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Abstract

Correct cardiac development is essential for fetal and adult life. Disruptions in a variety of 

signaling pathways result in congenital heart defects, including outflow and inflow tract defects. 

We previously found that WNT11 regulates outflow tract development. However, tissue specific 

requirements for WNT11 in this process remain unknown and whether WNT11 is required for 

inflow tract development has not been addressed. Here we find that germline Wnt11 null mice also 

show hypoplasia of the dorsal mesenchymal protrusion (DMP), which is required for 

atrioventricular septation. Ablation of Wnt11 with myocardial cTnTCre recapitulated outflow tract 

defects observed in germline Wnt11 null mice, but DMP development was unaffected. In contrast, 

ablation of Wnt11 with Isl1Cre fully recapitulated both outflow tract and DMP defects of Wnt11 
germline nulls. DMP hypoplasia in Wnt11 mutants was associated with reduced proliferation 

within the DMP, but no evident defects in myocardial differentiation of the DMP. Examination of 

Pitx2-, Axin2-, or Patched-lacZ reporter mice revealed no alterations in reporter expression, 

suggesting that WNT11 was required downstream of, or in parallel to, these signaling pathways to 

regulate DMP formation. These studies revealed a previously unappreciated role for WNT11 for 

DMP formation and distinct tissue-specific requirements for WNT11 in outflow tract and DMP 

development.
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1. Introduction

Proper heart formation and separation of systemic and pulmonary circulation is vital for 

distribution of oxygen and nutrients. Myocardial cells of the heart derive from two heart 

fields defined by their temporal and spatial contribution to heart development (Buckingham 

et al., 2005; Evans et al., 2010). The first heart field contributes to most myocytes within the 

left ventricle as well as some atrial cells, while the second heart field contributes to a 

majority of myocytes within outflow tract (OFT), right ventricle, atria, and inflow tract 

(IFT). The second heart field can be further divided into an anterior second heart field 

(aSHF) that contributes to the developing OFT and right ventricle, and a posterior second 

heart field (pSHF) that contributes cells to the atria and IFT (Galli et al., 2008). Subsequent 

septation of the aorta and pulmonary artery is additionally dependent on mesenchymal cells 

from the cardiac neural crest and endocardium-derived outflow cushions (Anderson et al., 

2016; Evans et al., 2010; Lin et al., 2012). Atrioventricular septation into left and right 

components is a highly complex event requiring input from second heart field-derived atrial 

myocardium, the endocardium-derived mesenchymal cap (MC) of the primary atrial septum, 

endocardium-derived atrioventricular cushions (AVC), and the dorsal mesenchymal 

protrusion (DMP) (Briggs et al., 2012; Burns et al., 2016; Kim et al., 2001; Lin et al., 2012). 

The DMP is a pSHF-derived mesenchymal tissue that starts to protrude from the dorsal 

mesocardium into the atrial lumen around embryonic day 10 (E10) in the mouse (Anderson 

et al., 2014; Mommersteeg et al., 2006). Incomplete or aberrant septation results in OFT 

defects and/or atrioventricular septal defects (AVSDs), which contribute to 3.7% (OFT) and 

4.7% (AVSD) of all birth defects in humans (Parker et al., 2010). A better understanding of 

signaling pathways regulating cardiac septation is essential to improve diagnostics and 

treatment of patients.

Development of OFT and IFT is regulated by several overlapping signaling pathways, 

including WNT11 signaling (for a comprehensive overview, see Lin et al. (2012)). WNTs 

are secreted signaling molecules with subfamilies traditionally being divided into canonical 

and non-canonical pathways. Canonical WNT signaling acts via stabilization of beta-

CATENIN, which is involved in both cell-cell adhesion and transcriptional activation of 

downstream targets. The beta-CATENIN-independent non-canonical WNT pathways act via 

cell polarity pathways and calcium signaling to determine cell function, adhesion, migration, 

and differentiation (Flaherty and Dawn, 2008).

We previously showed that non-canonical WNT11 is highly expressed in developing murine 

OFT where it directs proper OFT formation by regulating cell migration and differentiation 

via non-canonical WNT signaling (Zhou et al., 2007). Germline Wnt11 null mice die 

embryonically and perinatally from OFT defects including double outlet right ventricle 

(DORV) and transposition of the great arteries (TGA). OFTs of Wnt11 null mice 

demonstrate no differences in proliferation or apoptosis, but demonstrate perturbed 
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cytoskeletal and apical-basal arrangements, as observed in other mutants affecting non-

canonical WNT signaling (Henderson et al., 2006).

Despite the well-described role of WNT11 in OFT development, it remains unclear if 

WNT11 is required for IFT development. A recent report showed high Wnt11 mRNA 

expression in the posterior dorsal mesocardium at embryonic day 10.5 (E10.5) (Cohen et al., 

2012), suggesting a potential role in IFT development, in addition to its known role in OFT 

development. Labeling of Wnt11 lineages with a tamoxifen-inducible Wnt11CreERT2 
showed contribution of Wnt11-lineage traced cells, when labeled at E8.0 or later, to both 

OFT endocardium and myocardium from E9.5 onwards (Sinha et al., 2015). Wnt11 lineages, 

labeled between E7.0–9.0, contribute to IFT endocardium, but not myocardium, when 

examined between E9.0–10.5 (Sinha et al., 2015). Thus, WNT11 is spatiotemporally 

expressed in multiple cell lineages that are required for distinct aspects of heart 

development. The aims of the current study were to examine a potential role for WNT11 in 

IFT formation, and to further identify tissue specific requirements for WNT11. Our results 

showed that, indeed, WNT11 plays a broader role in cardiac development than previously 

appreciated, and that WNT11 is required in cTnTCre myocardial lineages for OFT 

development and within Isl1Cre lineages for normal development of the DMP.

2. Materials and methods

2.1. Mice

Germline Wnt11 null (Majumdar et al., 2003), Isl1Cre (Yang et al., 2006), cTnTCre (Jiao et 

al., 2003), Rosa26 flox-stop-flox tdTomato (Rosa tdTom, line Ai14, B6;129S6 mixed 

background) (Madisen et al., 2010), Pitx2-lacZ (Kitamura et al., 1999), Patched-lacZ 
(Goodrich et al., 1997), and Axin2-lacZ (Lustig et al., 2002) mouse lines were previously 

described. Mice were maintained on a 129S4/SvJaeJ background (Jackson Laboratory 

#009104) and genotyping was performed as described. Animal care and experimental 

procedures were performed according to the NIH Guide for the Care and Use of Laboratory 

Animals as well as institutional guidelines and approved by the Institutional Animal Care 

and Use Committee at UC San Diego. Noon of the day of the vaginal plug was designated 

E0.5. Developmental stages were confirmed by somite counting (up to E11.5) and/or global 

morphology.

2.2. Generation of the Wnt11 floxed mouse line

The genomic sequence for Mus musculus wingless-type MMTV integration site family 

member 11 (Wnt11, NC_000073.6) is located on chromosome 7 and spans ten exons 

encoding six mRNA splice variants. Variants 1–5 all contain exon 3 (the first coding exon) 

and exon 4 (containing lipidation/palmitoylation and glycosylation sites required for 

adequate protein folding and transport). Only variants 1, 2, and 5 are protein-coding variants, 

whereas variants 3, 4, and 6 are non-protein coding and/or undergo nonsense mediated decay 

(GRCm38/mm10, http://www.ensembl.org). For the original Wnt11 null allele (Majumdar et 

al., 2003), exons 4 and 5 were deleted, resulting in a stable, but nonfunctional transcript 

containing the signal peptide sequence and an out of frame sequence downstream of exon 3. 

However, deletion of exon 4 alone results in a frame shift between exon 3 and exon 5 and a 
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transcript that contains three novel stop-gain codons in exon 5, effectively eliminating 

production of a functional WNT11 protein. Exon 4 was therefore targeted to generate a 

floxed Wnt11 allele.

The targeting construct for the floxed Wnt11 allele contained a copy of the Wnt11 genomic 

sequence (mouse genome version GRCm38/mm10) with 5′ and 3′ 4 kb homology arms 

(Fig. 2A). LoxP sites were placed 5′ and 3′ of exon 4 and a Frt-flanked Mcl-neomycin 

selection cassette was placed between the 3′ loxP site and exon 5. The targeting construct 

was transfected into 129S4/SvJ mouse embryonic stem cells and recombined clones selected 

with G418. Southern blot analysis was performed with a probe 3′ of exon 6 to screen ES 

cell genomic DNA after digestion with NdeI (Fig. 2B). Correctly targeted clones were 

microinjected in C57Bl/6 mouse blastocysts and F1 offspring were genotyped by PCR for 

the presence of the flox-neo insertion (Fig. 2C and data not shown). The Frt-flanked 

neomycin cassette was removed by crossing Wnt11 flox-neo/+ mice to Flpase mice (Jax 

stock #012930), resulting in neomycin-negative Wnt11 flox/+ offspring. Wnt11 flox/+ mice 

were crossed with Rosa-tdTomato reporter mice to generate double heterozygous Wnt11 
flox/+; Rosa-tdTom/+ off-spring. Double heterozygous mice from different sublines were 

back-crossed twice to 129S4/SvJaeJ mice and offspring were intercrossed to generate double 

homozygous Wnt11 flox/flox; Rosa-tdTom/tdTom mice. Double homozygous mice are 

healthy and viable and do not show any abnormalities. Double homozygous Wnt11 flox/
flox; tdTom/tdTom females were crossed with double heterozygous Cre+/Wnt11-null males 

to delete Wnt11 in specific cells/tissues and simultaneously analyze the Cre-lineage. Primer 

sequences for the non-recombined Wnt11 flox/flox allele are Forward: 5′-GAG TGT CCT 

TGC GTT ATT GAA T-3′ and Reverse: 5′-ATC TGT AAG GCA CTT CCA GCT G-3′. 

Primer sequences for the recombined Wnt11 flox/flox allele are Forward: 5′-GAG TGT 

CCT TGC GTT ATT GAA T-3′ and Reverse: 5′-GTG TGC TCT CCA GCA GTC TCA 

T-3′. The Wnt11 < flox > mouse line will be available from the Jackson Laboratory as 

JAX#030051.

2.3. Histology

Embryos were isolated from timed-pregnant females, dissected in ice-cold PBS, and fixed in 

ice-cold 4% paraformaldehyde (EMS 15710) in PBS. A minimum of four embryos were 

analyzed for each stage. Embryos were dehydrated, embedded, and sectioned as previously 

described (Boogerd et al., 2016). For hematoxylin and eosin staining, paraffin-embedded 

sections were rehydrated and stained with Gill’s #1 hematoxylin (Sigma GHS132), washed, 

incubated in Bluing Reagent (Thermo Scientific 6769001), washed, stained in alcoholic 

eosin Y (Sigma HT110132), dehydrated, and embedded in Permount (Fisher SP15-100). 

Stained slides were imaged on a Hamamatsu Nanozoomer and processed with NDP View 2 

software.

2.4. X-gal staining

Embryos were isolated in ice-cold PBS, fixed in 0.125% glutaraldehyde, 2% 

paraformaldehyde in PBS for 5–10 min on ice, and washed in ice-cold PBS. Whole mount 

embryos were stained according to the ‘Bacterial beta-Galactosidase Histochemistry Bible’ 

as described by Dr. Eric Mercer (http://wmc.rodentia.com/docs/lacZ_bible.html) (Mercer et 
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al., 1991). Embryos were washed three times for one hour each in ‘rinsing buffer′ (PBS pH 

7.5, 2 mM MgCl2, 0.01% sodium deoxycholate, and 0.02% NP-40) at 4 °C and stained 

overnight at 37 °C in pre-warmed staining buffer (rinse buffer + 5 mM potassium 

ferricyanide, 5 mM potassium ferrocyanide, and 1 mg/ml X-gal from Thermo Fisher 

15520-018). The next day, stained embryos were post-stained in rinse buffer for 15 min at 

37 °C, washed three times in PBS at 4 °C, and fixed overnight in 4% paraformaldehyde in 

PBS at 4 °C. Stained embryos were imaged and dehydrated for paraffin embedding as 

described (Boogerd et al., 2016), except that xylene steps were kept to a maximum of 5 min. 

Paraffin-embedded embryos were sectioned at 10 μm, rehydrated, counterstained with 

Nuclear Fast Red (Sigma N3020), dehydrated, embedded in Permount, and imaged on a 

Hamamatsu Nanozoomer.

2.5. Immunofluorescence staining

EdU injection and staining was performed with the Click-iT EdU imaging kit (Molecular 

Probes C10340) as described (Boogerd et al., 2016). For immunofluorescence staining, 

cryosections were permeabilized in 0.5% Triton X-100 in PBS and blocked in blocking 

buffer (10% donkey serum, 1% BSA, 0.1% Triton X-100 in PBS) at RT for one hour, 

incubated with primary (o/n) or secondary antibodies and DAPI (2 h) in blocking buffer at 

4 °C, washed, and mounted with DAKO mounting medium (VWR S3023). Stained slides 

were imaged on an Olympus FV1000 confocal or Leica DMi8 microscope. Antibodies used 

for immunostaining were ISL1 (Abcam ab109517, 1:100), NKX2-5 (Santa Cruz sc8697X, 

1:400), PECAM/CD31 (BD Biosciences 550274, 1:50), ACTN2 (A7811; 1:200; Sigma-

Aldrich), cleaved CASPASE-3 (9664; 1:200; Cell Signaling Technology), mouse Fab 

fragments (Jackson 715-007-003, 1:100), and AlexaFluor-conjugated secondary antibodies 

(Invitrogen).

2.6. Cell quantification

Cell counting experiments were performed as described previously in every third section of 

three biological replicates (Boogerd et al., 2016). Quantification of labeled and total cell 

numbers was performed by automatic counting in a region of interest with Perkin Elmer 

Volocity software. Relative numbers were calculated by comparing labeled cells to the total 

number of DAPI+ nuclei. Statistical differences were calculated with two-tailed, unpaired T-

tests.

3. Results

3.1. Germline Wnt11 null mice develop IFT as well as OFT defects

Previous whole mount analysis of germline Wnt11 null mice revealed abnormal OFT 

development from E9.5 onwards, resulting from defective cell polarity (Zhou et al., 2007). 

Detailed histological analysis confirmed that OFTs of Wnt11 null mice appeared straighter, 

lacking the normal OFT rotation apparent in wild-type controls (Fig. 1A). These early 

malformations in Wnt11 null mice led to DORV (Fig. 1B–C) or TGA (Zhou et al., 2007) at 

E11.5 and E14.5, as described previously. In accordance with earlier reports, we also 

observed ventricular septal defects (VSDs) and minor thinning of the ventricular myocardial 

wall (Fig. 1C) (Nagy et al., 2010; Zhou et al., 2007).

van Vliet et al. Page 5

Dev Biol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Posteriorly, atrioventricular septation requires a coordinated organization of the primary 

atrial septum (PAS), atrioventricular cushion (AVC), and dorsal mesenchymal protrusion 

(DMP) (Briggs et al., 2012; Burns et al., 2016). Starting around E9.5-E10.0, the SHF-

derived DMP expands on the right side of the pulmonary ridges and protrudes into the atrial 

lumen in wild-type mouse embryos (Fig. 1A) (Anderson et al., 2014). Around E11.5, the 

DMP has connected dorsally with the endocardium-derived mesenchymal cap (MC) on the 

PAS and ventrally with the AVC, closing the posterior connection between left and right 

atria (Fig. 1B). After E11.5, the MC and DMP lose their mesenchymal phenotype and begin 

to myocardialize, resulting in a fully developed atrioventricular septum around E14.5 (Fig. 

1C).

Histological comparison of Wnt11 null embryos revealed no notable differences in PAS or 

AVC morphology when compared to wild-type controls (Fig. 1A and Supplementary Fig. 1). 

At E9.5, formation of the dorsal mesocardium appeared comparable in Wnt11 null embryos 

and controls (Supplementary Fig. 1). In contrast, at E10.5, Wnt11 null mutants demonstrated 

impaired development of the DMP, with mutants displaying a smaller right-sided DMP (Fig. 

1A), and, at E11.5, exhibited a failure to close the connection between the MC and AVC 

(Fig. 1B). At E14.5, although the atrioventricular septum in Wnt11 null mice had closed, the 

DMP remained significantly reduced in size (Fig. 1C).

3.2. Myocardial ablation of Wnt11 results in OFT defects but normal DMP formation

To examine tissue specific requirements for WNT11, we generated a Wnt11 conditional 

mutant mouse line in which Wnt11 could be deleted via Cre-LoxP mediated recombination 

(Fig. 2A–C and Section 2). The occurrence of OFT defects in Wnt11 null embryos and high 

expression of WNT11 in OFT myocardium (Zhou et al., 2007) suggested a specific 

requirement for WNT11 in myocardium. We therefore ablated Wnt11 in myocardial lineages 

with cTnTCre (Jiao et al., 2003). At E14.5, whole mount cTnTCre; Wnt11 conditional 

knock-out (cKO) embryos appeared grossly phenotypically normal when compared to wild-

type controls (Fig. 2D). However, histological analysis revealed that E14.5 cTnTCre; Wnt11 
cKO embryos exhibited TGA (Fig. 2E), consistent with a requirement for WNT11 in the 

myocardial lineage for OFT formation. In contrast to germline Wnt11 null mice, cTnTCre; 
Wnt11 cKO embryos did not show DMP abnormalities (Fig. 2E).

3.3. Ablation of Wnt11 with Isl1Cre recapitulates the cardiac phenotype of germline Wnt11 
knockouts

Both OFT and IFT structures derive from the SHF, which is marked by ISL1 expression 

(Evans et al., 2010). To test whether ablation of Wnt11 in Isl1Cre lineages could recapitulate 

the germline Wnt11 null cardiac phenotype, we deleted Wnt11 utilizing Isl1Cre (Yang et al., 

2006). Isl1Cre; Wnt11 cKO whole mount embryos were grossly normal at E12.5 and E14.5 

when compared to wild-type controls (Fig. 3A–B). Histological analysis showed that E12.5 

and E14.5 Isl1Cre; Wnt11 cKO embryos exhibited DORV and TGA, respectively, similar to 

germline Wnt11 null mice (Fig. 3C–D). Similar to germline Wnt11 null mice, the 

connection between MC and AVC failed to fully develop in E12.5 Isl1Cre; Wnt11 cKO 

embryos, suggesting reduced or delayed contribution of the DMP to AV septal closure (Fig. 

3C). Further analysis at E14.5 revealed a smaller DMP-derived myocardial structure in 
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Isl1Cre; Wnt11 cKO embryos, comparable to the DMP defects observed in germline Wnt11 
null mice (Fig. 3D).

Isl1Cre marks a number of lineages that contribute to heart formation, including myocardial 

progenitors of the second heart field that directly contribute to the DMP, as well as 

endocardial, neural crest, and epicardial lineages (Cai et al., 2003; Engleka et al., 2012; Ma 

et al., 2008). In addition to myocardium, WNT11 is expressed in a variety of cell lineages 

required for heart development, including epicardium and endocardium (Cohen et al., 2012; 

Sinha et al., 2015; Zhou et al., 2007). To further investigate subsets of cell lineages marked 

by Isl1Cre in which WNT11 might be required for DMP formation, we ablated Wnt11 in 

epicardial cells with Wt1Cre (Del Monte et al., 2011; Wessels et al., 2012) and in 

endocardial cells with Tie2Cre (Kisanuki et al., 2001). O’spring from these crosses were 

morphologically indistinguishable from wild-type controls and histological analysis revealed 

no OFT or DMP defects (data not shown). We also investigated a potential contribution of 

WNT11 in neural crest lineages to OFT formation, utilizing Wnt1Cre2 (Lewis et al., 2013), 

but found no defects in either OFT or IFT (data not shown). Together, these results 

suggested that WNT11 was required for OFT and DMP formation in a subset of Isl1Cre 
lineages that did not include neural crest, epicardial, or endocardial lineages.

3.4. Wnt11 null mutant DMPs exhibit reduced proliferation but no alterations in apoptosis

Between E9.5 and E10.5, proliferation of ISL1-expressing pSHF cells results in expansion 

and protrusion of the developing DMP (Anderson et al., 2014; Briggs et al., 2013; Snarr et 

al., 2007a), whereas a reduction in ISL1 expressing DMP precursor cells is correlated with 

DMP hypoplasia (Bax et al., 2010; Briggs et al., 2013; Tian et al., 2010). 

Immunofluorescence staining and quantification at E10.5 confirmed DMP hypoplasia in 

germline Wnt11 null mutants when quantified as total DAPI+ or ISL1+ nuclei (Fig. 4A–B), 

consistent with our earlier histological analysis (Fig. 1). In contrast, there was no difference 

in absolute number of cells in the pSHF (Fig. 4C), which we defined as the ISL1+ region 

between lung bud mesenchyme and dorsal border of the NKX2-5+ atrial wall (Fig. 4A) 

(Snarr et al., 2007a). To investigate whether proliferation defects could explain the reduced 

size of the DMP in KO embryos, we performed EdU labeling, and counted EdU+ cells in the 

protruding DMP as well as in the pSHF at E10.5 (Fig. 4A). Quantification of EdU+ cells 

revealed that, within the DMP, the frequency of proliferating cells was significantly reduced 

in Wnt11 null mutants when compared to that of wild-type mice (Fig. 4D). In contrast, the 

frequency of proliferating cells in the pSHF was comparable between Wnt11 mutants and 

controls (Fig. 4E). No differences in frequency of cleaved-CASPASE 3+ apoptotic cells 

were observed in either DMP or pSHF when comparing Wnt11 mutants to controls (Fig. 

4D–E). Together, these observations suggested that reduced proliferation within the DMP 

itself contributed to the DMP hypoplasia observed in Wnt11 null mutants.

3.5. Myocardial differentiation of DMP is not altered in Wnt11 mutants

Upon closure of the gap between MC and AVC around E11.5, mesenchymal cells of the 

DMP begin to undergo myocardial differentiation, or “myocardialize” (Anderson et al., 

2014; Snarr et al., 2007a). WNT11 is required for normal protrusive behavior of myocardial 

cells into the OFT cushions during OFT remodeling (Zhou et al., 2007) and can stimulate 
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cardiomyogenic differentiation (Flaherty and Dawn, 2008). Moreover, premature myocardial 

differentiation of the pSHF contributes to DMP defects (Bax et al., 2010; Goddeeris et al., 

2008). Expression of NKX2-5 is an indicator of myocardial differentiation of the DMP 

(Snarr et al., 2007a). Therefore, to assess whether the pSHF or DMP in Wnt11 germline null 

mutants had undergone premature differentiation, we quantified the number of NKX2-5+ 

cells in the pSHF and protruding DMP at E10.5 (Fig. 4A). However, we did not observe a 

difference in the absolute or relative number of NKX2-5+ cells in either protruding DMP or 

pSHF (Fig. 4D–E).

Since most myocardial differentiation of the DMP occurs after E11.5 (Snarr et al., 2007a, 

2007b), we additionally examined the Isl1Cre-lineage in E12.5 Isl1Cre; Wnt11 cKO mutants 

by staining for alpha-sarcomeric actin (SAA), which strongly labels the sarcomeric 

structures of cardiomyocytes. As expected, SAA labeling was evident in the myocardium of 

the atrial wall, atrial septum, and the DMP-derived myocardium between atrial septum and 

AVC in control embryos (Fig. 4F). The reduced numbers of DMP cells in Isl1Cre; Wnt11 
cKOs appeared to have differentiated normally, as evidenced by SAA expression (Fig. 4F). 

Together, these results suggested that DMP defects in Wn11 germline null and Isl1Cre; 
Wnt11 cKO mutants did not arise from premature or aberrant myocardial differentiation.

3.6. No alterations in PITX2, SHH, or canonical WNT signaling in Wnt11 null mouse hearts

To gain further understanding of proliferative defects within the DMP observed in Wnt11 
mutants, we examined several signaling pathways that regulate proliferation and are required 

for normal DMP development. The bicoid related homeodomain transcription factor paired-

like homeodomain 2, PITX2, is expressed in left-sided structures of the heart and lungs and 

regulates growth and morphogenesis of SHF-derived lineages in OFT, atrioventricular 

region, and IFT (Ai et al., 2006; Kitamura et al., 1999; Mommersteeg et al., 2007). To 

examine whether PITX2 expression was affected in Wnt11 germline null mutants, we 

analyzed expression of Pitx2-lacZ, which expresses lacZ under the influence of the 

endogenous Pitx2 locus (Kitamura et al., 1999). Consistent with our earlier findings, E10.5 

Wnt11 null mutants showed OFT and DMP defects at E10.5 (Fig. S1). However, Pitx2-lacZ 
expression in Wnt11 mutants did not appear altered in either OFT, dorsal atrial wall, or left 

of the DMP when compared to controls (Fig. 5A), suggesting that loss of WNT11 did not 

affect PITX2 expression.

OFT and atrial septation rely heavily on the sonic hedgehog (SHH) signaling pathway 

(Briggs et al., 2016; Goddeeris et al., 2008, 2007; Hoffmann et al., 2009; Lin et al., 2006; 

Washington Smoak et al., 2005). SHH, which is expressed and secreted in pharyngeal and 

pulmonary endoderm, activates expression of Patched homolog-1 (PTCH1) in SHH-

receiving cells of the anterior and posterior SHF, including those that give rise to the DMP, 

between E8.5–10.5 (Goddeeris et al., 2007; Hoffmann et al., 2009; Washington Smoak et al., 

2005). To assess whether OFT or DMP defects in Wnt11 germline null mutants could be 

explained by altered SHH signaling, we analyzed expression of Ptch1-lacZ as an indicator of 

hedgehog signaling (Goodrich et al., 1997). Although E10.5 Wnt11 germline null mutants 

showed OFT defects and a smaller DMP, Ptch1-lacZ expression was not significantly altered 

in OFT, dorsal atrial wall, or the remaining DMP when compared to controls (Fig. 5B). This 
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suggested that defects observed in Wnt11 germline null mutants did not arise from altered 

SHH signaling.

Development of SHF-derived structures depend on beta-CATENIN-dependent canonical 

WNT signaling, which acts upstream of non-canonical WNT signaling by WNT11 (Ai et al., 

2007; Bosada et al., 2016; Briggs et al., 2016; Lin et al., 2007; Qyang et al., 2007; Tian et 

al., 2010). Non-canonical WNT signaling can reciprocally repress canonical WNT signaling 

(Abdul-Ghani et al., 2011; Bisson et al., 2015; Cohen et al., 2012). To test whether canonical 

WNT signaling was increased or altered consequent to loss of WNT11 in Wnt11 germline 

null mice, we analyzed expression of Axin2-lacZ, which accurately reflects activation of 

canonical WNT signaling in proximal OFT and AVC myocardium and mesenchyme 

(Bosada et al., 2016; Gillers et al., 2015; Lustig et al., 2002). As expected, Wnt11 germline 

null embryos exhibited OFT and DMP defects. However, Axin2-lacZ expression in OFT, 

AVC, or the SHF was not altered when compared to controls (Fig. 5C), suggesting that, in 

Wnt11 mutants, canonical WNT signaling was not altered.

Together these observations indicated that no significant alterations in PITX2 expression or 

signaling by the hedgehog or canonical WNT pathways had occurred within the heart 

consequent to loss of WNT11. These data suggested that WNT11 may act downstream of, or 

in a pathway parallel to these pathways to effect DMP formation.

4. Discussion

WNT signaling regulates various aspects of early and late embryogenesis and is essential for 

proper development of the heart. Non-canonical WNT signaling by the secreted ligand 

WNT11 is known to affect cell proliferation, differentiation, and polarized cell migration 

(Flaherty and Dawn, 2008; Uysal-Onganer and Kypta, 2012). We and others showed 

previously that WNT11 regulates myocardialization of the outflow tract and that loss of 

WNT11 results in altered cell polarity and, consequently, OFT defects (Nagy et al., 2010; 

Zhou et al., 2007). Here, we showed that WNT11 was also required for DMP formation in 

germline Wnt11 null mice by regulating DMP proliferation and dissected cell-specific 

requirements for WNT11 for both OFT and DMP formation by conditional ablation of 

Wnt11 in multiple cell types required for heart formation.

WNT11 is initially expressed in the endocardium and the myocardium of the embryonic 

common atrium, ventricle, and OFT at E8.5, and in the myocardium of the outflow tract and 

atria, the anterior and posterior SHF, endocardium, epicardium, and the ventral mesenchyme 

of the lung buds at E10.5 (data not shown) (Cohen et al., 2012; Sinha et al., 2015). To 

investigate tissue specific requirements for WNT11 in OFT and IFT, we generated a Wnt11 
flox/flox mouse line. No cardiac phenotypes were observed when Wnt11 was ablated with 

Tie2Cre (Kisanuki et al., 2001), Wt1Cre (Del Monte et al., 2011; Wessels et al., 2012), or 

Wnt1Cre2 (Lewis et al., 2013) (data not shown). This suggested that WNT11 expression in 

endothelial, endocardial, epicardial, or cardiac neural crest was not required for cardiac 

morphogenesis, despite high expression of WNT11 in particular in endocardial and 

epicardial cells (Sinha et al., 2015).
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The germline Wnt11 null OFT phenotype was recapitulated by ablation of Wnt11 in 

cTnTCre myocardial- and Isl1Cre SHF-derived lineages (Figs. 2 and 3). As Isl1Cre lineages 

give rise to myocardium of the OFT, these data suggest that the previously analyzed OFT 

phenotype of Wnt11 germline nulls, i.e. aberrant polarization and protrusion of myocytes 

and subsequent defective myocardialization within the OFT (Zhou et al., 2007), reflects a 

myocardial intrinsic requirement for WNT11 for these behaviors.

Both Wnt11 germline nulls and Isl1Cre; Wnt11 cKO mutants showed both OFT and DMP 

phenotypes, the latter evidenced as smaller DMPs and a consequently reduced contribution 

to atrial septation. The OFT and DMP defects are likely to occur independently, since 

cTnTCre; Wnt11 cKO embryos showed OFT defects, but no DMP defects.

The DMP derives from the ISL1 expressing SHF and differentiates following protrusion into 

the atrial lumen and connection to the mesenchymal cap and the superior and inferior 

atrioventricular cushions (Anderson et al., 2014). We found that WNT11 was required in 

Isl1Cre lineages (Fig. 3), but not cTnTCre lineages (Fig. 2), for DMP development. These 

results indicated that WNT11 was required prior to myocardial differentiation in ISL1 

expressing populations for DMP formation. Potentially relevant ISL1 expressing populations 

include both SHF progenitors and foregut endoderm. WNT11 is expressed in foregut 

endoderm between E6 and E7 (Sinha et al., 2015). In contrast, ISL1 is first expressed in 

foregut endoderm at E7.5 (Cai et al., 2003; Prall et al., 2007). Therefore, ablation with 

Isl1Cre would be too late to affect WNT11 expression in pharyngeal endoderm. Altogether, 

the foregoing observations indicate that WNT11 is required within Isl1Cre expressing SHF 

progenitors prior to their differentiation for DMP formation.

Reduced proliferation, increased apoptosis, and/or reduced or premature myocardial 

differentiation can lead to defective DMP development and, consequently, AVSD (Briggs et 

al., 2012). Upon germline deletion of Wnt11, we observed reduced proliferation in the DMP 

itself but not in the SHF dorsal to the DMP (Fig. 4). We found no differences in apoptotic 

cells in either DMP or SHF, suggesting that ablation of Wnt11 does not differentially affect 

cell survival during the stages analyzed. No reduced or premature myocardial differentiation 

of the DMP was observed.

To further investigate the mechanisms by which WNT11 might be required to drive 

proliferation of DMP, we examined potential interactions between WNT11 and several other 

pathways previously shown to be required for proliferation of the DMP, including sonic 

hedgehog, canonical WNT, and PITX2 pathways (Burns et al., 2016). Ablation of the POU-

homeodomain transcription factor Pitx2 leads to OFT and atrial septation defects (Kitamura 

et al., 1999). Given the role of PITX2 in atrial septation, we wondered whether there might 

be any effect of Wnt11 ablation on PITX2 expression during DMP formation. However, 

examination of Pitx2-lacZ in Wnt11 null mutants did not reveal perturbation of PITX2 

expression (Fig. 5A). As we previously found that PITX2 was upstream of WNT11 for OFT 

formation (Zhou et al., 2007), it would be of future interest to examine whether PITX2 may 

also be upstream of WNT11 in DMP formation.
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Previous studies have demonstrated that signaling from the hedgehog receptor smoothened 

(SMO) is required within SHF lineages to drive proliferation of DMP precursors in the SHF 

(Briggs et al., 2016; Goddeeris et al., 2008, 2007; Hoffmann et al., 2009; Lin et al., 2006; 

Washington Smoak et al., 2005). To examine whether hedgehog signaling might be 

downstream of WNT11, we analyzed expression of the hedgehog signaling reporter 

Patched-lacZ (Goodrich et al., 1997) in Wnt11 mutants. Our results demonstrated no 

alterations in Patched-driven beta-Galactosidase expression in Wnt11 mutants (Fig. 5B), 

suggesting that WNT11 acts downstream of, or in parallel to hedgehog signaling in DMP 

formation.

Wnt2 mutants exhibit DMP defects, with reduced expression of the canonical WNT reporter 

AXIN2, and a reduction in Ki67+ proliferative cells within the DMP at E9.5 and E10.5 

(Tian et al., 2010). Additionally, non-canonical WNT signaling via WNT5A represses 

canonical WNT signaling via a non-apoptotic CASPASE 3-mediated negative feedback loop 

(Abdul-Ghani et al., 2011; Bisson et al., 2015; Cohen et al., 2012). To investigate whether 

loss of WNT11 might result in alterations to canonical WNT signaling, and thus affect DMP 

proliferation, we examined Axin2-lacZ expression (Lustig et al., 2002). However, expression 

of Axin2-lacZ was not altered in germline Wnt11 null embryos (Fig. 5C), suggesting that 

loss of WNT11 did not perturb canonical WNT signaling. Our previous studies 

demonstrated that canonical WNT signaling is upstream of WNT11 in OFT formation (Lin 

et al., 2007), leaving open the possibility of a similar regulatory pathway for WNT11 

expression in DMP formation.

5. Conclusion

Altogether, our findings have demonstrated that WNT11 is required within myocardium for 

OFT formation. WNT11 was not required within myocardial, endocardial, epicardial, or 

neural crest lineages, but was required within Isl1Cre lineages, for DMP formation. DMP 

defects reflected a requirement for WNT11 in driving proliferation of the DMP itself. We 

further examined several signaling pathways important for inflow tract development and 

found that they remained unaltered. These results suggested that WNT11 works downstream 

of, or in parallel with, these pathways. It will be of future interest to more fully understand 

the interactions between WNT11 and other pathways required for DMP formation.
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Fig. 1. Histological analysis of cardiac defects in germline Wnt11 null embryos
Hematoxylin & eosin stainings of wild-type (WT) and germline Wnt11 knock-out (KO) 

embryos at E10.5 (A), E11.5 (B), and E14.5 (C). Left panels: anterior sections showing 

outflow tract (OFT). Middle panels: medial sections showing AV region. Right panels: 

posterior sections showing DMP region. E10.5 and E11.5 WT embryos show normal growth 

and rotation of the OFT (A–B, left panels), leading to proper alignment of the aorta with the 

left ventricle and pulmonary artery with the right ventricle at E14.5 (C, left panel). In 

contrast, Wnt11 KO embryos showed defective growth and malrotation of the OFT at E10.5 

(A) and E11.5 (B), leading to OFT defects such as double outlet right ventricle (DORV), 

where both the aorta and pulmonary artery connect to the right ventricle, at E14.5 (C). We 

did not observe any differences in the primary atrial septum or AV cushion morphology 

between WT and KO at any of these stages (A–C, middle panels), indicating that these parts 

of the AV septal complex were not defective. Posterior sections showed that, in E10.5 WT 
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embryos, the right-sided DMP protrudes normally into the atrial lumen. In contrast, KO 

embryos lack this protruding structure (A, right panels, arrowhead). At E11.5 (B), the DMP 

(arrowhead) has closed the opening between the primary atrial septum dorsally and the AV 

cushions ventrally in WT embryos (B, right panels). In E11.5 KO embryos, the DMP fails to 

close this opening (asterisk). At E14.5 (C), the DMP-derived myocardium has formed a 

solid connection between the atrial septum and AV cushions in WT embryos (C, right 

panels, arrowhead). In E14.5 KO embryos, reduced DMP growth has led to a smaller DMP-

derived myocardial structure. Scale bars are 200 μm.
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Fig. 2. Conditional deletion of Wnt11 with cTnTCre
A–C) Generation of the Wnt11 flox/flox line. (A) Schematic diagram of the wild-type allele 

(top) and targeting construct (bottom). Black boxes indicate exons. Black triangles indicate 

loxP insertions. Arrows indicate location of primers for genotyping. Black oval circles 

indicate FRT sites. (B) Southern blot for the 3′ probe (indicated in A) on digested genomic 

DNA to confirm insertion of the target sequence. +/+ wild-type control. +/f: hemizygous 

Wnt11 flox/+ line. (C) Agarose gel showing PCR products after genotyping on genomic 

DNA from tail biopsies with primers indicated in A. Wild-type allele: 290 bp. Mutated 

allele: 381 bp. +/+ wild-type control. +/f: hemizygous Wnt11 flox/+ line. f/f: homozygous 

Wnt11 flox/flox line. (D–E) Whole mount (D) and histological analysis (E) after cTnTCre-
lox deletion of Wnt11. Compared to wild-type (WT) controls, E14.5 cTnTCre; Wnt11 null/

flox conditional knockout embryos (cTnTCre cKO) show normal overall morphology. (E) 

Whereas E14.5 WT controls show normal OFT, AV, and DMP development (top panels), 

E14.5 cTnTCre; Wnt11 null/flox embryos show connections between aorta and right 

ventricle, and between pulmonary artery and left ventricle, indicating transposition of the 

great arteries (TGA, bottom panels). The DMP-derived myocardium in E14.5 cKO embryos 

is similar to that in WT embryos (arrowheads). Scale bars are 200 μm.
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Fig. 3. Conditional deletion of Wnt11 with Isl1Cre
(A–B) Whole mount analysis of E12.5 and E14.5 embryos showed that Isl1Cre; Wnt11 null/

flox conditional knockout embryos (Isl1Cre cKO) were morphologically normal. 

Histological analysis at E12.5 (C) and E14.5 (D) revealed that Isl1Cre; Wnt11 cKO embryos 

develop outflow tract defects at E12.5 (DORV, C, left panel) and E14.5 (TGA, D, left panel) 

and reduced DMP growth at E12.5 and E14.5 (arrowheads, C, D, right panels). The atrial 

septum and AV cushions were morphologically normal (C, D, middle panels). Scale bars are 

200 μm.
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Fig. 4. Reduced proliferation is correlated to DMP hypoplasia
(A, left panels) Immunostaining for NKX2-5 (green) and ISL1 (red) in E10.5 WT and 

Wnt11 KO embryos. Nuclei are stained with DAPI (blue). SHF and DMP are indicated with 

dashed lines. WT embryos showed an ISL1+ DMP that protrudes from the SHF into the 

atrial lumen between the dorsal walls of the NKX2.5+ atrial myocardium. KO embryos 

showed a much reduced and less protruding DMP. Scale bar is 100 μm. (B–C) 

Quantification of total nuclei (DAPI) and ISL1+ cells confirmed that there were significantly 

less DAPI+ nuclei and ISL1+ cells in the KO DMP when compared to WT (B, asterisks: p < 

0.05). No differences were observed in the pSHF of KO versus WT embryos (C). (A, right 

panels) Immunostaining for cleaved CASPASE 3 (cCasp3, red) and EdU (white) in 

consecutive sections showed proliferative cells in both SHF and DMP, but little to no 

apoptosis. Scale bar is 100 μm. (D–E) Quantification of A showed significantly less 

proliferation in the reduced DMP of KO embryos when compared to WT (D, asterisks: p < 

0.05). In contrast, no differences were observed in the pSHF (E). (F) Immunostaining for 

PECAM/CD31 (green) and sarcomeric actin (SAA, white) in E12.5 Isl1Cre control and 

Isl1Cre; Wnt11 conditional knock-out embryos (Isl1Cre cKO). Nuclei are stained with 

DAPI (blue) and the Isl1Cre; tdTomato lineage is shown in red. Although the Isl1Cre-

derived DMP (arrowhead, left panels) in Isl1Cre; Wnt11 cKO embryos was smaller 

compared to controls, there was no difference in myocardial differentiation (right panels). 

Scale bar is 200 μm.
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Fig. 5. Germline Wnt11 null defects are not associated with altered Pitx2-, Patched-, or Axin2-
lacZ reporter expression
X-gal staining of Wnt11 WT and KO embryos heterozygous for Pitx2-lacZ (A), Patched-

lacZ (B), or Axin2-lacZ (C). Nuclei were counterstained with Nuclear Fast Red. Although 

KO embryos showed OFT and DMP defects similar to those found during histological 

analysis (Fig. 1), no differences were observed in lacZ reporter expression in the OFT, 

pharyngeal mesoderm (left panels), AV region (middle panels), pSHF, DMP, or foregut 

endoderm (right panels). Scale bars are 200 μm.
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