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Abstract: Many aspects of heart development are determined by the left right axis and as a 

result several congenital diseases have their origins in aberrant left-right patterning. 

Establishment of this axis occurs early in embryogenesis before formation of the linear 

heart tube yet impacts upon much later morphogenetic events. In this review I discuss the 

differing mechanisms by which left-right polarity is achieved in the mouse and chick 

embryos and comment on the evolution of this system. I then discus three major classes of 

cardiovascular defect associated with aberrant left-right patterning seen in mouse mutants 

and human disease. I describe phenotypes associated with the determination of atrial identity 

and venous connections, looping morphogenesis of the heart tube and finally the asymmetric 

remodelling of the embryonic branchial arch arterial system to form the leftward looped 

arch of aorta and associated great arteries. Where appropriate, I consider left right 

patterning defects from an evolutionary perspective, demonstrating how developmental 

processes have been modified in species over time and illustrating how comparative 

embryology can aide in our understanding of congenital heart disease.  
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1. Introduction 

The symmetrical appearance of the body is superficial and belies a highly asymmetrical 

arrangement of the viscera. Unpaired organs such as the stomach and spleen are displaced to one side 

of the body while paired structures such as the lungs exhibit an asymmetric morphology. Heterotaxy 
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syndrome is a spectrum of diseases in which abnormal left-right positioning and morphology of these 

organs occurs [1–3]. Many congenital heart diseases have their origins in aberrant left-right patterning 

(LRP) illustrating the importance of sidedness for many aspects of cardiovascular development.  

Early in its development, the vertebrate embryo is bilaterally symmetrical and this is reflected in the 

development of the heart which is formed from paired heart fields that come together to form a linear 

heart tube [4]. Later development is characterised by asymmetry first manifesting in the looping 

morphogenesis of the heart tube [5] and later in the divergent differentiation of the atria and ventricles 

and in the asymmetric remodelling of the arterial and venous connections [6,7].  

In this review I will consider how the left-right axis controls many aspects of heart development.  

I will first discuss the genetic pathways that specify the axis early in embryogenesis before going on to 

discuss cardiac phenotypes associated with defective patterning. I will demonstrate how an understanding 

of the evolution of these processes can aide in the interpretation of congenital diseases. 

2. Establishment of Left-Right Asymmetry in the Early Embryo 

The embryo has evolved a finely tuned system to tell left from right and this axis is established in 

the mesoderm before formation of the linear heart tube. Right-sidedness represents the baseline state in 

all known species and in the absence of instruction to do otherwise both sides of the body will develop 

according to a right-sided plan, a state known as right isomerism (discussed below). Left sidedness 

must be induced, leading to expression of a Left-specific programme of gene regulation which directs 

differentiation away from the default state on one side of the body. 

The establishment of the left-right axis may be viewed as a multi-step process. The first stage is an 

act of symmetry breaking, the creation of a transient difference between the two formerly equivalent 

sides, and most researchers agree that a transient, midline organiser region called the node is central to 

this process in all embryos, although the mechanism by which this is achieved may be quite different. 

This transient difference is then perceived and translated into differential gene expression in perinodal 

cells. Next, the signal is relayed to the lateral plate mesoderm in which a second phase of differential 

gene expression is initiated. Lateral plate mesoderm derived cells contribute to many visceral organs 

including the heart and positional information derived from the left-right axis determines many aspects 

of their development. I will begin this review by describing how this process occurs in the mouse 

embryo, which is perhaps the best understood, before contrasting this with the quite different mechanisms 

operating in the chick embryo. These two embryos seem to represent the two major modes of symmetry 

breaking seen in the animal kingdom. I will here provide a brief overview of the process but for a more 

detailed discussion the reader is referred to reviews by Chen et al. [8] and Hamada et al. [9]. 

2.1. Axis Establishment in the Mouse Embryo 

Symmetry breaking in the mouse occurs at E7.75. The node of the mouse resembles a fluid filled pit 

in which current is generated by means of motile cilia borne by the nodal pit cells (Figure 1). These 

cilia have a tilted morphology and are oriented towards the posterior. This means that, as a result of 

drag encountered during half of the cycle, a symmetrical, rotational beating of node cilia is translated 

into a right to left fluid flow across the node [10]. Experimental reversal of nodal flow results in situs 

(laterality) reversal later in embryogenesis [11].  
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Figure 1. The mouse and chick embryos represent the two major mechanisms of symmetry 

breaking seen in vertebrates. In the mouse (top left), a leftward fluid flow is generated 

across the node by rotational beating of motile cilia while in the chick embryo (lower left) 

a leftward movement of cells transforms the initially symmetrical expression of Shh and 

Fgf8 into an asymmetric one. The diagrams on the right illustrate similarities and 

differences between the two embryos in the expression of key genes within the node, 

lateral plate mesoderm (LPM) and midline floorplate. Note that many additional genes not 

shown are also asymmetrically expressed in chick. 

 

 

Differential gene expression is first seen in the crown cells at the periphery of the node itself. Nodal 

(a secreted morphogen of the TGFβ/BMP family) becomes expressed more strongly on the left than 

the right side [12,13] while expression of the Nodal inhibitor Cerl2 (MGI: Dand5) shows the opposite 

distribution [14]. Both genes are initially expressed symmetrically before acquiring their asymmetric 

pattern. In the iv mutant, which lacks functional node cilia, asymmetric expression of Cerl2 fails to 

become established [15] and right-sided expression of Cerl2 has been shown to depend on an 

asymmetric left-sided flow-dependent post-transcriptional decay of Cerl2 mRNA [16]. The mechanism 

by which this leftward fluid flow is transduced into differential gene expression is a matter of debate in 

the literature and a detailed discussion is beyond the scope of this review (for one see Norris [17]). One 

theory proposes that nodal crown cilia contain a mechanosensor, probably a complex consisting of the 

cation channels Pdk1l1 and Pdk2, leading to generation of a calcium wave in response to mechanical 
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displacement [18,19]. A rival theory is that a morphogen may be secreted into the nodal pit and 

transported in the flow. Transport of Cerl2 has been demonstrated [15] although the timing suggests 

this occurs after the initial symmetry breaking event and seems to function to terminate Nodal 

expression. Transport of vesicles containing SHH and retinoic acid has also been demonstrated [20], 

and it is possible other morphogens may also be transported in this way. 

Shortly after asymmetric expression of Nodal is seen in the node, it becomes expressed on the left 

side of the lateral plate mesoderm (LPM). Nodal expression in the node is a prerequisite for LPM gene 

expression [21] but whether or not Nodal is directly transported from the node to the LPM remains 

controversial. Such transport would most likely involve an interaction with sulphated glucosaminoglycans 

in the extracellular matrix of intervening tissue and inhibition of glucosaminoglycans inhibits Nodal 

expression in the LPM [22] but transport of Nodal has not been demonstrated. The gut endoderm 

appears to play a role in this relay. Gap junctional coupling has been demonstrated within the gut 

endoderm and this forms an interconnected network linking the node to the LPM on either side of the 

embryo, with the midline lacking gap junctions [23,24]. This network is disrupted in embryos lacking 

the transcription factor Sox17 and a lack of gap junctional coupling in these embryos has been 

proposed to explain their failure to upregulate the Nodal-Pitx2c pathway in the LPM [23,24]. The 

nature of the signal transferred through these gap junctions remains to be established but the calcium 

wave generated at the node has to be a strong candidate. 

Through activation of its receptor complex (consisting of Cfc1, Acvr1b and Acvr2b) and 

subsequent downstream signalling via Smad2/3/4 and the co-factor Foxh1, Nodal is able to activate its 

own transcription [25] as well as that of the transcription factor Pitx2c [26]. The function of Nodal is 

one of amplification through positive feedback, transforming a weak initial stimulus into a robust Left 

signal. As Nodal also activates transcription of its own repressors—Lefty1 at the midline and Lefty2 in 

the LPM [27]—negative feedback serves to limit transmission of the signal, restraining it to one side of 

the lateral plate. 

Once activated, Pitx2c expression is also amplified through positive feedback but is not constrained 

by repression and expression persists in left-derived mesoderm structures throughout development. 

Pitx2c has been shown to be the major Left determinant in structures such as the atria and lungs [28].  

2.2. Axis Establishment in the Chick Embryo 

While the core left-sided Nodal-Pitx2 signalling pathway is conserved in the chick [29,30] there are 

many important differences in left-right specification from mouse embryos (Figure 1). As in the 

mouse, asymmetric gene expression is first seen around the node before later being seen in the LPM. 

However, whereas only a small number of genes show asymmetric perinodal expression in the mouse, 

a large number—at least 15—have been described in the chick and most of these genes are expressed 

symmetrically in the mouse [31]. Both a left and a right-sided network of gene regulation is established 

at the chick node. On the left of the node, unlike in the mouse, Shh is asymmetrically expressed and 

this morphogen is required to transfer signals from the node to the left LPM where it activates Nodal 

expression [32,33]. Fgf8 is expressed on the right side of the node and seems to function in repressing 

expression of Nodal in the right LPM [34]. Further lateral inhibition occurs within the LPM in which 

Nodal represses expression of the transcription factor Snai1 in the left LPM while Snai1 represses 
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Pitx2 expression in the right LPM [35]. The chick orthologue of Cerl2, Cerberus/Caronte, is expressed 

in the left LPM and not in the node, but there is disagreement in the literature as to whether it functions 

to promote Nodal expression or acts within a negative feedback loop in a manner similar to that of 

mouse Lefty2 [36–38]. The related gene Dan is expressed on the left side of the chick node [39]. 

The mechanism of breaking symmetry is also fundamentally different in the chick from that seen in 

the mouse. While a small number of cells in the node of the chick embryo (Hensen’s node) do appear 

to be monociliated, the frequency of these cells does not differ from that of the surrounding epithelium, 

and as a result the chick embryo does not possess a ciliated pit analogous to the mouse node [40]. For 

this reason, a left-right fluid flow cannot be generated across the node and the chick must use a 

different mechanism to break symmetry. Morphological asymmetry at the node appears to precede 

asymmetric gene expression [41]. Furthermore, experiments in which the node is dissected out of the 

embryo and transplanted in an orientation 180° to its original position have demonstrated that left-right 

pattering of the node is determined by an extrinsic signal derived from the surrounding tissue [33]. 

Time lapse imaging of fluorescently labelled cells has demonstrated an anticlockwise, leftward 

movement of cells around Hensen’s node [42]. This movement appears to transform the initially 

symmetrical expression of Fgf8 and Shh into an asymmetric perinodal pattern with Fgf8 becoming 

localised to the right side and Shh to the left [42] (Figure 1). Pharmacological inhibition of either Rho 

kinase or myosin II may be used to prevent these cell movements and embryos treated in this way fail 

to develop asymmetric Fgf8 or Shh expression [43]. Thus, in the chick it seems cell migration around 

the node, rather than fluid flow within it, is required to establish asymmetric gene expression.  

These cell movements are preceded by the establishment of a potential difference between the two 

sides of the embryo across the primitive streak. The right side is hyperpolarised relative to the left by 

the pumping of K
+
 ions out of cells on the right side of the embryo by means of an H

+
/K

+
 ATPase 

pump [44]. Communication between the two sides of the embryo is required for correct left-right 

specification, perhaps to allow transmission of this electrical gradient, and this communication appears 

to be mediated by a network of Cx43 containing gap junctions in the ectoderm linking the left and 

right sides of the embryo, bypassing the node itself [45]. Blocking gap junctional communication 

either pharmacologically or using blocking antibodies results in symmetrical bilateral expression of 

Nodal and Shh [45] while pharmacological inhibition of the H
+
/K

+
 ATPase pump disrupts cell 

movement around the node [43]. 

2.3. The Evolution of Left-Right Axis Establishment  

The symmetry breaking events in the mouse and chick embryo described above would seem to 

represent the two major mechanisms which exist in the animal kingdom. The fluid flow mechanism of 

symmetry breaking, in which a leftward flow is established across a ciliated pit as in the mouse is also 

seen in organiser regions of other embryos such as Kupffer’s vesicle of the zebrafish embryo [46] and 

in the gastrocoel roof plate, located in the dorsal endoderm of the archenteron of the Xenopus  

embryo [47,48] as well as that of other amphibians [49]. The node of the rabbit embryo, which 

develops as a flat disk similar to the human embryo, does not contain cilia but it has been shown that 

the adjacent posterior notochord plate has ciliated cells and a flow is generated here analogous to the 

nodal flow of other embryos [50]. Fluid flow is the most widespread symmetry breaking mechanism in 
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the vertebrates (Figure 2) and has been hypothesised to be the ancestral vertebrate condition [49]. In 

contrast, the cell migration mechanism has been described in only two species, the chick embryo and 

the pig [43]. For a long time, the chick was the only embryo known to lack fluid flow, and being the 

only bird to have been studied, was assumed to represent a highly derived state [49]. The surprising 

discovery that the pig also uses this mechanism has cast doubt on this theory with the result that we 

can no longer state with confidence which of these mechanisms, if either, represents the ancestral state. 

Figure 2. Evolution of left-right specification. The fluid flow mechanism of symmetry 

breaking is seen in many vertebrates (red lines) while cell movement based mechanisms 

have been described in the chick and pig (blue lines). To the right are shown the 

distribution of key left-right patterning genes across the animal kingdom. Pitx2 is present 

in all animals shown but is not believed to play a role in left-right patterning in the 

Ecdysozoa which also lack Nodal. Pitx2 and Nodal are expressed on the right side of the 

body in Lophotrochozoa and Echinoderms and left in all others. The expression of these 

genes has not been described in the pig, the * indicates assumed expression. A function in 

left-right specification for the H
+
/K

+
 ATPase has been described in Echinoderms, 

Tunicates and all vertebrates except mammals.  

 

Convergence in developmental mechanisms seems to occur at the level of the Nodal-Pitx2c 

signalling pathway. The core components of the Nodal-Pitx2c pathway (that is to say, perinodal and 

LPM expressed Nodal, LPM expression of Pitx2c and Lefty1 forming a midline barrier) are conserved 

across the vertebrates with minor variations [51]. This would appear to be a very ancient gene 
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regulatory network whose origins may be traced much earlier in evolution (Figure 2) [52–54]. 

Homologues of Pitx2 exist in Drosophila and C.elegans but do not seem to play a role in left-right 

patterning in these Ecdysozoans [55,56] which also lack a Nodal homologue [53]. Nodal appears to 

have evolved in a common ancestor of the Lophotrochozoa (Annelids and Molluscs) and the 

Deuterostomes and seems to have co-opted the pre-existing Pitx2 gene into the left-right signalling 

pathway. Loss of either Nodal or Pitx2 results in left-right patterning defects in both snails and in sea 

urchins [57,58]. In these animals, asymmetric expression is right-sided and it appears that a switch 

from right to left-sided expression occurred during evolution of the chordates, most likely as a result of 

the inversion of the dorsoventral orientation of the body plan [54]. Surprisingly, the Nodal-Pitx2c 

pathway does not seem to have evolved initially to pattern the mesoderm, but is expressed in various 

germ layers in different organisms [59]. 

The requirement for a potential difference generated by an H
+
/K

+
 ATPase pump for normal left 

right patterning is also conserved in many phyla, but has not been demonstrated in mammals (Figure 2), 

although it is not yet clear how this relates to the Nodal-Pitx2c pathway. Disruption of the H
+
/K

+
 

ATPase in either Xenopus, zebrafish or chick leads to situs defects [44,60] indicating that this is an 

early mechanism of asymmetry conserved in phyla utilising both the cell migration and the fluid flow 

mechanisms of symmetry breaking. Xenopus embryos exhibit left-right asymmetry in expression of 

maternal mRNA from an early age, including that encoding the H
+
/K

+
 ATPase, which is localised as 

early as the 2 cell stage [61].  

3. Cardiac Phenotypes Associated with Impaired Left-Right Patterning  

The left-right axis is established in the lateral plate mesoderm prior to the major events in 

cardiogenesis. The primary and secondary heart fields are derived from lateral plate mesoderm as is 

the endothelium of the great vessels and these cells inherit positional information determined by the 

Nodal-Pitx2c pathway. It is therefore not surprising that many aspects of cardiac development are 

determined by patterning events established early in embryogenesis and that defective left-right 

patterning results in a range of cardiac phenotypes. A knowledge of both development and evolution 

can aide in the understanding of abnormalities seen in both human patients and in mouse mutants. In 

the second part of this review I will describe the major classes of cardiovascular abnormalities 

associated with defective LRP and discuss the underlying mechanisms. For a more detailed discussion, 

the reader is referred to an excellent review by Ramsdell [62]. 

3.1. Atrial Isomerism and Venous Drainage 

Isomerism represents one of the simplest forms of left right patterning defect and is seen in 

bilaterally paired organs of the thorax and abdomen such as the lungs which develop from initially 

symmetrical primordia. In the mouse a morphologically right lung is characterised by four lobes while 

a morphologically left lung has a single lobe, humans have a 3:2 lobed organisation [63]. Isomeric 

animals exhibit bilateral four or single lobed lungs, that is to say, morphologically the animal has two 

right lungs or two left lungs respectively (Figure 3) [64,65]. Pulmonary isomerism is usually, but not 

always, seen with atrial isomerism [66] and therefore provides an easily assayable indication of LRP 

defects, suggesting more complex cardiac defects may be present. 
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Figure 3. Isomerism is seen in both the lungs (top row) and in the atria (bottom row). 

This figure shows the anatomy of the mouse. Situs solitus is the normal morphology in 

which the right lung has four lobes (green) while the left has only one (yellow). Animals 

with left-right patterning defects may develop symmetrical lung morphology with either 

four lobes on each side (right isomerism) or one on each side (left isomerism). The atria 

differ both in morphology of the appendages (exaggerated in the figure for diagrammatic 

purposes) and in venous connections. In normal hearts both superior venae cavae (rSVC, 

lSVC) as well as the inferior vena cava (IVC) enter the right atrium while the pulmonary 

veins (PV) enter the left (situs solitus). The azygous vein (AZ) drains into the right superior 

vena cava. In hearts showing right isomerism the right SVC (rSVC) enters the right side 

while the left (lSVC) enters the left. The sino-atrial node (SAN, red dot) is duplicated and 

there is an atrial septal defect. Left isomerism is also associated with an atrial septal defect 

and both the venae cavae and pulmonary veins enter near the middle of a common atrium 

while the inferior vena cava is interrupted and drains into one of the superior venae cavae 

via the azygous vein. Variations are seen between the mouse and human phenotype (see 

text). Adapted from [63,67,68]. 

 

In the heart, isomerism is seen in the atria but not in the ventricles, this is because the atria develop 

from a common embryonic chamber that subsequently divides and differentiates asymmetrically while 

the two ventricles develop separately (Section 3.2). Left-right patterning defects result in both 

abnormal atrial morphology and in anomalous venous connections to the atria. In the mouse, the 

morphology of the iv mutant, which carries a mutation in the nodal cilia dynein Dnah11 gene and 

therefore exhibits randomised situs (mice may be normal, mirror-image or isomeric) has been used as a 

frame of reference for this phenotype [67,68]. These studies have shown that the left and right atria 

may be distinguished on the basis of the morphology of the atrial appendages and that this is the most 

reliable indication of isomerism. For this reason, researchers often refer to isomerism of the atrial 

appendages rather than atrial isomerism itself (Figure 3) [64,67,69]. 
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The venous system of the adult exhibits a high degree of asymmetry In addition to the asymmetry 

of left-sided pulmonary and right-sided systemic flow into the atria many veins are unpaired, such as 

the inferior vena cava and azygous. The adult venous circulation develops from the symmetrical 

arrangement seen in the early embryo by a process of asymmetric remodelling [70]. This process has 

parallels to the remodelling of the arterial system discussed below (Section 3.3). Remodelling is a 

complex process and the outcome of left-right patterning defects on this process is to some extent 

variable. Thus, while both atrial identity and the associated venous circulation are specified in part by 

left-right signalling, these two events occur independently and may be discordant [66,67,71].  

The systemic input in mice consists of a pair of superior venae cavae and a single inferior vena 

cava, all three draining into the right atrium (Figure 3). In humans, a single superior vena cava enters 

the right atrium, blood from the left side of the head and upper body travels through the 

brachiocephalic vein to reach the right-sided superior vena cava. The pulmonary input consists of two 

pairs of pulmonary veins entering the left atrium.  

Right isomerism in mice results in an anomalous symmetrical arrangement of the superior venae 

cava in which one vein enters each atrium or each side of a common atrium [72]. Bilateral superior 

venae cavae are also seen in human right isomerism cases, these result from a failure in the process of 

anastomosis between left and right anterior cardinal veins together with a failure in the normal regression 

of the proximal part of the right anterior cardinal vein [73]. Duplication of the inferior vena cava is not 

seen in right atrial isomerism and the single vein may enter either the right or the left atrium [74].  

In some cases, hepatic veins may drain into the atria independently of the inferior vena cava [74]. Total 

anomalous pulmonary return, in which the pulmonary arteries do not enter the left-sided atrium, is seen 

in 97% of human cases with right atrial isomerism [66]. Variation is seen in the drainage site of these 

pulmonary veins but most commonly they enter the systemic circulation by draining into either of the 

superior venae cavae [66,74]. Anomalous pulmonary return does not seem to occur in iv/iv mice [72] 

but has been reported in the Pitx2 null [65]. Persistence of a single umbilical vein draining into the 

common atrium has also been reported in mice lacking Pitx2 [72]. 

Left isomerism is most commonly associated with interruption of the inferior vena cava which fails 

to drain into the right atrium and instead connects to the azygotic vein through which it drains into the 

superior vena cava [66,71,75]. This is also seen in iv mice with left atrial isomerism but is not thought 

to be a good indicator of left isomerism because it is also seen in a minority of animals with either 

normal or inverted situs [67]. A similar phenomenon has been reported in mice lacking Lefty1, which 

show left isomerism as a result of the lack of a midline barrier. In these mice, the inferior vena cava 

makes a normal connection to the right-sided atrium, but the azygous vein remains connected to it and 

thus forms a major conduit linking the inferior vena cava to the superior vena cava [64]. In these mice, 

the normally left-sided azygous vein becomes either right-sided or bilateral, additionally duplication of 

the inferior vena cava is frequent [64]. Bilateral systemic drainage is seen in left isomerism, for 

example in the Shh mutant, in which the superior venae cavae drain into a pouch-like confluence at the 

midline of the common atrium [69]. Partial anomalous pulmonary return is normally also a feature of 

left isomerism in humans. This is when a pair of pulmonary veins enter each atrium and thus half of 

the pulmonary circulation is misrouted [66,71,75]. Partial anomalous pulmonary return does not seem 

to occur in mice [64,67]. 
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Because the right atrium contains the sino-atrial node and other specialised structures of the conduction 

system, right atrial isomerism is associated with cardiac arrhythmias as a result of node duplication [76] 

while left atrial isomerism is associated with hypoplastic or absent sino-atrial node [77]. Pitx2c 

expression is required in the left atrium during the late phase of asymmetric differentiation where it 

appears to actively suppress development of the conduction system [78,79]. 

3.2. Defective Looping Morphogenesis 

Early development of the heart is symmetrical resulting in a linear tube in which the future outflow 

tract, the right ventricle, left ventricle and common atrium are arranged in serial in an anterior to 

posterior sequence (Figure 4). This system acts as a simple pump with blood entering posteriorly and 

leaving anteriorly. Development of the mature four chambered double circulation heart of mammals 

and birds from this arrangement requires that the linear heart tube loops around itself in an asymmetric 

fashion, a process which occurs in two phases [5,80]. The first phase, often referred to as dextral 

looping, involves a rightward bulging of the mid portion of the heart tube (Figure 4) and results in 

formation of a helix with a single anticlockwise (left-handed) winding [81]. The second phase, often 

referred to as the S loop, results in a motif known as helical perversion in which the heart tube 

resembles two joined helices of opposite handedness [81]. These movements bring the two ventricles 

into apposition beside each other below the common atrium, and precede the extensive remodelling of 

the ventricular and atrioventricular septae. Looping also occurs in fish and other lower vertebrates to 

form a two-chambered heart [82]. In all vertebrates studied the heart normally loops to the right (as 

viewed in the direction of blood flow) [81] and looping morphogenesis is the first clearly visible break 

of symmetry in the embryo. Abnormal leftward looping results in a reversal in ventricle topology such 

that the morphological right ventricle (pulmonary circulation) is situated to the left of the heart and the 

morphological left ventricle (systemic circulation) on the right, examples in mouse include the Zic3 

knockout [83] and the Cited2 knockout [84].  

Looping is a complex process which appears to integrate signals from both the left-right axis and 

from the anterior-posterior axis. For example, looping fails to occur in mice lacking both the HoxA and 

HoxB gene clusters, which confer anterior-posterior identity [85]. In addition, looping morphogenesis 

is concurrent with the invasion of second heart field cells which populate the right but not the left 

ventricle, and looping does not occur in either the Mef2c or Isl1 knockouts [86,87], both of which are 

expressed in the second heart field.  

Ectopic over-expression of viral Pitx2c in the right LPM or antisense knockdown in the left LPM 

can randomise looping in the chick embryo [30,88,89]. Interestingly, many embryos with bilateral 

Pitx2c exhibit a symmetrical heart morphology with a bilateral bulging of the linear tube [30,88]. This 

result suggests that in the chick Pitx2c regulates flexing of the linear heart tube by changing the 

morphology of cells on one side. Support for this hypothesis comes from the observation that Pitx2c 

regulates asymmetric expression of the extracellular matrix protein Flexin [90]. Ectopic right-sided 

Pitx2c expression in Xenopus also leads to reversed looping [91].  

In the mouse, Pitx2c loss of function does not result in reversed looping [72,92,93]. However, 

looping in mice does appear to be controlled in part by left-right patterning. Nodal loss of function 

mutants die during gastrulation before looping occurs but study of a hypomorphic allele has revealed 
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that reducing the level of Nodal can randomise looping direction [94]. Similarly, mutations of the 

Nodal receptor Cfc1 result in randomised looping [95]. Thus it would appear that in the mouse, 

directionality of looping is determined by a pathway downstream of Nodal but independent of Pitx2c. 

It is at present unclear why Pitx2c does not play a role in looping morphogenesis in the mouse. 

Figure 4. The linear heart tube is shown at the start of looping. The future ventricles lie in 

serial anterior to a common atrium. Blood enters a posteriorly located common atrium and 

flows in an anterior direction (dashed arrow) through the inflow tract, left ventricle, right 

ventricle, outflow tract and aortic sac. Looping morphogenesis will move the atrium 

anterior and rightward and precedes remodelling events to generate a four chambered, 

double circulation heart. Adapted from [81].  

 

3.3. Aortic Arch Defects 

Mammals have a leftward looped aortic arch in which the aorta exits the left ventricle, initially 

ascends and then loops to the left in order to descend into the thorax (Figure 5b,e). In contrast, birds 

have a rightward looped aortic arch (Figure 5c,f) while reptiles use a symmetrical circulation with one 

aorta on either side of the body (Figure 5d). The development of this system appears to be, in part, 

under control of the left-right signalling pathway and thus patterning defects may manifest in abnormal 

looping of the aortic arch. Mice with defective left-right patterning may exhibit a reversed, rightward 

looped aortic arch as well as, on occasion, a double aorta resembling that of reptiles [83,96,97].  

In order to understand these defects we need to consider both the development and evolution of the 

great vessels. 

The circulation system of all vertebrate embryos develops initially in a bilaterally symmetrical 

fashion in which a series of paired pharyngeal arch arteries leave the aortic sac and carry blood to 

paired descending dorsal aortae. The symmetrical circulation system of the early embryo is believed to 

be derived from that of a marine, gill-bearing vertebrate ancestor and is still seen in many teleosts. This 

ancestor is assumed to have had a symmetrical arterial tree consisting of a series of six paired branchial 

arch arteries carrying blood from a single ascending ventral aorta through the gills and into paired 
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descending dorsal aortae carrying oxygenated blood to the viscera (Figure 5a) [98–100]. The pharyngeal 

arch arteries of both the mouse embryo (between days E9.5 and E10.5) and the chick embryo to some 

extent resemble this ancestral condition, consisting of an aortic sac (the ventral aorta), three symmetrical 

pairs of arch arteries (III, IV and VI) and two descending aortae [98,99]. The first and second pairs of 

arteries regress early in development while the fifth pair are transient in the chick and probably never 

seen in mice ([99] although see Bamforth et al. [101]).  

Development of the mature aortic arch from the embryonic circulation requires extensive remodelling, a 

process in which some arteries regress into capillaries while others are retained. Remodelling is a 

highly asymmetric process and in many cases the developmental fates of each of a bilateral pair of arch 

arteries are quite different. In addition, differences in the left-right fates of these arteries between birds, 

mammals and reptiles leads to their differing adult morphology. In mammals the left IVth artery forms 

a part of the leftward looped aortic arch while the right becomes the proximal part of the right subclavian 

(Figure 5b,e) [99]. In contrast, in the chick the right IVth artery is maintained and becomes incorporated 

into the aorta while the left disappears (Figure 5c,f). In the case of the VIth artery, the distal portion of 

the right VIth regresses in mammals while the left is maintained until birth and becomes the ductus 

arteriosus linking the pulmonary and systemic circulations. This asymmetry is not seen in either birds 

or reptiles, both of which maintain both VIth arteries and develop two ductuses arteriosus [99,102]. 

Reptiles maintain a symmetrical arrangement in which one ductus feeds into each aorta, but in birds 

the left ductus must be routed into the single right aorta (Figure 5f). 

The embryonic vascular system is formed by endothelium derived from the lateral plate mesoderm. 

In the fish, these precursors have been shown to express Nkx2.5, suggesting a common origin with the 

heart fields [103]. Pitx2c is expressed on the left side of the branchial arch mesoderm in mouse [96]. In 

the absence of Pitx2c, laterality of aortic arch looping is randomised: it may loop to the left or right or 

a double aorta may persist [96]. Mice lacking the Nodal receptor Acvr2b exhibit a similar phenotype [104]. 

Yet expression of Pitx2c on the left side of the LPM is conserved in vertebrates [105,106] suggesting 

either that it does not play a direct role in patterning the arteries or that interaction with other components 

of the pathway modifies its effect. We know that some left-right patterning genes show a reversed 

expression between mammals and birds. For example, FGF8 represses Nodal in the right LPM of the 

chick but is required for left LPM expression in mouse [107] while Nkx3.2 expression in the chick LPM 

is a mirror image of that in the mouse [108]. Whether these early left-right events play a role in patterning 

the branchial arches is unclear. Arguing against such a role is the observation that remodelling of the 

arches is concurrent with invasion by neural crest cells which differentiate into vascular smooth muscle, 

and seem to be important in regulating persistence or degeneration of arteries [109]. Cited2 mutant mice 

have a partially penetrant aortic arch defect together with abnormal neural crest migration through the 

arches [97]. Neural crest, being of ectodermal origin, is not patterned by the Nodal-Pitx2c pathway, but 

does migrate through LPM-derived tissue which could potentially influence its migration.  

An alternative hypothesis is that the occurrence of such vascular defects in heterotaxic mutants is 

secondary to morphological changes in the heart itself. According to this hypothesis, remodelling of 

the vasculature is a biomechanical process and defective remodelling is driven by changes in blood 

flow resulting from changes in outflow tract morphology downstream of Pitx2c function in the second 

heart field [110].  
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Figure 5. (a–d) Simplified cartoons to illustrate remodelling of the arterial circulation 

during embryogenesis. Ancestral vertebrates and modern day fish (a) use a symmetrical 

arterial system in which blood leaves the heart through a single ascending ventral aorta 

before entering a series of six paired arches (blood flow is indicated by red arrows). These 

vessels feed into a pair of descending dorsal aortae that carry oxygenated blood to the 

viscera. A similar circulation system is seen in early-mid stage embryos of all vertebrates. 

Remodelling during late embryogenesis involves regression of some vessels (dashed lines) 

with retention and expansion of others. Different remodelling strategies lead to a leftward 

looped aortic arch (shown in red) in mammals (b), a right arch in birds (c) and a double 

aorta in reptiles (d). Images in (e) and (f) show the anatomy of the great vessels in mice 

and humans at the time of birth (e) and in the chick at the time of hatching (f). The 

contributions of pharyngeal arch arteries III, IV and VI are indicated. (a–d) Adapted  

from [98] (e–f) adapted from [99]. Abbreviations: Ao: aorta, DA: ductus arteriosus, LCC: 

left common carotid, LDA: left ductus arteriosus, LSC: left subclavian, RCC: right 

common carotid, RDA: right ductus arteriosus, RSC: right subclavian.  

 

4. Concluding Remarks: Left Right Patterning and Cardiac Disease 

A number of congenital cardiac diseases have their origins in aberrant left right patterning, I have 

here discussed three examples from mouse genetics but there are many others. Cardiac looping is a 

pre-requisite for formation of the ventricular and atrioventricular septae, thus malformations of these 

structures may also in some cases be linked to defective left right patterning. Transposition of the great 
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arteries shows a strong genetic association with asplenia (right isomerism) and thus rotation of the 

conotruncus is likely to be controlled in part by left-right patterning [111]. 

It is worth noting that left-right determination does not have to be an all or nothing affair: Pitx2c 

appears to act in a dose dependent manner, with reduced levels having been shown to affect some 

organ systems more severely than others [65,92]. This is an important observation, because in most 

cases human disease results not from gene loss of function but from heterozygosity. Heterozygosity for 

the left right patterning gene Cited2 reduces but does not eliminate Pitx2c expression and is associated 

with a partially penetrant phenotype of ventricular septal defect and double outlet right ventricle [112]. 

Thus such forms of congenital heart disease, which are not clearly linked causally to left-right patterning, 

may in some cases nevertheless result from a weaker Left identity in parts of the heart.  

Acknowledgments 

Funding was provided by the British Heart Foundation (RG/10/17/28553).  

Conflicts of Interest 

The author declares no conflict of interest 

References 

1. Sutherland, M.J.; Ware, S.M. Disorders of left-right asymmetry: Heterotaxy and situs inversus. 

Am. J. Med. Genet. C Semin. Med. Genet. 2009, 151C, 307–317. 

2. Zhu, L.; Belmont, J.W.; Ware, S.M. Genetics of human heterotaxias. Eur. J. Hum. Genet. 2006, 

14, 17–25. 

3. Jacobs, J.P.; Anderson, R.H.; Weinberg, P.M.; Walters, H.L., 3rd; Tchervenkov, C.I.;  

Del Duca, D.; Franklin, R.C.; Aiello, V.D.; Beland, M.J.; Colan, S.D.; et al. The nomenclature, 

definition and classification of cardiac structures in the setting of heterotaxy. Cardiol. Young 

2007, 17(Suppl. 2), 1–28. 

4. Evans, S.M.; Yelon, D.; Conlon, F.L.; Kirby, M.L. Myocardial lineage development. Circ. Res. 

2010, 107, 1428–1444. 

5. Manner, J. The anatomy of cardiac looping: A step towards the understanding of the 

morphogenesis of several forms of congenital cardiac malformations. Clin. Anat. 2009, 22,  

21–35. 

6. Savolainen, S.M.; Foley, J.F.; Elmore, S.A. Histology atlas of the developing mouse heart with 

emphasis on e11.5 to e18.5. Toxicol. Pathol. 2009, 37, 395–414. 

7. Moorman, A.; Webb, S.; Brown, N.A.; Lamers, W.; Anderson, R.H. Development of the heart: 

(1) Formation of the cardiac chambers and arterial trunks. Heart 2003, 89, 806–814. 

8. Chen, C.M.; Norris, D.; Bhattacharya, S. Transcriptional control of left-right patterning in 

cardiac development. Pediatr. Cardiol. 2010, 31, 371–377. 

9. Hamada, H.; Meno, C.; Watanabe, D.; Saijoh, Y. Establishment of vertebrate left-right 

asymmetry. Nat. Rev. Genet. 2002, 3, 103–113. 



J. Cardiovasc. Dev. Dis. 2014, 1 66 

 

10. Hirokawa, N.; Tanaka, Y.; Okada, Y. Left-right determination: Involvement of molecular  

motor kif3, cilia, and nodal flow. Cold Spring Harbor Perspect. Biol. 2009, 1, 

doi:10.1101/cshperspect.a000802. 

11. Nonaka, S.; Shiratori, H.; Saijoh, Y.; Hamada, H. Determination of left-right patterning of the 

mouse embryo by artificial nodal flow. Nature 2002, 418, 96–99. 

12. Collignon, J.; Varlet, I.; Robertson, E.J. Relationship between asymmetric nodal expression and 

the direction of embryonic turning. Nature 1996, 381, 155–158. 

13. Lowe, L.A.; Supp, D.M.; Sampath, K.; Yokoyama, T.; Wright, C.V.; Potter, S.S.; Overbeek, P.; 

Kuehn, M.R. Conserved left-right asymmetry of nodal expression and alterations in murine situs 

inversus. Nature 1996, 381, 158–161. 

14. Marques, S.; Borges, A.C.; Silva, A.C.; Freitas, S.; Cordenonsi, M.; Belo, J.A. The activity of the 

nodal antagonist cerl-2 in the mouse node is required for correct l/r body axis. Genes Dev. 2004, 

18, 2342–2347. 

15. Inacio, J.M.; Marques, S.; Nakamura, T.; Shinohara, K.; Meno, C.; Hamada, H.; Belo, J.A. The 

dynamic right-to-left translocation of cerl2 is involved in the regulation and termination of nodal 

activity in the mouse node. PLoS ONE 2013, 8, doi:10.1371/journal.pone.0060406. 

16. Nakamura, T.; Saito, D.; Kawasumi, A.; Shinohara, K.; Asai, Y.; Takaoka, K.; Dong, F.; 

Takamatsu, A.; Belo, J.A.; Mochizuki, A.; et al. Fluid flow and interlinked feedback  

loops establish left-right asymmetric decay of cerl2 mrna. Nat. Commun. 2012, 3, 

doi:10.1038/ncomms2319. 

17. Norris, D.P. Cilia, calcium and the basis of left-right asymmetry. BMC Biol. 2012, 10, 

doi:10.1186/1741-7007-10-102. 

18. McGrath, J.; Somlo, S.; Makova, S.; Tian, X.; Brueckner, M. Two populations of node monocilia 

initiate left-right asymmetry in the mouse. Cell 2003, 114, 61–73. 

19. Field, S.; Riley, K.L.; Grimes, D.T.; Hilton, H.; Simon, M.; Powles-Glover, N.; Siggers, P.; 

Bogani, D.; Greenfield, A.; Norris, D.P. Pkd1l1 establishes left-right asymmetry and physically 

interacts with pkd2. Development 2011, 138, 1131–1142. 

20. Tanaka, Y.; Okada, Y.; Hirokawa, N. Fgf-induced vesicular release of sonic hedgehog and 

retinoic acid in leftward nodal flow is critical for left-right determination. Nature 2005, 435,  

172–177. 

21. Brennan, J.; Norris, D.P.; Robertson, E.J. Nodal activity in the node governs left-right 

asymmetry. Genes Dev. 2002, 16, 2339–2344. 

22. Oki, S.; Hashimoto, R.; Okui, Y.; Shen, M.M.; Mekada, E.; Otani, H.; Saijoh, Y.; Hamada, H. 

Sulfated glycosaminoglycans are necessary for nodal signal transmission from the node to the 

left lateral plate in the mouse embryo. Development 2007, 134, 3893–3904. 

23. Saund, R.S.; Kanai-Azuma, M.; Kanai, Y.; Kim, I.; Lucero, M.T.; Saijoh, Y. Gut endoderm is 

involved in the transfer of left-right asymmetry from the node to the lateral plate mesoderm in 

the mouse embryo. Development 2012, 139, 2426–2435. 

24. Viotti, M.; Niu, L.; Shi, S.H.; Hadjantonakis, A.K. Role of the gut endoderm in relaying  

left-right patterning in mice. PLoS Biol. 2012, 10, doi:10.1371/journal.pbio.1001276. 



J. Cardiovasc. Dev. Dis. 2014, 1 67 

 

25. Norris, D.P.; Brennan, J.; Bikoff, E.K.; Robertson, E.J. The foxh1-dependent autoregulatory 

enhancer controls the level of nodal signals in the mouse embryo. Development 2002, 129,  

3455–3468. 

26. Shiratori, H.; Sakuma, R.; Watanabe, M.; Hashiguchi, H.; Mochida, K.; Sakai, Y.; Nishino, J.; 

Saijoh, Y.; Whitman, M.; Hamada, H. Two-step regulation of left-right asymmetric expression of 

pitx2: Initiation by nodal signaling and maintenance by nkx2. Mol. Cell. 2001, 7, 137–149. 

27. Saijoh, Y.; Adachi, H.; Mochida, K.; Ohishi, S.; Hirao, A.; Hamada, H. Distinct transcriptional 

regulatory mechanisms underlie left-right asymmetric expression of lefty-1 and lefty-2. Genes 

Dev. 1999, 13, 259–269. 

28. Franco, D.; Christoffels, V.M.; Campione, M. Homeobox transcription factor pitx2: The rise of  

an asymmetry gene in cardiogenesis and arrhythmogenesis. Trends Cardiovasc. Med. 2014, 24, 

23–31.  

29. Ishimaru, Y.; Yoshioka, H.; Tao, H.; Thisse, B.; Thisse, C.; Wright, C.V.E.; Hamada, H.; 

Ohuchi, H.; Noji, S. Asymmetric expression of antivin/lefty1 in the early chick embryo.  

Mech Dev. 2000, 90, 115–118. 

30. Logan, M.; Pagan-Westphal, S.M.; Smith, D.M.; Paganessi, L.; Tabin, C.J. The transcription 

factor pitx2 mediates situs-specific morphogenesis in response to left-right asymmetric signals. 

Cell 1998, 94, 307–317. 

31. Palmer, A.R. Symmetry breaking and the evolution of development. Science 2004, 306,  

828–833. 

32. Levin, M.; Johnson, R.L.; Stern, C.D.; Kuehn, M.; Tabin, C. A molecular pathway determining 

left-right asymmetry in chick embryogenesis. Cell 1995, 82, 803–814. 

33. Pagan-Westphal, S.M.; Tabin, C.J. The transfer of left-right positional information during chick 

embryogenesis. Cell 1998, 93, 25–35. 

34. Boettger, T.; Wittler, L.; Kessel, M. Fgf8 functions in the specification of the right body side of 

the chick. Curr. Biol. 1999, 9, 277–280. 

35. Patel, K.; Isaac, A.; Cooke, J. Nodal signalling and the roles of the transcription factors SnR and 

Pitx2 in vertebrate left-right asymmetry. Curr. Biol. 1999, 9, 609–612. 

36. Tavares, A.T.; Andrade, S.; Silva, A.C.; Belo, J.A. Cerberus is a feedback inhibitor of nodal 

asymmetric signaling in the chick embryo. Development 2007, 134, 2051–2060. 

37. Yu, X.; He, F.; Zhang, T.; Espinoza-Lewis, R.A.; Lin, L.; Yang, J.; Chen, Y. Cerberus functions 

as a bmp agonist to synergistically induce nodal expression during left-right axis determination in 

the chick embryo. Dev. Dyn. 2008, 237, 3613–3623. 

38. Rodriguez Esteban, C.; Capdevila, J.; Economides, A.N.; Pascual, J.; Ortiz, A.;  

Izpisua Belmonte, J.C. The novel cer-like protein caronte mediates the establishment of 

embryonic left-right asymmetry. Nature 1999, 401, 243–251. 

39. Katsu, K.; Tokumori, D.; Tatsumi, N.; Suzuki, A.; Yokouchi, Y. Bmp inhibition by dan in 

hensen’s node is a critical step for the establishment of left-right asymmetry in the chick embryo. 

Dev. Biol. 2012, 363, 15–26. 

40. Manner, J. Does an equivalent of the ―ventral node‖ exist in chick embryos? A scanning electron 

microscopic study. Anat. Embryol. 2001, 203, 481–490. 



J. Cardiovasc. Dev. Dis. 2014, 1 68 

 

41. Dathe, V.; Gamel, A.; Manner, J.; Brand-Saberi, B.; Christ, B. Morphological left-right 

asymmetry of hensen’s node precedes the asymmetric expression of shh and fgf8 in the chick 

embryo. Anat. Embryol. 2002, 205, 343–354. 

42. Cui, C.; Little, C.D.; Rongish, B.J. Rotation of organizer tissue contributes to left-right 

asymmetry. Anat. Rec. 2009, 292, 557–561.  

43. Gros, J.; Feistel, K.; Viebahn, C.; Blum, M.; Tabin, C.J. Cell movements at hensen’s node 

establish left/right asymmetric gene expression in the chick. Science 2009, 324, 941–944. 

44. Levin, M.; Thorlin, T.; Robinson, K.R.; Nogi, T.; Mercola, M. Asymmetries in h
+
/k

+
-atpase and 

cell membrane potentials comprise a very early step in left-right patterning. Cell 2002, 111,  

77–89. 

45. Levin, M.; Mercola, M. Gap junction-mediated transfer of left-right patterning signals in the 

early chick blastoderm is upstream of shh asymmetry in the node. Development 1999, 126,  

4703–4714. 

46. Okabe, N.; Xu, B.; Burdine, R.D. Fluid dynamics in zebrafish kupffer’s vesicle. Dev. Dyn. 2008, 

237, 3602–3612. 

47. Vick, P.; Schweickert, A.; Weber, T.; Eberhardt, M.; Mencl, S.; Shcherbakov, D.; Beyer, T.; 

Blum, M. Flow on the right side of the gastrocoel roof plate is dispensable for symmetry 

breakage in the frog xenopus laevis. Dev. Biol. 2009, 331, 281–291. 

48. Schweickert, A.; Weber, T.; Beyer, T.; Vick, P.; Bogusch, S.; Feistel, K.; Blum, M. Cilia-driven 

leftward flow determines laterality in xenopus. Curr. Biol. 2007, 17, 60–66. 

49. Blum, M.; Weber, T.; Beyer, T.; Vick, P. Evolution of leftward flow. Semin. Cell Dev. Biol. 

2009, 20, 464–471. 

50. Okada, Y.; Takeda, S.; Tanaka, Y.; Izpisua Belmonte, J.C.; Hirokawa, N. Mechanism of nodal 

flow: A conserved symmetry breaking event in left-right axis determination. Cell 2005, 121, 

633–644. 

51. Nakamura, T.; Hamada, H. Left-right patterning: Conserved and divergent mechanisms. 

Development 2012, 139, 3257–3262. 

52. Chea, H.K.; Wright, C.V.; Swalla, B.J. Nodal signaling and the evolution of deuterostome 

gastrulation. Dev. Dyn. 2005, 234, 269–278. 

53. Grande, C.; Patel, N.H. Lophotrochozoa get into the game: The nodal pathway and left/right 

asymmetry in bilateria. Cold Spring Harbor Symp. Quant. Biol. 2009, 74, 281–287. 

54. Namigai, E.K.; Kenny, N.J.; Shimeld, S.M. Right across the tree of life: The evolution of  

left-right asymmetry in the bilateria. Genesis 2014, doi:10.1002/dvg.22748. 

55. Vorbruggen, G.; Constien, R.; Zilian, O.; Wimmer, E.A.; Dowe, G.; Taubert, H.; Noll, M.;  

Jackle, H. Embryonic expression and characterization of a ptx1 homolog in drosophila.  

Mech. Dev. 1997, 68, 139–147. 

56. Jin, Y.; Hoskins, R.; Horvitz, H.R. Control of type-d gabaergic neuron differentiation by C. 

elegans UNC-30 homeodomain protein. Nature 1994, 372, 780–783. 

57. Grande, C.; Patel, N.H. Nodal signalling is involved in left-right asymmetry in snails. Nature 

2009, 457, 1007–1011. 

58. Duboc, V.; Rottinger, E.; Lapraz, F.; Besnardeau, L.; Lepage, T. Left-right asymmetry in the sea 

urchin embryo is regulated by nodal signaling on the right side. Dev. Cell. 2005, 9, 147–158. 



J. Cardiovasc. Dev. Dis. 2014, 1 69 

 

59. Duboc, V.; Lepage, T. A conserved role for the nodal signaling pathway in the establishment of 

dorso-ventral and left-right axes in deuterostomes. J. Exp. Zool. B Mol. Dev. Evol. 2008, 310,  

41–53. 

60. Adams, D.S.; Robinson, K.R.; Fukumoto, T.; Yuan, S.; Albertson, R.C.; Yelick, P.; Kuo, L.; 

McSweeney, M.; Levin, M. Early, h
+
-v-atpase-dependent proton flux is necessary for consistent 

left-right patterning of non-mammalian vertebrates. Development 2006, 133, 1657–1671. 

61. Aw, S.; Adams, D.S.; Qiu, D.; Levin, M. H,k-atpase protein localization and kir4.1 function 

reveal concordance of three axes during early determination of left-right asymmetry. Mech. Dev. 

2008, 125, 353–372. 

62. Ramsdell, A.F. Left-right asymmetry and congenital cardiac defects: Getting to the heart of the 

matter in vertebrate left-right axis determination. Dev. Biol. 2005, 288, 1–20. 

63. Warburton, D.; Schwarz, M.; Tefft, D.; Flores-Delgado, G.; Anderson, K.D.; Cardoso, W.V. The 

molecular basis of lung morphogenesis. Mech. Dev. 2000, 92, 55–81. 

64. Meno, C.; Shimono, A.; Saijoh, Y.; Yashiro, K.; Mochida, K.; Ohishi, S.; Noji, S.; Kondoh, H.; 

Hamada, H. Lefty-1 is required for left-right determination as a regulator of lefty-2 and nodal. 

Cell 1998, 94, 287–297. 

65. Liu, C.; Liu, W.; Lu, M.F.; Brown, N.A.; Martin, J.F. Regulation of left-right asymmetry by 

thresholds of pitx2c activity. Development 2001, 128, 2039–2048. 

66. Macartney, F.J.; Zuberbuhler, J.R.; Anderson, R.H. Morphological considerations pertaining to 

recognition of atrial isomerism. Consequences for sequential chamber localisation. Br. Heart J. 

1980, 44, 657–667. 

67. Seo, J.W.; Brown, N.A.; Ho, S.Y.; Anderson, R.H. Abnormal laterality and congenital cardiac 

anomalies. Relations of visceral and cardiac morphologies in the iv/iv mouse. Circulation 1992, 

86, 642–650. 

68. Icardo, J.M.; Sanchez de Vega, M.J. Spectrum of heart malformations in mice with situs solitus, 

situs inversus, and associated visceral heterotaxy. Circulation 1991, 84, 2547–2558. 

69. Hildreth, V.; Webb, S.; Chaudhry, B.; Peat, J.D.; Phillips, H.M.; Brown, N.; Anderson, R.H.; 

Henderson, D.J. Left cardiac isomerism in the sonic hedgehog null mouse. J. Anat. 2009, 214, 

894–904. 

70. Fasouliotis, S.J.; Achiron, R.; Kivilevitch, Z.; Yagel, S. The human fetal venous system: Normal 

embryologic, anatomic, and physiologic characteristics and developmental abnormalities.  

J. Ultrasound Med. 2002, 21, 1145–1158. 

71. Sharma, S.; Devine, W.; Anderson, R.H.; Zuberbuhler, J.R. Identification and analysis of left 

atrial isomerism. Am. J. Cardiol. 1987, 60, 1157–1160. 

72. Kitamura, K.; Miura, H.; Miyagawa-Tomita, S.; Yanazawa, M.; Katoh-Fukui, Y.; Suzuki, R.; 

Ohuchi, H.; Suehiro, A.; Motegi, Y.; Nakahara, Y.; et al. Mouse pitx2 deficiency leads to 

anomalies of the ventral body wall, heart, extra- and periocular mesoderm and right pulmonary 

isomerism. Development 1999, 126, 5749–5758. 

73. Sadler, T.W. Langman’s Medical Embryology; Lippincott, Williams and Wilkins: Philadelphia, 

PA, USA, 2000. 



J. Cardiovasc. Dev. Dis. 2014, 1 70 

 

74. Rubino, M.; Van Praagh, S.; Kadoba, K.; Pessotto, R.; Van Praagh, R. Systemic and pulmonary 

venous connections in visceral heterotaxy with asplenia. Diagnostic and surgical considerations 

based on seventy-two autopsied cases. J. Thorac. Cardiovasc. Surg. 1995, 110, 641–650. 

75. Peoples, W.M.; Moller, J.H.; Edwards, J.E. Polysplenia: A review of 146 cases. Pediatr. Cardiol. 

1983, 4, 129–137. 

76. Franco, D.; Chinchilla, A.; Aranega, A.E. Transgenic insights linking pitx2 and atrial 

arrhythmias. Front. Physiol. 2012, 3, doi:10.3389/fphys.2012.00206. 

77. Smith, A.; Ho, S.Y.; Anderson, R.H.; Connell, M.G.; Arnold, R.; Wilkinson, J.L.; Cook, A.C. 

The diverse cardiac morphology seen in hearts with isomerism of the atrial appendages with 

reference to the disposition of the specialised conduction system. Cardiol. Young 2006, 16,  

437–454. 

78. Ammirabile, G.; Tessari, A.; Pignataro, V.; Szumska, D.; Sutera Sardo, F.; Benes, J., Jr.; 

Balistreri, M.; Bhattacharya, S.; Sedmera, D.; Campione, M. Pitx2 confers left morphological, 

molecular, and functional identity to the sinus venosus myocardium. Cardiovasc. Res. 2012, 93, 

291–301. 

79. Wang, J.; Klysik, E.; Sood, S.; Johnson, R.L.; Wehrens, X.H.; Martin, J.F. Pitx2 prevents 

susceptibility to atrial arrhythmias by inhibiting left-sided pacemaker specification. Proc. Nat. 

Acad. Sci. USA 2010, 107, 9753–9758. 

80. Harvey, R.P. Cardiac looping—An uneasy deal with laterality. Semin. Cell Dev. Biol. 1998, 9, 

101–108. 

81. Manner, J. On the form problem of embryonic heart loops, its geometrical solutions, and a new 

biophysical concept of cardiac looping. Ann. Anat. 2013, 195, 312–323. 

82. Baker, K.; Holtzman, N.G.; Burdine, R.D. Direct and indirect roles for nodal signaling in two 

axis conversions during asymmetric morphogenesis of the zebrafish heart. Proc. Nat. Acad. Sci. 

USA 2008, 105, 13924–13929. 

83. Jiang, Z.; Zhu, L.; Hu, L.; Slesnick, T.C.; Pautler, R.G.; Justice, M.J.; Belmont, J.W. Zic3 is 

required in the extra-cardiac perinodal region of the lateral plate mesoderm for left-right 

patterning and heart development. Hum. Mol. Genet. 2013, 22, 879–889. 

84. Bamforth, S.D.; Braganca, J.; Farthing, C.R.; Schneider, J.E.; Broadbent, C.; Michell, A.C.; 

Clarke, K.; Neubauer, S.; Norris, D.; Brown, N.A.; et al. Cited2 controls left-right patterning and 

heart development through a nodal-pitx2c pathway. Nat. Genet. 2004, 36, 1189–1196. 

85. Soshnikova, N.; Dewaele, R.; Janvier, P.; Krumlauf, R.; Duboule, D. Duplications of hox gene 

clusters and the emergence of vertebrates. Dev. Biol. 2013, 378, 194–199. 

86. Lin, Q.; Schwarz, J.; Bucana, C.; Olson, E.N. Control of mouse cardiac morphogenesis and 

myogenesis by transcription factor mef2c. Science 1997, 276, 1404–1407. 

87. Cai, C.L.; Liang, X.; Shi, Y.; Chu, P.H.; Pfaff, S.L.; Chen, J.; Evans, S. Isl1 identifies a cardiac 

progenitor population that proliferates prior to differentiation and contributes a majority of cells 

to the heart. Dev. Cell. 2003, 5, 877–889. 

88. Ryan, A.K.; Blumberg, B.; Rodriguez-Esteban, C.; Yonei-Tamura, S.; Tamura, K.; Tsukui, T.; 

de la Pena, J.; Sabbagh, W.; Greenwald, J.; Choe, S.; et al. Pitx2 determines left-right asymmetry 

of internal organs in vertebrates. Nature 1998, 394, 545–551. 



J. Cardiovasc. Dev. Dis. 2014, 1 71 

 

89. Yu, X.; St Amand, T.R.; Wang, S.; Li, G.; Zhang, Y.; Hu, Y.P.; Nguyen, L.; Qiu, M.S.;  

Chen, Y.P. Differential expression and functional analysis of pitx2 isoforms in regulation of 

heart looping in the chick. Development 2001, 128, 1005–1013. 

90. Linask, K.K.; Yu, X.; Chen, Y.; Han, M.D. Directionality of heart looping: Effects of pitx2c 

misexpression on flectin asymmetry and midline structures. Dev. Biol. 2002, 246, 407–417. 

91. Campione, M.; Steinbeisser, H.; Schweickert, A.; Deissler, K.; van Bebber, F.; Lowe, L.A.; 

Nowotschin, S.; Viebahn, C.; Haffter, P.; Kuehn, M.R.; et al. The homeobox gene pitx2: 

Mediator of asymmetric left-right signaling in vertebrate heart and gut looping. Development 

1999, 126, 1225–1234. 

92. Gage, P.J.; Suh, H.; Camper, S.A. Dosage requirement of pitx2 for development of multiple 

organs. Development 1999, 126, 4643–4651. 

93. Shiratori, H.; Yashiro, K.; Shen, M.M.; Hamada, H. Conserved regulation and role of pitx2 in 

situs-specific morphogenesis of visceral organs. Development 2006, 133, 3015–3025. 

94. Lowe, L.A.; Yamada, S.; Kuehn, M.R. Genetic dissection of nodal function in patterning the 

mouse embryo. Development 2001, 128, 1831–1843. 

95. Yan, Y.T.; Gritsman, K.; Ding, J.; Burdine, R.D.; Corrales, J.D.; Price, S.M.; Talbot, W.S.; 

Schier, A.F.; Shen, M.M. Conserved requirement for egf-cfc genes in vertebrate left-right axis 

formation. Genes Dev. 1999, 13, 2527–2537. 

96. Liu, C.; Liu, W.; Palie, J.; Lu, M.F.; Brown, N.A.; Martin, J.F. Pitx2c patterns anterior 

myocardium and aortic arch vessels and is required for local cell movement into atrioventricular 

cushions. Development 2002, 129, 5081–5091. 

97. Bamforth, S.D.; Braganca, J.; Eloranta, J.J.; Murdoch, J.N.; Marques, F.I.; Kranc, K.R.;  

Farza, H.; Henderson, D.J.; Hurst, H.C.; Bhattacharya, S. Cardiac malformations, adrenal 

agenesis, neural crest defects and exencephaly in mice lacking cited2, a new tfap2 co-activator. 

Nat. Genet. 2001, 29, 469–474. 

98. Muster, A.J.; Idriss, R.F.; Backer, C.L. The left-sided aortic arch in humans, viewed as the  

end-result of natural selection during vertebrate evolution. Cardiol. Young 2001, 11, 111–122. 

99. Waldo, K.; Kirby, M.L. Development of the great arteries. In Living Morphogenesis of the Heart; 

De la Cruz, M.V., Markwald, R.R., Eds.; Birkhauser: Boston, MA, USA, 1998; pp. 187–217. 

100. Kingsley, J.S. Outline of Comparative Anatomy of Vertebrates; The Blakiston Company: 

Philadelphia, PA, USA, 1920. 

101. Bamforth, S.D.; Chaudhry, B.; Bennett, M.; Wilson, R.; Mohun, T.J.; Van Mierop, L.H.; 

Henderson, D.J.; Anderson, R.H. Clarification of the identity of the mammalian fifth pharyngeal 

arch artery. Clin. Anat. 2013, 26, 173–182. 

102. Jacobs, K.; Goy, S.K.; Dzialowski, E.M. Morphology of the embryonic and hatchling american 

alligator ductus arteriosi and implications for embryonic cardiovascular shunting. J. Morphol. 

2012, 273, 186–194. 

103. Paffett-Lugassy, N.; Singh, R.; Nevis, K.R.; Guner-Ataman, B.; O’Loughlin, E.; Jahangiri, L.; 

Harvey, R.P.; Burns, C.G.; Burns, C.E. Heart field origin of great vessel precursors relies on 

nkx2.5-mediated vasculogenesis. Nat. Cell. Biol. 2013, 15, 1362–1369. 

104. Oh, S.P.; Li, E. The signaling pathway mediated by the type iib activin receptor controls axial 

patterning and lateral asymmetry in the mouse. Genes Dev. 1997, 11, 1812–1826. 



J. Cardiovasc. Dev. Dis. 2014, 1 72 

 

105. Yoshioka, H.; Meno, C.; Koshiba, K.; Sugihara, M.; Itoh, H.; Ishimaru, Y.; Inoue, T.;  

Ohuchi, H.; Semina, E.V.; Murray, J.C.; et al. Pitx2, a bicoid-type homeobox gene, is involved in 

a lefty-signaling pathway in determination of left-right asymmetry. Cell 1998, 94, 299–305. 

106. Schweickert, A.; Campione, M.; Steinbeisser, H.; Blum, M. Pitx2 isoforms: Involvement  

of pitx2c but not pitx2a or pitx2b in vertebrate left-right asymmetry. Mech. Dev. 2000, 90,  

41–51. 

107. Meyers, E.N.; Martin, G.R. Differences in left-right axis pathways in mouse and chick: Functions 

of fgf8 and shh. Science 1999, 285, 403–406. 

108. Schneider, A.; Mijalski, T.; Schlange, T.; Dai, W.; Overbeek, P.; Arnold, H.H.; Brand, T. The 

homeobox gene nkx3.2 is a target of left-right signalling and is expressed on opposite sides in 

chick and mouse embryos. Curr. Biol. 1999, 9, 911–914. 

109. Brown, C.B.; Baldwin, H.S. Neural crest contribution to the cardiovascular system. Adv. Exp. 

Med. Biol. 2006, 589, 134–154. 

110. Yashiro, K.; Shiratori, H.; Hamada, H. Haemodynamics determined by a genetic programme 

govern asymmetric development of the aortic arch. Nature 2007, 450, 285–288. 

111. Unolt, M.; Putotto, C.; Silvestri, L.M.; Marino, D.; Scarabotti, A.; Valerio, M.; Caiaro, A.; 

Versacci, P.; Marino, B. Transposition of great arteries: New insights into the pathogenesis. 

Front. Pediatr. 2013, 1, doi:10.3389/fped.2013.00011. 

112. MacDonald, S.T.; Bamforth, S.D.; Chen, C.M.; Farthing, C.R.; Franklyn, A.; Broadbent, C.; 

Schneider, J.E.; Saga, Y.; Lewandoski, M.; Bhattacharya, S. Epiblastic cited2 deficiency results 

in cardiac phenotypic heterogeneity and provides a mechanism for haploinsufficiency. 

Cardiovasc. Res. 2008, 79, 448–457.  

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


