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Abstract

Heart malformation is the leading cause of human birth defects, and many of the congenital heart 

diseases (CHDs) originate from genetic defects that impact cardiac development and maturation. 

During development, the vertebrate heart undergoes a series of complex morphogenetic processes 

that increase its ability to pump blood. One of these processes leads to the formation of the 

finger-like muscular projections called trabeculae. Trabeculae increase cardiac output and permit 

nutrition and oxygen uptake in the embryonic myocardium prior to coronary vascularization 

without increasing heart size. Cardiac trabeculation is also crucial for the development of the 

intraventricular fast conduction system. Alterations in cardiac trabecular development can manifest 

as a variety of congenital defects such as left ventricular noncompaction. In this review, we discuss 

the latest advances in understanding the molecular and cellular mechanisms underlying cardiac 

trabecular development.
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1. Introduction

Heart is the first organ to form and function during embryogenesis. Heart development is 

a highly orchestrated process involving cardiac specification and differentiation followed 

by a series of morphogenetic events that ultimately lead to the formation of the multi­

chambered functional organ[1–5]. Dysregulation of cardiac development often leads to 

congenital structural abnormalities that compromise cardiac function and negatively impact 

life quality of afflicted individuals[6, 7]. Though some congenital heart defects can be fixed 

*Address correspondence to: Dr. Jiandong Liu, Jiandong_liu@med.unc.edu, 3312C MBRB, 111 Mason Farm Rd, University of 
North Carolina, Chapel Hill, Chapel Hill, NC 27599, Phone: 919-962-0326Fax: 919-966-6012. 

Conflict of interest
The authors declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Semin Cell Dev Biol. Author manuscript; available in PMC 2022 October 01.

Published in final edited form as:
Semin Cell Dev Biol. 2021 October ; 118: 144–149. doi:10.1016/j.semcdb.2021.04.022.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with surgical interventions, treatment options for congenital heart diseases in general are 

very limited[8]. As congenital cardiac defects often arise from genetic defects that affect 

cardiac development and maturation during embryogenesis, a more complete understanding 

of the underlying molecular and cellular mechanisms that govern cardiac development 

will undoubtedly facilitate future development of new therapeutic approaches to repair the 

damaged hearts[6].

In vertebrate animals, cardiogenesis commences as the cardiac progenitors migrate towards 

and coalescence at the anterior lateral plate mesoderm to form the bilateral cardiac 

primordia[2, 3]. Given the spatial arrangement and timing of differentiation, cardiac 

progenitors are organized into two progenitor cell pools, namely the first heart field (FHF) 

and the medially positioned second heart field (SHF)[9–12]. Differentiation of cardiac 

progenitor cells give rise to the formation of diverse cardiac cell types and structures. 

The first wave of cardiac differentiation occurs as the cells of FHF converge at the 

ventral midline to form the linear heart tube, additional cardiac cells are then recruited 

to the heart tube as the late-differentiating SHF extends the linear heart at its arterial and 

venous poles[13]. Concurrent with addition of the SHF-derived cardiac cells, the linear 

heart tube jogs leftward and begins cardiac looping. Subsequently, the ventricles undergo 

a series of morphogenetic processes collectively known as cardiac chamber maturation to 

enhance the pumping function. As a critical step of chamber maturation process, cardiac 

trabeculation leads to the formation of the sheet-like muscular structure called cardiac 

trabeculae that expand into the ventricular lumen[4, 14, 15]. Cardiac trabeculation allows 

for an increase in cardiac mass and myocardial surface area for blood oxygenation prior 

to coronary vascularization. Cardiac trabeculation is also required for the establishment 

of the fast conduction system of the developing ventricle[16, 17]. Failure to form cardiac 

trabeculae causes embryonic lethality and subtle perturbations of this process could lead to 

congenital cardiomyopathy[18–20]. In this review, we highlight the latest advances in our 

understanding of the cellular and molecular mechanism of embryonic chamber maturation.

2. Cellular and molecular basis of cardiac trabeculation

In vertebrate animals, cardiac trabeculation begins right after cardiac looping stage whereby 

clusters of ventricular cardiomyocytes (CMs) extrude and expand into cardiac jelly to form 

sheet-like projections. Interestingly, the very first forming cardiac trabecula is often found 

on the myocardial wall right across from the atrioventricular canal, an area that likely 

experiences the strongest mechanic forces generated by fluid flow in the heart[21]. After 

the first trabecular projection forms, the complexity of cardiac trabeculation significantly 

increases with radially arranged trabecular projections distributing along outer curvature of 

the ventricle[21]. As such, the ventricular myocardium becomes organized into two visually 

distinguishable layers - the outer compact layer and the inner trabecular layer. Though 

the basic morphological changes involved in cardiac trabeculation is clear, it is not until 

recently that we began to understand the cellular basis of this process. To determine whether 

the nascent trabeculae are formed as a result of CM delamination, oriented cell division, 

or a combination of both. Liu et al., performed lineage tracing study and demonstrated 

that, in the developing zebrafish heart, cardiac trabeculation is primarily driven by CM 

delamination from the compact myocardium[21]. In contrast, trabecular initiation in mouse 
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hearts appears to involve both oriented cell division and CM delamination, though the 

relative contribution of these two mechanisms to trabecular formation remains to be further 

determined[22–24]. At the cellular level, the compact and trabecular CMs are clearly 

morphologically distinct[21, 25, 26]. The compact CMs exhibit epithelial-like morphology. 

Consistently, targeted expression of the apical protein Podocalyxin in CMs show a polarized 

distribution of the GFP tagged Podocalyxin fusion protein on the apical membrane of 

the compact CMs. EGFP-Podocalyxi, however, is localized all around the cell membrane 

of the delaminating prospective trabecular CMs, suggesting that cardiac trabeculation 

likely involves an epithelial-mesenchymal transition[25]. To gain further understanding of 

the cellular events underlying cardiac trabeculation, Staudt et al., performed combined 

clonal analysis and live cell imaging of beating hearts. They found that trabeculae are 

formed by a two-step delamination process whereby the CMs first extended their luminal 

extensions followed by gradually constricting their apical membrane, thereby moving their 

cell bodies into the trabecular layer[26]. During this process, the delaminating CMs exhibit 

morphological changes as well as rearrangements of adhesion junctions, in so doing, 

these cells remain in tight contact with their neighbors while extruding from the compact 

layer[27]. Altogether, these studies demonstrated that cardiac trabeculation entails a series 

of highly coordinated cellular events, including CM apical constriction, depolarization and 

remodeling of myocardial cell-cell adhesion, that ultimately lead to CM delamination and 

emergence of trabeculae.

Cardiac trabeculation requires crosstalk at the molecular level between endocardial and 

myocardial cells. Among the multiple pathways implicated in the control of cardiac 

trabeculation, Neuregulin/ErbB signaling constitutes one of the most critical nodes for 

the endocardium-myocardium crosstalk. Neuregulin (Nrg) belongs to the epidermal growth 

factor (EGF) receptor ligand family[28]. In the developing heart, Nrg is synthesized in 

the endocardial cells as transmembrane precursor proteins, which are then proteolytically 

cleaved to release the soluble active form[29]. Binding of Nrg to the receptor tyrosine kinase 

ErbB4 on the cell surface of the CMs promotes the formation of ErbB4/ErbB2 heterodimeric 

receptor complex and activates downstream signaling[28]. Nrg/ErbB signaling plays an 

evolutionary conserved role in cardiac trabeculation. In mouse embryos, knockout of Nrg1, 

ErbB2 or ErbB4 leads to early embryonic lethality due to defective trabeculation[29–31]. 

Likewise, loss of Nrg/ErbB2 signaling in zebrafish embryos completely abrogates trabecular 

formation[21, 32]. By generating chimeric hearts that contained both wildtype and ErbB2 

mutant CMs, Liu et al., further demonstrated that ErbB2 functions cell-autonomously in the 

CMs to promote their delamination and subsequent trabecular emergence[21].

Upstream of Nrg/ErbB signaling, primary cilia-mediated flow sensing is required for 

trabeculation through activation of Notch signaling in the ventricular endocardium[33]. 

Notch signaling plays critical roles in diverse developmental and physiological processes. 

In particular, it has been implicated in regulating many aspects of endothelial biology, such 

as arteriogenesis and angiogenesis[34]. In the developing heart, the transmembrane Notch 

ligand and receptor are both expressed in endocardial cells[35, 36]. As Notch ligands and 

receptors can interact both within the same cell (cis) and across cell boundaries (trans)[37], 

it remains to be determined whether Notch signaling is activated in cis or trans in the 

endocardium. Nevertheless, upon ligand binding, Notch is cleaved sequentially by ADAM 
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(a distintegrin and metalloprotease) protease and γ-secretase[38, 39]. This proteolytic 

cleavage releases the Notch intracellular domain (NICD) from the membrane, allowing 

its further translocation into the nucleus[40]. In the nucleus, NICD interacts with the 

transcription factor RBP-Jκ to activate the expression of Notch downstream effectors[40]. 

Notch signaling is required for cardiac trabeculation in both mouse and zebrafish embryos. 

Endothelial conditional knockout of Notch receptor Notch1b or RBP-Jκ resulted in impaired 

murine cardiac trabecular formation[36]. Likewise, loss of Notch signaling in zebrafish 

embryos led to a complete absence of cardiac trabeculae in the hearts[33]. These studies also 

indicated that EphrinB2 acts as the critical downstream effector of Notch signaling essential 

for transcriptional upregulation of Nrg in the endocardium[33, 36] (Fig. 1). Interestingly, 

the activation of the Notch signaling in the ventricular endocardium coincides with the 

onset of blood flow. Indeed, blocking cardiac contraction, and hence stopping fluid flow 

in the heart completely abrogated Notch activation in the ventricular endocardium and 

subsequent cardiac trabecular formation[33]. In the absence of cardiac contraction, the 

expression of Notch receptor Notch1b is barely detectable in the ventricular endocardium, 

suggestion cardiac contraction is required for trabeculation through its role in regulating 

notch1b transcription. During development, the heart is exposed to many biomechanical 

forces including those exerted on the wall by blood flow (shear stress), by fluid pressure 

(cyclic strain), within the wall by cell–cell attachments, and on the wall by extracardiac 

pressures[20]. Although in vivo and in vitro experiments indicated that the endocardium­

specific Notch activation requires functional primary cilia[33], further research is needed 

to determine whether mechanic forces other than shear stress sensed by primary cilia are 

involved in regulating cardiac trabeculation. It will also be equally important to unravel the 

signaling mechanisms through which cells translate biomechanical forces into changes in the 

signaling events that modulate cardiac wall patterning. Cardiac form and cardiac function 

are intimately linked, while mechanical forces generated by cardiac contraction are required 

for cardiac trabeculation and other cardiac developmental processes, cardiac trabeculation 

has recently been found to serve to enhance contractility for efficient cardiac function and 

that defects in this process lead to wall-stress induced pathological hypertrophic remodeling, 

similar to that of adult mammalian hearts subjected to pressure overload[41, 42].

Cardiac trabeculation also requires proper establishment of the acellular extracellular matrix, 

referred to as cardiac jelly, between the myocardial and endocardial layers. Cardiac 

jelly contains a unique composition of extracellular matrix (ECM) proteins that could 

impart spatial context for signaling events by influencing the distribution of signaling 

molecules[43]. For example, binding of Nrg1 immunoglobulin-like domain to ECM 

components is thought to locally potentiate Nrg1/ErbB signaling activity[44]. Consistent 

with this idea, mice embryos deficient of cardiac jelly due to loss of hyaluronan synthase-2 
(Has2) or versican (Vcan) do not form cardiac trabeculae[45, 46]. Has2 encodes an 

enzyme required for production of the mucopolysaccharide hyaluronan, and Vcan belongs 

to aggrecan/versican proteoglycan gene family that encodes large chondroitin sulfate 

proteoglycan. During cardiac trabeculation, the ECM also appears to be dynamically 

remodeled by the opposing function of Notch1 and Nrg1 signaling. Notch1 signaling 

induces ECM degradation, likely creating a local environment permissive for the endocardial 

cells to form projections through cardiac jelly and establish physical contact with 
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the compact myocardium. In contrast, Nrg1/ErbB2 signaling promotes ECM synthesis 

necessary for trabecular rearrangement and growth[47]. While proper establishment of 

cardiac jelly is critical for cardiac trabecular formation, timely degradation of this 

extracellular structure by secreted matrix metalloproteinases ADAMTS1 (a disintegrin-like 

and metallopeptidase with thrombospondin type 1 motif, 1) is required for preventing 

excessive trabeculation[48, 49]. Mice ADAMTS1−/− mutant embryos develop significant 

increased trabecular muscles. In contrast, aberrant upregulation of ADAMTS1 in the 

endocardium led to premature breakdown of the cardiac jelly and precocious termination 

of trabecular development[48].

3. Ventricle chamber growth and differentiation

After the initial trabecular ridges form, trabecular projections increase in length 

longitudinally and are interconnected radially to form a mesh-like network. In higher 

vertebrates, trabecular CMs are generally considered to be more differentiated than 

compact CMs, and the trabecular and compact CMs are marked by the expression of 

a distinct set of genes[19, 24]. For instance, the trabecular CMs highly express BMP10 
and Sphingosine 1-phosphate receptor-1, whereas Tbx20 and Hey2 are enriched in the 

compact myocardium[24]. In the developing ventricles, some other genes, such as Nppa 
and Nppb that encode the natriuretic peptides, switches their initial pan ventricular 

expression to a more trabecular myocardium restricted pattern[50, 51]. The trabecular CMs 

are also considered to be less proliferative than compact CMs. In support of this idea, 

clonal analysis demonstrated that the transmural cone-shaped myocyte colonies formed 

by retrovirus labeled precardiac mesodermal single cell were wider at the epicardial side 

versus the endocardial side, suggestive of a gradient of transmural CM proliferation[52]. 

This difference in the proliferative capacity between compact and trabecular myocardium 

is likely due to the differential expression of p57Kip2 and N-Myc in these two layers. 

The trabecular myocardium expresses p57Kip2, which encodes a cyclin-dependent kinase 

inhibitor of the p21 family. Interestingly, this spatial confinement of p57Kip2 expression in 

the trabecular myocardium is lost in Splotch mutant hearts whereby p57Kip2 expression 

was significantly derepressed in the compact myocardium. Consequently, the mutants 

exhibited much reduced myocardium wall thickness and died during mid-gestation[53]. 

In contrast, the proto-oncogene gene N-Myc was found to be expressed in the compact 

myocardium. Myocardial ablation of N-Myc significantly reduced cardiac proliferation due 

to downregulation of N-Myc target genes cyclin D1 and cyclin D2. As a result, the mutant 

hearts had thin-walled ventricles and displayed precocious myocardial differentiation as 

evidenced by an upregulation of the adult form of Troponin I, Tnni3[54].

Concomitant with the initiation of trabeculation, cells of the proepicardial organ (PEO) 

migrate to the post-looped heart to form its outermost layer, the epicardium. In amniotes, 

the PEO is a transient extracardiac mesothelial cell structure located near the atrioventricular 

junction of the heart[55–57]. Migration of the PEO cells to form the epicardium requires 

α4β1 integrin-mediated cell adhesion. Targeted deletion of α4 integrin leads to severely 

impaired PEO cell migration and a nearly complete absence of the epicardium[58, 59]. 

While the trabecular formation appears to be minimally affected, the compact myocardium 

in these mutant hearts is severely reduced in thickness, suggesting that the epicardium is a 
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source of secreted mitogenic factors that regulate compact myocardial growth[58, 59]. One 

of the well characterized epicardium derived mitogens are fibroblast growth factors (Fgfs). 

Among the 22 or so Fgf family members, Fgf9 is highly expressed in the epicardium 

and its expression is under direct control of retinoid acid signaling[60]. Loss of fgf9 
function in the mouse embryos leads to decreased myocardial proliferation and reduced 

compact myocardial wall thickness[60]. Likewise, conditionally knockout Fgf receptors 

Fgfr1 and Fgfr2 in the myocardium resulted in a similar ventricular wall hypoplasia, further 

supporting an essential role for epicardium derived FGF signaling in promoting ventricular 

maturation[60].

In higher vertebrates, the final stage of trabecular development is compaction of the 

trabeculae towards their base, which transforms the spongy trabecular myocardium into 

compact and solid muscles[19, 20, 24]. As a result, the base of the trabeculae increases its 

thickness, and gradually integrates into the myocardial wall proper before it is no longer 

distinguishable from the original compact myocardium. Failure of trabecular compaction 

leads to prominent trabeculae, deep inter-trabecular recesses and compromised cardiac 

function. One of the molecular pathways iteratively utilized to control cardiac development 

is the Notch signaling pathway. In addition to promoting cardiac trabecular formation, recent 

study has also implicated Notch signaling in regulating trabecular compaction[61]. During 

trabecular compaction, the ligand for Notch signaling Jag 1 and Mib1, which encodes 

the E3 ubiquitin protein ligase required for activation of Jag1 to activate Notch signaling, 

are both expressed in the myocardium. Histological analysis at E16.5 demonstrated that 

conditional knockout of Mib1 in the myocardium causes severe hyper-trabeculation and 

thin compact myocardium. The myocardial wall defects observed in myocardial Mib1 
conditional mutants were also evident at the adult stage. Echocardiographic analysis of the 

adult mutant hearts showed prominent trabeculations with deep intertrabecular recesses[61]. 

Altogether, these data indicate that inactivation of Notch signaling in the myocardium 

arrests trabecular compaction that persists all the way into adulthood. The Notch receptor 

involved in trabecular compaction is likely to be Notch2. In contrast to the restricted 

activation of Notch1 in the endocardium, Notch2 is primarily activated in the myocardium 

with dynamic activation pattern. From E9.5 to E10.5, Notch2 is activated throughout 

the myocardium including both the compact and trabecular layers. At E11.5, however, 

Notch2 activity becomes confined to the trabecular layer, suggestive a potential role of 

Notch2 in regulating myocardial wall architecture[62]. Indeed, activating Notch signaling by 

overexpressing the constitutively active Notch2 in the myocardium resulted noncompaction 

and hypertrabeculation phenotypes, which is similar to that of inactivation of Notch 

signaling, suggesting that tightly regulated Notch activity is essential for proper trabecular 

compaction[62]. Interestingly, trabecular compaction doesn’t occur in lower vertebrates such 

as the zebrafish and reptiles. To increase the outer myocardial wall thickness, the juvenile 

zebrafish hearts instead undergo a process called cortical muscle formation, whereby subset 

of trabecular CMs break through the compact myocardium and subsequently proliferate to 

form the outermost cortical layer[63].
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4. Ventricular conduction system

Cardiac trabeculation is a prerequisite step for the development of the intraventricular 

conduction system. The formation of the ventricular conduction system (VCS) promotes 

a transition in the ventricular activation pattern from a primitive base-to-apex pattern to 

a mature apex-to-base pattern[64]. The electrical signal that triggers cardiac contraction 

is generated by the specialized pacemaker cells located in the sinoatrial node (SAN). 

The electrical activity then spread through the atrial myocardium before a temporarily 

delay in the atrioventricular node (AVN). Subsequently, the VCS receives and then rapidly 

propagates the impulse to the ventricular apex so that the ventricular myocardium is 

activated from apex to base. The VCS is capable of conducting the electrical signal 

more rapidly than the SAN and AVN mainly due to its high levels of Cx40 and Scn5a 

expression[65]. In higher vertebrates, the VCS is composed of the atrioventricular bundle 

(AVB), the bundle branches (BBs) and the Purkinje fibers (PFs)[65]. Based on lineage 

tracing studies performed in different species, all components of the VSC arise from 

cardiomyogenic progenitors but not neurogenic progenitor cells[16, 17]. Although the exact 

location of the progenitor cells that give rise to AVB remains to be further determined, the 

BBs and PFs are formed from subendocardial trabecular CMs of the intraventricular septum 

and the ventricles, respectively, supporting the “recruitment model” proposed Christoffels 

and Moorman whereby the conduction cells arise from CM differentiation into conduction 

phenotype[65]. Clearly, proper development of the VCS is a complex process and requires 

coordinated growth and differentiation. We direct the interested readers to the reviews by 

and referenced in Christoffels and Moorman, and Goodyer and Wu[4, 66]. Nevertheless, 

the induction of conduction phenotype in the subendocardial trabecular cells relies on 

paracrine signals from the overlying endocardium. Interestingly, the molecular nature of the 

endocardium derived inductive signals differs between species. In chickens, Endothelin-1 

(ET-1) direct underlying trabecular myocytes toward a Purkinje lineage[67], whereas in 

mammals, ET-1 signaling appears to be dispensable for PFs development, and Nrg1 instead 

is found to be able to promote Purkinje fiber specification[68, 69]. The effect of Nrg1 

signaling on VCS development appears to be mediated by the PEA3 group of ETS family 

transcription factor Etv1[70]. Etv1 is highly expressed in the His-Purkinje network and 

its transcript level was significantly increased upon NRG1 treatment. Consistent with 

its confined cardiac expression in the fast conduction tissues, Etv1 deficiency severely 

compromised VCS development, causing significant loss of terminal Purkinje cells and 

thus marked cardiac conduction defects. At the molecular level, Etv1 deficient hearts 

significantly downregulated the expression of Nkx2–5, Gja5 and Scn5a, which could at 

least in part contributed to the observed Etv1 mutant VCS development and function defects 

[70].

5. Left ventricular noncompaction

Left ventricular non-compaction (LVNC) is a rare yet widely recognized cardiomyopathy 

characterized by prominent trabeculae with deep inter-trabecular recesses and thinning 

of left ventricular myocardial wall[71, 72]. Due to recent improvement in diagnostic 

approaches, LVNC has been increasingly diagnosed in adults. The prevalence of this 

disease is estimated to be around 0.014 to 1.3 percent among patients subjected to 
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echocardiography[73]. While some of the LVNC patients don’t experience any symptoms, 

others may suffer from life-threatening arrhythmias, thromboembolism, and even cardiac 

failure[71, 72]. Given the fact that the clinic manifestation of LVNC closely resembles 

the structural defects associated with abnormal trabecular development, LVNC is generally 

considered as congenital cardiac disease[74]. Human genetic studies indicate that LVNC has 

substantial genetic components. Given the prominent role of Mib1 in regulating trabecular 

compaction in mouse hearts, Luxan et al., sought to determine if MIB1 mutations can 

be identified in human LVNC patients[61]. By screening a cohort of 100 individuals of 

southern European ancestry with LVNC, two MIB1 mutations were found to be associated 

with LVNC. One of the mutations causes an amino acid from valine to phenylalanine at 

position 943 (V943F), while the other one is a heterozygous mutation that truncates the 

protein at the MIB1 ankyrin repeats region. Functionally, these two mutations severely 

comprised the E3 ubiquitin ligase activity of MIB1, thereby strongly dampening Notch 

activation[61]. LVNC is also associated with mutations in Nkx2.5 and genes involved 

in nuclear laminar formation, sarcomere formation, calcium handling or mitochondrial 

function[75]. While increasing numbers of genetic mutations have been identified to be 

linked to LVNC, we still know little about how these mutations lead to the observed cardiac 

defects. To unravel the etiology underlying LVNC, several mouse genetic models have 

been generated. Conditional deletion of Nkx2–5 specifically during the stage of trabecular 

formation leads to a severe hyper-trabeculation associated with deep inter-trabecular 

recesses and subendocardial fibrosis[76]. These conditional mutant hearts also exhibited PFs 

hypoplasia. Furthermore, longitudinal study of cardiac function demonstrates that the adult 

Nkx2–5 conditional mutant mice exhibit complex ventricular conduction defects, which 

eventually cause 50% of the mutant mice to heart failure[76], consistent with human studies 

that LVNC is often associated with arrhythmias.

6. Perspective

Over the last several years, significant progress has been made towards an enhanced 

understanding of the molecular and cellular mechanisms of cardiac trabeculation, yet several 

outstanding questions remain to be addressed. One of the interesting questions concerns 

how primary cilia mediated flow sensing in the endocardial cells leads to an upregulation 

of Notch receptor Notch1 at the transcriptional level. One possible scenario might involve 

the activation of mechanosensitive channels, which could in turn increase the transactivation 

activity of Mef2C through MAPK induced phosphorylation. It also remains unclear how 

compact CMs are selected to become future trabecular cells. Nrg and its receptors appear 

to be expressed uniformly in the ventricular endocardium and myocardium, respectively; 

however, it remains to be determined whether Nrg/ErbB signaling is selectively activated in 

distinct CMs to initiate cardiac trabeculation. This selective activation of Nrg/ErbB signaling 

could be imparted by its interaction with extracellular cellular matrix proteins. Alternatively, 

the spatial regulation of cardiac trabecular initiation can be achieved by the interplay of 

multiple pathways including the Nrg/ErbB signaling pathway. As aforementioned, cardiac 

trabeculae serve to increase cardiac mass and have been implicated in VCS formation as 

cells that give rise to VSC are derived from the trabecular myocardium. Though Nrg1 

was found to promote Purkinje fiber specification, it is not clear whether Nrg1 plays an 
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essential role in VSC development. Given the fact that Nrg1 mutants are completely devoid 

of trabecular formation, a close examination of the role of Nrg1/ErbB2 signaling in VCS 

development has not been attempted. Trabecular compaction constitutes the final stage of 

trabecular development. Although growing number of genetic mutations have identified to 

be associated with clinic LVNC, how these mutations lead to trabecular noncompaction 

remains to be determined. A detailed study of the cellular basis of trabecular compaction 

will be required to gain mechanistic insights about how genetic control of trabecular cell 

behaviors leads to structural remodeling.
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Figure 1. Schematic presentation of molecular crosstalk during cardiac trabeculation.
The ventricular chamber development requires crosstalk between all cardiac tissue layers, 

namely the epicardium, myocardium, and endocardium, and involves the acellular cardiac 

jelly. For cardiac trabecular development, primary cilia-mediated flow sensing activates 

Notch signaling through its role in regulating notch1b transcription. Upon activation, Notch 

receptor is sequentially processed by ADAM17 and γ-secretase, leading to the release of its 

intracellular domain (NICD) into the cytoplasm and nucleus. In the nucleus, NICD interacts 

with transcription factor RBP-Jκ to activate the expression of Notch downstream effector 

Ephrin B2, which in turn upregulates the expression of the EGF ligand Nrg. Nrg is initially 

synthesized as transmembrane precursor protein but is subsequently proteolytically cleaved 

to release the soluble form, which binds to the receptor tyrosine kinase complex ErbB4/

ErbB2 expressed on the myocardial cells to activate downstream signaling. Nrg activity and 

distribution could be modulated by its interaction with ECM components in the cardiac jelly.
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