoxa3, and Hoxb1, all of which are RA-responsive [148]. Furthermore, enhancers for Hoxb1 contain RAREs, implicating RA’s direct role in promoting Hoxb1 expression in the SHF and proepicardial progenitors [149], while Hoxb1 KO mice have ventricular septal defects, abnormal positioning of the great arteries, and shorter OFTs due to increased proliferation and precocious differentiation of SHF progenitors [147]. Although Hoxa1 KO mice do not have overt cardiac defects, loss of a single Hoxb1 allele in Hoxa1 mutants produces OFT defects similar to Hoxb1 deficiency alone, supporting the notion there is some functional redundancy or compensation between these factors. In zebrafish, we have found that depletion of Hoxb5b, which is the RA-responsive within the ALPM, can specifically limit atrial specification [41]. However, these defects require confirmation in engineered mutants. We have found that excess Hox gene expression in zebrafish, due to the overexpression of the direct RA target Hoxb5b, strongly posteriorizes the ALPM in a manner analogous to excess RA treatment, and that high levels of Hoxb5b are capable of eliminating virtually all differentiated CMs [33,41]. Thus, Hox genes are likely key mediators of RA signaling that promote proper heart development during early patterning of the ALPM and slightly later during the accretion of SHF progenitors to the elongating heart tube.



Although data support that Hox genes are some of the key effectors of RA that mold the developing vertebrate heart, it is likely that the proper regulation of numerous transcription factors within a RA signaling gene regulatory network contributes to normal heart development. For instance, the orphan nuclear receptor subfamily 2 group F proteins (Nr2f; also called Chicken ovalbumin upstream promoting transcription factors (Coup-TF)) appears to function downstream of RA signaling within the ALPM. Nr2f1 and Nr2f2 have been shown to have conserved RA-responsiveness across vertebrate phyla [150,151,152,153,154,155,156]. Indeed, the requirement for Nr2f2 (Coup-TFII) in establishing atrial identity has been known for two decades, as Nr2f2 KO mice have atrial differentiation defects [157,158]. During the differentiation of atrial-like cardiomyocytes from human embryonic stem cells, NR2F1 and NR2F2 are upregulated upon treatment with exogenous RA [60,64]. Notably, while RA is part of protocols used to differentiate atrial-like cells from embryonic and human induced-pluripotent stem cells [60,61,62,64], as discussed above, a strict requirement for RA during atrial development in animal models has yet to support this role. Our recent study of Nr2f1a and Nr2f2 redundancy using engineered zebrafish mutants indicates that these Nr2fs are both required within the ALPM to restrict CM specification and promote posterior pharyngeal muscle differentiation [155]. In addition to forelimb defects, RA signaling deficient animals lose the posterior pharyngeal muscles, whose progenitors reside adjacent to cardiac progenitors [159,160]. Furthermore, detailed lineage tracing in mice has suggested that there may be bipotent populations of cardiopharyngeal progenitors, which contribute to both the heart and the pharyngeal muscles in mammals [161,162]. Our data imply that a RA-Nr2f regulatory network may contribute to cell fate choices between these differentiation paths downstream of RA signaling.




6. Later Requirements of RA Signaling in Heart Development


Although many of the major structural defects from inappropriate RA signaling may be attributed to early defects in cardiac progenitor patterning and improper SHF development, RA also has roles in regulating later aspects of heart development (Figure 1). For instance, RA signaling is necessary for formation of the epicardium, diversification of epicardial-derived fibroblasts, and myocardial expansion [54,118,163,164,165]. Consistent with these requirements, Aldh1a2 is observed by E11.5 and stage 18 in the epicardium of mouse and quail embryos, respectively [54,166]. In chicken embryos, maintenance of both Wilm’s Tumor Gene 1 (Wt1) and Aldh1a2 expression is necessary for the proper invasion of epicardial cells into the ventricular myocardium, while concomitantly limiting these cells from contributing to the coronary vasculature [167]. While Wt1 regulates an epithelial-to-mesenchymal transition (EMT) of the invading epicardial cells and promotes Aldh1a2 expression in this population [164,168], its expression is also responsive to RA within epicardial cells, suggesting a feedback mechanism between both signals within this tissue. Both Wt1 and RA signaling promote expression of the transcription factor Tcf21, which limits epicardial progenitors from differentiating into smooth muscle [165]. Notably, loss of Tcf21 in mice leads to neonatal lethality with increased smooth muscle differentiation on the heart’s surface, epicardial blistering, and a paucity of interstitial fibroblasts [165]. During myocardial expansion in mammals, the epicardium produces a feedforward loop that is largely driven by the release of RA, which in turn induces hepatic erythropoietin to activate Igf2 [169,170]. Subsequently, CM proliferation proceeds through the upregulation of various growth pathways, including Pi3K/ERK, Fgf, and Wnt signaling [171,172,173,174]. Thus, many major pathways that control proliferation may be under the control of RA signaling. Interestingly in adult zebrafish, which can regenerate a significant portion of their heart, increased aldh1a2 expression throughout the epicardium is among the first responses to injury. Inhibition of RA signaling in the epicardium and endocardium is sufficient to blunt proper regeneration of the adult zebrafish heart following resection of the ventricular apex [175,176,177] (Figure 4). The interplay of all of these pathways as downstream effectors of RA suggests that an improved understanding of RA signaling may have the potential to yield crucial therapeutic applications for cardiac regeneration.




7. Toward the Future: Understanding RA Signaling in the Vertebrate Heart


Proper levels of RA signaling are necessary for normal heart development in all vertebrates. Since the initial pivotal insights of Josef Warkany and his colleagues almost 70 years ago, significant progress has been made in our understanding of how proper RA signaling levels regulate distinct stages of vertebrate heart development. However, there is still a considerable way to go before many of these findings have translational therapeutic application. A particular deficiency in our current understanding is with respect to the larger gene regulatory networks that RA signaling employs to regulate heart development in each of the discussed contexts. Significant recent advances in sequencing techniques have led to a previously inconceivable ability to interrogate gene regulatory networks at the single cell level. Our enhanced ability to tease apart the specific RA-dependent epigenetic and transcriptional mechanisms that drive the gene regulatory networks at each stage of heart development will illuminate the intricacies of normal cardiac morphogenesis and the etiologies of congenital heart malformations in humans. Ultimately, we are hopeful that a new understanding is on the horizon that will lead to novel preventative and therapeutic strategies to confront the high incidence of CHDs.
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Figure 1. Tightly controlled levels of RA signaling regulate multiple aspects of vertebrate heart development. Schematic of a four-chamber mammalian heart. 1) RA restricts the number of CM progenitors during early development within the anterior lateral plate mesoderm (ALPM). 2) Multiple levels of RA transport, synthesis, and signaling regulate proper conotruncal septation and the formation of the OFT. 3) During the broader processes of cardiac morphogenesis, RA receptors (RARs) have been shown to be crucial for appropriate left-right patterning, cardiac looping, and development of the inflow tract. 4) RA is necessary for the proper invasion of epicardial-derived cells into the ventricular myocardium, their subsequent differentiation into fibroblasts, and for the regulation of proper vascular smooth muscle and coronary vessel formation. 5) RA also promotes CM proliferation via a feedforward loop that drives its release from the epicardium and is necessary in the epicardium for regeneration. 






Figure 1. Tightly controlled levels of RA signaling regulate multiple aspects of vertebrate heart development. Schematic of a four-chamber mammalian heart. 1) RA restricts the number of CM progenitors during early development within the anterior lateral plate mesoderm (ALPM). 2) Multiple levels of RA transport, synthesis, and signaling regulate proper conotruncal septation and the formation of the OFT. 3) During the broader processes of cardiac morphogenesis, RA receptors (RARs) have been shown to be crucial for appropriate left-right patterning, cardiac looping, and development of the inflow tract. 4) RA is necessary for the proper invasion of epicardial-derived cells into the ventricular myocardium, their subsequent differentiation into fibroblasts, and for the regulation of proper vascular smooth muscle and coronary vessel formation. 5) RA also promotes CM proliferation via a feedforward loop that drives its release from the epicardium and is necessary in the epicardium for regeneration.



[image: Jdb 07 00011 g001]







[image: Jdb 07 00011 g002 550]





Figure 2. Vertebrate cardiac development proceeds via the contribution of waves of differentiating progenitors, as depicted in mice (A) and zebrafish (B). During early heart development, cardiac progenitors are specified bilaterally within the lateral plate mesoderm and subsequently coalesce as the cardiac crescent in mice and cardiac cone, in zebrafish. In mice and zebrafish embryos, the FHF (magenta) first forms the cardiac tube followed by contribution of the SHF (green) to the poles of the developing heart. Subsequently, the heart undergoes an expansion process, including ballooning of the cardiac chambers, looping, and the generation of the septa in the case of a four-chamber heart. A: atrium; E: embryonic day; HPF: hours post-fertilization; LA: left atrium; LV: left ventricle; OFT: outflow tract; PT: pulmonary trunk; RA: right atrium; RV: right ventricle; V: ventricle. 
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Figure 3. Schematic depicting restriction of CM specification by RA signaling. Levels of RA are indicated by blue arrows. Loss of RA results in a marked expansion of both chambers (A) compared to wildtype hearts (B). High doses of RA can inhibit the specification of both ventricular and atrial CMs (C), even completely eliminating cardiac specification with the highest dosages. While extremes of RA signaling perturbation are depicted here, progressive increases in RA signaling can cause differential effects on ventricular and atrial specification. The schematic depicted is primarily derived from studies in zebrafish. 
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Figure 4. Cardiac proliferation and regenerative pathways are under the control of RA signaling. Schematic of aldh1a2 expression in an apical resection model of adult zebrafish; however, a similar response is seen from other injuries and albeit subdued, in murine models [177]. In response to injury, enhanced aldh1a2 expression is observed throughout the epicardium (A) and in the endocardium of both cardiac chambers (B). In the epicardium, aldh1a2 expression becomes restricted to the site of injury, concomitant with deposition of the first layers of new muscle which require the coordination of RA-driven myocardial and epicardial events. Proper regeneration of the adult zebrafish heart requires RA synthesis from the endocardium as well, where RA synthesis rapidly becomes restricted to the site of injury as early as 24 h post-amputation. Dpa: day post-amputation, OFT: outflow tract. 
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Table 1. Cardiac defects arising from loss of RA signaling.
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Cardiac Defect

	
Genes

	
Species

	
References






	
Increased CM specification/Cardiomegaly

	
ALDH1A2

	
Mouse

	
[28]




	

	
Zebrafish

	
[65]




	
CYP26A1;CYP26C1

	
Zebrafish

	
[42,44]




	
RARαb1

	
Zebrafish

	
[34]




	
Outflow-tract defects

	
CYP26A1

	
Human

	
[72,73]




	
DHRS3

	
Mouse

	
[26,74]




	
STRA6

	
Human

	
[75,76,77]




	
RARα1;RARβ

	

	




	
RARα1;RARγ

	

	




	
RARα1;RXRα

	
Mouse

	
[35,78,79]




	
RARβ1;RXRα

	

	




	
RARβ2;RXRα

	

	




	
Atrioventricular

septal defects

	
DHRS3

	
Mouse

	
[74]




	
STRA6

	
Human

	
[76]




	
Asymmetry/

Looping defects

	
ALDH1A2

	
Mouse

	
[28,53,54,55,67,68]




	
CYP26A1

	
Mouse

	
[80,81,82]




	
CYP26A1;CYP26C1

	
Mouse

	
[83]




	
RARγ

	
Chicken

	
[84]




	
RDH10

	
Mouse

	
[85,86,87]




	
STRA6

	
Human

	
[88]




	
Inflow-tract defects

	
RARα2

	
Chicken

	
[84]
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