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Abstract

Background—The dorsal mesenchymal protrusion (DMP) is a second heart field (SHF) derived 

tissue involved in cardiac septation. Molecular mechanisms controlling SHF/DMP development 

include the Bone Morphogenetic Protein and Wnt/β-catenin signaling pathways. Reduced 

expression of components in these pathways leads to inhibition of proliferation of the SHF/DMP 

precursor population and failure of the DMP to develop. While the Sonic Hedgehog (Shh) 

pathway has also been demonstrated to be critically important for SHF/DMP development and 

atrioventricular septation, its role in the regulation of SHF proliferation is contentious.

Results—Tissue-specific deletion of the Shh receptor Smoothened from the SHF resulted in 

compromised DMP formation and atrioventricular septal defects (AVSDs). Immunohistochemical 

analysis at critical stages of DMP development showed significant proliferation defect as well as 

reduction in levels of the Wnt/β-catenin pathway-intermediates β-catenin, Lef1, and Axin2. To 

determine whether the defects seen in the conditional Smoothened knock-out mouse could be 

attributed to reduced Wnt/β-catenin signaling, LiCl, a pharmacological activator of this Wnt/β-

catenin pathway, was administered. This resulted in restoration of proliferation and partial rescue 

of the AVSD phenotype.

Conclusions—The data presented suggest that the Wnt/β-catenin pathway interact with the Shh 

pathway in the regulation of SHF/DMP-precursor proliferation and, hence, the development of the 

DMP.
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Introduction

Atrioventricular septal defects (AVSDs) are congenital heart malformations found in 

approximately 7% of all individuals suffering from congenital heart disease (CHD) (Pierpont 

et al., 2000) and 3.5 of 10,000 live births (Ferencz et al., 1997). Approximately 2/3 of 

isolated AVSDs occur in the context of Down syndrome (Delisle et al., 1999). Furthermore, 

up to 1/3 of AVSDs diagnosed prenatally occur in the context of heterotaxy syndrome 

(Huggon et al., 2000). While all AVSDs are characterized by the presence of a common AV 

junction, two major subtypes can be distinguished based on the potential for shunting at the 

atrial and ventricular level (Anderson et al., 2010). In partial (or incomplete) AVSDs, 

shunting of blood is restricted to the atrial level by means of an ostium primum defect (or 

primum/primary atrial septal defect, pASD). In this defect, the lower part of the atrial 

septum, the muscularized (antero) inferior rim, is missing (Briggs et al., 2012). Complete 

AVSDs are characterized by having an inlet type ventricular septal defect (VSD) in addition 

to the pASD. In complete AVSDs, shunting of blood can occur at the ventricular as well as 

at the atrial level (Anderson et al., 2010).

For many years, it was believed that perturbation of development of the AV endocardial 

cushions was the only mechanism leading to AVSDs, which has led to the use of the term 

“endocardial cushion defect” as a synonym for AVSD (Hiltgen et al., 1996; Dor et al., 2001; 

Gaussin et al., 2002). Studies in recent years have revealed, however, that abnormal 

development of tissues derived from the posterior second heart field (pSHF), specifically the 

dorsal mesenchymal protrusion (DMP) and the primary atrial septum (pAS), play a critical 

role in the pathogenesis of AVSDs as well (Webb et al., 1999; Snarr et al., 2007a, 2008; 

Wirrig et al., 2007; Goddeeris et al., 2008; Hoffmann et al., 2009; Tian et al., 2010; Cole-

Jeffrey et al., 2012; Xie et al., 2012; Briggs et al., 2013).

Insight into how the development of the pSHF and pSHF-derived structures at the venous 

pole is regulated is slowly emerging. In the past few years, several pathways and 

mechanisms have been identified as being involved in this process. These include, the 

Hedgehog (Hh), the Wnt(2)/β-catenin, and the bone morphogenetic protein (BMP) signaling 

pathway, as well as events regulated by the transcription factors Tbx1 and Tbx5 (Goddeeris 

et al., 2008; Tian et al., 2010; Xie et al., 2012; Briggs et al., 2013; Rana et al., 2014).

Hedgehog signaling is mediated through ligand binding to a receptor complex that includes 

patched (Ptch) and Smoothened (Smo). In the absence of a Hedgehog ligand, Ptch 

catalytically inhibits the activity of Smo (Taipale et al., 2002). Binding of a ligand to Ptch 

results in decreased activity of Ptch, enabling Smo to transduce Hh signal to the cytoplasm 

(Stone et al., 1996; Taipale et al., 2002). Therefore, deletion of Smo effectively blocks all Hh 

signaling. A requirement for Shh signaling in SHF-dependent AV septation was first 

demonstrated by Goddeeris and colleagues (Goddeeris et al., 2008). They used a Mef2c-

AHF-cre mouse in combination with a floxed Smo mouse (Smofl/fl) to conditionally delete 

Smo from the SHF in haploinsufficient Smo knockout mice (Smo+/−). The resulting SHF-

Smofl/− cko mice were characterized by having an AVSD, which was attributed to the 

abnormal development of the DMP. Based on their analysis of SHF-Smofl/− cko mice, the 

authors concluded that loss of DMP tissue in Mef2C-AHF-Cre;Smofl/− embryos was likely 

Briggs et al. Page 2

Dev Dyn. Author manuscript; available in PMC 2016 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



not the result of decreased proliferation or increased cell death of the pSHF cell population. 

Instead, it was suggested that it was the consequence of premature myocardialization and/or 

loss of the mesenchymal phenotype of the pSHF, preventing the addition of this cell 

population to the developing AV septal complex (Goddeeris et al., 2008).

The importance of the Wnt/beta-catenin signaling pathway for atrioventricular development 

is well-documented (Tian et al., 2010). Tian and colleagues demonstrated that mice deficient 

for Wnt2 are characterized by AVSDs resulting from decreased proliferation of the pSHF 

cells and compromised DMP development. The proliferation defects and the AVSD 

phenotype found in this mouse model could be rescued through administration of LiCl, a 

pharmacological activator of the Wnt/β-catenin signaling pathway (Tian et al., 2010).

The Moskowitz laboratory recently reported that mice haploinsufficient for Tbx5 have 

pASDs resulting from a significant reduction of proliferating cells in the pSHF (Xie et al., 

2012). Realizing that the decrease in proliferation was taking place in pSHF cells that also 

receive Hh-signaling, they stimulated Hh signaling by constitutively overexpressing Smo in 

this cell population using a SmoM2 mutant mouse. This resulted in normalization of cell 

proliferation and in significantly reduced penetrance of the pASD phenotype. This result led 

the authors to conclude that Tbx5 may act upstream, or parallel to, Hh signaling in the pSHF 

progenitor cells that are involved in atrial septation (Xie et al., 2012).

Finally, BMP signaling has also been identified as a critical player in atrioventricular 

septation. When canonical BMP signaling is perturbed in the SHF by conditionally deleting 

Alk3 from the SHF, a decrease in proliferation of the pSHF cells results in hypoplasia of the 

DMP and AVSDs (Briggs et al., 2013). Importantly, AVSDs are also observed when Bmp4, 

normally abundantly expressed in the myocardial dorsal mesocardial reflections flanking the 

developing DMP (Briggs et al., 2013), is conditionally deleted from the myocardium (Jiao et 

al., 2003).

Although the aforementioned studies have identified multiple signaling pathways to regulate 

the process of DMP development and AV septation, little is known about whether the 

respective pathways act independently of each other or whether they control pSHF 

development and atrial/atrioventricular septation in a synergistic manner.

Unlike earlier studies in which Smo was deleted from specific cell populations in 

heterozygous Smo knockout mice (Goddeeris et al., 2007, 2008), in this study a strategy was 

followed that removed Smo only from the SHF-derived cell populations. In this method, 

other subpopulations in the heart, as well as non-SHF populations in other parts of the 

embryo, express Smo at wildtype levels. This approach led to inhibition of the development 

of pSHF-derived AV septal structures, and resulted in AVSDs. Analysis of the pSHF in the 

SHF-Smofl/fl cko mice showed significant reduction of proliferation and decreased Wnt 

activity. Activation of the Wnt/β-catenin pathway in these SHF-Smofl/fl cko mice restored 

pSHF proliferation and led to a significant reduction of the penetrance of the AVSD 

phenotype. Combined, these observations further emphasize the importance of cell cycle 

regulation to SHF development and AV septation, and suggest that the Wnt/β-catenin 

pathway acts downstream of the Shh pathway in controlling this aspect of AV septation.
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Results

Conditional Deletion of Smo From the SHF Results in a Spectrum of Congenital Cardiac 
Malformations

Shh signaling is involved in the embryonic patterning of multiple organ systems. In the 

heart, Shh regulates developmental events at both the arterial and the venous poles. 

Inhibition of Shh signaling leads to a spectrum of severe cardiac malformations (Washington 

Smoak et al., 2005; Dyer and Kirby, 2009).

Expression of Smo is required for transduction of Shh signaling to the cytoplasm. To 

determine how SHF-specific deletion of Smo affects cardiovascular development, we 

crossed male Mef2c-AHF-cre;Smofl/+ with female Smofl/fl mice (Fig. 1A) to obtain 

conditional Mef2c-AHF-cre;Smofl/fl knockout mice (SHF-Smofl/fl cko). Offspring was 

collected from embryonic day (ED) 10.5–ED17.5. A total of 23 SHF-Smofl/fl cko specimens 

at ED14.5 and beyond were histologically examined for cardiovascular abnormalities (see 

also Fig. 5G). All control specimens displayed a properly developed atrial septal complex 

with a primary atrial septum and a well-developed muscular inferior rim (Fig. 1B,C,). In 

65% (15/23) of the SHF-Smofl/fl cko specimens we found a pASD (asterisk in Fig. 1D,E), a 

hallmark feature of virtually all types of AVSDs. In these hearts the muscular inferior rim 

was missing and a common AV valve was observed (Fig. 1D,E). While several hearts 

possibly had small slit-like inlet type VSDs (usually only seen in a few serial sections), this 

observation did not warrant classifying them as complete AVSDs. In 87% (20/23) of the 

conditional knockout mice, we also found a single artery originating from the right ventricle, 

a condition known as persistent truncus arteriosus (PTA; Fig. 1G). In approximately 61% 

(14/23) of the SHF-Smofl/fl cko mice, the position of the descending aorta was abnormal, 

being either midline or situated on the right side of the embryo (Fig. 1D,F). Other 

malformations included aberrant origin of the arteries supplying the lungs and the presence 

of a retro-esophageal subclavian artery (Fig. 1G).

Conditional Deletion of Smo From the SHF Leads to Perturbation of DMP Development and 
Reduced Proliferation in the pSHF

During normal cardiac development, the DMP develops between stages ED9.5–ED10.5. To 

establish how conditional deletion of Smo from the SHF affects the development of the 

DMP, we analyzed SHF-Smofl/fl cko specimens and control littermates at ED10.5. This 

histological examination revealed inhibited DMP development (Fig. 2A,B). To determine 

whether this DMP defect could be attributed to a reduction of the pSHF/DMP precursor 

population as previously reported for the SHF-Alk3fl/fl model for AVSD (Briggs et al., 2013) 

and Wnt2 knockout mouse (Tian et al., 2010), histological and immunohistochemical 

analyses were performed at 9.5ED which showed significant reduction in the population of 

Isl1 expressing pSHF cells (Fig. 2C,D).

The observed abnormality in DMP development was reminiscent of what we observed in the 

SHF-Alk3fl/fl mouse (Briggs et al., 2013). In this model for AVSD, we established that the 

failure of the DMP to develop properly was associated with a reduction in the number of 

cells in the pSHF caused by compromised pSHF proliferation (Briggs et al., 2013). 
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Furthermore, reduced proliferation of the pSHF was also described in the Wnt2 knockout 

mouse (Tian et al., 2010).

The Shh signaling pathway plays an important role in the regulation of cell proliferation and 

differentiation in multiple cell lineages, including the SHF (Dyer and Kirby, 2009). To 

determine whether a proliferation defect was causing the observed phenotype in the SHF-

Smofl/fl model, we assessed the level of proliferation with the proliferation marker Ki67 in 

the SHF. The Ki67 staining revealed, when compared with littermate controls (Fig. 3A,A′), 

reduced numbers of proliferating SHF cells in SHF-Smofl/fl ckos (Fig. 3B,B′). In addition, 

we found reduced expression of cyclinD1, important for cell cycle progression in the pSHF 

of SHF-Smofl/fl ckos (Fig. 3C,C′,D,D′). To establish whether increased apoptosis was 

involved in the reduction of the pSHF/DMP population, we investigated the level of 

apoptosis in the SHF-Smofl/fl mice using TUNEL staining. This analysis showed that, when 

compared with control littermates (Fig. 3E), the number of TUNEL positive cells at the 

venous pole in the SHF-Smofl/fl ckos was not increased (Fig. 3F).

Conditional Deletion of Smo From the SHF Negatively Affects the Wnt/β-Catenin Signaling 
Pathway

As demonstrated above, Shh signaling through Smo is crucially important for the regulation 

of proliferation of the pSHF, the expression of cyclinD1 as a downstream target, and the 

development of the DMP. Earlier it was reported that Wnt2 expression at the venous pole is 

critically important for the development of the pSHF and DMP, as Wnt2 knockout mice are 

also characterized by a reduction in SHF proliferation and perturbation of DMP 

development (Tian et al., 2010). These observations support the notion that both the Shh and 

Wnt/β-catenin pathways are important in the regulation of the cell cycle.

It is well established that the Shh and Wnt/β-catenin pathways interact in tissue 

development. How they do this differs, however, from tissue to tissue (Lei et al., 2006; 

Iwatsuki et al., 2007; Alvarez-Medina et al., 2009). In neural progenitor proliferation, Shh 

activation has been demonstrated to act upstream of Wnt signaling (Alvarez-Medina et al., 

2009). To determine whether perturbation of the Shh pathway compromises Wnt/β-catenin 

signaling in the pSHF, we assessed the expression level of two downstream targets of this 

pathway, Lef1 and Axin2, as well as the expression of β-catenin itself, in SHF-Smofl/fl cko 

embryos. Immunofluorescent labeling showed lower levels of expression of Lef1 and Axin2 

in SHF-Smofl/fl cko embryos when compared with those found in control Smofl/fl littermates 

(Figs. 4A–D, 5A–D). Furthermore, immunofluorescent staining for β-catenin also showed 

reduction of expression in SHF-Smofl/fl cko embryos (Fig. 6A–D).

Activation of the Wnt/β-Catenin Signaling Pathway Partly Rescues the AVSD Phenotype 
and Restores pSHF Proliferation in SHF-Smofl/fl ckos

Given the overlapping expression domain of Wnt and Shh at the venous pole, the similarity 

in phenotype of Wnt2 mutants and our SHF-Smofl/fl ckos, the reduction in proliferation, and 

the reduced expression of Lef1, Axin2, β-catenin, and cyclinD1 observed in our SHF-

Smofl/fl ckos, we hypothesized that the Wnt pathway might act downstream of the Shh 

pathway in the regulation of DMP development and the formation of the AV septal complex. 
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To test this hypothesis, we administered LiCl, a pharmacologic inhibitor of GSK3β and 

activator of Wnt/β-catenin signaling (Tian et al., 2010), to female mice carrying SHF-

Smofl/fl embryos in the expectation that this would reactivate the Wnt/β-catenin signaling, 

restore proliferation, and reduce the penetrance of the AVSD phenotype.

After mating Smofl/fl females with male Mef2c-AHF-cre:Smofl/+, 24 pregnant Smofl/fl 

females were injected (i.p.) daily with either 200 mg/kg LiCl in saline or saline-only from 

ED7.5 to ED11.5 to cover the timeline of SHF expansion and addition to the developing 

venous pole. A total of 33 SHF-Smofl/fl (23 from dams treated with LiCl, 10 from dams 

injected with saline) at ED14.5 were processed and histologically examined. This analysis 

revealed a significant reduction in the penetrance of AVSDs in the LiCltreated SHF-Smofl/fl 

ckos (30% - 7/23) compared with 80% (8/10) in the saline-treated SHF-Smofl/fl ckos (Fig. 

7G). Of interest, the LiCl treatment did not significantly affect the penetrance of the 

abnormalities at the arterial pole (Fig. 7G). The abnormal position of the descending aorta 

was also not effected by the LiCl treatment as the aorta was positioned either midline or on 

the right in 14/23 of SHF-Smofl/fl exposed to LiCl and in 5/10 in the salinetreated SHF-

Smofl/fl (Fig. 7).

To test the hypothesis that the LiCl-mediated rescue of the AVSD phenotype in the SHF-

Smofl/fl ckos results from restoration of proliferation, the level of proliferation was assessed 

in the pSHF of saline and LiCl-treated SHF-Smofl/fl ckos and in the pSHF of corresponding 

saline and LiCl-treated controls at ED10 using the proliferation marker Ki67 in combination 

with the SHF-marker Isl1. Analysis of saline treated SHF-Smofl/fl ckos (Fig.7Ib) and 

controls (Fig. 6Ia) revealed a significant reduction (approximately 30%, P<0.05) in the 

number of proliferating SHF cells. Comparison of LiCl treated SHF-Smofl/fl ckos (Fig. 7d) 

with saline treated SHF-Smofl/fl ckos (Fig. 7Ib) showed that the proliferation index of the 

SHF was increased by almost two-fold in LiCl treated embryos (P<0.0005). Furthermore, 

LiCl administration normalized differences in proliferation between SHF-Smofl/fl cko and 

control groups.

Discussion

In recent years, the SHF-derived DMP has emerged as a critical component of AV septation. 

The fusion of the DMP with the endocardially derived mesenchymal cap of the pAS and the 

endocardially derived AV cushions leads to the formation of the AV mesenchymal complex 

(Snarr et al., 2007b; Wirrig et al., 2007). In murine models, failure of the DMP to properly 

develop is associated with pASD (or ostium primum defect), a hallmark feature of nearly all 

AVSDs (Snarr et al., 2007a; Wirrig et al., 2007; Goddeeris et al., 2008; Tian et al., 2010; Xie 

et al., 2012). As the role of the DMP in AV septation becomes more clearly defined, so do 

the molecular mechanisms governing its formation.

Multiple studies have demonstrated that the Shh pathway is critical for SHF-dependent 

events in cardiovascular development. Shh ligand is secreted by the pharyngeal endoderm 

adjacent to the SHF (Goddeeris et al., 2007; Dyer and Kirby, 2009) and Patched 2 (Ptc2), a 

Shh receptor, is expressed within the SHF, with the highest expression found in the posterior 

SHF (Dyer and Kirby, 2009). In ovo inhibition of Hh signaling, through use of cyclopamine, 
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results in loss of SHF proliferation in only those regions where Ptc2 expression is most 

abundant while treatment of cultured SHF explants with the Hh agonist SAG results in 

increased SHF proliferation (Dyer et al., 2010). Murine Shh mutants demonstrate reduced 

SHF deployment and survival (Washington Smoak et al., 2005). Shh is positioned upstream 

of genes (e.g., cyclins D and E1, n-myc, and CDC25B) that regulate cell cycle progression 

by controlling G1-S and G2-M transitions (Kenney and Rowitch, 2000; Oliver et al., 2003; 

Benazeraf et al., 2006).

Consistent with published studies demonstrating the role of Shh in SHF proliferation, we 

found a significant reduction of pSHF (approximately 40%) in our SHF-Smofl/fl ckos and a 

decreased cyclin D1 expression. In an earlier study on the role of Shh signaling in 

atrioventricular septation, the SHF-Smofl/− model system was used (Goddeeris et al., 2008). 

While this approach is very similar to the one we followed, it is not identical as it removes 

Smo from the SHF in a mouse haploinsufficient for Smo in all other tissues. In this earlier 

study, no decreased levels of proliferation were found using the proliferation marker 

phosphorylated histone H3 (pHH3) and it is possible that the methods used for assessing 

proliferation may have contributed to the discrepancy. The antigen recognized by Ki67 is 

present in all stages of the cell cycle (G1, S, G2, and mitosis) (Cattoretti et al., 1992) while 

pHH3 is considered a marker of mitosis and is only detectable in a very short window (M-

phase) of the cell cycle (Ribalta et al., 2004).

In the study using the SHF-Smofl/− model, some data were presented that suggested 

premature myocardialization as a mechanism responsible for the compromised development 

of the DMP (Goddeeris et al., 2008). In our SHF-Smofl/fl ckos, however, we did, not observe 

ectopic expression of genes associated with myocardial differentiation in the pSHF (data not 

shown). This apparent difference could also result from the difference in mating strategy. In 

this context it is important to note that many haploinsufficient mutant mouse models have 

(cardiac) defects in and of themselves, such as for instance observed in the haploinsufficient 

Hdf mouse (Wirrig et al., 2007) and the haploinsufficient Tbx5 mouse (Xie et al., 2012). It is 

therefore to be expected that, in certain situations, conditionally deleting a gene of interest 

from a specific cell population in a systemic haploinsufficient mouse might lead to different 

results than conditionally deleting the same gene in that specific subpopulation only.

Intact canonical Wnt signaling has been demonstrated to be of critical importance for SHF 

proliferation. Loss of canonical Wnt signaling from the SHF results in hypoplasia of SHF-

derived structures due to decreased proliferation of SHF cells (Kwon et al., 2007; Lin et al., 

2007). Gain-of-function studies have demonstrated that stabilization of Wnt/β-catenin leads 

to increased proliferation of SHF cells as well as up-regulation of cyclin D2 (Kwon et al., 

2007). Both in vivo and in vitro activation of canonical Wnt signaling through inhibition of 

glycogen synthase kinase-3 (GSK-3) leads to expansion of Isl1-positive cardiovascular 

progenitors by positively regulating proliferation (Cohen et al., 2007; Qyang et al., 2007). 

With respect to the developing venous pole, loss of Wnt2 prevents proper SHF expansion, 

resulting in malformation of the DMP, and AVSD (Tian et al., 2010). Inhibition of GSK-3β 
in Wnt2 mutants rescued DMP proliferation and resulted in a significant reversal of the 

AVSD phenotype (Tian et al., 2010).
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Similar to the cardiac phenotype observed in Wnt2 mutants, we observed AVSDs secondary 

to impaired SHF proliferation and subsequent malformation of the DMP in our SHF-Smofl/fl 

ckos. We also observed a reduction of β-catenin expression as well as the expression of the 

Wnt/β-catenin signaling downstream target Lef1 and Axin2. Thus, we hypothesized that the 

AVSD phenotype could be rescued if SHF proliferation defects were corrected. To drive 

SHF proliferation, we administered LiCl, which inhibits GSK3b and therefore acts as an 

activator of Wnt/β-catenin signaling, to SHF-Smo ckos at embryonic stages corresponding 

with SHF expansion at the venous pole. Consistent with our hypothesis, activation of Wnt/β-

catenin rescued decreased SHF proliferation at the venous pole as well as expression of 

cyclin D1. Furthermore, penetrance of AVSD, a defect associated with malformation of the 

DMP, was reduced in LiCl treated SHF-Smo ckos.

These results not only illustrate the crucial importance of cell cycle regulation in SHF 

development at the developing venous pole, they also suggest cross-talk between Shh and 

Wnt signaling pathways within this population of cells. Throughout cardiogenesis, Shh and 

Wnt ligands and receptors exhibit similar spatiotemporal expression patterns. Furthermore, 

mice deficient for Wnt or Shh signaling demonstrate similar cardiac malformations 

including outflow tract and AV septal defects. Empirical evidence suggests that Shh and Wnt 

pathways may interact to regulate developmental events, including cyclin D1 expression and 

cell cycle progression (Borycki et al., 2000; Lin et al., 2007; Alvarez-Medina et al., 2009). 

However, canonical Wnt signaling has also been demonstrated to independently activate 

transcription of other genes associated with proliferation, including cyclin D2 (Baek et al., 

2003; Ai et al., 2007) and cyclin D1 (Shtutman et al., 1999).

Malformations of the outflow tract, including single outflow artery, have been described in 

Wnt and Shh mutants. Although activation of Wnt signaling rescued penetrance of AV septal 

defects in SHF-Smofl/fl ckos, arterial pole malformations were found at nearly identical 

frequencies regardless of treatment. Within SHF cells at the venous pole of the heart, Shh 

and Wnt signaling are required for SHF expansion, proper formation of the DMP and its 

subsequent contribution to AV septation. At the developing arterial pole, however, both SHF 

and cardiac neural crest cells contribute to elongation and septation of the outflow tract. 

Within these populations, both Shh and canonical Wnt signaling have been implicated in cell 

proliferation, deployment and survival. The noncanonical Wnt (planar cell polarity) pathway 

has also been implicated in outflow tract development (Henderson et al., 2006). Thus, the 

fact that outflow tract defects were not corrected in SHF-Smo ckos through activation of 

canonical Wnt signaling may reflect the requirement for both canonical and noncanonical 

Wnt signaling pathways in outflow tract development.

In summary, we demonstrate that loss of Shh signaling from SHF results in decreased SHF 

proliferation at the developing venous pole, potentially through loss of downstream Wnt 

signaling. Activation of canonical Wnt signaling restores SHF proliferation and expansion, 

thereby rescuing malformation of the DMP as well as penetrance of the AVSD phenotype. 

The work presented here reinforces a requirement for SHF proliferation in proper formation 

of the DMP and its subsequent contribution to AV septation and suggests interaction 

between two pathways known to play a role in SHF development at the cardiac venous pole. 

In combination with other work showing that Tbx5 might act upstream to the Hedgehog 
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pathway in regulation of the SHF in the context of atrioventricular sepation (Xie et al., 

2012), this study contributes to increasing our insight into how different regulatory 

mechanisms and pathways synergistically act in the regulation of the development of the 

pSHF and atrial/atrioventricular septation.

Experimental Procedures

Mice

The Mef2c-AHF-cre mouse model was kindly provided by Dr. Brian Black. The STOCK 

Smotm2Amc/J (floxed Smo) mouse was obtained from JAX mice (Jackson Laboratory; stock 

# 004526). Generation and use of both animal models have been described previously 

(Zhang et al., 2001; Verzi et al., 2005). To trace the fate of cells derived from the SHF, the 

Mef2c-AHF-cre mouse was used in combination with the B6.129(Cg)-Gt(ROSA)26-

Sortm4(ACTB-tdTomato,dTomatLuo/J (R26mT/mG reporter mouse; Jackson Laboratory; stock no 

007576). All experiments using animals were approved by the MUSC Institutional Animal 

Care and Use Committee and complied with federal and institutional guidelines.

Histology

Male Mef2c-AHF-cre;Smofl/+ mice were mated with female Smof/f mice to generate Mef2c-

AHF-cre;Smof/f conditional knockout (SHF-Smofl/fl cko) mice as well as control littermates 

at stages ranging from ED9 to ED17. Presence of a vaginal plug was defined as ED0.5. 

Following killing of time-pregnant dams, embryos were isolated in phosphate-buffered 

saline (PBS) and inspected using a dissecting microscope to establish developmental stage. 

Embryos were then fixed overnight at 4°C in freshly dissolved paraformaldehyde (4% w/v in 

PBS), processed through a graded series of ethanol, cleared in toluene, embedded in 

Paraplast Plus (Fisher Brand, catalogue#: 23-021-400), serially sectioned (5 μm), mounted 

on Superfrost/Plus microscope slides (Fisherbrand catalogue#: 12-550-15) and stored at 

room temperature. Hematoxylin/eosin staining was performed as previously described 

(Waller and Wessels, 2000; Snarr et al., 2007a, 2007b).

Immunofluorescent Antigen Detection

Immunofluorescence was performed as previously described (Briggs et al., 2013) with 

antibodies recognizing the following antigens: Smo (Abcam AB72130); Lef1 (Cell 

Signaling 22305); cyclin D1 (Cell Signaling 29785); Islet1 (Isl1; DSHB 39.4D5), myosin 

heavy chain (MF20; DSHB), pSMAD1,5,8 (pSMAD1/5/8; Millipore; catalogue#: AB3848), 

α-sarcomeric actin (sAct; Sigma; catalogue#: A2172), FilaminA (FLNA; Epitomics; 

catalogue#: 2242-1), pSMAD3 (pSMAD3; Epitomics; catalogue#: 1880-1), Crtl1 (DSHB; 

9/30/8-A-4); HABP (Seikagaku; catnr 400763); Ki67 (Dako; catnr M7248), beta-catenin 

(Cell Signaling; 95815), Axin2 (Abcam; ab 32197), and EGFP (Abcam; ab 13970). 

Secondary antibodies (Jackson Immunoresearch) included anti-rabbit TRITC 

(711-025-152), anti-rabbit FITC (711-095-152), anti-rabbit Cy5 (711-175-152), anti-mouse 

TRITC, anti-mouse FITC (715-095-151), anti-mouse Cy5 (715-175-150), anti-rat TRITC 

(715-025-150), anti-rat FITC (715-095-150), anti-rat Cy5 (711-175-150), and anti-chicken 

Cy5 (703-495-155). The ApopTag fluorescein direct in situ kit (Millipore; catalogue#: 

S7160) was used to label apoptotic cells. Nuclei were visualized using DAPI (4′,6-
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diamidine-2-phenylidole-dihydrochloride, Invitrogen; Slowfade Gold Antifade Reagent with 

DAPI; catalogue#: S36938) and fluorescence visualized using a Zeiss AxioImager II 

microscope.

Proliferation

The proportion of actively dividing SHF cells within the splanchnic mesoderm, situated 

between the pulmonary pit and foregut, was assessed using eight evenly spaced 5-mm 

sections from five SHF-Smofl/fl cko mice and five control littermates at ED10. In addition, 

five ED10 SHF-Smo cKOs and five control littermates harvested from mothers administered 

LiCl were analyzed. Each section was co-labeled with Ki67 and Isl1. Average SHF 

proliferation was calculated by dividing the number of Isl1-positive;Ki67-positive cells by 

the total number of Isl1-positive cells. Overall proliferation was determined by dividing the 

number of Ki67-positive cells by the total number of cells. Proportion of Isl1-positive cells 

was determined by dividing the number of Isl1-positive cells by the total number of cells in a 

predetermined elliptical area. Significance was determined using a two-tailed student’s t-
test.

Administration of LiCl

Pregnant Smofl/fl dams, crossed with Mef2c-AHF-cre;Smofl/+ male mice, were injected 

intraperitoneally daily with either saline (vehicle) or 200 mg/kg LiCl starting at embryonic 

stages ED7.5 and continuing through ED11.5. Embryos were collected at ED10.5, ED11.5, 

and ED14.5.
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Fig. 1. 
Deletion of Smoothened from the SHF results in severe cardiac abnormalities. A: To 

specifically delete Smoothened from the second heart field, male Mef2c-AHF-cre;Smoflox/+ 

mice were mated to female Smoflox/flox mice to generate Mef2c-AHF-cre;Smoflox/flox (SHF-

Smofl/fl) mice. D–G: Histological analysis of SHF-Smofl/fl ckos at ED14.5 and beyond 

revealed a wide spectrum of congenital heart defects. B,C: While control embryos showed 

proper atrioventricular septation with a well-developed DMP-derived inferior rim (arrows), 

the majority of SHF-Smofl/fl ckos were found to have an ostium primum atrial septal defects, 

(asterisk in D,E) with a common AV valve orifice. F,G: The embryos also displayed severe 

outflow abnormalities, including persistent truncus arteriosus, right descending aorta, and 

retroesophageal subclavian arteries. cAVvalve, common AV valve; DMP, dorsal 

mesenchymal protrusion; LDA, left descending aorta; RDA, right descending aorta; PTA, 

persistent truncus arteriosus; RV, right ventricle; LV, left ventricle; reSA, retroesophageal 

subclavian artery; RA, right atrium; LA, left atrium; PuV, pulmonary vein; pAS, primary 

atrial septum; AVSD, atrioventricular septal defect
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Fig. 2. 
Deletion of Smoothened from the SHF leads to reduction of the size of the SHF and failure 

of the DMP to form. A–D: This figure shows H/E (A,B) and Isl1 (C,D) staining of the 

venous pole of Smofl/fl control specimens (A,C) and SHF-Smofl/fl ckos (B,D) at ED10.5. 

When compared with control littermates, the venous pole of SHF-Smofl/fl ckos is 

characterized by reduced numbers of Isl1-expressing SHF cells (D) and a severely 

underdeveloped/missing DMP (asterisk in B). FG, foregut; DMP, dorsal mesenchymal 

protrusion
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Fig. 3. 
Loss of Smoothened from the SHF does not affect apoptosis but leads to decreased 

proliferation of SHF cells at the venous pole. This figure shows that, compared with Smofl/fl 

control embryos (A,C), the level of proliferation in SHF-Smofl/fl ckos (B,D) is greatly 

reduced as determined by the expression of proliferation marker Ki67 (red in A and B) and 

the cell-cycle regulator cyclin D1 (red in C and D). The level of apoptosis in SHF-Smofl/fl 

ckos (F) is not changed as compared to Smofl/fl control specimens (E). FG, foregut; DMP, 

dorsal mesenchymal protrusion; SHF, second heart field.
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Fig. 4. 
Loss of Smoothened from the SHF leads to reduction of Lef1 expression in the pSHF. 

Sections from the venous pole of Smofl/fl control and SHF-Smofl/fl littermates at ED10.5 and 

ED13 were labeled for the expression of the Wnt/β-catenin target gene Lef1 (red). A,B: This 

analysis revealed reduction of Lef1 in SHF cells of SHF-Smofl/fl ckos (B) when compared 

with control littermates (A). C,D: Decreased Lef1 expression was also noted around the 

trachea of SHF-Smofl/fl ckos at later developmental stages. DMP, dorsal mesenchymal 

protrusion; SHF, second heart field; Tr, trachea
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Fig. 5. 
Deleting Smoothened from the SHF results in a reduction of Axin2 in the pSHF. A–D: 
Sections from the venous pole of Smofl/fl control (A,C) and SHF-Smofl/fl (B,D) littermates 

at ED10.5 were stained for Axin 2 (red). C: Higher magnification of boxed area in A. D: 

Higher magnification of boxed are in B. The immunofluorescently labeling showed reduced 

expression of Axin 2 in the pSHF of SHF-Smofl/fl cko embryos (B,D) when compared with 

control littermates (A,C). Blue staining in C and D is DAPI nuclear stain. FG, foregut; 

pSHF, posterior second heart field
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Fig. 6. 
Loss of Smoothened from the SHF results in a reduction of β-catenin expression in the 

pSHF. A,C: The normal expression of β-catenin in the venous pole of a ED10.5 Smofl/fl 

control embryo (C is an enlargement of the boxed area in A). B,D: The reduced expression 

of β-catenin expression in a SHF-Smofl/fl littermate. Note that the β-catenin staining in the 

foregut endoderm is not affected by conditional deletion of Smo from the SHF. Blue staining 

in C and D is DAPI nuclear stain. FG, foregut; pSHF, posterior second heart field
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Fig. 7. 
Administration of LiCl, an activator of Wnt/β-catenin signaling, lowers penetrance of AVSD 

phenotype and rescues defective SHF proliferation in SHF-Smofl/fl ckos. A–F: H/E stainings 

of ED14.5 hearts of Smofl/fl controls (A,D) and Smofl/fl ckos (B,E) of saline treated pregnant 

mice and sections of a ED14.5 SHF-Smofl/fl cko of a mouse treated with LiCl (C,F). B,E: 

Note the intact septum primum (SP) and left descending aorta (LDA) in the control heart 

(A,D) and presence of a primary atrial septum defect (pASD) and right descending aorta 

(RDA) in the “saline treated” SHF-Smofl/fl cko. C,F: A “LiCl treated” SHF-Smofl/fl cko with 

an intact atrial septum and with a right descending aorta. G: Summary of the histological 

analysis of 23 untreated ED14.5 control specimen, 10 SHF-Smofl/fl ckos from saline treated 

pregnant mice, and 23 SHF-Smofl/fl ckos from pregnant mice treated with LiCl. H: This 

analysis demonstrates how treatment with LiCl reduces penetrance of the AVSD phenotype 

in SHF-Smofl/fl ckos (Mef2c-AHF-cre;S-mofl/fl) by more than 50%, but that, regardless of 

treatment, the vast majority of SHF-Smofl/fl ckos are still characterized by outflow tract 

defects, including persistent truncus arteriosus and right descending aorta (RDA). I: The 

percentage of proliferating, Ki67-positive, cells within the posterior SHF at ED10 (as 

determined by Isl1 staining). When compared with saline-treated control littermates (a), 

saline-treated ED10 SHF-Smofl/fl ckos (b) show a pronounced decrease in the Ki67:Isl1 

ratio (approximately 30%, P<0.05). Administration of LiCl significantly increased the 

proliferation index in the SHF (P<0.0005) thereby normalizing the proliferation defect (c,d). 

Ao, aorta; RDA, right descending aorta; RA, right atrium; RV, right ventricle; LA, left 

atrium; SP, septum primum; AVSD, atrioventricular septal defect; PTA, persistent truncus 

arteriosus; LiCl, lithium chloride
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