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Abstract

Current models of left–right asymmetry hold that an early asymmetric signal is generated at the 

node and transduced to lateral plate mesoderm in a linear signal transduction cascade through the 

function of the Nodal signaling molecule. The Pitx2 homeobox gene functions at the final stages 

of this cascade to direct asymmetric morphogenesis of selected organs including the heart. We 

previously showed that Pitx2 regulated an asymmetric pathway that was independent of cardiac 

looping suggesting a second asymmetric cardiac pathway. It has been proposed that in the cardiac 

outflow tract Pitx2 functions in both cardiac neural crest, as a target of canonical Wnt-signaling, 

and in the mesoderm-derived cardiac second lineage. We used fate mapping, conditional loss of 

function, and chimera analysis in mice to investigate the role of Pitx2 in outflow tract 

morphogenesis. Our findings reveal that Pitx2 is dispensable in the cardiac neural crest but 

functions in second lineage myocardium revealing that this cardiac progenitor field is patterned 

asymmetrically.
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Introduction

Left–right asymmetric morphogenesis (LRA) has long been recognized to play a critical role 

in cardiac morphogenesis (Brown and Anderson, 1999). However, the mechanisms that 

integrate LRA into overall cardiac morphogenesis are poorly understood. The Pitx2 
homeobox gene has an essential role in the late aspects of LRA (reviewed in (Franco and 

Campione, 2003)).

Inactivation of Pitx2 in mice revealed an important role for Pitx2 in many aspects of cardiac 

development. For example, Pitx2 null mice had severe defects in valve formation, sinuatrial 

morphogenesis, and alignment of the arterio-ventricular connections such as doublet outlet 

right ventricle (DORV) and transposition of the great arteries (TGA) (Kitamura et al., 1999; 

Liu et al., 2001). Growth of the RV myocardium was also diminished resulting in RV 

hypoplasia (Kioussi et al., 2002; Kitamura et al., 1999; Liu et al., 2001, 2002). Surprisingly, 

Pitx2 null mice had correct, dextral looping of the heart, a cardinal feature of asymmetric 

morphogenesis. Thus, the Pitx2 null cardiac phenotype, while uncovering a critical role for 

Pitx2 in asymmetric cardiac development, raised a number of important questions regarding 

the relationship of early asymmetric signaling pathways to organ-specific asymmetry 

(Harvey, 2002).

Previous models based on the phenotypes of iv mutant mice and human patients with 

heterotaxia, or discordant asymmetric organ morphogenesis, provided a framework for 

understanding the interaction of early, pre-organogenesis embryonic asymmetry with each 

organ primordium (Brown and Wolpert, 1990). In the biasing model of asymmetry, an early 

signal in the embryo induces an asymmetric signaling cascade that serves to bias or globally 

coordinate organ asymmetry. The local generation of asymmetry in the individual organ is 

an all or none random event. However, the biasing model of asymmetry failed to explain the 

phenotype of Pitx2 null mice that had laterality defects in a subset of cardiac cells.

Recent work, using retrospective clonal analysis in mouse embryos, defined two cardiac 

progenitor lineages. The first lineage, corresponding to cells within the primary heart field 

(PHF), uniquely contributes to the left ventricular (LV) myocardium while the second 

lineage contributes to outflow tract (OFT) and right ventricular (RV) myocardium. Both the 

first and second lineages contribute cells to the atria and AV canal myocardium (Meilhac et 

al., 2004a,b). Further functional evidence for the existence of the second lineage was 

provided by the analysis of Isl1 mutant embryos that had severe defects in the OFT and 

inflow regions of the heart. Isl1 is expressed in cardiac progenitors but is excluded from the 

majority of cardiac cells with the exception of a subpopulation of adult cardiac progenitor 

cells (Cai et al., 2003; Laugwitz et al., 2005).

A subpopulation of the second lineage, the secondary (or anterior) heart field (SHF), is 

derived from the splanchnic and branchial arch mesoderm and contributes to OFT 

myocardium (Cai et al., 2003; Kelly and Buckingham, 2002; Mjaatvedt et al., 2001; Waldo 

et al., 2001). The SHF was originally defined in chick embryos using fate mapping and 

lineage tracing approaches (Mjaatvedt et al., 2001; Waldo et al., 2001). An enhancer trap 

into the Fgf10 locus provided evidence for the existence of the SHF in mice (Kelly et al., 
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2001). These findings raised the hypothesis that asymmetric cardiac patterning information 

may be imported into the heart through the movement of cells into distinct regions of the 

developing heart (Kioussi et al., 2002; Liu et al., 2002).

Pitx2c, the LRA-specific isoform, is expressed in left lateral plate mesoderm, left side of the 

branchial arch and splanchnic mesoderm, OFT myocardium, and the left atrium (Kitamura 

et al., 1999; Liu et al., 2002; Schweickert et al., 2000). The Pitx2c expression pattern is 

consistent with the hypothesis that Pitx2c may pattern the second lineage. Expression of the 

other two Pitx2 isoforms, Pitx2a and Pitx2b, has not been detected in the left lateral plate 

mesoderm or heart. Recent work provided evidence that the Pitx2a isoform is expressed in 

the CNC and is a target of a Wnt-β catenin signaling pathway in the OFT (Kioussi et al., 

2002). A strong genetic interaction with Disheveled 2 (Dvl2), also proposed to have a 

function in CNC, was uncovered (Hamblet et al., 2002; Kioussi et al., 2002). Taken together, 

these findings suggest that the Pitx2-regulated genetic program in the SHF and CNC 

regulates asymmetric cardiac morphogenesis.

In this work, we focused on the role of Pitx2 in OFT morphogenesis. We directly 

investigated the function of Pitx2 in the SHF and CNC using conditional gene targeting in 

mouse embryos to delete all Pitx2 isoforms in the second cardiac lineage and CNC. Our 

data, indicating that Pitx2 functions in the SHF and is dispensable in the CNC, provides 

definitive evidence that the SHF is an important source of cardiac left– right asymmetry. Our 

findings also uncover sequential functions for Pitx2 in expansion and then remodeling of RV 

and OFT myocardium.

Materials and methods

Whole mount in situ hybridization and morphometric analysis

Embryos were fixed in 10% formalin and kept in 100% methanol until used. Whole mount 

in situ hybridization was performed as previously described (Lu et al., 1999). For all 

experiments, at least three embryos were used for each probe at each time point examined. 

Probes for in situ: CrabpI, Ap2, and Isl1 probes have been described (Cai et al., 2003; 

Maden et al., 1992; Mitchell et al., 1991). For morphometric analysis, mutant and control 

embryos were photographed together and analyzed using NIH image freeware (version 

1.63). Data were compiled into an Excel file and analyzed statistically.

LacZ staining and histology

For histology, embryos were fixed overnight in Bouin’s fixative or buffered formalin, 

dehydrated through graded ethanol and embedded in paraffin. Sections were cut at 7–10 μm 

and stained with H&E. Staining for β-galactosidase (LacZ) was as previously described (Lu 

et al., 1999).

Proliferation assay

9.5 dpc embryos were formalin-fixed, paraffin-embedded and cut at 5 μm. Proliferating cell 

nuclear antigen (PCNA) staining was performed according to the manufacturer’s 

instructions (Zymed).
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Mouse alleles and nomenclature

To generate the Pitx2flox allele, a Pitx2 hypomorphic 3 LoxP allele previously generated was 

crossed to a CMV Cre transgenic line that is a germline mosaic deletor (Gage et al., 1999). 

Mice that were mosaic for the 3LoxP and flox alleles were obtained and backcrossed to 

C57Bl/6J wild type mice to generate mice exclusively carrying the Pitx2flox allele in the 

germline. The Pitx2null, previously called Pitx2 δabcnull, and Pitx2cre, previously called 

Pitx2 δabccre, alleles have been previously described (Liu et al., 2003; Lu et al., 1999). The 

Pitx2ab isoform specific deletion, previously called Pitx2 δab, has been described (Liu et al., 

2001).

Generation of the Pitx2creERT2 allele

We constructed a targeting vector that introduces the cre recombinaseERT2 neofrt fusion 

cassette into the PvuII and NruI sites in the Pitx2 fifth exon, a strategy that is similar to that 

used to generate the δabccreneo allele (Liu et al., 2003). The Pitx2creERT2neo targeting vector, 

that contains approximately 7 kb of Pitx2 homologous sequences included the 

PGKneomycin resistance cassette flanked by Frt sites for removal of the PGKneomycin by 

flp recombinase. The targeting vector was electroporated into the AK7 ES cell line, 

recombinant ES clones were identified by Southern blot and injected into 3.5 dpc wild type 

C57bl/6J mouse embryos to generate chimeric and F1 heterozygous mice carrying the 

Pitx2creERT2 allele. The Pitx2creERT2 allele was maintained on a mixed 129/Sv × C56BL/6J 

genetic background.

Generation of aggregation chimeras

ICR (CD-1; Harlan Sprague–Dawley, Indianapolis, IN) and Pitx2 mutant 2.5 dpc embryos 

were harvested in M2, supplemented with 20 mM HEPES (Specialty Media, Phillipsburg, 

NJ). Morula stage embryos were flushed from oviducts, rinsed thoroughly in M2, and placed 

in 20 μl KSOM drops overlaid with oil. Morulae were placed into Acidic Tyrode’s and 

gently pipetted up and down until the zona pellucida dissolved. Morulae were rinsed and 

transferred to the holding drop in the aggregation dish and placed in an incubator at 37°C, 

5% CO2 for overnight culture and then transferred to pseudopregnant females.

Casting dye injection

Embryos were harvested and yellow casting dye (Connecticut Valley Biological Supply Co.) 

was injected into the ventricle using pulled glass and fixed in buffered formalin, dehydrated, 

and cleared in benzyl alcohol; benzyl benzoate (BABB).

Results

Cardiac neural crest markers are unaltered in Pitx2null mutants

To investigate the hypothesis that Pitx2 played an important role in CNC development, we 

analyzed CNC markers in Pitx2null mutant embryos. Expression of the CNC markers Crabp1 
and Ap2 was detected at normal levels in the CNC of Pitx2null mutant embryos suggesting 

that cardiac neural crest development was intact in Pitx2null mutant embryos at 9.5 dpc 

(Figs. 1A–D).
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We performed fate mapping with the Wnt1 cre transgenic line and the Rosa26 reporter 
(R26R) allele (Jiang et al., 2000; Soriano, 1999). Although we had previously shown that 

Wnt1cre marked daughter cells contribute normally to the OFT of Pitx2c−/− embryos, the 

question has been raised that this may be due to functional compensation by the Pitx2a or 

Pitx2b isoforms (Franco and Campione, 2003). Examination of CNC contribution to the 

OFT of Pitx2null mutant embryos revealed that the CNC migrated normally into the OFT in 

the absence of Pitx2 (Figs. 1E–J). Taken together, these data suggest that the migration and 

specification of CNC is intact in Pitx2null mutant embryos.

We also evaluated the status of canonical Wnt-signaling in the OFT cushions of Pitx2null 

embryos. Previous experiments have shown that inactivation of β catenin in the CNC 

resulted in severe defects in OFT development (Kioussi et al., 2002). The TopGal reporter 

mouse strain harbors a transgene containing multimerized Lef/TCF binding sites upstream 

of a LacZ reporter and has been shown to be an accurate measure of Wnt signaling (Das 

Gupta and Fuchs, 1999). In wild type embryos, the TopGal reporter directed high levels of 

LacZ activity in the OFTcushions of both wild type and Pitx2null embryos (Figs. 1K, L and 

(Gitler et al., 2003)). This indicates that canonical Wnt-signaling in the OFT cushions is 

intact in the Pitx2null mutant embryos.

Tissue-specific Pitx2 inactivation using the Wnt1cre transgene reveals that Pitx2 is 
dispensable for CNC development

We next performed a direct, functional investigation of Pitx2 in the CNC. To do this, we 

generated a conditional null allele of Pitx2, the Pitx2flox allele (Gage et al., 1999 and 

Materials and methods). To ablate all isoforms of Pitx2 specifically in the CNC, we used the 

Wnt1cre transgenic line, a well characterized neural crest Cre recombinase driver, that has 

been successfully used to ablate other genes, such as β catenin, in neural crest (Brault et al., 

2001; Jiang et al., 2000). We intercrossed the Pitx2flox allele to Wnt1cre; Pitx2null compound 

heterozygous mice, a strategy requiring recombination at a single Pitx2 allele to generate a 

Pitx2 null cell. Examination of multiple litters revealed that Wnt1 cre; Pitx2null/flox (n/f) 

mutants were viable, fertile, and lived for at least 1 year without apparent difficulty.

To investigate the hypothesis that the Wnt1cre; Pitx2 (n/f) mutant embryos had subtle cardiac 

defects that did not influence viability, wild type and Pitx2 mutant embryos were examined 

histologically in a blinded fashion. Serial histologic sections indicated that Wnt1cre; Pitx2 
(n/f) mutant embryos (n = 5) had normal cardiac structures when analyzed at 16.5 dpc. In 

Wnt1cre; Pitx2 (n/f) embryos, we observed correct alignment of the aorta (Figs. 2A, C, E, G) 

and pulmonary trunk (Figs. 2B, D, F, H). Morphology of the conotruncal valves was normal 

in Wnt1cre; Pitx2 (n/f) embryos (compare Figs. 2A, B with C, D). Furthermore, ventricular 

septation was also normal in the Wnt1cre; Pitx2 (n/f)embryos (Figs. 2A, C, E, G).

One possible explanation for absence of a phenotype in the Wnt1cre; Pitx2 (n/f) embryos 

was that the Wnt1cre transgenic line failed to completely delete Pitx2 in the CNC. The 

current model suggests that Pitx2a is the CNC-specific Pitx2 isoform (Kioussi et al., 2002). 

We evaluated OFT development in Pitx2a, b−/− mutant embryos that we had previously 

generated (Liu et al., 2001). Consistent with the phenotype of Wnt1cre; Pitx2 (n/f) embryos, 
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the Pitx2a, b−/− mutant embryos also had a normal OFT (Fig. S1). Taken together, these 

data indicate that Pitx2 is not required in the CNC for normal OFT development.

Lineage tracing and fate mapping revealed that Pitx2 daughter cells populate the 
conotruncal myocardium

Because the OFT derives from a complex mixture of cells with distinct lineages including 

the CNC and SHF component of the second lineage, unequivocal identification of the Pitx2-
expressing cell lineage is inherently difficult using standard expression analysis. To provide 

supportive evidence that Pitx2 expressing cells in the OFT were of SHF origin, we employed 

a genetic cell labeling method based on Cre-Lox technology (Nagy, 2000).

We first used the Pitx2Cre knock in allele to perform a lineage tracing experiment to follow 

Pitx2 daughter cells in the OFT (Liu et al., 2003). The Pitx2Cre allele is a null allele of Pitx2 
that directs Cre activity in cells that are fated to express all isoforms of Pitx2, including the 

Pitx2c cardiac isoform (Fig. 3A). The Pitx2Cre;R26R compound heterozygous embryos were 

analyzed at 11.5 dpc and 14.5 dpc (Figs. 3B, C). There was a slight delay in Cre activity in 

the 11.5 dpc OFT most likely as a result of the extra time required to accumulate enough Cre 

protein to induce recombination in the cell (Nagy, 2000). Nonetheless, LacZ-marked Pitx2 
daughter cells were easily detected in the OFT, as well as in the RV consistent with the 

hypothesis that Pitx2 functioned in the second lineage (Meilhac et al., 2004a; Zaffran et al., 

2004).

Sections through the 11.5 dpc Pitx2Cre; R26R embryos revealed that Pitx2 daughter cells 

were confined to the second lineage-derived OFT myocardium and endocardium (Fig. 3D). 

Previous work has shown that the OFT myocardium and a subpopulation of the endocardium 

are derived from Isl1-expressing and Mef2c-expressing cells within the second lineage (Cai 

et al., 2003; Verzi et al., 2005). It notable that in both the 11.5 dpc and 14.5 dpc embryos a 

small number of Pitx2 daughters contributed to the proximal left ventricle. This may indicate 

that a subset of first lineage cells express Pitx2. Alternatively, it is conceivable that some 

Pitx2 daughters move from the RV to the proximal LV. Further work will be required to 

investigate these possibilities.

To perform more precise fate mapping, we generated a Pitx2CreERT2 knock-in allele that was 

also a null allele of Pitx2 (Fig. 3E). In the Pitx2CreERT2 allele, we introduced an IRES Cre-

mutant estrogen receptor ligand binding domain (ERT2) fusion cassette into Pitx2 exon 5. 

The CreERT2 fusion protein is expressed in cells fated to express Pitx2 but is maintained in 

an inactive state in the cytoplasm. Upon injection of 4-OH tamoxifen (4-OHT) that binds to 

CreERT2, the CreERT2 fusion peptide translocates to the nucleus and activates the R26R 
reporter allele. The CreERT2 version binds 4-OHT with high affinity allowing for labeling of 

cells over a short time interval for fate mapping studies of Pitx2 daughter cells (Indra et al., 

1999). After 4-OHT is metabolized and cleared from the circulation, CreERT2 reverts to an 

inactivate state (Hayashi and McMahon, 2002).

We labeled cells with the Pitx2CreERT2 allele at 9.5 and 10.5 dpc. Pregnant females from 

intercrosses between Pitx2CreERT2+/− and R26R+/− mice were injected with 4-OHT at 9.5 

and 10.5 dpc. Because Pitx2 has been reported to be expressed in the CNC cells of the 
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branchial arch mesenchyme at these stages, we predicted that there would be a large 

contribution of Pitx2 daughters to the OFT cushion mesenchyme (Hamblet et al., 2002; 

Kioussi et al., 2002). Injected embryos were harvested at 12.5 dpc and stained for LacZ 

activity. We found that Pitx2 daughter cells contributed almost exclusively to the OFT and 

RV myocardium (Figs. 3F–I).

We noted that lineage tracing with the Pitx2cre allele revealed that a few Pitx2 daughter cells 

contributed to OFT cushion mesenchyme. The OFT cushion mesenchyme receives a 

contribution from both the CNC and OFT endocardium. Endocardial cells of the OFT are 

derived from the SHF and undergo an epithelial–mesenchymal transition to form cushion 

mesenchyme (Cai et al., 2003; Eisenberg and Markwald, 1995). Our observation that Pitx2 
daughters differentiate into OFT endocardium is consistent with Pitx2 daughters 

contributing to cushion mesenchyme (Fig. 3D). Taken together with the Wnt1cre inactivation 

data, these findings indicate that Pitx2 daughter cells primarily contribute to the OFT and 

RV myocardium suggesting that Pitx2-expressing cells are located in the SHF rather than in 

the CNC.

Inactivation of Pitx2 in the SHF results in severe cardiac defects

To investigate directly Pitx2 function in the SHF-component of the second lineage, we used 

the Pitx2flox allele and the Mef2ccre and Isl1cre drivers to inactivate Pitx2 in the SHF. The 

Mef2ccre transgenic line directs Cre activity to the anterior aspect of the second lineage 

while the Islcre allele directs Cre activity in a broader domain of the second lineage (Cai et 

al., 2003; Verzi et al., 2005). We used two cre drivers for this experiment in order to make 

firmer conclusion about Pitx2 in the SHF. In addition, the Isl1cre allele is an Isl1 null allele 

that may complicate data interpretation due to the potential for a genetic interaction between 

Isl1 and Pitx2. The Mef2ccre driver, a randomly integrated transgene that is viable when 

homozygous, does not have the potential for a genetic interaction with Pitx2. Intercrosses 

between Isl1cre; Pitx2null or Mef2ccre; Pitx2null and Pitx2flox females resulted in embryos 

that were deficient for Pitx2 in the SHF. We focused our analysis on the OFT and performed 

casting dye injections in wild type, Pitx2 SHF deficient, and Pitx2null embryos. At 13.5 dpc, 

we found that OFT alignment in both the Isl1cre; Pitx2 n/f and the Mef2ccre; Pitx2 n/f mutant 

embryos was severely defective. All embryos that were deficient for Pitx2 in the SHF had 

DORV or TGA and were phenotypically similar to the OFT of Pitx2null embryos (Figs. 4A–

H).

We performed histological analysis at 13.5 dpc and 14.5 dpc on wild type and 

Mef2ccre;Pitx2 n/f mutant embryos (n = 6, Fig. 5). Parasagittal sections through 13.5 dpc 

embryos revealed severe defects in alignment of the OFT in Mef2ccre;Pitx2 n/f mutant 

embryos (Figs. 5A–C). At 14.5 dpc, parasagittal and transverse sections revealed that the 

pulmonary trunk and aorta were in the same plane of section and drained the right ventricle 

consistent with DORV (Figs. 5D–I). Taken together, these data reveal that Pitx2 deficiency 

in the SHF results in OFT defects that are a phenocopy of the Pitx2null phenotype (Kioussi et 

al., 2002; Liu et al., 2001).
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SHF is specified correctly in Pitx2 mutants but outflow tract expansion is defective

The OFT defects observed in the Pitx2 mutant embryos could be due to defects in 

undifferentiated SHF cells or in SHF-derived myocardium of the OFT and RV. We 

performed a fate mapping experiment with the Isl1cre allele to follow the fate of SHF cells in 

Pitx2null mutant embryos and examined expression of Is1 in the SHF of Pitx2null mutants 

(Figs. 6A–D). At 9.5 dpc, fate mapping showed that contribution of Isl1 daughter cells to the 

Pitx2 mutant distal OFT was similar to that of the control embryo, however, in the proximal 

OFT LacZ-staining was reduced (Figs. 6A, B). This suggested that there were fewer Isl1 
daughter cells in the OFT myocardium of Pitx2null mutant embryos. To establish this more 

firmly, we performed morphometric analysis on the OFT of Pitx2null and control embryos. 

Morphometric analysis of eleven Pitx2null mutant embryos indicated that the OFT and 

prospective RV was smaller than eleven control 9.5 dpc embryos (Fig. 6E).

To address the hypothesis that the OFT deficiency could be secondary to a defect in the SHF, 

we examined expression of Isl1 in Pitx2null mutant embryos (Figs. 6C, D). In the Pitx2null 

mutant, Isl1 expression was unchanged when compared to control embryos (Figs. 6C, D). 

Similar expression of Isl1 in the Pitx2null and control embryos suggested a proliferation 

defect in OFT myocardium of Pitx2null embryos. We examined cell proliferation in the OFT 

myocardium of Pitx2null mutant embryos at 9.5 dpc. Consistent with a requirement for Pitx2 
in OFT myocardial expansion, we detected significantly reduced PCNA positive cells in the 

Pitx2null OFT myocardium (Figs. 6F–H). Taken together, these data indicate that Pitx2 is 

required for proliferation of a subpopulation of the proximal OFT myocardium.

Deployment of Pitx2 daughter cells in the proximal OFT is defective

Previous work suggested that Pitx2 may also function at stages of OFT remodeling (Liu et 

al., 2002). Lineage tracing with the germline Pitx2cre allele in control embryos indicated that 

at 12.5 dpc, Pitx2 daughters normally contributed to the proximal OFT and RV myocardium. 

In the proximal OFT, Pitx2 daughters were found within the proximal myocardium 

overlying both the PT and aorta (Fig. 7A). In contrast, Pitx2 mutant daughter cells were 

observed in the proximal OFT, however, contribution to the proximal myocardium of the 

aorta was limited (Fig. 7B). At 14.5 dpc and 15.5 dpc, a similar defect in Pitx2 daughter 

contribution was observed in mutant embryos (Figs. 7C–F). These findings suggest that 

Pitx2 functions in local expansion or rotation of proximal OFT myocardium.

Pitx2 chimera analysis uncovers a late function for Pitx2 in OFT remodeling

To investigate Pitx2 function at later stages of OFT morphogenesis, we used chimera 

analysis. Although we had uncovered a function for Pitx2 in expansion of OFT myocardium, 

we reasoned that analysis of Pitx2 daughters in the context of a chimera would provide 

insight into the role of Pitx2 in OFT remodeling. Our method for generating chimeras was a 

modification of previous methods (Tam and Rossant, 2003). Using the Pitx2cre and R26R 
alleles to mark Pitx2 daughter cells, we generated Pitx2cre;Pitx2null; R26R and control 

Pitx2cre+/−; R26R aggregation chimeras. Chimeric embryos were recovered at 13.5 dpc and 

pcr genotyped to detect the presence of the Pitx2cre and Pitx2null alleles. The Pitx2cre and 

R26R alleles resulted in exclusive marking of Pitx2 daughter cells and allowed direct 

visualization of Pitx2 daughters in the presence and absence of Pitx2 function.
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We analyzed eleven control chimeras at 13.5 dpc by whole mount LacZ staining. Pitx2 
daughters contributed extensively to the proximal OFT myocardium, the RV myocardium 

and the sulcus separating the aorta and pulmonary trunk in the distal and proximal OFT 

(Figs. 7G–I). Consistent with the lineage tracing in the germline embryos, Pitx2 daughters 

contributed to myocardium at the base of the pulmonary trunk and aorta in chimeras.

We examined chimeras with different percentage contribution of Pitx2cre;Pitx2null mutant 

cells. In higher percentage Pitx2cre;Pitx2null chimeras (n = 6), OFT morphogenesis was 

disrupted with abnormal ventriculo-arterial alignment, approximating the phenotype 

observed in the Pitx2null mutant embryos (Figs. 7J, K). Notably in these high percentage 

chimeras, Pitx2 mutant daughters were evenly distributed over the proximal myocardium of 

the aorta and pulmonary trunk (Figs. 7J, K). Thus, in contrast to the germline mutant 

embryos, Pitx2 mutant daughters were competent to contribute to the proximal myocardium 

of the aorta. This suggests that defective contribution to proximal OFT myocardium 

observed in the Pitx2null germline mutants may be secondary to the earlier myocardial 

growth defect observed at 9.5 dpc. Alternatively, Pitx2 may regulate the expression of a 

signaling molecule in proximal myocardium.

In all chimeras derived from Pitx2cre;Pitx2null cells, a large concentration of Pitx2 mutant 

daughter cells abnormally persisted in the ventral, proximal myocardium between the great 

vessels at the ventriculo-arterial junction (Figs. 7J, K, M). We examined chimeras that had a 

low contribution of Pitx2 mutant daughter cells (Figs. 7L, M). In these lower percentage 

chimeras, that had normal OFT anatomy, the accumulation of Pitx2 mutant daughters was 

still observed in the proximal OFT. Sections through similar percentage chimeras also 

showed persistence of mutant cells compared to controls (Figs. 7N, O). These findings 

indicate that Pitx2 has an autonomous function in remodeling of the OFT myocardium.

Discussion

The findings presented here indicate that Pitx2 function in the SHF-derived OFT 

myocardium is required for correct arterio-ventricular alignment. Our conditional gene 

inactivation and fate mapping studies show that Pitx2 functions in the OFT myocardium 

rather than the CNC. The marker analysis and cell proliferation studies reveal that in 

Pitx2null embryos the OFT myocardium has a proliferation defect. Moreover, analysis of 

Pitx2 mutant cells in chimeric embryos suggests that Pitx2 has an autonomous function in 

OFT remodeling. Our findings show that Pitx2 functions in the OFT myocardium to regulate 

later stages of OFT growth and morphogenesis and directly link the Pitx2-dependent LRA 

pathway to second lineage myocardium.

Pitx2 in the CNC and SHF

A strong genetic interaction between Pitx2 and Disheveled 2 (Dsh2) was previously 

interpreted as evidence that Pitx2 was functioning in the CNC (Hamblet et al., 2002; Kioussi 

et al., 2002). Pitx2 expression was shown in Wnt1 cre; R26R-labeled cells in the fourth and 

sixth branchial arches, and explants showed co-expression of Pitx2 and a CNC marker 

(connexin-43) in 29% of cells examined (Kioussi et al., 2002). In addition, tissue-specific 

inactivation of β catenin using the Wnt1cre transgene provided supportive evidence that a 
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canonical Wnt-signaling pathway was involved in CNC development. However, recent work 

has uncovered the existence of the SHF that also contributes extensively to the OFT 

(Buckingham et al., 2005).

We provide three lines of evidence that support our proposal that Pitx2 functions in the SHF 

rather that the CNC. First, the conditional gene targeting data indicate that removal of Pitx2 
from CNC results in a normal OFT while deletion from the SHF phenocopies the Pitx2null 

mutant phenotype. While we cannot unequivocally rule out the possibility that ablation of 

Pitx2 with the Wnt1cre transgene is incomplete, our second line of evidence argues against 

this possibility. Our data indicate that germline inactivation of Pitx2a, the proposed CNC-

specific Pitx2 isoform, also results in a normal OFT. Lastly, our fate mapping and lineage 

tracing experiments indicate that the Pitx2 lineage contributes primarily to cardiac 

derivatives that are known to be derived from the SHF. Based on these data, we propose that 

Pitx2 function resides within SHF-derived cells (Buckingham et al., 2005).

Recent findings from other labs also support our proposal. For example, recent work has 

shown that Dsh2 is expressed not in CNC-derived structures but in OFT myocardium — a 

SHF derivative (Phillips et al., 2005). If the genetic interaction between Pitx2 and Dsh2 is 

due to a shared cell-autonomous function then this would indicate that Pitx2 functions in the 

OFT myocardium.

Our findings, together with previous work, implicate Wnt-signaling in the SHF in addition to 

its known importance in the CNC (Kioussi et al., 2002). Pitx2 expression in the OFT is 

severely reduced in the Dsh2 mutant embryos (Hamblet et al., 2002). Furthermore, Pitx2 
OFT expression is reduced in mice that are deficient for Smarcd3 that encodes Baf60c, a 

component of the BAF chromatin remodeling complex and a target of Wnt-signaling 

(Lickert et al., 2004). It will be important in the future to directly investigate the role of Wnt-

signaling in the SHF and OFT myocardium.

The role of the Pitx2-mediated LRA pathway in OFT growth

At early stages, the SHF is correctly specified and SHF-derived cells move into the OFT of 

Pitx2null mutant embryos indicating that these processes are Pitx2 independent. However, 

once the SHF populates the OFT, Pitx2 is necessary for proper expansion of the proximal 

OFT myocardium. In the absence of Pitx2 the OFT is shorter and misaligned. Pitx2-

expressing cells are initially located on the left side of the OFT myocardium (Lickert et al., 

2004; Liu et al., 2002; Takeuchi et al., 2005). Our data indicate that cell proliferation in the 

left OFT myocardium has a critical role in OFT lengthening.

However, it has also been shown that ablation of the right-sided SHF in chick embryos also 

resulted in a shortened OFT resulting in alignment defects and pulmonary atresia (Ward et 

al., 2005). These data indicate that regulation of myocardial expansion is not specific for the 

left-sided Nodal–Lefty2–Pitx2 genetic pathway. Rather SHF cells on both sides of the 

embryo move into the OFT and contribute to OFT lengthening.

In addition to lengthening, the OFT undergoes a very characteristic spiraling motion (Ward 

et al., 2005). It may be that the Pitx2-mediated, left-specific pathway is important to direct 
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this spiraling morphogenesis. We previously suggested that Pitx2 was not required for 

spiraling morphogenesis but in light of recent insights into OFT development this will have 

to be reevaluated in the future with higher resolution experiments (Liu et al., 2002). The 

possible role of Pitx2 in spiraling morphogenesis cannot be rigorously evaluated in the 

Pitx2null embryos because of the shortened OFT. Nonetheless, our data provide a framework 

for future studies into the role of left–right patterning in development of the mature, 

functional OFT.

The role of Pitx2 in morphogenesis of the maturing OFT

Our findings suggest sequential activities for Pitx2 in OFT development. The lineage tracing 

experiments presented here using the germline Pitx2 mutant embryos indicate that Pitx2 
mutant daughter cells fail to efficiently populate the myocardium overlying the proximal 

aorta (Figs. 7A–D). This deficient contribution to the aortic myocardium may indicate that 

Pitx2 regulates circumferential expansion of OFT myocardium. Recent lineage tracing 

experiments identified oriented circumferential cell growth in the OFT and RV myocardium 

(Meilhac et al., 2004b). However, it is also possible that Pitx2 regulates local movement of 

OFT myocardium or OFT rotation rather than growth of the OFT myocardium (Bostrom and 

Hutchins, 1988; Lomonico et al., 1986). Indeed, recent findings using a novel transgene and 

Di-I labeling to mark the OFT myocardium have implicated Pitx2c in rotation of the OFT 

myocardium (Bajolle et al., 2006).

Interestingly, the chimera data indicate that Pitx2null mutant daughters are competent to 

contribute to the whole circumference of the proximal OFT. These data have two 

interpretations: Pitx2 may regulate the expression of a signaling molecule that is required for 

contribution of Pitx2-daughters to the whole OFT myocardium. This model is plausible 

since it is known that Pitx2 regulates the expression of signaling molecules in craniofacial 

development (Liu et al., 2003). It is also possible that in the germline mutant embryos, Pitx2 
mutant daughter cells inefficiently contribute to the aortic myocardium because of the early 

proliferative defect. In the context of a chimera, adequate numbers of Pitx2 mutant daughter 

cells may escape the early proliferative deficiency and then expand to completely contribute 

to the proximal OFT. Further insight into these issues will require improved knowledge of 

Pitx2 target genes.

We also found evidence that Pitx2 autonomously regulated OFT remodeling. In both high 

and low percentage chimeras, we found that Pitx2 mutant daughter cells accumulated at the 

base of the forming great vessels in the proximal OFT indicating a cell autonomous function 

for Pitx2 in great vessel remodeling. It is known that apoptosis has an important role in OFT 

remodeling (Sugishita et al., 2004). It is possible that Pitx2 may promote apoptosis at later 

stages of OFT development. Experiments are in progress to test this notion. Alternatively, it 

is possible that Pitx2 regulates changes in cell shape in proximal OFT myocardium. Support 

for this comes from experiments performed in HeLa cells where overexpression of Pitx2 
enhanced cell spreading through regulation of small GTPase activity by transcriptional 

regulation of the Trio guanine nucleotide exchange factor (GEF) (Wei and Adelstein, 2002).
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Non-canonical Wnt signaling in the OFT myocardium

The non-canonical Wnt-signaling pathway is β catenin independent but utilizes Dsh and Rho 

(Park and Moon, 2002). Previous work uncovered a strong genetic interaction between Dsh2 
and Pitx2 in the OFT (Kioussi et al., 2002). In light of our findings presented here, one 

hypothesis is that Pitx2 interacts with Dsh2 as part of a non-canonical Wnt pathway. The 

Loop-tail (Lp) mouse mutant is a naturally occurring mouse mutant that was initially 

identified based on severe defects in neural tube closure (Phillips et al., 2005). The gene 

mutated in Lp is Vangl2, a homolog of the Drosophila planar cell polarity gene, Strabismus. 

Recent work has shown that Vangl2 functions in the OFT myocardium to regulate OFT 

septation.

Oriented cell division has been observed in the OFT myocardium and, based on computer 

modeling, has been suggested to result from oriented mitosis (Meilhac et al., 2004a; Meilhac 

et al., 2004b). Non-canonical Wnt-signaling pathways are known to regulate convergent 

extension and cell intercalation, as well as oriented cell division in the gastrulating zebrafish 

embryo (Gong et al., 2004). It will be important in the future to investigate a connection 

between Pitx2 and non-canonical Wnt signaling.

Insights into OFT development

Although substantial progress has been made, the mechanisms underlying OFT alignment, 

septation and separation into the aorta and pulmonary trunk remain poorly understood 

(Buckingham et al., 2005; Webb et al., 2003). The SHF functions as a source of myocardium 

for a rapidly expanding OFT. Because the OFT undergoes a spiraling morphogenetic 

movement, defects in the SHF or SHF-derived myocardium would be predicted to result in 

abnormal great vessel alignment such as DORV or TGA (Ward et al., 2005; Yutzey and 

Kirby, 2002). More recent experiments in chick embryos have shown that the SHF also 

makes a late contribution to smooth muscle cells of the great vessels (Waldo et al., 2005). 

The SHF also contributes cells to the OFT endocardium indicating that another function for 

the SHF may be to regulate OFT valve morphogenesis. Our findings extend these ideas by 

showing that Pitx2-dependent LRA signaling pathway is required to promote proliferation of 

a subset of OFT myocardium.

Molecular analysis has defined both Isl1–Gata- and Foxh1–Nkx2.5-pathways that regulate 

Mef2c expression in the SHF subpopulation of the second lineage (Dodou et al., 2004; von 

Both et al., 2004). Moreover, there is evidence that that Tbx1 interacts with Fgf and Pitx2-

mediated pathways to regulate SHF development (Hu et al., 2004; Nowotschin et al., 2006; 

Xu et al., 2004). Importantly, the Isl1–Mef2c pathway that is confined to the anterior-most 

region of the second lineage reveals that genetic regulation of the second lineage is 

subdivided into anterior and posterior fields. Our data reveal that the second lineage is also 

patterned along the left–right axis.

Implications for left–right asymmetry and cardiac development

Our data provide insight into the connection between early or embryonic LRA and cardiac 

morphogenesis. Previous models held that a linear signaling cascade asymmetrically 

patterned all developing organs (Levin and Mercola, 1998). In this framework, heterotaxia or 
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discordant organ morphogenesis was difficult to reconcile. To account for heterotaxia, the 

biasing model proposed that local asymmetry was an all or none, intrinsic property of each 

organ (Brown and Wolpert, 1990). Our data, showing that the second cardiac lineage is 

asymmetrically patterned by Pitx2, indicate that cardiac heterotaxia likely results from 

genetic defects in cell populations that contribute to the heart at distinct times.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank A. Bradley, P. Soriano, R. Behringer for reagents; E. Olson and D. Srivastava for in situ probes; A. 
McMahon and D. Rowitch for the Wnt1cre transgenic line. We thank A. Moon and A. Baldini for comments on the 
manuscript and discussions. Supported by grants NIH grants R01 DE016329-01 (JFM), 1 RO1 HL07 4066-01 
(S.E.), HL 64658 (B.L.B) and R01EY014126 (P.G.) and the British Heart Foundation (N.A.B).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at doi:

10.1016/j.ydbio.2006.06.009.

References

Bajolle F, Zaffran S, Kelly RG, Hadchouel J, Bonnet D, Brown NA, Buckingham ME. Rotation of the 
myocardial wall of the outflow tract is implicated in the normal positioning of the great arteries. 
Circ Res. 2006; 98:421–428. [PubMed: 16397144] 

Bostrom MP, Hutchins GM. Arrested rotation of the outflow tract may explain double-outlet right 
ventricle. Circulation. 1988; 77:1258–1265. [PubMed: 3370765] 

Brault V, Moore R, Kutsch S, Ishibashi M, Rowitch DH, McMahon AP, Sommer L, Boussadia O, 
Kemler R. Inactivation of the beta-catenin gene by Wnt1-Cre-mediated deletion results in dramatic 
brain malformation and failure of craniofacial development. Development. 2001; 128:1253–1264. 
[PubMed: 11262227] 

Brown, NA., Anderson, RH. Symmetry and laterality in the human heart: developmental implications. 
In: Harvey, RP., Rosenthal, N., editors. Heart Development. Academic Press; San Diego, CA: 1999. 
p. 447-462.

Brown NA, Wolpert L. The development of handedness in left/right asymmetry. Development. 1990; 
109:1–9. [PubMed: 2209459] 

Buckingham M, Meilhac S, Zaffran S. Building the mammalian heart from two sources of myocardial 
cells. Nat Rev, Genet. 2005; 6:826–835. [PubMed: 16304598] 

Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, Evans S. Isl1 identifies a cardiac progenitor 
population that proliferates prior to differentiation and contributes a majority of cells to the heart. 
Dev Cell. 2003; 5:877–889. [PubMed: 14667410] 

Das Gupta R, Fuchs E. Multiple roles for activated LEF/TCF transcription complexes during hair 
follicle development and differentiation. Development. 1999; 126:4557–4568. [PubMed: 10498690] 

Dodou E, Verzi MP, Anderson JP, Xu SM, Black BL. Mef2c is a direct transcriptional target of ISL1 
and GATA factors in the anterior heart field during mouse embryonic development. Development. 
2004; 131:3931–3942. [PubMed: 15253934] 

Eisenberg LM, Markwald RR. Molecular regulation of atrioventricular valvuloseptal morphogenesis. 
Circ Res. 1995; 77:1–6. [PubMed: 7788867] 

Franco D, Campione M. The role of Pitx2 during cardiac development. Linking left–right signaling 
and congenital heart diseases. Trends Cardiovasc Med. 2003; 13:157–163. [PubMed: 12732450] 

Ai et al. Page 13

Dev Biol. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gage PJ, Suh H, Camper SA. Dosage requirement of Pitx2 for development of multiple organs. 
Development. 1999; 126:4643–4651. [PubMed: 10498698] 

Gitler AD, Lu MM, Jiang YQ, Epstein JA, Gruber PJ. Molecular markers of cardiac endocardial 
cushion development. Dev Dyn. 2003; 228:643–650. [PubMed: 14648841] 

Gong Y, Mo C, Fraser SE. Planar cell polarity signalling controls cell division orientation during 
zebrafish gastrulation. Nature. 2004; 430:689–693. [PubMed: 15254551] 

Hamblet NS, Lijam N, Ruiz-Lozano P, Wang J, Yang Y, Luo Z, Mei L, Chien KR, Sussman DJ, 
Wynshaw-Boris A. Dishevelled 2 is essential for cardiac outflow tract development, somite 
segmentation and neural tube closure. Development. 2002; 129:5827–5838. [PubMed: 12421720] 

Harvey RP. Patterning the vertebrate heart. Nat Rev, Genet. 2002; 3:544–556. [PubMed: 12094232] 

Hayashi S, McMahon AP. Efficient recombination in diverse tissues by a tamoxifen-inducible form of 
Cre: a tool for temporally regulated gene activation/inactivation in the mouse. Dev Biol. 2002; 
244:305–318. [PubMed: 11944939] 

Hu T, Yamagishi H, Maeda J, McAnally J, Yamagishi C, Srivastava D. Tbx1 regulates fibroblast 
growth factors in the anterior heart field through a reinforcing autoregulatory loop involving 
forkhead transcription factors. Development. 2004; 131:5491–5502. [PubMed: 15469978] 

Indra AK, Warot X, Brocard J, Bornert JM, Xiao JH, Chambon P, Metzger D. Temporally-controlled 
site-specific mutagenesis in the basal layer of the epidermis: comparison of the recombinase 
activity of the tamoxifen-inducible Cre-ER(T) and Cre-ER(T2) recombinases. Nucleic Acids Res. 
1999; 27:4324–4327. [PubMed: 10536138] 

Jiang X, Rowitch DH, Soriano P, McMahon AP, Sucov HM. Fate of the mammalian cardiac neural 
crest. Development. 2000; 127:1607–1616. [PubMed: 10725237] 

Kelly RG, Buckingham ME. The anterior heart-forming field: voyage to the arterial pole of the heart. 
Trends Genet. 2002; 18:210–216. [PubMed: 11932022] 

Kelly RG, Brown NA, Buckingham ME. The arterial pole of the mouse heart forms from Fgf10-
expressing cells in pharyngeal mesoderm. Dev Cell. 2001; 1:435–440. [PubMed: 11702954] 

Kioussi C, Briata P, Baek SH, Rose DW, Hamblet NS, Herman T, Ohgi KA, Lin C, Gleiberman A, 
Wang J, Brault V, Ruiz-Lozano P, Nguyen HD, Kemler R, Glass CK, Wynshaw-Boris A, 
Rosenfeld MG. Identification of a Wnt/Dvl/beta-Catenin → Pitx2 pathway mediating cell-type-
specific proliferation during development. Cell. 2002; 111:673–685. [PubMed: 12464179] 

Kitamura K, Miura H, Miyagawa-Tomita S, Yanazawa M, Katoh-Fukui Y, Suzuki R, Ohuchi H, 
Suehiro A, Motegi Y, Nakahara Y, Kondo S, Yokoyama M. Mouse Pitx2 deficiency leads to 
anomalies of the ventral body wall, heart, extra- and periocular mesoderm and right pulmonary 
isomerism. Development. 1999; 126:5749–5758. [PubMed: 10572050] 

Laugwitz KL, Moretti A, Lam J, Gruber P, Chen Y, Woodard S, Lin LZ, Cai CL, Lu MM, Reth M, 
Platoshyn O, Yuan JX, Evans S, Chien KR. Postnatal is l1+ cardioblasts enter fully differentiated 
cardiomyocyte lineages. Nature. 2005; 433:647–653. [PubMed: 15703750] 

Levin M, Mercola M. The compulsion of chirality: toward an understanding of left–right asymmetry. 
Genes Dev. 1998; 12:763–769. [PubMed: 9512510] 

Lickert H, Takeuchi JK, Von Both I, Walls JR, McAuliffe F, Adamson SL, Henkelman RM, Wrana JL, 
Rossant J, Bruneau BG. Baf60c is essential for function of BAF chromatin remodelling complexes 
in heart development. Nature. 2004; 432:107–112. [PubMed: 15525990] 

Liu C, Liu W, Lu MF, Brown NA, Martin JF. Regulation of left–right asymmetry by thresholds of 
Pitx2c activity. Development. 2001; 128:2039–2048. [PubMed: 11493526] 

Liu C, Liu W, Palie J, Lu MF, Brown NA, Martin JF. Pitx2c patterns anterior myocardium and aortic 
arch vessels and is required for local cell movement into atrioventricular cushions. Development. 
2002; 129:5081–5091. [PubMed: 12397115] 

Liu W, Selever J, Lu MF, Martin JF. Genetic dissection of pitx2 in craniofacial development uncovers 
new functions in branchial arch morphogenesis, late aspects of tooth morphogenesis, and cell 
migration. Development. 2003; 130:6375–6385. [PubMed: 14623826] 

Lomonico MP, Moore GW, Hutchins GM. Rotation of the junction of the outflow tract and great 
arteries in the embryonic human heart. Anat Rec. 1986; 216:544–5449. [PubMed: 3800002] 

Lu MF, Pressman C, Dyer R, Johnson RL, Martin JF. Function of Rieger syndrome gene in left–right 
asymmetry and craniofacial development. Nature. 1999; 401:276–278. [PubMed: 10499585] 

Ai et al. Page 14

Dev Biol. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Maden M, Horton C, Graham A, Leonard L, Pizzey J, Siegenthaler G, Lumsden A, Eriksson U. 
Domains of cellular retinoic acid-binding protein I (CRABP I) expression in the hindbrain and 
neural crest of the mouse embryo. Mech Dev. 1992; 37:13–23. [PubMed: 1351399] 

Meilhac SM, Esner M, Kelly RG, Nicolas JF, Buckingham ME. The clonal origin of myocardial cells 
in different regions of the embryonic mouse heart. Dev Cell. 2004a; 6:685–698. [PubMed: 
15130493] 

Meilhac SM, Esner M, Kerszberg M, Moss JE, Buckingham ME. Oriented clonal cell growth in the 
developing mouse myocardium underlies cardiac morphogenesis. J Cell Biol. 2004b; 164:97–109. 
[PubMed: 14709543] 

Mitchell PJ, Timmons PM, Hebert JM, Rigby PW, Tjian R. Transcription factor AP-2 is expressed in 
neural crest cell lineages during mouse embryogenesis. Genes Dev. 1991; 5:105–119. [PubMed: 
1989904] 

Mjaatvedt CH, Nakaoka T, Moreno-Rodriguez R, Norris RA, Kern MJ, Eisenberg CA, Turner D, 
Markwald RR. The outflow tract of the heart is recruited from a novel heart-forming field. Dev 
Biol. 2001; 238:97–109. [PubMed: 11783996] 

Nagy A. Cre recombinase: the universal reagent for genome tailoring. Genesis. 2000; 26:99–109. 
[PubMed: 10686599] 

Nowotschin S, Liao J, Gage PJ, Epstein JA, Campione M, Morrow BE. Tbx1 affects asymmetric 
cardiac morphogenesis by regulating Pitx2 in the secondary heart field. Development. 2006; 
133:1565–1573. [PubMed: 16556915] 

Park M, Moon RT. The planar cell-polarity gene stbm regulates cell behaviour and cell fate in 
vertebrate embryos. Nat Cell Biol. 2002; 4:20–25. [PubMed: 11780127] 

Phillips HM, Murdoch JN, Chaudhry B, Copp AJ, Henderson DJ. Vangl2 acts via RhoA signaling to 
regulate polarized cell movements during development of the proximal outflow tract. Circ Res. 
2005; 96:292–299. [PubMed: 15637299] 

Schweickert A, Campione M, Steinbeisser H, Blum M. Pitx2 isoforms: involvement of Pitx2c but not 
Pitx2a or Pitx2b in vertebrate left–right asymmetry. Mech Dev. 2000; 90:41–51. [PubMed: 
10585561] 

Soriano P. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat Genet. 1999; 21:70–
71. [PubMed: 9916792] 

Sugishita Y, Watanabe M, Fisher SA. The development of the embryonic outflow tract provides novel 
insights into cardiac differentiation and remodeling. Trends Cardiovasc Med. 2004; 14:235–241. 
[PubMed: 15451515] 

Takeuchi JK, Mileikovskaia M, Koshiba-Takeuchi K, Heidt AB, Mori AD, Arruda EP, Gertsenstein M, 
Georges R, Davidson L, Mo R, Hui CC, Henkelman RM, Nemer M, Black BL, Nagy A, Bruneau 
BG. Tbx20 dose-dependently regulates transcription factor networks required for mouse heart and 
motoneuron development. Development. 2005; 132:2463–2474. [PubMed: 15843409] 

Tam PP, Rossant J. Mouse embryonic chimeras: tools for studying mammalian development. 
Development. 2003; 130:6155–6163. [PubMed: 14623817] 

Verzi MP, McCulley DJ, De Val S, Dodou E, Black BL. The right ventricle, out flow tract, and 
ventricular septum comprise a restricted expression domain within the secondary/anterior heart 
field. Dev Biol. 2005; 287:134–145. [PubMed: 16188249] 

von Both I, Silvestri C, Erdemir T, Lickert H, Walls JR, Henkelman RM, Rossant J, Harvey RP, 
Attisano L, Wrana JL. Foxh1 is essential for development of the anterior heart field. Dev Cell. 
2004; 7:331–345. [PubMed: 15363409] 

Waldo KL, Kumiski DH, Wallis KT, Stadt HA, Hutson MR, Platt DH, Kirby ML. Conotruncal 
myocardium arises from a secondary heart field. Development. 2001; 128:3179–3188. [PubMed: 
11688566] 

Waldo KL, Hutson MR, Ward CC, Zdanowicz M, Stadt HA, Kumiski D, Abu-Issa R, Kirby ML. 
Secondary heart field contributes myocardium and smooth muscle to the arterial pole of the 
developing heart. Dev Biol. 2005; 281:78–90. [PubMed: 15848390] 

Ward C, Stadt H, Hutson M, Kirby ML. Ablation of the secondary heart field leads to tetralogy of 
Fallot and pulmonary atresia. Dev Biol. 2005; 284:72–83. [PubMed: 15950213] 

Ai et al. Page 15

Dev Biol. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Webb S, Qayyum SR, Anderson RH, Lamers WH, Richardson MK. Septation and separation within 
the outflow tract of the developing heart. J Anat. 2003; 202:327–342. [PubMed: 12739611] 

Wei Q, Adelstein RS. Pitx2a expression alters actin-myosin cytoskeleton and migration of HeLa cells 
through Rho GTPase signaling. Mol Biol Cell. 2002; 13:683–897. [PubMed: 11854422] 

Xu H, Morishima M, Wylie JN, Schwartz RJ, Bruneau BG, Lindsay EA, Baldini A. Tbx1 has a dual 
role in the morphogenesis of the cardiac outflow tract. Development. 2004; 131:3217–3227. 
[PubMed: 15175244] 

Yutzey KE, Kirby ML. Wherefore heart thou? Embryonic origins of cardiogenic mesoderm. Dev Dyn. 
2002; 223:307–320. [PubMed: 11891982] 

Zaffran S, Kelly RG, Meilhac SM, Buckingham ME, Brown NA. Right ventricular myocardium 
derives from the anterior heart field. Circ Res. 2004; 95:261–268. [PubMed: 15217909] 

Ai et al. Page 16

Dev Biol. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
CNC marker analysis in Pitx2null mutant embryos. In situ hybridization analysis with Ap2 
probe (A, B) and Crabp probe (C, D) on 9.5-dpc wild-type and Pitx2null mutant embryos. 

Black arrows denote CNCs expression in branchial arch mesoderm and no obvious change 

between wild-type and Pitx2 mutant. (E–H) Left side view of whole-mount lacZ staining (E, 

F) and sagittal sections (G, H) of Wnt-1cre;R26R on 9.5-dpc wild-type (E, G) and 9.5-dpc 

Pitx2null mutant embryos (F, H) indicating that CNC’s migrate into the 3rd and 4th branchial 

arches (arrows denoted). Arrowheads denote the CNCs in the OFT. (I, J) Frontal view of 

whole-mount lacZ staining of Wnt-1cre;R26R on 9.5-dpc wild-type (I) and Pitx2null mutant 

(J) to show CNC’s migrate into outflow tract (arrows). TopGal activity in 12.5-dpc wild-type 

embryo (K) and Pitx2null mutant (L). Arrows denote TopGal Activity. OFT, outflow tract; la, 

left atrium; lv, left ventricle; rv, right ventricle.
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Fig. 2. 
Conditional inactivation of Pitx2 in the CNC. Serial coronal sections show systemic 

circulation of 14.5-dpc wild-type (A) and Wnt1Cre;Pitx2 (n/f) heart (C, E, G). Arrows denote 

that the aortas connect to the left ventricle. Serial coronal sections show pulmonic 

circulation of 14.5-dpc wild-type (B) and Wnt1Cre;Pitx2 (n/f) heart (D, F, H). Arrows denote 

the right connection between pulmonary arteries and right ventricles. la, left atrium; ra, right 

atrium; lv, left ventricle; rv, right ventricle.
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Fig. 3. 
Pitx2cre lineage analysis and Pitx2creERT2 fate mapping. (A) Summary of exon usage by 

Pitx2 isoforms. (B, C) Frontal view of LacZ staining of a dissected 11.5-dpc (B) and 14.5 

dpc (C) Pitx2cre;R26R hearts and a transverse section through the 11.5 dpc OFT (D). Pitx2 
daughters denoted by an arrow (OFT myocardium) and arrowheads (endocardium). (E) 

Pitx2 genomic structure, Pitx2creERT2 knock-in targeting strategy, and targeted clones 

confirmed by southern blot. Boxes represent exons and straight lines, introns. P1 and P2 

indicate two promoters that initiate transcription of different isoforms. (F–H) LacZ staining 

of 12.5-dpc Pitx2 creERT2; R26R hearts, labeled at 9.5 dpc and 10.5 dpc. (I) Transverse 

section of OFT in panel G. Arrows denote Pitx2 daughter cells. la, left atrium; ra, right 

atrium; lv, left ventricle; rv, right ventricle.
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Fig. 4. 
Conditional inactivation of Pitx2 in the SHF. Dye injection into 14.5-dpc hearts to show 

OFT morphology with schematic diagram below. (A, E) Wild-type, (B, F) Mef2ccre;Pitx2n/f 

showing TGA, (C, G) Isl1cre;Pitx2n/f showing DORV, (D, H) Pitx2null mutant showing TGA. 

Note that each diagram is associated with its above picture. Arrows denote vessel alignment. 

TGA, transposition of great artery; DORV, double outlet of right ventricle; ao, aorta; pt, 

pulmonary trunk; la, left atrium; ra, right atrium; lv, left ventricle; rv, right ventricle.
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Fig. 5. 
Sections of Pitx2 SHF deficient embryos. Sagittal sections through 13.5-dpc (A–C), and 

14.5-dpc (D–F) embryos. (C, F) Higher magnification views of boxed areas in panels B and 

E. (G–I) Modified transverse sections of 14.5-dpc Mef2ccre; Pitx2n/f heart showing abnormal 

arterioventricular alignment. (I) Higher magnification image of boxed area in panel H. 

Genotypes and stages are labeled. ao, aorta; pt, pulmonary trunk; la, left atrium; ra, right 

atrium.
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Fig. 6. 
Secondary heart field marker analysis in Pitx2 null mutants. Right lateral view of Isl1 fate 

mapping in 9.5 dpc control (A) and Pitx2null mutant embryo (B). Arrow and arrowhead 

denote distal and proximal OFT respectively. Circled area in panel B denotes the area of 

reduced LacZ staining. (C, D) Left views of whole-mount in situ hybridization with Isl1 
probe in 9.5 dpc control (C) and Pitx2 mutant embryo (D). Arrows denote branchial arch 

mesoderm. (E) Bar graph quantitation of OFT size based on morphometric analysis as 

described in Materials and methods. (*P < 0.02, Student’s t-test). (F, G) PCNA assay shows 

that cell proliferation is reduced in Pitx2 mutant proximal OFT compared to control. 

Arrowheads denote proximal outflow tract. (H) Bar graph of proliferation Index is shown in 

panel H. (*P < 0.01, Student’s t-test). ba1, first branchial arch; OFT, outflow tract; AVC, 

atrioventricular canal.
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Fig. 7. 
Chimera analysis of Pitx2 function in the OFT. (A, B) Lineage tracing with the Pitx2cre and 

R26R alleles in control (A, C, E) and Pitx2 mutant embryos (B, D, F). Pitx2 daughter cells 

are stained with LacZ. Arrows denote the Pitx2 daughters that are normally contribute to 

proximal aortic myocardium and are deficient in the mutant embryos. Note that the Pitx2c 
allele is a deletion of the Pitx2c isoform that allows for analysis of later stage embryos. (G–

I) Pitx2+/− ↔wild type chimeras at 13.5 dpc. Percentage chimerism is labeled and Pitx2 
daughters in the OFT denoted by arrowhead and in RV by the arrows. (J–M) Pitx2−/− 

↔wild type chimeras at 13.5 pc. Percentage chimerism is shown. Pitx2 daughters in the 

OFT denoted by arrowhead and in RV by the arrows. Angled arrows indicate the Pitx2 
mutant daughters that abnormally persist at the junction of the aorta and pulmonary trunk. 

(N, O) Sections through the OFT of Pitx2+/− ↔ wild type chimeras (N) and Pitx2−/− ↔ 
wild type chimera (O). Arrows indicate cells that abnormally persist in the mutant chimera. 

ao, aorta; pt, pulmonary trunk; la, left atrium; lv, left ventricle; ra, right atrium; rv, right 

ventricle.
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