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Abstract

Transcriptional readout downstream of canonical Wnt signaling is known to be mediated by β-

catenin activation of well-described targets, but potential transcriptional readout in response to 

noncanonical Wnt signaling remains poorly understood. Here, we define a transcriptional pathway 

important in noncanonical Wnt signaling. We have found that Wnt11 is a direct target of a 

canonical β-catenin pathway in developing heart and that Wnt11 mutants show cardiac outflow 

tract defects. We provide genetic and biochemical evidence that Wnt11 signaling affects 
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extracellular matrix composition, cytoskeletal rearrangements and polarized cell movement 

required for morphogenesis of the cardiac outflow tract. Notably, transforming growth factor β2 

(TGFβ2), a key effector of organ morphogenesis, is regulated by Wnt11-mediated noncanonical 

signaling in developing heart and somites via one or more activating transcription factor (ATF)/

cyclic AMP response element binding protein (CREB) family members. Thus, we propose that 

transcriptional readout mediated at least in part by a Wnt11→ATF/CREB→TGFβ2 pathway is 

critical in regulating morphogenesis in response to noncanonical Wnt signaling.

Morphogenesis involves hierarchical integration of signaling pathways and transcription 

factor networks that coordinately regulate cell polarity, adhesion and migration events. 

Noncanonical Wnt pathways are important in polarized cell movement and organ 

morphogenesis through activation of cytoskeletal pathways, such those involving as the 

small GTPases rhoA and cdc42, rho kinase, protein kinase C (PKC) and Jun N-terminal 

kinase (JNK)1, and are involved in cardiac outflow tract remodeling and morphogenesis. 

Mice with mutations in one of the cell polarity genes, Vangl2 (Van Gogh-like 2), also known 

as Ltap (looptail-associated protein), show cardiac outflow tract defects2,3. However, 

potential transcriptional targets of noncanonical Wnt pathways required for morphogenesis 

have not been defined4.

Outflow tract formation5,6 involves interactions between diverse cell types in the region of 

the pharyngeal splanchnic mesenchyme, the anterior or secondary heart field that gives rise 

to the myocardium of the outflow tract of the heart and its endothelial lining7. Remodeling 

of the outflow region of the heart results in concordant connections from the left ventricle to 

the aorta and the systemic circulation and from the right ventricle to the pulmonary trunk 

and the pulmonary circulation. Congenital defects involving the outflow tract include 

transposition of the great arteries (TGA), double outlet right ventricle (DORV) and 

persistent truncus arteriosus (PTA), where a single outflow tract vessel is observed in place 

of the normal aorta and pulmonary artery. Several mouse mutants have been reported that 

have cardiac outflow tract defects modeling those seen in humans with congenital heart 

disease8.

Here, we identify Wnt11 as the noncanonical Wnt implicated in outflow tract 

morphogenesis, and we show that activation of transcription of Tgfb2 (encoding TGFβ2) 

mediated by ATF family transcription factors is a key effector of noncanonical Wnt 

signaling. We demonstrate that this pathway operates during heart and somite development 

in mammals, suggesting its general significance. Our results also highlight a requirement for 

Wnt11 in the integration and crosstalk between three major signaling pathways—the 

canonical Wnt pathway, the noncanonical Wnt pathway and TGFβ signaling—to achieve 

correct cardiac outflow tract morphogenesis.

RESULTS

Wnt11 is a downstream target of Pitx2 and β-catenin

Mice that are null for Pitx2, encoding a bicoid-like homeodomain protein implicated in 

Rieger’s syndrome type I9, show DORV, TGA or PTA10. During outflow tract formation, 
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Pitx2 is a downstream target of a canonical Wnt-Dishevelled pathway10, presenting a model 

to study integration of signaling pathways during tissue morphogenesis. To study 

downstream targets of Pitx2, we performed an RNA profiling analysis by comparing RNA 

from control C2C12 cells and from C2C12 cells treated with short hairpin RNA (shRNA) 

targeting Pitx2 mRNA. Real-time RT-PCR analysis indicated that Pitx2 transcripts were 

substantially downregulated by shRNA against Pitx2 mRNA (Fig. 1a), and Pitx2 protein 

expression was also significantly downregulated by shRNA against Pitx2 (Supplementary 

Fig. 1 online). Knockdown of endogenous Pitx2 expression uncovered a number of genes 

that were potentially regulated by Pitx2, indirectly or directly (data not shown). One target 

gene selected for further study was that encoding the secreted glycoprotein growth factor 

Wnt11. Wnt11 transcripts were decreased by more than 50% in C2C12 cells treated with 

shRNA targeted to Pitx2 mRNA (Fig. 1a).

We performed chromatin immunoprecipitation (ChIP) assays using specific antibodies 

against Pitx2, which showed that Pitx2 is present on the Wnt11 promoter in a region 

containing a perfect consensus Pitx2 response element within the 5′ regulatory region11 

(Fig. 1b) in proliferating C2C12 cells. Expression of a reporter gene under the control of a 2-

kb fragment of the Wnt11 promoter was substantially higher in a transient transfection assay 

by cotransfection with expression vectors encoding different Pitx2 isoforms in C2C12 cells 

(Fig. 1c). In contrast, neither Pitx2a nor Pitx2c activated expression of the Wnt11 2-kb 

promoter reporter containing mutated Pitx2 binding sites, further supporting the direct 

requirement for Pitx2 in the activation of Wnt11 transcription (Fig. 1c). We confirmed the 

biological significance of these data by examining Pitx2 mutant mice by real-time RT-PCR 

(Supplementary Fig. 2 online), as well as by in situ hybridization (Fig. 1d), which showed 

that Wnt11 expression was downregulated in pharyngeal splanchnic mesoderm of the 

secondary heart field and in the outflow tract where Pitx2 and Wnt11 are coexpressed12–14.

Because β-catenin is a coactivator for Pitx2-mediated induction of expression of Ccnd2 
(encoding cyclin D2)10 and has been shown to be upstream of Wnt11 in vivo15, we 

examined whether β-catenin was directly required in concert with Pitx2 for Wnt11 
expression. Wnt11 transcripts were rapidly (within 30–60 min) and robustly induced upon 

treatment with lithium chloride in C2C12 cells (Fig. 1e). Expression of a 2-kb Wnt11 
promoter-luciferase construct was activated by either lithium chloride or Wnt3a ligand 

treatment, and this induction was abolished by addition of short interfering RNA (siRNA) 

against either Pitx2 or Ctnnb1 (encoding β-catenin) (Fig. 1f). However, the Wnt11 promoter 

with a mutated Pitx2 binding site was not activated in response to either lithium chloride or 

Wnt3a ligand treatment (Fig. 1f). Using ChIP analysis in C2C12 cells, we found very little, 

if any, Pitx2 present on the Wnt11 promoter in cells maintained in the absence of lithium 

chloride and serum, whereas addition of lithium chloride caused a marked recruitment of 

Pitx2 and β-catenin to the Wnt11 promoter, and the corepressor HDAC1 was dismissed (Fig. 

1g). These findings show that activation of Wnt11 by canonical Wnt signaling is dependent 

on recruitment of Pitx2 and β-catenin to the Wnt11 promoter. To confirm recruitment of 

Pitx2 and β-catenin to the Wnt11 promoter in vivo in the developing heart, ChIP analysis 

was performed using heart tissue dissected from E9.5 mouse embryos, demonstrating that 

both Pitx2 and β-catenin were specifically recruited to the 5′ promoter region of the Wnt11 
gene (Fig. 1h). We have also observed specific downregulation of Wnt11 in a cardiac-

Zhou et al. Page 3

Nat Genet. Author manuscript; available in PMC 2017 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific knockout of β-catenin15. Consistent with this, dermomyotomal expression of Wnt11 

in both chick and mouse requires canonical Wnt signaling16–18, and studies in chick 

embryos have shown that perturbation of Wnt11 expression is correlated with abnormal 

myotome formation16. These results indicate that Pitx2 and the Wnt/β-catenin pathway 

function in concert to activate the Wnt11 promoter.

Cardiac phenotype in Wnt11−/− mutants

To determine whether Wnt11 is a critical downstream effector of Pitx2 during 

morphogenesis, we examined the cardiac phenotype of Wnt11 mutants19, and we found that 

Wnt11 mutants, like Pitx2 mutants, showed conotruncal defects. At E9.5, outflow tracts of 

Wnt11 mutants were shorter than those of wild-type littermates (Fig. 2a,b). At E11.5, mutant 

outflow tracts were still shorter and emanated straight down from the pharyngeal region, 

lacking the rightward curve that was evident in wild-type embryos (Fig. 2c,d). In wild-type 

embryos at E12.5, the outflow tract has been partitioned into the aorta and pulmonary artery; 

the aorta arises from the left ventricle and the pulmonary artery from the right ventricle (Fig. 

2e,g). In contrast, in Wnt11 mutants, both vessels were connected to the right ventricle, 

resulting in DORV (Fig. 2f,h). Plastic dye injections (Fig. 2i,j) or whole-mount (Fig. 2k,l) 

and section analyses (Fig. 2m–p) of neonatal hearts from Wnt11 mutants and wild-type 

littermates demonstrated that TGA or, more infrequently, PTA had occurred in Wnt11 
mutants. Penetrance of the outflow tract phenotype was 100%. Outflow tract defects were 

accompanied by ventricular septal defects (VSD) (Fig. 2p). Wnt11 mutants also showed 

aortic arch artery defects, as visualized by ink injection (Fig. 2q–t and Supplementary Fig. 

3a,b online).

As outflow tract defects can be indicative of aberrant cardiac neural crest migration, we 

investigated whether cardiac neural crest cell migration into the outflow tract occurred in 

Wnt11 mutants using Wnt1-Cre;R26R lineage analysis20 in wild-type and Wnt11 mutant 

backgrounds. Results of this analysis showed that cardiac neural crest cell migration still 

occurred in Wnt11 mutants (Fig. 2u–x), and whole-mount in situ hybridization with markers 

of cardiac neural crest yielded similar results (data not shown). As the outflow tract is 

derived from the secondary heart field, which is marked by expression of Islet1 (Isl1)21, we 

also investigated the fate of secondary heart field descendents by Isl1-Cre;R26R lineage 

analysis in wild-type and Wnt11 mutant backgrounds. Secondary heart field lineages were 

present in Wnt11 mutants (Supplementary Fig. 3c–f online).

Tgfb2 is downregulated in Wnt11−/− mutants

To define potential effector targets downstream of Wnt11 required for cardiac 

morphogenesis, we performed whole-mount RNA in situ analysis with probes for a number 

of genes that, when mutated, give rise to cardiac phenotypes similar to those observed in 

Wnt11-and Pitx2-null mice8. Expression of Fgf8, Tbx1, Pitx2, Notch1, Bmp4 and Edn1 was 

unaffected in Wnt11 mutants (data not shown). In contrast, expression of Tgfb2 was 

downregulated by E9.5 in Wnt11 mutants in pharyngeal splanchnic mesoderm of the 

secondary heart field and in the outflow tract, the dermomyotome of the somite, the head 

and the posterior regions14,22. Tgfb2 and Wnt11 are coexpressed in each of these 

regions14,22 (Fig. 3a–h). Tgfb2 was also downregulated in Wnt11 E9.5 mutant hearts by 
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real-time RT-PCR analysis (Supplementary Fig. 4a online). Mice null for Tgfb2 show TGA, 

ventricular septal defects, defective myocardialization of the outflow tract and anomalous 

apoptosis within the cushions, supporting a causal role for downregulation of Tgfb2 in the 

Wnt11−/− cardiac phenotype23. Tgfb2 was similarly downregulated in Pitx2 mutants, as 

shown by in situ hybridization and real-time PCR analysis (Fig. 3i–l and Supplementary Fig. 

4b online). Looptail mice have outflow tract defects consequent to mutation of Vangl2, 

encoding a homolog of Drosophila melanogaster Van Gogh (also called Strabismus). Van 

Gogh is a component of a noncanonical Wnt planar cell polarity pathway in D. 
melanogaster, and Vangl2 has recently been shown to be a component in a planar cell 

polarity pathway in vertebrates24. These observations suggested that TGFβ2 might also 

function downstream of Vangl2 in outflow tract morphogenesis. To investigate this 

possibility, we examined expression of Tgfb2 in Looptail mutants and found that its 

expression was downregulated in pharyngeal mesoderm, outflow tract and somites by in situ 
hybridization or real-time PCR analysis, as seen for Wnt11 mutants, supporting a common 

genetic pathway (Fig. 3m,n and Supplementary Fig. 4c online). Ablation of Hspg2 
(encoding perlecan) results in TGA25. Transcriptional studies have shown that the Hspg2 
promoter is activated in response to TGFβ signaling26. We also observed specific 

downregulation of Hspg2 in the outflow tract of Wnt11 mutants (Fig. 3o,p).

Tgfb2 is regulated by a Wnt11→JNK→ATF/CREB pathway

Consistent with our in vivo observation that Tgfb2 was downregulated in Wnt11 mutants in 

both outflow tract and somitic mesoderm, treatment of C2C12 cells with Wnt11-conditioned 

medium27 resulted in a rapid (60 min) and more than 2.5-fold induction of Tgfb2 transcripts, 

as shown by real-time RT-PCR analysis (Fig. 4a). As JNK pathways are downstream of 

Wnt11 in other contexts, we examined the dependence of Tgfb2 induction on JNK signaling. 

Induction of Tgfb2 by Wnt11 was abolished by addition of SP600125, an anthra-pyrazolone 

inhibitor of JNK28 (Fig. 4a). We observed phosphorylation and activation of JNK in 

response to Wnt11 treatment of C2C12 cells, as shown by increased phosphorylation of 

ATF2 and c-Jun (Fig. 4b). To investigate the possible involvement of the canonical pathway, 

we assessed levels of β-catenin protein in response to stimulation with Wnt11 conditioned 

medium. Because β-catenin is stabilized in response to canonical Wnt signaling, but we did 

not observe an increase in β-catenin protein in response to Wnt11 stimulation of C2C12 

cells (Fig. 4b); Wnt11 did not seem to function as a canonical Wnt signal. Activity of Wnt11 

in conditioned medium was confirmed by its ability to counteract β-catenin–mediated 

activation of a TopFlash reporter29 in C2C12 cells (Supplementary Fig. 5 online). Thus, 

Wnt11 signaling upregulates Tgfb2 through a noncanonical Wnt signaling pathway 

involving JNK activation.

The Tgfb2 promoter contains several evolutionarily conserved elements, including an ATF2 

site, and is activated by ATF2, JNK and p38 (refs. 30,31). ATF2 binds to CREs and 

stimulates CRE-dependent transcription32. ATF2 is a histone acetyltransferase (HAT) that 

specifically acetylates histones H2B and H4. Phosphorylation of ATF2 controls its HAT 

activity and its action on CRE-dependent transcription33. ATF2 is also a downstream target 

of TGFβ-activated kinase 1 (TAK1) and p38 kinases, which are downstream of bone 

morphogenetic protein (BMP) signaling34. A number of studies have shown a key role for 
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BMP signaling in cardiac outflow tract morphogenesis35,36. To examine the action of ATF2 

on the Tgfb2 promoter in response to Wnt11 stimulation, we transfected a construct 

containing a Tgfb2 promoter (bases −77 to +63) driving a luciferase reporter into C2C12 

cells treated with either control medium or Wnt11-conditioned medium. Wnt11-conditioned 

medium activated the Tgfb2 promoter-luciferase reporter but not its counterpart containing a 

mutation of the conserved ATF2 binding site (Fig. 4c). Induction of the Tgfb2 promoter-

reporter was abolished by addition of siRNA against ATF2 but was unaffected by the 

addition of siRNA to Ctnnb1 (encoding β-catenin) (Fig. 4c), which further supports the 

conclusion that β-catenin is not required for the induction of Tgfb2 promoter activity by 

Wnt11.

In vitro and in vivo ChIP analyses were consistent with these findings. The phosphorylated 

form of ATF2, as well as acetylated histone H4, were specifically recruited onto the Tgfb2 
promoter after stimulation of C2C12 cells with Wnt11-conditioned medium (Fig. 4d). In 

contrast, neither the phosphorylated form of c-Jun nor β-catenin was recruited to the Tgfb2 
promoter (Fig. 4d). ChIP analysis using embryonic heart tissue from E9.5 embryos gave 

similar results, showing binding of phosphorylated ATF2 and acetylated histone H4 to the 

Tgfb2 promoter in vivo (Fig. 4e). Neither β-catenin nor Pitx2 bound the Tgfb2 promoter 

(Fig. 4e). In contrast, both β-catenin and Pitx2, but not phosphorylated ATF2, bound to the 

Wnt11 promoter in vivo (Fig. 4e). To investigate perturbation of this pathway in Wnt11 
mutants, we performed ChIP analysis on E9.5 embryonic heart extracts from Wnt11 mutants 

and control littermates. This analysis showed a loss of binding of phosphorylated ATF2 to 

the Tgfb2 promoter in Wnt11 mutants (Fig. 4f). Together, these data indicate that 

phosphorylation of ATF2 downstream of noncanonical signaling by Wnt11 is required to 

activate transcription of TGFβ2, a key regulator of morphogenesis.

As Wnt11 activation of Tgfb2 occurred via a conserved ATF2 element, we tested whether 

Tgfb2 expression in the embryo could also be controlled by a Wnt11→ATF2 signaling 

pathway. Selecting potential Tgfb2 control regions that showed a high degree of 

evolutionary conservation, including three ATF2 sites, we generated transgenic embryos 

with a 3.2-kb Tgfb2 promoter fragment and a 1.2-kb 5′ UTR sequence placed upstream of a 

lacZ reporter gene, followed by the first 6.3 kb of intron 1. We obtained a total of nine 

independently generated transgenic embryos that were positive for the transgene, and, of 

these, four showed a consistent expression pattern that recapitulated the early expression of 

Tgfb2 in the secondary heart field and its derivatives, including the cardiac outflow tract and 

right ventricle, and also in the somites (Fig. 4g). We also generated transgenic embryos 

using the same construct containing mutations in each of the three conserved ATF2 elements 

found within this promoter fragment of the Tgfb2 gene. None of the eight independently 

generated transgenic embryos that were positive for the transgene showed any lacZ 

expression (Fig. 4g). Thus, Wnt11-regulated ATF2 sites within the Tgfb2 promoter targeted 

somite and secondary heart field expression in transgenic mice.

ATF2 mutant mice show chondrodysplasia, neurological defects and features of severe 

respiratory distress37,38. We did not observe a cardiac phenotype in ATF2 mutant mice (data 

not shown). However, there are several highly related genes in the ATF2 family that have 

been shown to activate genes in a functionally redundant manner in vitro and in vivo39,40. To 
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further examine the requirement for the ATF/CREB family in TGFβ2 expression and cardiac 

morphogenesis, we generated transgenic embryos that were positive for a dominant-negative 

ATF2 transgene. Of four independently generated embryos containing this transgene, two 

showed shortened cardiac outflow tract phenotypes similar to those observed in Wnt11 or 

Tgfb2 mutants (Fig. 4h). To examine whether expression of the dominant-negative ATF2 

resulted in decreased expression of Tgfb2, we performed RNA in situ hybridization on these 

embryos and found that Tgfb2 expression was selectively decreased in the secondary heart 

field within the heart and in the somites of the two embryos that showed outflow tract 

defects (Fig. 4h). These data demonstrate an in vivo requirement for ATF2 and related 

transcription factors in outflow tract morphogenesis and in the regulation of TGFβ2 
expression within developing heart and somites.

Perturbations of cytoarchitecture in Wnt11 mutants

Because morphogenetic movements mediated by the noncanonical pathway require ordered 

cytoarchitectural alterations both within cells and between cells, we performed 

histochemical staining on sections from Wnt11 mutants and wild-type littermate controls to 

examine cytoskeletal structure (phalloidin staining for cytoskeletal actin) (Fig. 5 and 

Supplementary Fig. 6a,b online) and immunostaining for markers for appropriately localized 

basal lamina (laminin α-5) (Fig. 5e,f), or for apical/basal polarity (integrin β1) (Fig. 5i,j). 

Myocardial cells of the distal outflow tract in Wnt11 mutants showed perturbations in each 

of these aspects of cytoarchitecture relative to control littermates. Consistent with TGFβ2 

being a downstream effector in this pathway, basal localization of laminin α-5 was also 

perturbed in Tgfb2 mutants (Fig. 5g,h). Staining for the adherens junction marker N-

cadherin uncovered a lack of organized epithelial structure in outflow tract myocardium of 

Wnt11 mutants, compared with that of control littermates (Supplementary Fig. 6c,d online). 

These observations suggest that aberrant myocardial cell cytoarchitecture in outflow tracts of 

Wnt11 mutants may be consequent to decreased TGFβ2 in splanchnic mesoderm of the 

secondary heart field and the outflow tract that derives from it.

Staining of sections with antibody against myosin heavy chain (MF20) to examine 

myocardial cell structure at E12.5 also showed additional cytoarchitectural alterations in 

Wnt11 mutant outflow tract compared with the corresponding cells in wild-type littermate 

controls (Supplementary Fig. 6e,f online). At this stage, myocardial cells of the outflow tract 

also express α-smooth muscle actin, and staining for expression of α-smooth muscle actin 

gave comparable results as for MF20 (Fig. 5k,l). In wild-type sections at E12.5, myocardial 

cells adjacent to mesenchymal cells lose their epithelial character and show stress fibers 

elongating toward the mesenchymal cell layer, whereas in Wnt11 mutant sections, 

comparable myocardial cells appeared more rounded. These changes in cytoarchitecture are 

a prelude to the myocardialization of the outflow tract septum that will occur at later 

stages41, and a similar phenotype has been observed in Looptail mutants3. Scribble42, which 

functions with Vangl2 in cell polarity pathways, is expressed at E11.5 in an ordered 

perimembranous distribution in myocardial cells, and is observed at high levels in a few 

cells within the mesenchyme adjacent to the myocardium (Fig. 5m). In Wnt11 mutants, 

Scribble expression was severely reduced within myocardium and was not present in 

adjacent mesenchyme (Fig. 5n). These defects in Wnt11 and Looptail mutants are probably 
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(at least in part) consequent to the observed downregulation of TGFβ2, as we observed 

similar defects in cytoarchitecture in Tgfb2 mutant mice, and previous experiments have 

demonstrated defects in myocardialization in Tgfb2 mutants23.

Because Pitx2, Wnt11 and Tgfb2 are expressed not only in myocardium but also in 

endothelial cells of the outflow tract, we also investigated the cytoarchitecture of endothelial 

cells by examining expression of vascular endothelial cadherin and PECAM by 

immunostaining (Fig. 6a–f). Our results demonstrated that tight adhesion between 

juxtaposed endothelial layers, which ultimately provides tissue continuity within the spiral 

septum of the outflow tract in wild-type embryos, was disrupted in Wnt11 mutants. At E14.5 

in wild-type embryos, myocardialization of the forming septum of the proximal outflow 

tract was evidenced by expression of smooth muscle actin (Fig. 6g). In Wnt11 mutants, there 

was no expression of smooth muscle actin in this region (Fig. 6h), demonstrating a lack of 

muscularization of the septum, which may be a secondary outcome consequent to loss of 

Wnt11. By E14.5, the aorta and pulmonary artery are surrounded by smooth muscle cells 

derived largely from neural crest. We observed expression of smooth muscle actin in this 

region in both wild-type and Wnt11 mutant mice (Fig. 6g,h). Changes in cellular 

architecture can affect proliferation or apoptosis. We examined proliferation in Wnt11 
mutant and wild-type embryos from E8.5 to E14.5 by antibody staining to phosphorylated 

histone H3 and did not find any differences in proliferation rate in myocardium or 

endocardium between mutant and control litter-mates (data not shown). Examination of 

apoptosis by antibody staining to cleaved caspase 3 at E10.5 and E14.5 did not uncover any 

changes at E10.5 but demonstrated increased apoptosis at E14.5 in cushion mesenchyme of 

Wnt11 mutant embryos relative to wild-type controls (Supplementary Fig. 7a–d online). 

Again, these findings are consistent with previous observations in Tgfb2 mutants23.

DISCUSSION

We have identified Wnt11 as the noncanonical Wnt implicated in outflow tract 

morphogenesis and have found that activation of Tgfb2 transcription mediated by ATF/

CREB is regulated by noncanonical Wnt signaling. This pathway operates in both heart and 

somite development in mammals, suggesting the general significance of the pathway we 

have defined. We have also provided evidence that disruption of outflow tract morphology 

observed in Wnt11-deficient embryos is associated with a number of specific changes in 

cytoarchitecture of the myocardial wall, the endocardium of the outflow tract and the cardiac 

outflow tract cushions, as well as with lack of myocardialization of the outflow tract septum. 

Observed changes in cytoarchitecture are likely to have adverse effects on normal cell 

migration and other behaviors associated with morphogenesis, resulting in abnormal outflow 

tract remodeling. These findings are consistent with functional studies of the role of Wnt11-

R in Xenopus laevis heart morphogenesis43. Although Wnt11, TGFβ2 and the ATF2 family 

are required in vivo for cardiac morphogenesis, family redundancy in mouse embryos may 

obscure a requirement for this pathway in normal somite morphogenesis, as Wnt5A and 

Wnt11 are coexpressed in the dermomyotome (data not shown), like TGFβ2 and TGFβ3 

(ref. 44). Wnt11 is required for normal somite morphogenesis in the chick, where Wnt5A is 

not coexpressed16. Our results also highlight a requirement for Wnt11 in the integration and 

crosstalk between three major signaling pathways—the canonical Wnt pathway, the 
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noncanonical Wnt pathway and TGFβ signaling—in achieving correct cardiac outflow tract 

morphogenesis.

METHODS

Mice

Pitx2+/− (refs. 45,46) and Wnt11+/− mice19 have been described previously. Looptail mutant 

mice of the LPT/Le stock were obtained from The Jackson Laboratory. The ATF2 dominant-

negative transgenic construct was created by inserting the D. melanogaster engrailed 

repression domain (amino acid residues 1–296) as an in-frame fusion to the mouse ATF2 

DNA binding domain (residues 74–370) downstream of the CMV-chicken β-actin promoter. 

The transgenic reporter construct pTGFβ2 prom.LacZ was constructed by inserting 3.2 kb of 

Tgfb2 promoter sequences and 1.2 kb of 5′ UTR sequences upstream of a lacZ reporter 

gene followed by 6.3 kb of intron 1 sequence. Plasmid pTGFβ2 prom.(mATF2): LacZ was 

constructed by mutating ATF2/CREB binding sites (GTCACT was changed to GGCCGC at 

−69 to −64, TGACGT was changed to CCGCGG at −1808 to −1803, TGACGA was 

changed to CCGCGG at −2952 to −2957; numbering refers to position upstream of the 

Tgfb2 promoter that drives expression of lacZ).

Whole-mount RNA in situ hybridization and histological analyses

Whole-mount RNA in situ hybridization was carried out as previously described47. We used 

probes specific to the following genes (with the source of the sequence in parentheses; see 

below for GenBank accession numbers): Wnt11 (sequence determined by A.M.), Tgfb2 
(GenBank EST); Hspg2 (also known as Perlecan; GenBank EST); Bmp4 (ref. 48); Fgf8 (ref. 

49); Tbx1 (A. Baldini, Baylor College of Medicine); Pitx2 (ref. 50); Edn1 (GenBank EST); 

Notch1 (GenBank EST). For histological analyses, mouse embryos were fixed in 4% 

paraformaldehyde, dehydrated and embedded in paraffin, cut into 8-μm-thick sections using 

a microtome and stained with hematoxylin-eosin according to standard protocol.

Immunofluorescence and immunohistochemistry

For immunofluorescence, mouse embryos were saturated with 20% sucrose and then frozen 

in OCT component and cut into 5-μm-thick sections on a cryostat. Sections were fixed in 2% 

paraformaldehyde for 10 min at 25 °C, blocked and stained with antibodies. Mouse embryos 

for immunohistochemistry were fixed in 4% paraformaldehyde, dehydrated and embedded 

in paraffin and cut into 5-μm-thick sections on a microtome. Phalloidin (#A-123790) was 

purchased from Molecular Probes. We used antibodies to the following proteins: laminin 

α-5 (see Acknowledgments); Scribble (provided by W.V.d.V.); MF20 (Developmental 

Studies Hybridoma Bank, University of Iowa); α-smooth muscle actin (clone 1A4, Sigma); 

VE-cadherin (#550548, BD Biosciences); PECAM-1 (#550247, BD Pharmingen); integrin-

β1 (#Sc9970, Santa Cruz) and N-cadherin (#808-827, Calbiochem). Alexa Fluor 488 or 546 

secondary antibodies were from Molecular Probes. Biotinylated secondary antibodies were 

from Vector Laboratories. Cell proliferation was detected using rabbit anti–phosphohistone 

H3 (#06-570, Upstate Biochem), and apoptosis was detected using rabbit anti–cleaved 

caspase-3 (#9661, Cell Signaling Technology).
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RNA interference and RNA profiling

Plasmid-based RNA interference (shRNA) experiments were carried out as previously 

described using the pSUPER vector (T. Brummelkamp, The Netherlands Cancer Institute). 

The sequence used to design Pitx2 siRNA is available as requested. A Pitx2 siRNA 

expression vector was then cotransfected with a GFP expression vector at a ratio of 10:1 into 

C2C12 cells by Lipofectamine 2000 (Invitrogen). Two days later, GFP-positive cells were 

collected with a FACSCalibur cell sorter (BD Biosciences). Total RNA was extracted using 

an RNeasy Mini Kit (Qiagen). Genome-wide RNA profiling of C2C12 cells was performed 

on Codelink three-dimensional platforms (BioGem Core, University of California San 

Diego).

ChIP assays

For the ChIP assays, C2C12 cells were serum starved for 48 h, and control LacZ medium or 

Wnt11-conditioned medium or LiCl (10 mM) was added for 1 h before harvest. Cells were 

washed twice with PBS and cross linked with 1% formaldehyde for 10 min at 25 °C. For in 
vivo ChIP experiments, extracts were prepared from E8.75–E9.5 wild-type mouse hearts. 

Embryos were dissected in ice-cold PBS. After gentle pipetting, we cross-linked tissue with 

2% formaldehyde for 2 h at room temperature. Cross-linked cells were then resuspended in 

0.3 ml lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1 and protease 

inhibitors) and sonicated three times for 10 s followed by centrifugation for 10 min. 

Immunoprecipitation and washes were performed as described previously10. Precipitates 

were eluted three times with 1% SDS and 0.1 M NaHCO3. Eluates were pooled and heated 

at 65 °C for 6 h to reverse the formaldehyde cross-linking. DNA fragments were purified 

with a QIAquick Spin Kit (Qiagen). For PCR, 1 μl of template from a 50-μl DNA extraction 

and 25 cycles of amplification were used with the appropriate promoter-specific primers. 

Sequences of the oligonucleotide primers are available in Supplementary Table 1 online. 

Antibodies used in ChIP experiments included anti-Pitx2 from guinea pig10, anti-β-catenin 

(H-102) and anti-HDAC1 (H51) from Santa Cruz Biotechnology.

Real-time RT-PCR analyses

Real-time thermal cycling was performed using an Mx3000P thermal cycler (Stratagene) 

with SYBR Green Master Mix (Stratagene). Sequences of the oligonucleotide primers used 

for RT-PCR analysis are available in Supplementary Table 1.

Promoter cloning and luciferase transfection assay

A 2.0-kb genomic DNA fragment upstream of the Wnt11 (ENSMUST 00000033005) start 

codon was amplified with a high-fidelity DNA polymerase (Novagen, 71086-3) and cloned 

into pGL3-basic vector (Promega, E1751). Sequences of primers used in the amplification of 

the Wnt11 promoter are available in Supplementary Table 1. The QuikChange sited-directed 

mutagenesis kit (Stratagene, 200518) was used to make point mutations in Pitx2 binding 

sites (GAATCC→GCCGTT) in the promoter region according to the manufacturer’s 

protocol. A genomic DNA fragment spanning bases −77 to +63 bp of Tgfb2 (relative to the 

transcriptional start codon) was cloned into pGL3-basic vector. Sequences of primers used in 

the amplification of the Tgfb2 promoter are available in Supplementary Table 1. A Tgfb2 
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promoter with an ATF2 binding site mutation was created by mutating CGTCAC to 

TGGCAC in the promoter region. Transfections were carried out in C2C12 cells according 

to standard techniques by Lipofectamine 2000 (Invitrogen). The cells were lysed 48 h after 

transfection, and luciferase and β-galactosidase activities were measured on a Luminoskan 

Ascent luminometer (Thermo Labsystems). For luciferase reporters, CMV-β-galactosidase 

was used to control for transfection efficiency. Normalized luciferase activities were 

compared with a pGL3 control to calculate the extent of repression. Data are presented as 

relative activity (compared with basal promoter activity) and are expressed as the mean ± 

s.d. of triplicates from a representative experiment. Each experiment was repeated three 

times. For siRNA transfection, control siRNA, ATF2 siRNA, Pitx2 siRNA and β-catenin 

siRNA were from Qiagen. The effects of these siRNAs on cellular protein expression are 

illustrated in Supplementary Figure 1 online.

X-gal staining of mouse embryos

Mouse embryos were fixed in 4% paraformaldehyde for 30 min on ice, permeabilized in 

PBS containing 0.02% nadeoxycholate and 0.01% NP-40 for 4 h at 25 °C and were then 

subjected to 5-bromo-4-chloro-3-indolyl-D-galactoside (X-gal) staining.

Cell culture and immunoblotting

Stably transfected Wnt11 and LacZ NIH3T3 cells were a gift (see Acknowledgments). To 

obtain Wnt11- and LacZ-conditioned media, we replaced the culture medium when cells had 

grown to 50% confluence and collected it 3 d later. The conditioned medium was 

centrifuged and stored at −20 °C. Wnt3A was purchased from R&D Systems. For JNK 

assays, cells were incubated in 0.5% serum 48 h before addition of Wnt-11- or LacZ-

conditioned medium. When indicated, cells were pretreated for 2 h with SP600125 (AG 

Scientific) and treated with Wnt11-conditioned medium for an additional 1 h. Cells were 

lysed in 0.5% Nonidet P-40 lysis buffer. Samples were resolved on 12% SDS-PAGE and 

immunoblotted with anti-p-c-Jun, anti-p-ATF2, anti-β-catenin and anti-β-tubulin. Antibodies 

to phospho-ATF2, phospho-c-Jun and β-catenin were from Santa Cruz Biotechnology. Anti-

β-tubulin antibody was from Sigma. Proteins were visualized by enhanced 

chemiluminescence detection (Amersham) using goat anti-mouse and anti-rabbit IgGs 

coupled to horse-radish peroxidase as the secondary antibody (Santa Cruz Biotechnology).

GenBank accession numbers

Tgfb2: BF135240; Hspg2 (Perlecan): BQ713524; Edn1: AA511462; Notch1: BQ944558.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Wnt11 is a downstream target of Pitx2 and β-catenin in muscle cell lineages and developing 

heart. (a) Real-time RT-PCR analysis of Pitx2 and Wnt11 transcripts in C2C12 cells 

transfected with pSUPER-Pitx2 or control vector (mean ± s.d. from three independent 

experiments). Pitx2 and Wnt11 levels were normalized to Hprt1. (b) Top: schematic of 

conserved Pitx2 binding site ~850 bp upstream of the transcription start site in the Wnt11 
promoter. RE, response element. Bottom: ChIP analysis using an anti-Pitx2 showed that 

Pitx2 was specifically recruited to the region containing the Pitx2 consensus site (primers 

A/B) but not to the 10-kb upstream region (primers C/D). (c) Reporter assay using a 2-kb 

Wnt11 promoter-reporter with or without a Pitx2 binding site mutation in C2C12 cells. Cells 

were transfected with either Pitx2a or Pitx2c expression vector. Error bars represent s.d. (d) 

Whole-mount and section RNA in situ analysis of Wnt11 expression in Pitx2-null embryos 

and wild-type littermates. (e) RT-PCR analysis of Wnt11 expression in C2C12 cells after 

lithium treatment. (f) The Wnt11 promoter was activated by canonical Wnt signaling 

dependent on Pitx2 binding. C2C12 cells were transfected with reporter and siRNAs as 

indicated and then treated with Wnt3A or LiCl before the luciferase reporter assay. Error 

bars represent s.d. (g) ChIP analysis of C2C12 cells in the absence or presence of both LiCl 

and serum using antibodies as indicated. (h) ChIP analysis of extracts from E9.5 embryonic 

heart. PCR was performed using primer pairs A/B and C/D.
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Figure 2. 
Abnormal outflow tract and great vessel development in Wnt11−/− mutants. (a,b) Right 

lateral view of a wild-type embryo with normal outflow tract morphology (a, arrow) and a 

mutant with aberrant outflow tract (b, arrow) at E9.5. (c,d) Frontal view of a wild-type 

embryo with normal outflow tract morphology (c, arrow) and a mutant with aberrant outflow 

tract (d, arrow) at E11.5. (e,f) Frontal view of wild-type (e) and mutant (f) embryos at E12.5. 

Wild-type embryos show an aorta displaced dorsally and pulmonary artery displaced 

ventrally (to the front); in mutant embryos, relative placement of the great vessels is altered. 

(g,h) Transverse sections of embryos in e and f. (i,j) Frontal whole-mount view of postnatal 

day 1 (P1) wild-type (i) and mutant (j) hearts injected with plastic dyes. In wild-type hearts, 

liquid blue plastic injected into the right ventricle enters the PA (i), and yellow plastic 

injected into the left ventricle enters the aorta (i). In mutant hearts, blue plastic injected into 

the right ventricle enters the aorta, and subsequently the PA; yellow plastic injected into the 

left ventricle enters the PA (j), showing that the aorta is connected to the right ventricle and 

the PA is connected to the left ventricle in the Wnt11 mutant (i.e., transposition of the great 

arteries (TGA, j), accompanied by a ventricular septal defect (VSD). (k,l) Whole-mount 

view of P1 wild-type (k) and another Wnt11 mutant heart (l), with different configuration of 
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great vessels. (m,n) Transverse sections of wild-type (m) and mutant heart (n) show altered 

configuration of the great vessels: the aorta is connected to the right ventricle, and the PA is 

connected to the left ventricle in mutant hearts (l,n) (i.e., TGA). (o,p) Frontal sections of 

wild-type (o) and a different Wnt11 mutant heart at P1. This mutant shows a single outflow 

tract vessel which is persistent truncus arteriosus (PTA) and also had a VSD (p, arrow), with 

a thin-walled ventricular myocardium (p, long small arrow). (q–t) Ink injection shows PAA 

defects in Wnt11 mutants, with smaller left 3rd PAA (r, arrow) and no apparent right 3rd 

PAA (t, arrow) at E9.5. (u,v) Lineage tracing of neural crest cells by Wnt1-Cre; Rosa 26 R-

floxed-lacZ in Wnt11 mutant and wild-type background. (w,x) Transverse sections of 

embryos in u and v. OFT, outflow tract; PA, pulmonary artery; Ao, aorta; Rv, right ventricle; 

Lv, left ventricle; TA, truncus arteriosus; PAA, pharyngeal arch artery.
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Figure 3. 
Tgfb2 as a target of the Pitx2→Wnt11 signaling pathway. (a–d) Whole-mount RNA in situ 
hybridization with probes for Tgfb2 in wild-type (WT) (a,c) and Wnt11 mutants (b,d) at 

E9.5–E10.5. Tgfb2 is downregulated in Wnt11 mutants by E9.5 and at E10.5 in pharyngeal 

splanchnic mesoderm (white arrowhead), outflow tract (arrow) and somites (black 

arrowhead). (e,f) Section analysis of E9.5 embryos shows downregulation of Tgfb2 mRNA 

in pharyngeal mesoderm, outflow tract myocardium and endocardium in Wnt11 mutants (f) 
relative to wild-type littermates (e). (g,h) Section analysis of E9.5 embryos shows 

downregulation of Tgfb2 mRNA in somitic mesoderm (arrow) in Wnt11 mutants (h) relative 

to wild-type littermates (g). (i,j) Whole-mount RNA in situ hybridization with probes for 

Tgfb2 in wild-type (i) and Pitx2 mutants (j) at E9.75. Tgfb2 expression is decreased in 

pharyngeal splanchnic mesoderm (arrowhead) and outflow tract (arrow) of Pitx2 mutant 

embryos relative to controls. Section analysis (k,l) shows downregulation of Tgfb2 in 

pharyngeal mesoderm, outflow tract myocardium and endocardium of Pitx2 mutants. (m,n) 

Whole-mount RNA in situ hybridization with probes for Tgfb2 in wild-type embryos (m) 

and Vangl2 mutants (n). Vangl2 mutants show down-regulation of Tgfb2 in pharyngeal 
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splanchnic mesoderm (black arrowhead), outflow tract (arrow) and somites (white 

arrowhead) (o,p). Whole-mount RNA in situ with probes for Hspg2 at E10.5. Outflow tract 

expression of Hspg2 is severely downregulated in Wnt11 mutants (p) relative to control 

littermates (o).
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Figure 4. 
Tgfb2 is regulated by a Wnt11→JNK→ATF/CREB pathway. (a) Real-time RT-PCR 

analysis of Tgfb2 mRNA in C2C12 cells treated with Wnt11-conditioned medium (CM). 

Tgfb2 mRNA expression is induced by 60 min of treatment with Wnt11 CM; this induction 

is inhibited by treatment with SP600125, a JNK inhibitor. Tgfb2 levels were normalized to 

Hprt1; data represent mean ± s.d. from three independent experiments. (b) Protein blot of 

extracts from C2C12 cells treated with control medium (M) or Wnt11 CM. β-tubulin was a 

loading control. (c) Wnt11 activation of the Tgfb2 promoter depends on ATF2. C2C12 cells 

were transfected with a Tgfb2 promoter- reporter with or without an ATF2 binding site 

mutation and siRNA directed against either ATF2 or β-catenin. Cells were then treated with 

control medium (M) or Wnt11 CM before the luciferase assay. Error bars represent s.d. (d) 

ChIP analysis of C2C12 cells treated with control medium or Wnt11 CM using antibodies as 

indicated. (e) ChIP analysis of E9.5 heart extracts using antibodies as indicated. (f) ChIP 

analysis of E9.5 heart extracts from either control wild-type littermates or Wnt11 mutant 

embryos. (g) Expression of the Tgfb2 prom.LacZ or Tgfb2 prom.(mATF2).LacZ constructs 

in transgenic mouse embryos. LacZ is expressed in pharyngeal splanchnic mesoderm 

(arrowheads), outflow tract (white arrows) and somites (black arrows). (h) Whole-mount 

RNA in situ hybridization with probes for Tgfb2 in wild-type and dominant-negative ATF2 

transgenic embryos. Tgfb2 expression is decreased in pharyngeal splanchnic mesoderm 

(arrowheads), outflow tract (white arrows) and somites (black arrows) in dominant-negative 

ATF2 transgenic embryos. Ace, acetylated.
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Figure 5. 
Immunofluorescence analysis of sections from wild-type and Wnt11 and Tgfb2 mutant 

embryos. Sections were labeled with antibodies as indicated. Anti-laminin α-5 (Lam5), anti-

Scribble (Scrib), anti-integrin-β1 (Int-β1) and anti-α-smooth muscle actin (αSMA) were 

used. (a–d) Phalloidin staining demonstrated a decrease in cytoskeletal actin in myocardial 

wall of the outflow tract in Wnt11 mutants. c and d show higher-magnification views of 

outlined areas in a and b. In e–n, views shown are the left wall of the upper outflow tract 

(part of the inner curvature). (e–h) Laminin α-5 shows strong and asymmetric expression at 

the interface between the myocardium and mesenchyme of the wild-type outflow tract (e,g). 

In both Wnt11 and Tgfb2 mutants, the strength of laminin α-5 expression and its ordered 

asymmetrical distribution are reduced (f,h). (i,j) Immunostaining for integrin β1, a marker of 

basal lamina, demonstrated a clear basal lamina structure in the myocardial epithelium of the 

wild-type outflow tract (i). In contrast, integrin β1 appeared to be severely diminished or 

absent in Wnt11 mutants (j), suggesting a disruption of basal structures. (k,l) Staining with 

antibody to αSMA demonstrated the loose mesenchymal appearance of myocardial cells 

extending filopodia toward the cushion mesenchyme of the wild-type outflow tract at E12.5 

(k). In contrast, in Wnt11 mutants demonstrated a more compact, tightly adhering group of 

myocardial cells, with few filopodia (l). (m,n) Scribble protein showed a punctuate 

perimembranous distribution in wild-type outflow tract myocardium at E11.5, with scattered 

cells within the cushion mesenchyme expressing very high levels of Scribble (m). In Wnt11 
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mutants, there was a severe reduction in Scribble expression within the outflow tract 

myocardium, and no expression was observed within cushion mesenchyme cells (n).
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Figure 6. 
Immunofluorescence analysis of endothelial cells from wild-type and Wnt11 mutant 

embryos. (a–f) Immunostaining of endocardial cells using VE-cadherin and PECAM-1 

antibodies. Note close apposition of two endothelial layers lining the outflow tract in wild-

type embryos at E12 (a,e). In Wnt11 mutants, in contrast, the two endocardial layers were 

not closely apposed (b,f). (c,d) Higher-magnification views of outlined areas in a and b. 

(g,h) Frontal sections of E14.5 wild-type and Wnt11 mutant hearts immunostaining with 

anti-αSMA. αSMA is expressed in the proximal part of the outflow tract cushions, where 

they converge with the ventricular septum (g, arrowhead), as part of the process of 

myocardialization. No smooth muscle actin staining is observed in this region in Wnt11 
mutants (h, arrowhead). Smooth muscle actin is expressed by cardiac neural crest cells that 

surround the great vessels in wild-type embryos (g, arrow), and this expression is also 

observed in Wnt11 mutants (h, arrow), suggesting that cardiac neural crest migration and 

differentiation have occurred appropriately.
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