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Abstract

An essential role for cilia in the pathogenesis of congenital heart disease (CHD) has emerged from 

findings of a large-scale mouse forward genetic screen. High throughput screening with fetal 

ultrasound imaging followed by whole exome sequencing analysis recovered a preponderance of 

cilia related genes and cilia transduced cell signaling genes among mutations identified to cause 

CHD. The perturbation of left-right patterning in CHD pathogenesis is suggested by the 

association of CHD with heterotaxy, but also by the finding of the co-occurrence of laterality 

defects with CHD in birth defect registries. Many of the cilia and cilia cell signaling genes 

recovered were found to be related to Hedgehog signaling. Studies in mice showed cilia 

transduced hedgehog signaling coordinates left-right patterning with heart looping and 

differentiation of the heart tube. Cilia transduced Shh signaling also regulates later events in heart 

development, including outflow tract septation and formation of the atrioventricular septum. More 

recent work has shown mutations in cilia related genes may also contribute to valve disease that 

largely manifest in adult life. Overall, these and other findings show cilia play an important role in 

CHD and also in more common valve diseases.
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1. Introduction

Congenital heart defects (CHD) are one of the most common structural birth defects, 

affecting up to 0.5 % of live births[1]. If bicuspid aortic valves are included (see below), the 

incidence of CHD would more likely fall within the range of 1–3% [2, 3]. CHD is 

characterized by disturbance in the structure of the heart and can involve abnormalities of 

the cardiac valves, outflow tract septation defects, or abnormalities in patterning or growth 

of the cardiac chambers and their inflow/outflow connections. These different anatomical 
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defects can occur separately, causing simple CHD, or in combination, causing complex 

CHD. They can result in disturbance of unidirectional blood flow or they can cause 

abnormal mixing of blood flow between the left vs. right sides of the heart, which will 

compromise the efficient oxygenation of blood.

The human heart is comprised of four chambers, two atria and two ventricles, that have 

distinct left-right asymmetric inflow and outflow connections allowing the left heart to 

receive oxygenated blood from the lung and circulate it systemically to and from the body 

and the right heart to receive and pump deoxygenated blood to the lung for reoxygenation. 

This anatomical left-right asymmetric four chamber anatomy is an evolutionary adaption 

that allows for the efficient extraction of oxygen from air. Disturbance of this distinct left-

right asymmetric cardiac anatomy can result in failure to oxygenate blood efficiently, either 

due to mixing of oxygenated/deoxygenated blood or from the inability to route 

deoxygenated blood to the lungs and oxygenated blood back to the body. Hence it is not 

surprising that except for simple atrial or ventricular septal defects (ASD, VSD), CHD were 

previously associated with high morbidity and mortality.

With technical advances in surgical repair patients with even very complex CHD are now 

surviving their critical structural heart defects, including CHD that were previously 

uniformly fatal[4, 5]. As a result, currently there are now more adults with CHD then 

children born annually with CHD[6]. From this ever expanding cohort of CHD adults, there 

is realization that such surviving patients suffer increased morbidity and mortality, often 

with clinical sequelae that might include exercise intolerance, poor neurodevelopmental 

outcomes, heart failure, liver failure, and increased cancer risk[7–9]. As the etiology of these 

clinical complications are not understood, it has not been possible to identify patients at risk 

for early intervention. Without knowledge of the pathogenic mechanisms, therapeutic 

interventions can only be focused on treating symptoms, limiting their effectiveness. While 

previously such clinical sequelae were largely attributed to hypoxia or surgical trauma, data 

from multiple clinical studies have shown the causes are largely arising from patient intrinsic 

factors, suggesting they may arise from the same genetic defects causing their CHD[10]. 

This would suggest only with insights into the genetic landscape of CHD, can we hope to 

obtain mechanistic insights into these disease processes, and only then can we hope to 

develop targeted therapy to address these clinical sequelae that continue to compromise the 

long term survival and health related quality of life of CHD patients. It is with these needs in 

mind, we have embarked on the use of systems genetics to interrogate the genetic landscape 

of CHD using the mouse as a model system.

2.1 Systems Genetics Identifies Role of Cilia in CHD pathogenesis

To investigate the genetic landscape of CHD, we chose mice as our model system. There are 

multiple important advantages with using mice for these studies, as completely inbred mice 

are readily available[11]. This overcomes one of the major limitations in human genetic 

analysis, i.e. the genetic heterogeneity of the human population. Moreover, as the reference 

genome of inbred mouse strains are readily available, this allows genetic variation or 

mutation causing a disease phenotype to be easily recovered using whole exome or whole 

genome sequencing analysis. Most importantly, mice have the same four chamber left-right 
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asymmetric cardiac anatomy as humans, making it possible to model the same simple and 

complex CHD phenotypes seen in human patients[12]. Hence, together these factors make 

mice the ideal model system for interrogating the genetic landscape of CHD.

In the setting of the mouse model, we undertook a systems approach with large scale 

forward genetics to investigate the genetic etiology of CHD. This entailed the use of 

chemical mutagenesis with ethylnitrosourea (ENU), a mutagen that induces point mutations, 

to randomly mutagenize the mouse genome. The ENU mutagenized mice were then bred to 

generate heterozygous G1 and G2 offspring, and these were intercrossed to generate G3 

fetuses to allow for recovery of recessive mutations causing CHD[13]. Cardiovascular 

phenotyping was conducted using fetal echocardiography, an imaging modality that allows 

visualization of heart structure and function also commonly used clinically to diagnose CHD 

prenatally[14]. This made it possible to conduct the screen noninvasively, allowing the same 

litter of fetuses to be queried longitudinally over multiple days of gestation. Using this very 

high throughput and also very sensitive imaging modality for the diagnosis of CHD, we 

were able to screen over 100,000 mouse fetuses, and recovered mutants with the majority of 

CHD observed clinically (Fig.1). This included not only simple CHD such as atrial septal 

defect and ventricular septal defect, but also more complex lesions such as double outlet 

right ventricle (DORV), transposition of the great arteries (TGA), persistent truncus 

arteriosus (PTA), or various aortic arch anomalies or valvular defects (Fig.1). Also recovered 

from the screen were mutants with hypoplastic left heart syndrome (HLHS; Fig.1), a lesion 

that was previously suggested to have a hemodynamic origin that would preclude its 

modeling in mice (given its very short gestation period)[15].

2.2 Left-Right Patterning Disturbance in the Pathogenesis of Congenital Heart Disease

Interestingly, approximately half of the mutant lines recovered with CHD also exhibited left-

right patterning defects, indicating left-right patterning may have an important role in CHD 

pathogenesis[13]. Normal patterning of organ development includes the specification of left-

right organ situs, with situs solitus referring to the normal organ left-right positioning. The 

heart apex points to the left (levocardia), the stomach and spleen are positioned on the left, 

and the lung and liver develop distinct left-right asymmetric pattern of lobation (Fig. 2). The 

bile duct is positioned on the right and the gut undergoes counterclockwise looping around 

the superior mesenteric artery. In the cardiovascular system, further specification of left-right 

asymmetry within the cardiac chambers and their left vs. right inflow/outflow connections 

are essential for establishing the systemic vs. pulmonary circulation needed for efficient 

oxygenation of blood in the lung and its delivery to the rest of the body. The disturbance of 

laterality can result in either situs inversus with complete mirror symmetric patterning of 

organ laterality, or heterotaxy with randomization of organ situs (Fig. 2). Thus, lines with 

CHD associated with laterality defects can yield mutants with heterotaxy or situs inversus. 

Importantly, such lines can also yield mutants with situs solitus, though such mice with 

normal visceral organ patterning typically show no CHD.

The association of complex CHD with heterotaxy is actually well described clinically, 

pointing to the importance of left-right patterning in CHD pathogenesis[16, 17]. Several 

epidemiological studies have provided further support for the importance of left-right 
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patterning in human CHD. One such investigation reviewed data from the National Birth 

Defects Prevention Study (NBDPS) for nonsyndromic cases of situs inversus or heterotaxy 

cases and determined the incidence of CHD[18]. From 517 such cases, they showed a 

surprisingly high incidence of CHD, with 77% exhibiting CHD associated with either 

heterotaxy or situs inversus. The overall incidence of laterality defects in this registry was 1 

in 10,000, similar to findings from other studies[18]. Hence, the co-occurrence of CHD and 

laterality defects is unlikely by chance. The large majority of CHD observed in these cases 

comprised complex CHD, 67.7% with heterotaxy and 9.3% with situs inversus[18]. This 

included cooccurrence of a wide spectrum of CHD lesions including single ventricle (SV) 

lesions, total anomalous pulmonary venous return (TAPVR), double outlet right ventricle 

(DORV), or atrioventricular septal defect (AVSD; Table 1)[18] with laterality defects. This 

was most commonly observed in association with heterotaxy (Table 1).

These findings are consistent with another epidemiological study primarily focused on CHD 

that also examined for the presence of other birth defects, including the disturbance of 

laterality[19]. In this study, large birth defects registries from California, France and Sweden 

were examined encompassing 4.4 million births[19]. From these births,12,000 infants with 

CHD were identified. The overall incidence of severe CHD was observed at 1.43 cases per 

1000 births[19]. Examination for CHD cases that also had laterality defects indicated by the 

finding of situs inversus, splenic abnormalities, or gut malrotation showed a surprisingly 

high cooccurrence of laterality defects. This ranged from a high of 52.9% in patients with 

SV lesions to 4.1% in patients with tricuspid atresia (Table 1)[19]. As laterality defects are 

seen with an incidence of 1 in 10,000, their co-occurrence with CHD would indicate a 

mechanistic link. Laterality defects were highest for SV, TAPVR, DORV, and AVSD (Table 

1). Comparison between the laterality vs. CHD focused analyses showed striking differences 

for SV and TAPVR. The CHD focused analysis showed 52.9% of SV and 56.8% of TAPVR 

patients also exhibited laterality defects, while the laterality focused analysis demonstrated 

that among laterality cases with CHD 11.8% had SV and 23.4% had TAPVR phenotypes 

(Table 1)[18, 19]. These differences may reflect the exclusion of extracardiac anomalies in 

the laterality focused study, as only nonsyndromic cases were examined. This would suggest 

the finding of CHD with laterality disturbance may be associated with increased risk for 

other birth defects. Overall, the same broad spectrum of structural heart defect phenotypes 

are observed in the CHD focused study, but generally with reduced prevalence compared to 

the laterality focused analysis (Table 1). It is interesting to note that the only lesion that is 

equally prevalent in both groups is AVSD, which is observed at 31.1% in the CHD study vs. 

36.8% in the laterality focused study[18, 19]. This suggests the possibility that AVSD may 

be a lesion that is developmentally most intimately tied to the disturbance of laterality. 

Overall, these epidemiological studies indicate the pathogenesis of CHD is intimately 

interwoven with the disturbance of left-right patterning.

2.3 Central Role of Cilia in the Pathogenesis of Congenital Heart Disease

The CHD causing mutations in mutants recovered from our screen was carried out using 

whole exome sequencing analysis, allowing the successful identification of 91 CHD causing 

pathogenic mutations in 61 genes[13]. The pathogenic mutation in each line was readily 

identified by genotyping analysis, with the pathogenic mutation being the only mutation that 
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is consistently homozygous in all of the CHD mutants. Interestingly, examination of the 61 

genes showed 35 were cilia related (Fig.3)[13]. This enrichment for cilia genes was 

surprising, given the screen was completely phenotype driven and gene agnostic. 

Additionally, many of the other CHD causing mutations were in genes involved in hedgehog 

signaling and other cilia transduced cell signaling pathways[13]. Also observed was 

enrichment for mutations in genes mediating vesicular/endocytic trafficking, a cell process 

that is essential for ciliogenesis and in cilia transduced cell signaling[13, 20]. Together, these 

findings point to the perturbation of cilia playing a central role in the pathogenesis of CHD.

Given the known importance of cilia in left-right patterning, the enrichment for cilia genes 

may reflect the essential role of cilia in left-right patterning. This would be consistent with 

the epidemiological studies indicating the substantial involvement of left-right patterning 

defects in a broad spectrum of CHD lesions. Thus, of the 35 cilia-CHD genes recovered, 23 

mediate CHD with laterality defects. These are comprised of 13 genes required for motile 

cilia function, and 10 in primary cilia function, consistent with the known requirement for 

both motile and primary cilia in the regulation of left-right patterning[13]. Motile cilia at the 

embryonic node mediate leftward nodal flow[21, 22]. This flow is then sensed by primary 

cilia at the node periphery leading to downstream activation of the nodal signaling cascade, 

though the precise mechanisms remain uncertain[23]. However, it is important to note that 

the role of cilia in CHD pathogenesis is not simply to regulate left-right patterning, as 12 

(34%) of the primary cilia-CHD genes do not cause laterality defects. As many of cilia 

transduced cell signaling pathways are known to play an important role in cardiovascular 

development, including Shh, Wnt, Pdgf, and Tgfβ-BMP signaling, the disruption of these 

cell signaling pathways could play a role in CHD pathogenesis[24].

3. Role of Motile Cilia in CHD Pathogenesis

Most of the motile cilia-CHD mutations recovered in our screen are in genes known to cause 

primary ciliary dyskinesia (PCD), a sinopulmonary disease associated with mucociliary 

clearance deficits due to immotile or dyskinetic cilia in the airway. All of the motile cilia 

mutations were observed to cause CHD in the setting of heterotaxy. In fact, PCD is well 

described to be associated with male infertility and situs inversus, a spectrum of phenotypes 

previously referred to as Kartagener’s syndrome[25]. However, the link between PCD and 

CHD was not discovered until more recent studies showed PCD patients can exhibit 

heterotaxy and in such PCD-heterotaxy patients, CHD is commonly observed[26, 27]. It is 

interesting to note that while many of our mutations in PCD genes caused immotility or 

weak flickering dyskinetic ciliary motion in the airway, ciliary motion in the brain ependyma 

is often preserved, albeit the cilia waveform and beat frequency may be abnormal[13]. In 

mice with mutations in PCD-cilia genes, hydrocephalus is often observed, indicating cilia 

generated flow in the brain may play an important role in the maintenance of cerebrospinal 

fluid (CSF) homeostasis. However, PCD patients rarely exhibit hydrocephalus, with 

previous studies suggesting only 1.3% of PCD patients have hydrocephalus[28]. 

Interestingly, we also recovered a CHD causing mutation in FoxJ1, a transcription factor 

known to regulate the expression of genes required for motile cilia formation[29]. The FoxJ1 
mutant mice exhibited CHD associated with heterotaxy, as with mutations in other PCD 

genes, and they also exhibited hydrocephalus. Importantly, FOXJ1 mutations were 
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previously found to be associated with PCD patients displaying hydrocephalus [30]. 

Hydrocephalus may arise with FOXJ1 mutation perhaps because of its broad transcriptional 

effects on regulating motile ciliogenesis, suggesting there may be more ependymal cilia 

gene related redundancies in human as compared to mice.

4. Primary Cilia and CHD Pathogenesis

Among the 22 primary cilia related gene recovered, we noted four genes, Sufu, Kif7, Jbts17, 
and Lrp2 are associated with cilia transduced Shh signaling, a pathway known to have 

important roles in cardiovascular development[31]. Indeed, among non-cilia CHD genes 

recovered, an enrichment is observed for genes in cilia transduced cell signaling pathways, 

including Tbc1d32 and Megf8 involved in Shh signaling, Fuz, Ptk7, and Prickle1 in Wnt 

signaling, and Cfc1, Ltbp1, Pcks5, Tab1, and Smad6 in Tgfβ/BMP signaling[13]. These 

findings suggest one of the important roles of cilia in heart development and CHD 

pathogenesis is the modulation of cilia transduced cell signaling.

Also worth noting is the fact that many of the CHD-cilia related genes recovered in our 

screen are in the ciliogenesis planar cell polarity (CPLANE) protein-protein interaction 

network[32]. The CPLANE network was recently identified by proteomic analysis, and has 

been shown to play an important role in the regulation of ciliogenesis and cilia transduced 

cell signaling[32]. Strikingly, we found three of the five core components of the CPLANE 

network, Fuz, Jbts17, and Wdpcp, are among the CHD-cilia genes recovered in our 

screen[13, 32, 33]. These core CPLANE genes are highly conserved in evolution and are 

found from sea anemone to man[34]. This suggests the ancient function of the CPLANE 

core proteins have evolved in the context of the cilia to regulate heart development, the first 

and most critical organ to form in the mammalian embryo.

5. One Mutation Giving Rise to Three Distinct Laterality Phenotypes

The analysis of many mutant lines with CHD associated with heterotaxy have shown that in 

most lines the same mutation can give rise to three different laterality phenotypes 

comprising either normal situs solitus, situs inversus totalis, or heterotaxy, with CHD 

typically only observed with heterotaxy (Figure 2)[35]. This contrasts with the 

epidemiological studies showing CHD in the human population can be observed with situs 

inversus albeit at much lower incidence then with heterotaxy (Table 1)[19]. This difference 

is likely a reflection of the inbred genetic background and monogenic etiology of disease in 

mice, while disease in the genetically heterogeneous human population is more likely to 

exhibit oligogenic interactions associated with more complex genetics. We note the finding 

of three different laterality phenotypes from a single mutation is observed for mutations in 

all of the motile cilia/PCD related genes and also some of the primary cilia and non-cilia 

mutations causing CHD with heterotaxy. However, it is notable that mutations in some genes 

consistently give rise to heterotaxy only, such as Megf8 a negative regulator of Shh 

signaling, or Mmp21, a matrix metalloprotease[36–40]. The observation that mutations in 

some genes can yield three different laterality phenotypes, with CHD seen only with 

heterotaxy, would suggest there are normal individuals with the same disease-causing 

genotype as individuals with CHD and heterotaxy in the human population. Such individuals 
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with “masked” disease genotypes would confound efforts to recover pathogenic mutations. 

Given the epidemiological findings showing disturbance of left-right patterning in a broad 

spectrum of human CHD, this suggests the possibility that some of the well described 

variable penetrance and variable expressivity seen in human CHD might be related to 

laterality related masking of disease phenotypes.

6.1 Hedgehog Signaling Coordinates Left-right Patterning with Heart Looping

Cilia transduced hedgehog (Hh) signaling is required for normal establishment of left-right 

asymmetry, including left-right patterning of the lateral plate mesoderm (LPM), the tissue 

from which the heart tube is derived. In Smo KO embryos deficient in HH signaling, the left 

sided activation of Lefty and Nodal in the LPM is not observed, and while the heart tube 

forms, it does not loop[41, 42]. This heart looping defect is associated with defects in 

myocardial differentiation which may be due to failure to upregulate expression of the 

cardiac transcription factor Nkx2.5[41]. Thus, Hh signaling plays a dual role during early 

development - it is required for establishing normal left-right asymmetry, and it also 

regulates cardiomyocyte differentiation and looping of the heart tube. This coordinate 

regulation can help ensure heart looping is appropriately timed relative to specification of 

the left-right axis and differentiation of the myocardium. While Shh is known to regulate 

many of the later cardiovascular developmental processes, the looping of the heart tube 

appears to be orchestrated by Indian Hedgehog (Ihh), as it is the only Hh member expressed 

in the definitive endoderm directly underlying the LPM containing the cardiac 

progenitors[42].

Thus, specification of the left-right body axis and right sided looping of the heart tube, are 

both Hh dependent processes, pointing to the central importance of cilia and left-right 

patterning in heart development. This is consistent with findings from both our mouse screen 

and the human epidemiological studies showing the disturbance of left-right patterning is 

closely linked to the pathogenesis of CHD. We note the negative regulation of Shh may have 

particular importance, as several negative regulators of Shh signaling recovered from 

CRISPR screens are known to disrupt normal heart development in conjunction with the 

disturbance of left-right patterning[38, 43]. Thus, mutations in Megf8 cause heterotaxy with 

CHD[44]. Interesting to note it causes heterotaxy exclusively, and always with CHD 

comprising transposition of the great arteries (TGA) with either a D or L-looped heart 

(Figs.1D and 4) [38, 39]. This suggests the precise level of Hh signaling is critically 

important and must be fine-tuned, first early in development to direct right sided looping of 

the heart tube, and then later to direct proper patterning of outflow tract alignment.

6.2. Shh Deficiency Causes AVSD and Outflow Tract Septation Defects

Analysis of the Shh KO mice has further shown a critical role for Shh signaling in 

atrioventricular septation. The atrioventricular septum is largely derived from the dorsal 

mesenchyme protrusion (DMP), a structure comprising of cells derived from the second 

heart field. Shh signaling is required for proper migration of the DMP into the atrium to 

generate the atrioventricular septum. Thus, Shh KO embryos exhibit AVSD, a CHD 

phenotype that was seen with equally high prevalence in both epidemiological studies 

examining the cooccurrence of CHD with laterality defects (Table 1)[31, 45, 46]. This 
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suggests the possibility that these second heart field progenitors may be specified at the 

earliest stages of heart development, perhaps at the time when left-right patterning is first 

specified at the LPM in the 3–6 somite stages. In addition, the Shh KO embryos also were 

observed to have an outflow tract septation defect, exhibiting persistent truncus arteriosus 

(PTA) (Fig.1E)[31]. This is due to a dual requirement for Shh signaling in both cardiac 

neural crest cells and in cells of the second heart field[31]. We note unlike AVSD, the PTA 

phenotype was barely detected in the laterality focused human study at 0.8%, while in the 

CHD focused study, it was seen with 10-fold higher incidence at 14.2% (Table 1)[18, 19]. 

This suggests outflow tract septation may be less dependent on the very early left-right 

patterning developmental processes than atrioventricular septation.

7.1 Role of Cilia in Common Valve Defects

Primary cilia are present in the endocardial cushions, which will give rise to the heart valves 

(Fig.5) [47]. They play important roles in coordinating several signaling pathways known to 

play an important role in cardiac valve development including Notch, Shh, Wnt, Pdgf, and 

Tgfb signaling[48]. Additionally, primary cilia in the heart valve primordia may sense and 

respond to changes in shear stress to initiate proper valve development[49, 50]. Supporting 

the essential role of cilia in heart valve development are the recent studies showing defects in 

primary cilia are linked to common valve defects, including bicuspid aortic valve and mitral 

valve prolapse, both valve defects that usually present later in adult life[51–53]. This 

suggests that developmental abnormalities may be acted upon and elaborated by changes 

occurring over the lifetime that may result in disease, such as calcific deposits, abnormal 

matrix deposition or fibrosis causing stiffening of the valves. Further, the fact that we can 

detect cilia in adult mouse heart valve tissue indicates that cilia defects may have a further 

role to play in heart valve homoestasis and disease (Fig.6). Relevant to this are recent studies 

showing cilia perturbation may contribute to cardiac fibrosis[54].

7.2 Bicuspid Aortic Valve

Bicuspid aortic valve (BAV) is in fact the most common birth defect with an estimated 

prevalence of 1–3% in the general population[2]. BAV has been reported to be associated 

with ciliopathies, a class of syndromic diseases associated with cilia defects[55]. This has 

been confirmed by recent work that has linked BAV with primary cilia defects[56, 57]. In 

mouse, primary cilia can be found on aortic valve interstitial cells during aortic valve 

development, where they participate in Shh signaling[56]. Genetic ablation of primary cilia 

in these cells results in highly penetrant BAV phenotype with aortic stenosis[56]. In humans, 

a recent genome wide association study identified an association between BAV phenotypes 

and mutations affecting primary cilia[57]. Specifically, mutations in or near several genes 

associated with the exocyst, a complex necessary for ciliogenesis, were found to be highly 

associated with BAV[57]. Further, knock-out of the associated exocyst gene Exoc5 in both 

mouse and zebrafish resulted in ciliogenesis defects and ciliopathy phenotypes including 

BAV[57].
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7.3 Mitral Valve Prolapse

Mitral valve prolapse is another common cardiac valve disease that affects 2–3% of the 

population[58]. In this disorder the mitral valve does not close properly, often due to 

myxomatous valve disease, which can result in mitral regurgitation and necessitate mitral 

valve surgery[58]. This disease has previously been associated with the ciliopathy polycystic 

kidney disease, suggesting primary cilia may also play a role in myxomatous valve 

degeneration and mitral valve prolapse[59]. This is supported by studies identifying cilia 

mutations causing mitral valve prolapse. The first gene identified to cause non-syndromic 

mitral valve prolapse was Filamentin-A (FLNA)[60, 61]. FLNA interacts with MKS3 at the 

primary cilium and is necessary for ciliogenesis and proper orientation of the basal body, the 

centrosome derived structure forming the base of the cilia [62]. More recent studies have 

identified the cilia gene Dachsous1 (DCHS1) to cause mitral valve prolapse[63]. DCHS1 is 

localized to the base of the cilium and play a role in planar cell polarity signaling[64]. 

Additional studies further revealed mutations in DAZ Interacting Zinc Finger Protein 1 

(DZIP1), another cilia gene, to also cause mitral valve prolapse[65]. Mutations in DZIP1 
were identified to cause mitral valve prolapse in a multigenerational family with inherited 

autosomal dominant disease[65]. DZIP1 was previously found to localize to the centrosome 

where it modulates Shh signaling[66]. Knock-out of Dzip1 in mice caused primary cilia 

defects with impaired extracellular matrix deposition during heart valve development that 

resulted in myxomatous valve degeneration and mitral valve prolapse[65]. Together, these 

studies demonstrate the importance of primary cilia in mitral valve development, and the 

role of cilia defects in mitral valve prolapse.

8. Conclusions

Our forward genetic screen showed cilia plays an important role in the pathogenesis of 

CHD. This involves both primary and motile cilia, and cilia transduced cell signaling. The 

involvement of left-right patterning defects is suggested not only by the association of CHD 

with heterotaxy, but also by the high incidence seen for co-occurrence of laterality defects 

with CHD in analysis of data from several human birth defect registries. The recovery of 

many CPLANE genes among the CHD causing mutations, including the highly conserved 

CPLANE core components, suggest the ancient function of CPLANE genes have been 

recruited to regulate development of the heart. This involves a role for cilia in mediating 

hedgehog signaling and coordinating regulation of left-right patterning with early 

development of the heart tube. The additional roles of cilia in mediating later events in heart 

development include the regulation of outflow tract septation, atrioventricular septum 

formation, and the regulation of valvular morphogenesis. A role for cilia is also observed in 

valve diseases presenting mostly later in adult life. Overall, these findings indicate the role 

of cilia in congenital heart disease may extend throughout life. Further investigations are 

needed to elucidate how disturbances of left-right patterning may contribute to the 

developmental etiology of congenital heart disease and what might be the role for the 

CPLANE network in these developmental and disease processes.
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Shh sonic hedgehog

TAPVR total anomalous pulmonary venous return

TGA transposition of the great arteries
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Highlights

• Cilia and cilia transduced cell signaling have key roles in congenital heart 

disease

• Disturbance in left-right patterning closely linked to congenital heart disease

• Shh signaling coordinates left-right patterning with heart development

• Negative regulation of Shh critical for left-right patterning and heart 

development

• Cilia defects also contribute to valve disease prevalent in adults
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Figure 1. Wide spectrum of congenital heart defect phenotypes observed in mutant mice 
recovered from the forward genetic screen.
Mutant mice recovered from the mutagenesis screen exhibit a wide range of congenital heart 

disease phenotypes. For comparison a normal mouse heart is shown in (A). In panels (B-J) 

are shown a wide range of CHD phenotypes recovered from the screen including hypoplastic 

left heart syndrome (HLHS) in which left sided heart structures are underdeveloped (B), 

atrioventricular septal defect in which the septa between the right and left atria and the right 

and left ventricles fail to form properly (C), transposition of the great arteries (TGA) in 

which the aorta exits the right ventricle while the pulmonary artery emerges from the left 

ventricle (D), persistent truncus arteriosis (PTA) in which a single outflow tract arises from 

the ventricles (E), double outlet right ventricle (DORV) in which both the aorta and 
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pulmonary arteries arises from the right ventricle (F), ventricular noncompaction in which 

the compact myocardium fails to form appropriately (G), swiss cheese heart in which 

multiple ventricular septal defects (VSD) are present (H), atrial septal defect (ASD) in which 

the atrial septum fails to form appropriately (I), or bicuspid aortic valve (BAV) in which the 

normally tricuspid aortic valve develops with only two cusps (J). Ao, aorta; PA, pulmonary 

artery; LV, left ventricle; RV, right ventricle; MV, mitral valve.
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Figure 2. Mutations causing laterality defects can result in three situs phenotypes
(A–C). Laterality mutants can present with three phenotypes: situs solitus with normal 

visceral organ patterning in which the heart apex points to the left with four right lung lobes 

and one left lung lobe, and the dominant liver lobe on the right (A); situs inversus with 

complete mirror reversal of visceral organ patterning (B); or heterotaxy, in which there is 

randomization of visceral organ patterning such that the heart apex in this mutant points 

leftward while the stomach (Stm) is positioned on the right (C). L1-L5, lung lobes 1–5; Lv1-

Lv3, liver lobes 1–3; stm, stomach.

(D,E). Motile cilia in the embryonic node are visualized with acetylated tubulin (red) labeing 

the ciliary axoneme and gamma tubulin (green) labeling the basal body.
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Figure 3. Pathogenic mutations in ciliome genes enriched in mouse ENU mutagenesis screen
Exome sequencing from 113 CHD mutant mouse lines recovered 91 pathogenic mutations in 

61 genes. 35 of these mutations affected cilia genes and caused CHD including 23 in lines 

exhibiting CHD with laterality defects, and 12 in lines without laterality defects. Note 

mutations in motile cilia genes were recovered only in mutant lines with laterality defects. 

Adapted from Li et al. Nature 2015 [13].
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Figure 4. Megf8 mutant mice with dextrocardia and transposition of the great arteries.
Necropsy image (A) and histological sections of the same heart (B,C) from a Megf8 mutant 

mouse show dextrocardia with transposition of the great arteries (TGA). Note the heart apex 

points to the right, with the aorta (Ao) connected to the morphological right ventricle (mRV) 

located on the anatomical left (B), and the pulmonary artery (PA) connected to the 

morphological left ventricle (mLV) located on the anatomical right (C).

Gabriel et al. Page 20

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Cc2d2a mutant mice with laterality defects show AVSD with cilia defects in the AV 
cushion mesenchyme.
Mice with mutations in Cc2d2a present with laterality defects and congenital heart disease 

including dextroversion and atrioventricular septal defects (AVSD, A,B) with malformation 

of the atrioventricular cushions but normal outflow tract patterning (C). Consistent with this 

Cc2d2a mutant mice also show reduced cilia in the AV cushions compared to control (D vs 

E), but normal ciliation in the outflow tract cushions (F vs G). Adapted from Li et al. Nature 
2015 [13].
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Figure 6. Primary cilia in adult mouse aortic valve
Primary cilia are observed in the aortic valve of a 3-month-old C57BL6/J mouse with 

immunostaining using an acetylated tubulin antibody (A). Boxed regions in panel (A) are 

shown in enlarged views in panels (B) and (C).
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Table 1.

Prevalence of laterality defects among

Ascertainment
a SV TAPVR DORV AVSD PA HLHS TOF TGA PTA TA

CHD
b
 with Laterality Defects 52.9% 56.8% 34.0% 31.1% 19.6% 18.9% 14.4% 13.0% 14.2% 4.1%

Laterality Defects with CHD
c 11.8% 23.4% 20.9% 36.8% 4.9% 2.7% 3.9% 3.1% 0.8% 1.7%

SIT with CHD
d 5.8% 2.2% 7.9% 5.0% 1.4% 1.4% 2.9% 2.4% 0% 0.7%

a.
First ascertainment was either based on finding CHD or laterality defects. SV:single ventricle, TAPVR: total anomalous pulmonary venous return, 

DORV: double outlet right ventricle, AVSD: atrioventricular septal defects, PA: pulmonary atresia, HLHS: hypoplastic left heart syndrome, TOF: 
Tetralogy of Fallot, TGA: transposition of the great arteries; PTA: persistent truncus arteriosus, TA: tricuspid atresia

b.
Based on Pradat et al.2003, CHD subjects found in several birth defects registry were examined for laterality defects (situs inversus, splenic 

abnormalities, gut malrotation) [19].

c.
Based Lin et al. 2014 with cases having laterality defects comprising heterotaxy or situs inversus examined for CHD.

d.
Based Lin et al. 2014 comprising cases with situs inversus further examined for CHD [18].
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	2.1 Systems Genetics Identifies Role of Cilia in CHD pathogenesisTo investigate the genetic landscape of CHD, we chose mice as our model system. There are multiple important advantages with using mice for these studies, as completely inbred mice are readily available[11]. This overcomes one of the major limitations in human genetic analysis, i.e. the genetic heterogeneity of the human population. Moreover, as the reference genome of inbred mouse strains are readily available, this allows genetic variation or mutation causing a disease phenotype to be easily recovered using whole exome or whole genome sequencing analysis. Most importantly, mice have the same four chamber left-right asymmetric cardiac anatomy as humans, making it possible to model the same simple and complex CHD phenotypes seen in human patients[12]. Hence, together these factors make mice the ideal model system for interrogating the genetic landscape of CHD.In the setting of the mouse model, we undertook a systems approach with large scale forward genetics to investigate the genetic etiology of CHD. This entailed the use of chemical mutagenesis with ethylnitrosourea (ENU), a mutagen that induces point mutations, to randomly mutagenize the mouse genome. The ENU mutagenized mice were then bred to generate heterozygous G1 and G2 offspring, and these were intercrossed to generate G3 fetuses to allow for recovery of recessive mutations causing CHD[13]. Cardiovascular phenotyping was conducted using fetal echocardiography, an imaging modality that allows visualization of heart structure and function also commonly used clinically to diagnose CHD prenatally[14]. This made it possible to conduct the screen noninvasively, allowing the same litter of fetuses to be queried longitudinally over multiple days of gestation. Using this very high throughput and also very sensitive imaging modality for the diagnosis of CHD, we were able to screen over 100,000 mouse fetuses, and recovered mutants with the majority of CHD observed clinically (Fig.1). This included not only simple CHD such as atrial septal defect and ventricular septal defect, but also more complex lesions such as double outlet right ventricle (DORV), transposition of the great arteries (TGA), persistent truncus arteriosus (PTA), or various aortic arch anomalies or valvular defects (Fig.1). Also recovered from the screen were mutants with hypoplastic left heart syndrome (HLHS; Fig.1), a lesion that was previously suggested to have a hemodynamic origin that would preclude its modeling in mice (given its very short gestation period)[15].2.2 Left-Right Patterning Disturbance in the Pathogenesis of Congenital Heart DiseaseInterestingly, approximately half of the mutant lines recovered with CHD also exhibited left-right patterning defects, indicating left-right patterning may have an important role in CHD pathogenesis[13]. Normal patterning of organ development includes the specification of left-right organ situs, with situs solitus referring to the normal organ left-right positioning. The heart apex points to the left (levocardia), the stomach and spleen are positioned on the left, and the lung and liver develop distinct left-right asymmetric pattern of lobation (Fig. 2). The bile duct is positioned on the right and the gut undergoes counterclockwise looping around the superior mesenteric artery. In the cardiovascular system, further specification of left-right asymmetry within the cardiac chambers and their left vs. right inflow/outflow connections are essential for establishing the systemic vs. pulmonary circulation needed for efficient oxygenation of blood in the lung and its delivery to the rest of the body. The disturbance of laterality can result in either situs inversus with complete mirror symmetric patterning of organ laterality, or heterotaxy with randomization of organ situs (Fig. 2). Thus, lines with CHD associated with laterality defects can yield mutants with heterotaxy or situs inversus. Importantly, such lines can also yield mutants with situs solitus, though such mice with normal visceral organ patterning typically show no CHD.The association of complex CHD with heterotaxy is actually well described clinically, pointing to the importance of left-right patterning in CHD pathogenesis[16, 17]. Several epidemiological studies have provided further support for the importance of left-right patterning in human CHD. One such investigation reviewed data from the National Birth Defects Prevention Study (NBDPS) for nonsyndromic cases of situs inversus or heterotaxy cases and determined the incidence of CHD[18]. From 517 such cases, they showed a surprisingly high incidence of CHD, with 77% exhibiting CHD associated with either heterotaxy or situs inversus. The overall incidence of laterality defects in this registry was 1 in 10,000, similar to findings from other studies[18]. Hence, the co-occurrence of CHD and laterality defects is unlikely by chance. The large majority of CHD observed in these cases comprised complex CHD, 67.7% with heterotaxy and 9.3% with situs inversus[18]. This included cooccurrence of a wide spectrum of CHD lesions including single ventricle (SV) lesions, total anomalous pulmonary venous return (TAPVR), double outlet right ventricle (DORV), or atrioventricular septal defect (AVSD; Table 1)[18] with laterality defects. This was most commonly observed in association with heterotaxy (Table 1).These findings are consistent with another epidemiological study primarily focused on CHD that also examined for the presence of other birth defects, including the disturbance of laterality[19]. In this study, large birth defects registries from California, France and Sweden were examined encompassing 4.4 million births[19]. From these births,12,000 infants with CHD were identified. The overall incidence of severe CHD was observed at 1.43 cases per 1000 births[19]. Examination for CHD cases that also had laterality defects indicated by the finding of situs inversus, splenic abnormalities, or gut malrotation showed a surprisingly high cooccurrence of laterality defects. This ranged from a high of 52.9% in patients with SV lesions to 4.1% in patients with tricuspid atresia (Table 1)[19]. As laterality defects are seen with an incidence of 1 in 10,000, their co-occurrence with CHD would indicate a mechanistic link. Laterality defects were highest for SV, TAPVR, DORV, and AVSD (Table 1). Comparison between the laterality vs. CHD focused analyses showed striking differences for SV and TAPVR. The CHD focused analysis showed 52.9% of SV and 56.8% of TAPVR patients also exhibited laterality defects, while the laterality focused analysis demonstrated that among laterality cases with CHD 11.8% had SV and 23.4% had TAPVR phenotypes (Table 1)[18, 19]. These differences may reflect the exclusion of extracardiac anomalies in the laterality focused study, as only nonsyndromic cases were examined. This would suggest the finding of CHD with laterality disturbance may be associated with increased risk for other birth defects. Overall, the same broad spectrum of structural heart defect phenotypes are observed in the CHD focused study, but generally with reduced prevalence compared to the laterality focused analysis (Table 1). It is interesting to note that the only lesion that is equally prevalent in both groups is AVSD, which is observed at 31.1% in the CHD study vs. 36.8% in the laterality focused study[18, 19]. This suggests the possibility that AVSD may be a lesion that is developmentally most intimately tied to the disturbance of laterality. Overall, these epidemiological studies indicate the pathogenesis of CHD is intimately interwoven with the disturbance of left-right patterning.2.3 Central Role of Cilia in the Pathogenesis of Congenital Heart DiseaseThe CHD causing mutations in mutants recovered from our screen was carried out using whole exome sequencing analysis, allowing the successful identification of 91 CHD causing pathogenic mutations in 61 genes[13]. The pathogenic mutation in each line was readily identified by genotyping analysis, with the pathogenic mutation being the only mutation that is consistently homozygous in all of the CHD mutants. Interestingly, examination of the 61 genes showed 35 were cilia related (Fig.3)[13]. This enrichment for cilia genes was surprising, given the screen was completely phenotype driven and gene agnostic. Additionally, many of the other CHD causing mutations were in genes involved in hedgehog signaling and other cilia transduced cell signaling pathways[13]. Also observed was enrichment for mutations in genes mediating vesicular/endocytic trafficking, a cell process that is essential for ciliogenesis and in cilia transduced cell signaling[13, 20]. Together, these findings point to the perturbation of cilia playing a central role in the pathogenesis of CHD.Given the known importance of cilia in left-right patterning, the enrichment for cilia genes may reflect the essential role of cilia in left-right patterning. This would be consistent with the epidemiological studies indicating the substantial involvement of left-right patterning defects in a broad spectrum of CHD lesions. Thus, of the 35 cilia-CHD genes recovered, 23 mediate CHD with laterality defects. These are comprised of 13 genes required for motile cilia function, and 10 in primary cilia function, consistent with the known requirement for both motile and primary cilia in the regulation of left-right patterning[13]. Motile cilia at the embryonic node mediate leftward nodal flow[21, 22]. This flow is then sensed by primary cilia at the node periphery leading to downstream activation of the nodal signaling cascade, though the precise mechanisms remain uncertain[23]. However, it is important to note that the role of cilia in CHD pathogenesis is not simply to regulate left-right patterning, as 12 (34%) of the primary cilia-CHD genes do not cause laterality defects. As many of cilia transduced cell signaling pathways are known to play an important role in cardiovascular development, including Shh, Wnt, Pdgf, and Tgfβ-BMP signaling, the disruption of these cell signaling pathways could play a role in CHD pathogenesis[24].
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	6.1 Hedgehog Signaling Coordinates Left-right Patterning with Heart LoopingCilia transduced hedgehog (Hh) signaling is required for normal establishment of left-right asymmetry, including left-right patterning of the lateral plate mesoderm (LPM), the tissue from which the heart tube is derived. In Smo KO embryos deficient in HH signaling, the left sided activation of Lefty and Nodal in the LPM is not observed, and while the heart tube forms, it does not loop[41, 42]. This heart looping defect is associated with defects in myocardial differentiation which may be due to failure to upregulate expression of the cardiac transcription factor Nkx2.5[41]. Thus, Hh signaling plays a dual role during early development - it is required for establishing normal left-right asymmetry, and it also regulates cardiomyocyte differentiation and looping of the heart tube. This coordinate regulation can help ensure heart looping is appropriately timed relative to specification of the left-right axis and differentiation of the myocardium. While Shh is known to regulate many of the later cardiovascular developmental processes, the looping of the heart tube appears to be orchestrated by Indian Hedgehog (Ihh), as it is the only Hh member expressed in the definitive endoderm directly underlying the LPM containing the cardiac progenitors[42].Thus, specification of the left-right body axis and right sided looping of the heart tube, are both Hh dependent processes, pointing to the central importance of cilia and left-right patterning in heart development. This is consistent with findings from both our mouse screen and the human epidemiological studies showing the disturbance of left-right patterning is closely linked to the pathogenesis of CHD. We note the negative regulation of Shh may have particular importance, as several negative regulators of Shh signaling recovered from CRISPR screens are known to disrupt normal heart development in conjunction with the disturbance of left-right patterning[38, 43]. Thus, mutations in Megf8 cause heterotaxy with CHD[44]. Interesting to note it causes heterotaxy exclusively, and always with CHD comprising transposition of the great arteries (TGA) with either a D or L-looped heart (Figs.1D and 4) [38, 39]. This suggests the precise level of Hh signaling is critically important and must be fine-tuned, first early in development to direct right sided looping of the heart tube, and then later to direct proper patterning of outflow tract alignment.6.2. Shh Deficiency Causes AVSD and Outflow Tract Septation DefectsAnalysis of the Shh KO mice has further shown a critical role for Shh signaling in atrioventricular septation. The atrioventricular septum is largely derived from the dorsal mesenchyme protrusion (DMP), a structure comprising of cells derived from the second heart field. Shh signaling is required for proper migration of the DMP into the atrium to generate the atrioventricular septum. Thus, Shh KO embryos exhibit AVSD, a CHD phenotype that was seen with equally high prevalence in both epidemiological studies examining the cooccurrence of CHD with laterality defects (Table 1)[31, 45, 46]. This suggests the possibility that these second heart field progenitors may be specified at the earliest stages of heart development, perhaps at the time when left-right patterning is first specified at the LPM in the 3–6 somite stages. In addition, the Shh KO embryos also were observed to have an outflow tract septation defect, exhibiting persistent truncus arteriosus (PTA) (Fig.1E)[31]. This is due to a dual requirement for Shh signaling in both cardiac neural crest cells and in cells of the second heart field[31]. We note unlike AVSD, the PTA phenotype was barely detected in the laterality focused human study at 0.8%, while in the CHD focused study, it was seen with 10-fold higher incidence at 14.2% (Table 1)[18, 19]. This suggests outflow tract septation may be less dependent on the very early left-right patterning developmental processes than atrioventricular septation.
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	7.1 Role of Cilia in Common Valve DefectsPrimary cilia are present in the endocardial cushions, which will give rise to the heart valves (Fig.5) [47]. They play important roles in coordinating several signaling pathways known to play an important role in cardiac valve development including Notch, Shh, Wnt, Pdgf, and Tgfb signaling[48]. Additionally, primary cilia in the heart valve primordia may sense and respond to changes in shear stress to initiate proper valve development[49, 50]. Supporting the essential role of cilia in heart valve development are the recent studies showing defects in primary cilia are linked to common valve defects, including bicuspid aortic valve and mitral valve prolapse, both valve defects that usually present later in adult life[51–53]. This suggests that developmental abnormalities may be acted upon and elaborated by changes occurring over the lifetime that may result in disease, such as calcific deposits, abnormal matrix deposition or fibrosis causing stiffening of the valves. Further, the fact that we can detect cilia in adult mouse heart valve tissue indicates that cilia defects may have a further role to play in heart valve homoestasis and disease (Fig.6). Relevant to this are recent studies showing cilia perturbation may contribute to cardiac fibrosis[54].7.2 Bicuspid Aortic ValveBicuspid aortic valve (BAV) is in fact the most common birth defect with an estimated prevalence of 1–3% in the general population[2]. BAV has been reported to be associated with ciliopathies, a class of syndromic diseases associated with cilia defects[55]. This has been confirmed by recent work that has linked BAV with primary cilia defects[56, 57]. In mouse, primary cilia can be found on aortic valve interstitial cells during aortic valve development, where they participate in Shh signaling[56]. Genetic ablation of primary cilia in these cells results in highly penetrant BAV phenotype with aortic stenosis[56]. In humans, a recent genome wide association study identified an association between BAV phenotypes and mutations affecting primary cilia[57]. Specifically, mutations in or near several genes associated with the exocyst, a complex necessary for ciliogenesis, were found to be highly associated with BAV[57]. Further, knock-out of the associated exocyst gene Exoc5 in both mouse and zebrafish resulted in ciliogenesis defects and ciliopathy phenotypes including BAV[57].7.3 Mitral Valve ProlapseMitral valve prolapse is another common cardiac valve disease that affects 2–3% of the population[58]. In this disorder the mitral valve does not close properly, often due to myxomatous valve disease, which can result in mitral regurgitation and necessitate mitral valve surgery[58]. This disease has previously been associated with the ciliopathy polycystic kidney disease, suggesting primary cilia may also play a role in myxomatous valve degeneration and mitral valve prolapse[59]. This is supported by studies identifying cilia mutations causing mitral valve prolapse. The first gene identified to cause non-syndromic mitral valve prolapse was Filamentin-A (FLNA)[60, 61]. FLNA interacts with MKS3 at the primary cilium and is necessary for ciliogenesis and proper orientation of the basal body, the centrosome derived structure forming the base of the cilia [62]. More recent studies have identified the cilia gene Dachsous1 (DCHS1) to cause mitral valve prolapse[63]. DCHS1 is localized to the base of the cilium and play a role in planar cell polarity signaling[64]. Additional studies further revealed mutations in DAZ Interacting Zinc Finger Protein 1 (DZIP1), another cilia gene, to also cause mitral valve prolapse[65]. Mutations in DZIP1 were identified to cause mitral valve prolapse in a multigenerational family with inherited autosomal dominant disease[65]. DZIP1 was previously found to localize to the centrosome where it modulates Shh signaling[66]. Knock-out of Dzip1 in mice caused primary cilia defects with impaired extracellular matrix deposition during heart valve development that resulted in myxomatous valve degeneration and mitral valve prolapse[65]. Together, these studies demonstrate the importance of primary cilia in mitral valve development, and the role of cilia defects in mitral valve prolapse.
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