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Abstract

Heart outflow tract septation in mouse embryos carrying mutations in retinoic acid receptor genes 

fails with complete penetrance. In this mutant background, ectopic TGFβ signaling in the distal 

outflow tract is responsible for septation failure, but it was uncertain what tissue was responsive to 

ectopic TGFβ and why this response interfered with septation. By combining RAR gene mutation 

with tissue-specific Cre drivers and a conditional type II TGFβ receptor (Tgfbr2) allele, we 

determined that ectopic activation of TGFβ signaling in the endocardium is responsible for 

septation defects. Ectopic TGFβ signaling results in ectopic mesenchymal transformation of the 

endocardium and thereby in improperly constituted distal OFT cushions. Our analysis highlights 

the interactions between myocardium, endocardium, and neural crest cells in outflow tract 

morphogenesis, and demonstrates the requirement for proper TGFβ signaling in outflow tract 

cushion organization and septation.
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1. Introduction

The outflow tract (OFT) is a transient structure that couples the developing heart to 

peripheral circulation. Two successive processes account for the morphogenesis of the OFT 

into mature vascular components. First is OFT elongation and repositioning, which occurs 

through accretion of tissue from the second heart field (SHF) to the arterial (outflow) pole of 
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the heart (Kelly and Buckingham, 2002). In mouse development at embryonic day E9.5, the 

OFT is positioned to receive blood only from the right ventricle; continuing addition of SHF 

tissue allows the OFT to lengthen and become positioned medially over the ventricular 

septum, so that by E10.5 it receives blood directly from both ventricular chambers. The 

second process is the septation (division) of the OFT into the ascending aorta and pulmonary 

trunk during the E10.5–11.5 interval. This process initiates by the formation of cushions (or 

ridges) on opposing sides along the longitudinal axis of the OFT that expand and ultimately 

fuse together. The cushions form and expand via accumulation of mesenchyme between the 

endocardium and myocardium; this mesenchyme is derived in part from mesenchymal 

transformation of endocardium, and in part by neural crest cells that migrate into the outflow 

tract. Neural crest cells are essential for the septation process, as their ablation results in 

septation failure (Kirby et al., 1983).

Many common congenital heart defects can be explained as perturbations of either of these 

two processes. A deficiency in SHF addition results in a shortened OFT that cannot properly 

align with the ventricular septum, such that the aorta and pulmonary trunk once formed both 

remain connected with the right ventricle (called double outlet right ventricle, or DORV). A 

failure in septation results in a persisting single vessel (called a common arterial trunk, or 

CAT; other names, including persistent truncus arteriosus, are also used). If the CAT is 

medially positioned over the ventricular septum, it is inferred that the earlier processes of 

SHF addition and OFT elongation and alignment occurred properly and that only septation 

was compromised; if the CAT is positioned in the right ventricle, it is inferred that 

elongation/alignment and septation were both compromised.

Retinoic acid (RA), the active form of vitamin A, is a signaling agent that is involved in 

OFT morphogenesis. In our past work, we showed that mouse embryos lacking the α1 

subtype of the RA receptor (RARα1) and all RARβ isoforms, which we designate as 

“Rara1/Rarb” mutants, have a 100% incidence of CAT, whereas heterozygosity of either 

allele results in completely normal embryos and in viable normal adult mice (Lee et al., 

1997; Li et al., 2010). In Rara1/Rarb mutants, the single OFT vessel is shortened and 

misaligned such that it receives blood directly only from the right ventricle; this organization 

implies a combination of defects in SHF differentiation and in OFT septation. Indeed, using 

lineage tracing strategies, we showed specific elimination of the late phase of SHF 

differentiation in Rara1/Rarb mutants (Li et al., 2010), which explains the misalignment 

aspect of the phenotype. A partial insight to explain septation failure came from the 

observation that TGFβ signaling is altered in the OFT of Rara1/Rarb mutants (Li et al., 

2010). Tgfb2 in normal embryos is expressed by the myocardium of the proximal but not 

distal OFT, but is expanded distally in Rara1/Rarb mutants because of the earlier deficiency 

of SHF differentiation. We demonstrated that expansion of Tgfb2 expression is causative for 

septation defects by reducing Tgfb2 gene dosage by half, which restored normal OFT 

septation in half of Rara1/Rarb mutant embryos (Li et al., 2010). The incomplete penetrance 

of this rescue may be because of the mixed genetic background of our mice, but implies a 

threshold of sensitivity in which phenotypic rescue of septation can be achieved when TGFβ 

ligand is reduced. Because SHF differentiation and OFT length and positioning are still 
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compromised in such embryos, the outcome of rescued septation in 

Rara1−/−,Rarb−/−,Tgfb2−/+ embryos was DORV.

An unanswered question from our earlier study relates to how Tgfb2 misexpression 

compromises OFT septation. The two most feasible cellular targets are neural crest and 

endocardium, which are both known to be involved in septation and also both known to be 

sensitive to TGFβ signaling. Here, we employed a genetic strategy to resolve the tissue-

specific involvement of TGFβ signaling in OFT septation. We show that CAT in Rara1/

Rarb mutants results from improper TGFβ signaling in the endocardium. This results in 

misstructured cushions that are unable to support septation.

2. Materials and methods

All mouse lines have previously been described: Rara1 (Li et al., 1993), Rarb (Luo et al., 

1995), Tie2Cre (Kisanuki et al., 2001), Wnt1Cre (Danielian et al., 1998; Jiang et al., 2000), 

Tgfbr2 (Chytil et al., 2002), and R26R (Soriano, 1999). Adult Rara1−/−,Rarb−/+ mice also 

carrying hemizygous alleles of either Wnt1Cre or Tie2Cre were mated to 

Rara1−/−,Rarb−/+,Tgfbr2flox/flox partners and embryos at E14.5 were individually isolated 

and fixed in 4% paraformaldehyde in PBS overnight, then embedded in paraffin and 

sectioned, and stained with hematoxylin and eosin; complete serial sections through the 

thorax were used to evaluate all cardiovascular phenotypes. Adult 

Rara1−/−,Rarb−/+,Tie2Cre+ mice were mated to Rara1−/−,Rarb−/+,Tgfbr2flox/flox,R26lacZ/lacZ 

partners and embryos at E10.5 were isolated and fixed in cold 0.2% glutaraldehyde in PBS 

for 10 min, then cryopreserved and embedded in OCT; cryosections were stained with Xgal 

and counterstained with nuclear fast red as previously described (Jiang et al., 2000). Yolk 

sac tissue from each embryo was extracted for genotype determination by PCR.

3. Results and discussion

As noted above, heterozygosity of the Tgfb2 (ligand) gene in Rara1/Rarb mutants rescues 

septation but not alignment in half of the embryos, such that the resultant phenotype is 

DORV; septation as well as alignment still fail in the other half of such embryos and their 

ultimate phenotype is still right-sided CAT. To identify the cell lineage that responds to 

excess TGFβ in the OFT in Rara1/Rarb mutants, we reasoned that heterozygosity of ligand 

or receptor gene should have a similar impact on TGFβ signaling. The type II TGFβ receptor 

is encoded by a single gene (Tgfbr2) and is an obligate heterodimeric partner with several 

type I receptors to mediate canonical TGFβ signaling (Massague, 2000). Heterozygosity of 

the Tgfbr2 allele does not have any developmental consequence by itself (Oshima et al., 

1996). Therefore, we combined the Rara1/Rarb mutant background with various tissue-

specific Cre lines and a conditional Tgfbr2 allele. We used Tie2Cre to target endocardium 

and endothelium, and used Wnt1Cre to target the neural crest cell lineage; both Cre lines 

work with very high efficiency and specificity, and both have been validated in many past 

studies. Appropriate matings were conducted; embryos were isolated at E14.5, when all 

relevant aspects of heart morphogenesis are completed, and evaluated by histology to define 

cardiovascular phenotype (Table 1).
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We recovered and analyzed 9 embryos that were Rara1/Rarb double mutants with no 

functionally relevant additional modification, and all 9 had the expected CAT phenotype, 

indicating that there had been no genetic drift in our colony since our last analysis that might 

have impacted the penetrance of this phenotype. The informative new genotypes for this 

analysis were Rara1/Rarb double mutant embryos that carried one of the Cre alleles and 

were also heterozygous for the conditional Tgfbr2 allele. All of 7 RAR double mutant 

embryos that were conditionally heterozygous for Tgfbr2 in the neural crest cell lineage (by 

recombination with Wnt1Cre) had CAT, indicating no rescue of septation with this 

combination of alleles. In contrast, of 11 double mutant embryos that were also 

conditionally heterozygous for Tgfbr2 in the endothelial/endocardial lineage (with Tie2Cre), 

half (5 of 11) were rescued for septation (Fig. 1). The rescued embryos all had DORV 

because the initial RA-dependent SHF differentiation process responsible for OFT 

lengthening is not impacted by TGFβ signaling. The same observation of DORV was also 

made previously for Rara1/Rarb double mutants in which septation was rescued by global 

heterozygosity of the TGFβ ligand gene Tgfb2 (Li et al., 2010). This analysis of conditional 

TGFβ receptor gene mutation clearly demonstrates that the consequences of altered TGFβ 

signaling in OFT tract septation are manifest in the endocardium.

Interestingly, the frequency of rescue of CAT in this study by conditional Tgfbr2 receptor 

gene heterozygosity in the Tie2Cre domain (5 of 11) was similar to what we previously 

observed (Li et al., 2010) when the Tgfb2 (ligand) gene was globally heterozygous (5 of 9). 

This implies that TGFβ2 is the main subtype of TGFβ in this context, and confirms that 

TGFβ2 signaling is mediated by the canonical TGFβ receptor complex (of which the type II 

receptor is an obligate component). Because homozygous Tgfbr2 disruption in the Tie2Cre 

domain is by itself embryo lethal (Jiao et al., 2006), we could not determine if homozygosity 

of Tgfbr2 in the Rara1/Rarb mutant background would more completely rescue OFT 

septation.

As described above, Tgfb2 expression in normal embryos is limited to the proximal OFT 

myocardium but is expanded distally in Rara1/Rarb mutants. TGFβ signaling induces 

transformation of endocardium to mesenchyme; therefore, in normal embryos, endocardial 

mesenchyme is restricted to the proximal OFT, whereas in Rara1/Rarb mutants, endocardial 

mesenchymal transformation is expanded into the distal OFT. Because our analysis showed 

that CAT occurs in RAR mutants through ectopic TGFβ activity in the endocardium, we 

wanted to confirm that rescue of septation was accompanied by rescue of endocardial 

mesenchymal transformation in the distal OFT. To this end, we generated Tie2Cre+,R26R+ 

embryos at E10.5 combined with RAR and Tgfbr2 alleles in which we could visualize 

endocardium-derived mesenchyme in the OFT by Xgal staining. In control E10.5 embryos, 

labeled mesenchymal cells were only found in the proximal OFT. In Rara1/Rarb mutants, 

we observed expansion of the domain of labeled mesenchymal cells into the distal OFT. 

Both observations repeat our previous demonstration (Li et al., 2010). In 

Rara1−/−,Rarb−/−,Tie2Cre+,Tgfbr2flox/+,R26R+ embryos, the presence of labeled 

mesenchymal cells varied between embryos, from being mostly restricted to the proximal 

OFT (just as in normal control embryos), or also significantly found in the distal OFT 

(similar to Rara1/Rarb double mutants) (Fig. 2). A similar variability was seen in our earlier 
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analysis of Rara1−/−,Rarb−/−,Tgfb2−/+,Tie2Cre+,R26R+ embryos (Li et al., 2010). Although 

it is not possible to know what would have been the ultimate morphology of each E10.5 

embryo, this observation of variable endocardium-derived mesenchymal cell distribution at 

E10.5 correlates well with the E14.5 phenotypes of Rara1−/−,Rarb−/−,Tie2Cre+,Tgfbr2flox/+ 

and Rara1−/−,Rarb−/−, Tgfb2−/+ embryos, in which half have rescued septation (DORV) and 

half remain with CAT. Our observations are consistent with a model in which the distal 

extent and degree of ectopic endocardial mesenchymal transformation predicts the 

occurrence of normal or failed septation.

Similar to Rara1/Rarb mutants, neural crest-specific knockout of the Tgfbr2 receptor gene 

(Wnt1Cre/Tgfbr2 mutants) also results in completely penetrant CAT (Choudhary et al., 

2006). Furthermore, in both of these mutant models, neural crest cells migrate into and then 

differentiate within the OFT normally (Jiang et al., 2002; Choudhary et al., 2006). However, 

there are important underlying differences between Rara1/Rarb and Wnt1Cre/Tgfbr2 

mutants that imply that the same terminal phenotype arises from different explanations, even 

though both involve TGFβ signaling. The phenotype of Wnt1Cre/Tgfbr2 mutants appears to 

be the result of failed septation by neural crest cells that migrate into an OFT of normal 

length, alignment, and organization, and is a neural crest cell autonomous loss-of-function 

consequence. In contrast, in Rara1/Rarb mutants, TGFβ2 is expressed ectopically as the 

result of the prior disruption of SHF differentiation, which is therefore a gain-of-function 

consequence that is nonautonomous for the neural crest cell lineage. We surmise that CAT 

in Rara1/Rarb mutants is the result of normally functioning neural crest cells that migrate 

into an OFT that is improperly structured because of the presence of excess endocardium-

derived mesenchyme. The inappropriate endocardium-derived mesenchyme might interfere 

with the normal function of the neural crest cells in septation, or might distort the geometry 

of the OFT such that septation fails despite the normal functional competence of the neural 

crest cells. In Rara1/Rarb mutants, reduction of Tgfbr2 gene dosage in the endocardium, or 

of Tgfb2 gene dosage globally, restores the distal OFT to a more normal organization such 

that the septation process that is driven by neural crest cells can occur successfully. The 

consequence of rescue is DORV because these manipulations of Tgfb2 or Tgfbr2 do not 

improve overall OFT length or alignment. A similar explanation of ectopic TGFβ signaling 

and endocardium–mesenchymal transformation as elaborated in this study for Rara1/Rarb 

mutants might apply to other models of OFT malformation.

TGFβ signaling also has a normal role in OFT mesoderm as defined by loss-of-function 

approaches. Global knockout of Tgfb2 in mice results in initially underdeveloped proximal 

OFT cushions that ultimately become hyperplastic through compensatory proliferation with 

impaired differentiation (Azhar et al., 2009; Ishtiaq Ahmed et al., 2014). The outcome is 

DORV, in most cases without apparent impact on septation. Interestingly, however, Tgfbr2 

mutation in outflow tract mesoderm (with the SHF-specific driver Mef2cCre) does not have 

any apparent midgestation cushion or septation phenotype, although such embryos suffer 

much later (after E14.5) from defective organization of smooth muscle extracellular matrix 

that leads to aneurysm (Choudhary et al., 2009). A possible explanation is that normal 

TGFβ2 signaling in the proximal OFT cushions is mediated by a receptor complex that does 

not employ the type II receptor, whereas ectopic TGFβ2 signaling in Rara1/Rarb mutants in 
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the distal OFT cushions clearly occurs through the type II receptor. It is worth noting that 

signaling by the related TGFβ family member BMP is also involved in endocardial 

mesenchymal transformation (Bai et al., 2013), and that canonical TGFβ and BMP signals 

compete for the shared intermediate Smad4 (Furtado et al., 2008); the effects of ectopic 

TGFβ2 in the OFT of RAR mutants might therefore involve BMP as well as TGFβ 

intracellular pathways. These several models demonstrate the complexity of TGFβ signaling 

and the requirement for proper spatial and temporal signaling among different cell lineages 

for normal OFT morphogenesis.
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Fig. 1. 
Phenotype of Rara1/Rarb mutants with reduced TGFβ signaling. The section at left for each 

embryo is at the level of the aortic valve, and the section at right is slightly further away 

from the heart. (A) An Rara1−/−,Rarb−/−,Tie2Cre+,Tgfbr2flox/+ mutant embryo at E14.5 that 

was not rescued for septation and has CAT (just as do all Rara1−/−,Rarb−/− embryos); note 

the origin of the common arterial trunk (CAT) from the right ventricle (RV). (B) A different 

Rara1−/−,Rarb−/−,Tie2Cre+,Tgfbr2flox/+ mutant embryo at E14.5 that was rescued for 

septation and has DORV; note the origins of the ascending aorta (Ao) and of the pulmonary 

trunk (PT) both from the RV. (C) A normal control embryo (Rara1−/−,Rarb−/+) at E14.5 

with normal septation and alignment, such that the Ao originates from the left ventricle (LV) 

and the PT from the RV.
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Fig. 2. 
Rescue of ectopic endocardium mesenchymal transformation. Shown are Xgal stained 

sections of three embryos at E10.5, all of which carry Tie2Cre/R26R to visualize 

endocardium and endocardium-derived mesenchyme (blue). The diagonal gray line marks 

the 90° bend in the OFT at this stage which defines the transition between proximal and 

distal portions of the OFT. (A) A control embryo (heterozygous for Rarb) which has almost 

no endocardium-derived mesenchyme in the distal OFT (dOFT); the unlabeled mesenchyme 

(counterstained red) is derived from the neural crest. (B) An Rara1/Rarb double mutant 

where considerable labeled mesenchyme is present in the dOFT (indicated by arrows). (C) 

An Rara1/Rarb double mutant embryo that is also heterozygous for Tgfbr2 in the Tie2Cre 

domain, which shows mostly unlabeled (red) mesenchyme in the dOFT. The mesenchyme 

of the atrioventricular canal (AVC) is derived from the endocardium and therefore is blue in 

all three embryos.
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