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Abstract

Background—Conotruncal defects due to developmental abnormalities of the outflow tract 

(OFT) are an important cause of cyanotic congenital heart disease. Dysregulation of transcriptional 

programs tuned by NKX2–5, GATA6, and TBX1 have been implicated in abnormal OFT 

morphogenesis. However, there remains no consensus on how these transcriptional programs 

function in a unified gene regulatory network (GRN) within the OFT.

Methods—We generated mice harboring a 226-nucleotide deletion of a highly conserved 

cardiac enhancer containing two GATA-binding sites located approximately 9.4kb upstream of 

the transcriptional start site of Nkx2–5 (Nkx2–5∆enh) using CRISPR-Cas9 gene editing and 

assessed phenotypes. Cardiac defects in Nkx2–5∆enh/∆enh mice were structurally characterized 

using histology and scanning electron micrography, and physiologically assessed using 

electrocardiography, echocardiography, and optical mapping. Transcriptome analyses were 

performed using RNA sequencing (RNA-seq) and single cell RNA sequencing (scRNA-seq) 

datasets. Endogenous GATA6 interaction with and activity on the NKX2–5 enhancer was 
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studied using chromatin immunoprecipitation sequencing and transposase accessible chromatin 

sequencing in human-induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs).

Results—Nkx2–5∆enh/∆enh mice recapitulated cyanotic conotruncal defects seen in patients with 

NKX2–5, GATA6, and TBX1 mutations. Nkx2–5∆enh/∆enh mice also exhibited defects in right 

Purkinje fiber network formation, resulting in right bundle branch block. Enhancer deletion 

reduced embryonic Nkx2–5 expression selectively in the right ventricle and OFT of mutant 

hearts, indicating that enhancer activity is localized to the anterior second heart field (A-SHF). 

Transcriptional profiling of the mutant OFT revealed downregulation of important genes involved 

in OFT rotation and septation, such as Tbx1, Pitx2, and Sema3c. Endogenous GATA6 interacted 

with the highly conserved enhancer in hiPSC-CMs and in wildtype mouse hearts. We found 

critical dose-dependency of cardiac enhancer accessibility on GATA6 gene dosage in hiPSC-CMs.

Conclusion—Our results using human and mouse models reveals an essential GRN of the OFT 

that requires an A-SHF enhancer to link GATA6 with NKX2–5-dependent rotation and septation 

gene programs.
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Introduction

Congenital heart disease (CHD) is a leading cause of birth defects with an estimated global 

prevalence of 1.8 cases per 100 live births.1 In subcategories of CHD, conotruncal defects 

caused by impaired development of the outflow tract (OFT) are reported to make up 6.7–

12% of CHD cases.2–4 Cyanotic conotruncal defects, which typically manifest within the 

first week of life, confer extremely high mortality if uncorrected.5 Included in the category 

of cyanotic conotruncal defects are persistent truncus arteriosus (PTA), double outlet right 

ventricle (DORV), dextro-transposition of great arteries (d-TGA), and tetralogy of Fallot 

(TOF).6 While there have been major advances in diagnostic modalities and corrective 

surgical techniques for cyanotic conotruncal defects, our understanding of the molecular and 

genetic underpinnings of OFT morphogenesis remains rudimentary.

A genetic etiology for CHD has been identified in a third of cases, with approximately 23% 

linked to aneuploidies and copy number variations and the remaining 8% attributable to 

coding de novo variants (DNVs).7–9 More recently, the contribution of disruptive non-coding 

DNVs, which include cardiac enhancer regions, to CHD has been reported to be at a level 

similar to that observed for damaging coding DNVs.10 These data indicate that coding and 

non-coding DNA elements act cooperatively during heart development to regulate complex 

morphogenetic processes, such as cardiac looping, rotation, and septation. Therefore, a more 

comprehensive understanding of cardiac enhancers and how they regulate temporo-spatial 

expression of morphogenetic gene programs is not only critical to understanding normal 

heart development but also why congenital heart defects occur.

The OFT represents a particularly vulnerable site for CHD as it requires precise coordination 

of specification, migration, and maturation of multiple cell types, which include myocardial 
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cells, cardiac neural crest cells (NCCs), endocardial cells, and vascular smooth muscle 

cells (VSMCs), to properly align and septate the pulmonic and systemic circulatory 

systems. Through classical genetic approaches and candidate gene analysis, mutations in 

lineage-determining transcription factors have been identified in patients with conotruncal 

defects and have provided important mechanistic insights into how transcriptional programs 

orchestrate OFT development. TBX1/22q11del is the most common human copy number 

variation, which causes DiGeorge Syndrome, a condition associated with DORV, PTA, 

and TOF.11–13 Pathologic coding variants in NKX2–5 and GATA6 have been identified 

in patients with conotruncal defects, with NKX2–5 mutations associated with TOF, PTA, 

and DORV, and GATA6 mutations associated with PTA and pulmonary stenosis14–17. 

Correspondingly, mouse models of Tbx1, Nkx2–5, and Gata6 deficiency recapitulate the 

spectrum of OFT abnormalities. Tbx1 hypomorphic mice exhibit PTA.18 Selective deletion 

of Nkx2–5 in second heart field myocardial precursors driven by Isl1-Ires-Cre (Nkx2–5flox/

flox;Isl1-Ires-Cre) produces PTA and DORV.19 Deletion of Gata6 in cardiomyocytes and 

VSMCs using a SM22-cre driver causes PTA and DORV.20

The phenotypic redundancy of NKX2–5, TBX1, and GATA6 mutations indicates their 

shared role in morphogenetic programming of the OFT and suggests these transcription 

factors function in a ‘cardiac regulatory kernel’, essential for lineage determination and/or 

maturation of the OFT myocardium.21 The OFT, right ventricular myocardium, right bundle 

branch, and the majority of the right Purkinje fiber network (PFN) derive from anterior 

second heart field (A-SHF) precursor cells that originate from the splanchnic mesoderm 

and are added to the linear heart tube at the arterial pole.22, 23 The A-SHF-derived OFT 

myocardium represents a distinct regulatory domain that expresses important effector genes 

involved in rotation and septation, such as the homeobox transcription factor Pitx2 and 

the secreted chemotactic factor Sema3c, respectively. Pitx2 is essential for proper rotation 

and septation of the proximal or conal OFT myocardium to generate the right and left 

ventricular outflow tracts (RVOT and LVOT, respectively).24, 25 Sema3c is secreted by OFT 

cardiomyocytes to recruit cardiac NCCs into the conotruncal cushions of the distal or truncal 

OFT where they mature into VSMCs essential for aorticopulmonary septation.26 Together, 

Pitx2 and Sema3c ensure proper alignment of the RVOT with the pulmonary artery (PA) 

anteriorly and the LVOT with the aorta posteriorly. What remains unknown is the underlying 

genetic mechanism that links NKX2–5, TBX1, and GATA6 into a single regulatory network 

with Pitx2 and Sema3c in the OFT myocardium.

To address this important knowledge gap, we comprehensively studied a putative NKX2–
5 enhancer that is highly conserved, is GATA-binding site dependent, and has restricted 

activity in A-SHF-derived structures to determine its importance in OFT and right 

ventricular development.27, 28 In order to functionally validate this enhancer region in vivo, 

we engineered transgenic mice harboring a 226-bp deletion within the cardiac enhancer 

region that removes two conserved GATA-binding sites. Enhancer site deletion selectively 

reduced Nkx2–5 expression in the right ventricle (RV) and OFT and produced an array 

of conotruncal defects as well as hypoplasia of the right PFN. Using this mouse model 

and human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs), we define 

the developmental basis of OFT defects and identify a common genetic pathway that 
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links GATA6 with NKX2–5-dependent morphogenetic programs through a single A-SHF 

enhancer.

Materials and Methods

Detailed materials and methods are described in Supplemental Material online. All animal 

experiments were approved under Institutional Animal Care and Use Committee of New 

York University Grossman School of Medicine protocol #PROTO201900150.

Data Availability

The RNA sequencing (RNA-seq) data are deposited in Gene Expression Omnibus 

(GSE227361). The chromatin immunoprecipitation sequencing (ChIP-seq) for GATA6 and 

assay of transposase accessible chromatin sequencing (ATAC-seq) data in hiPSC-CMs, and 

single cell RNA-seq (scRNA-seq) data from control and Pitx2hd−/− mouse hearts were 

obtained from previously published datasets.29, 30

Statistical analysis

GraphPad Prism v9.2.0 (GraphPad Software, MA, USA) was used for statistical 

comparisons except for sequencing data. Quantitative data were first evaluated by Shapiro-

Wilk test for normal distribution, then two-tailed Student’s t-test was performed for 

comparison between 2 groups except where otherwise mentioned in the figure legend. 

The p values < 0.05 were considered statistically significant. Values are presented as 

mean ± SD. For survival analysis for 3 groups, logrank test was performed, and multiple 

comparison correction was applied as p value < 0.0167 to be significant. Additional details 

for sequencing data analyses are described in Supplemental Material.

Results

Generation of Nkx2–5 cardiac enhancer mutant mice

With the goal of defining essential genomic regulatory elements that govern OFT 

development, we focused on a highly conserved, cardiac enhancer located within the 

locus of chromosome 5: 173,245,843 to 173,245,543, positioned −10,637 to −10,337 bp 

upstream of the transcription start site of NKX2–5 in the human hg38 assembly (Figure 1A). 

The cardiac enhancer contains two GATA-binding sites within the most conserved region 

based on PhyloP basewise conservation analysis (Figure 1B). The corresponding location 

within the mouse genome is –9,435 to –8,922 bp upstream of the TSS of Nkx2–5 in the 

mouse mm10 assembly. Previous description of this enhancer region using transgenic LacZ 

reporter mice showed localized activity in the OFT and RV that was dependent on the 5’ 

GATA-binding site.27 These features made this enhancer a compelling candidate for targeted 

deletion in vivo.

BLAST-Like Alignment Tool (BLAT) in the UCSC Genome Browser identified a 301-

bp region on the hg38 assembly with 90% sequence similarity to the cardiac enhancer 

region on the mm10 assembly. Further restriction of the conservation peaks above 50% 

threshold yielded a 241-bp region that contained the two GATA-binding sites (Figure 1B). 
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To functionally validate this minimal cardiac enhancer in vivo, we knocked out a 226-bp 

fragment of the enhancer region containing the two GATA-binding sites (Nkx2–5∆enh) 

using CRISPR-Cas9 gene editing technology and confirmed the deletion (Figure 1C–E).31 

RT-qPCR analysis of embryonic day (E) 12.5 hearts sectioned into atria, RV, left ventricle 

(LV), and OFT regions showed reduced transcript levels of Nkx2–5 exclusively in the RV 

and OFT with normal levels in the LV and atria in Nkx2–5∆enh/∆enh mice compared to 

Nkx2–5+/+ wildtype (WT) littermate controls (Figure 1F). These data demonstrate that the 

minimal enhancer functions as a cis-regulatory element of Nkx2–5 in the A-SHF.

Mice heterozygous for the minimal enhancer deletion (Nkx2–5∆enh/+) were grossly 

indistinguishable from WT littermates and displayed normal cardiac function assessed by 

electrocardiography (ECG) and transthoracic echocardiography (TTE) (data not shown). 

Upon intercrossing Nkx2–5∆enh/+ mice, embryos and offspring matched the expected 

Mendelian ratio until postnatal day (P) 1, after which most Nkx2–5∆enh/∆enh mice did 

not survive (Figure 1G). Nkx2–5∆enh/∆enh mice were cyanotic at birth and displayed high 

neonatal mortality rate (Figure 2A). Out of 72 offspring born from 8 consecutive litters 

examined for 10 days after birth, the homozygous mutant pups showed high postnatal 

mortality with most animals unable to survive beyond P2 (Figure 2B) (Logrank test for 

survival analysis among 3 groups, p < 0.0001; between Nkx2–5+/+ and Nkx2–5∆enh/+, p = 

0.9336; between Nkx2–5+/+ and Nkx2–5∆enh/∆enh, p < 0.0001; between Nkx2–5∆enh/+ and 

Nkx2–5∆enh/∆enh, p < 0.0001).

Nkx2–5∆enh/∆enh mice display cyanotic conotruncal defects

To determine the cause of neonatal cyanosis and lethality in Nkx2–5∆enh/∆enh mice, we 

examined mutant and WT littermates for cardiovascular defects in P1 pups using whole-

mount and histological assessment. The most notable anatomical abnormalities in Nkx2–
5∆enh/∆enh hearts were OFT abnormalities and ventricular septal defects (VSD). WT hearts 

displayed normal positioning of the aorta in connection with the LVOT posteriorly and PA 

in connection with the RVOT anteriorly (Figures 2C, G). Nkx2–5∆enh/∆enh mice displayed a 

spectrum of cyanotic conotruncal defects, including DORV (Figure 2D, H), d-TGA (Figure 

2E, I), and PTA (Figure 2F, J), with PTA being the most prevalent condition (Table S1). 

Mutant hearts displayed DORV (17 %), where both the aorta and PA originate from the 

RV anteriorly in parallel configuration (Figure 2D, H), d-TGA (28 %), where the aorta 

connects to the RVOT anteriorly and the PA connects to the LVOT posteriorly (Figure 2E, 

I), and most commonly, PTA (44 %), which combines rotational defects (seen in DORV 

and d-TGA) with an aorticopulmonary septation defect resulting in a single truncus (Figure 

2F, J).32–34 Therefore, Nkx2–5∆enh/∆enh mice recapitulate the full spectrum of conotruncal 

defects seen in patients and mouse models with GATA6, NKX2–5, and TBX1 mutations.18–

20

Nkx2–5∆enh/∆enh embryonic hearts show defects in axial orientation of the conotruncal 
endocardial cushions

To explore the origins of the conotruncal defects in Nkx2–5∆enh/∆enh hearts, we performed 

histological analyses at E11.5 and scanning electron microscopy (SEM) at E12.5. Serial 

sections of mutant E11.5 embryos revealed defects in axial orientation of the conotruncal 
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endocardial cushions (Figure 3). During normal OFT development (Figure 3B–E), the 

superior septal cushion (SSC) and inferior septal cushion (ISC) of the conotruncal cushions 

fuse medially to form the aortiopulmonary septum (Figure 3C) in a process that is dependent 

on migration of cardiac NCCs.35 The SSC forms the left cusps and ISC forms the right 

cusps of the aortic valve (AoV) and pulmonic valve (PV).35, 36 The anterior pulmonic 

intercalated cushion (APIC) and posterior aortic intercalated cushion (PAIC), which are 

positioned in perpendicular orientation to the SSC and ISC, form the anterior cusp of the PV 

and the posterior (non-coronary) cusp of the AoV, respectively (Figure 3B–D, red arrowhead 

pointing to the noncoronary cusp of the AoV). Axial alignment of the SSC and ISC cushions 

along the axis of the spinal cord (S) positions the PAIC (non-coronary cusp of the AoV) 

directly at 6 o’clock in the OFT (Figure 3C, D), which is essential for proper alignment 

of the AoV (Figure 3C) over the LVOT (Figure 3E). More distally (cranially) in the OFT, 

the conotruncal cushion axis is rotated clockwise, situating the PV (blue arrowhead) at 

approximately 1:30 on the clockface in the distal portion of RVOT (Figure 3B). Proper 

axial orientation of the conotruncal cushions (SSC, ISC, APIC, PAIC) ensures that the PA 

is connected to the RVOT anteriorly and the aorta is connected to the LVOT posteriorly as 

shown in the SEM of a normal E12.5 heart (Figure 3N).

In Nkx2–5∆enh/∆enh hearts (Figure 3F–I and 3J–M), the conotruncal cushion axis is 

insufficiently counterclockwise rotated so that the PAIC (non-coronary cusp of the AoV, 

red arrowhead) fails to reach the 6 o’clock position and is malpositioned anywhere between 

7 o’clock to 10 o’clock. As shown in the first Nkx2–5∆enh/∆enh heart (Figure 3F–I), 

displacement of the PAIC to 7:30 on the clockface (Figure 3H) moves the non-coronary cusp 

of the AoV (Figure 3G, red arrowhead) away from its usual connection point with the LVOT 

(Figure 3I). This clockwise displacement of the AoV results in inappropriate connection 

of the AoV and aorta with the proximal RVOT (pRVOT) (Figure 3I). Correspondingly, the 

distal RVOT (dRVOT) and PV (blue arrowhead) are displaced to 2:30 on the clockface 

(Figure 3F, G). This places the aorta and PA in an equivalent anterior plane with both vessels 

connected to the RV, resulting in DORV phenotype (Figure 3F–I). SEM of a mutant E12.5 

heart shows rightward displacement of the aorta, placing it in the same anterior plane as 

the PA (Figure 3O). If aorticopulmonary septation occurs, then DORV phenotype is the 

expected result. As shown in the second Nkx2–5∆enh/∆enh heart (Figure 3J–M), displacement 

of the PAIC to 9:30 on the clockface (Figure 3L) will inappropriately connect the AoV (red 

arrowhead pointing to the non-coronary cusp) with the RVOT anteriorly while displacement 

of the PV (blue arrowhead) to 6 o’ clock will allow for inappropriate connection of the 

PV and PA with the LVOT (Figure 3J–L), resulting in d-TGA phenotype. SEM of an 

E12.5 heart with d-TGA shows anterior displacement of the aorta and the PA positioned 

posteriorly (Figure 3P). PTA represents a combination of rotational abnormalities with 

aorticopulmonary septation defect.

To examine if the increased propensity for aorticopulmonary septation defects in Nkx2–
5Δenh/Δenh hearts is secondary to deficiency in conotruncal cushion formation, we 

measured reconstructed three-dimensional SSC and ISC volumes from rendered histological 

sections (Figure S1). Comparisons of the conotruncal cushion volumes between WT and 

Nkx2–5Δenh/Δenh hearts showed no significant differences, suggesting that invasion of 

mesenchymal cells and secretion of cardiac jelly to form the conotruncal cushions are 
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unperturbed in Nkx2–5 mutant hearts. Notably, the SSC and ISC axis again demonstrates 

under-rotation in Nkx2–5Δenh/Δenh hearts compared to WT littermate controls.

Nkx2–5∆enh/∆enh mice exhibit right ventricular conduction defects

Right-sided conduction system defects, in the form of incomplete and complete right bundle 

branch blocks, have been described in patients with d-TGA (33%), DORV (52%), and 

PTA (47%) prior to surgical correction.33, 37, 38 To assess whether Nkx2–5∆enh/∆enh mice 

display right-sided conduction abnormalities, we performed functional assessment using 

ECG and TTE. Surface ECG was recorded from P1 neonates. Nkx2–5∆enh/∆enh mice showed 

prolonged QRS interval duration compared to WT littermates (14.05 ± 1.00 ms vs 12.40 

± 0.84 ms, p = 0.0013), indicating interventricular conduction delay (Figure 4A, B). Other 

parameters including heart rate, P wave duration, and PR interval were comparable between 

mutant and WT mice (Figure 4B). TTE was performed at P1 to assess biventricular function 

and quantify mechanical dyssynchrony using speckle tracking technology. Schematic of 

two-dimensional strain analysis of short-axis view is shown in Figure 4C where a red 

dotted semi-circle represents the RV free wall endocardial border and a blue dotted 

ellipse represents the LV endocardial border used for speckle tracking. Representative 

circumferential strain activation analysis during a single cardiac cycle showed marked 

ventricular dyssynchrony between RV and LV in Nkx2–5∆enh/∆enh hearts where dotted lines 

represent time from onset of systole to peak systole (Figure 4D). Strain analysis of mutant 

hearts showed a significant activation delay in the RV by 10 % of cycle length when 

referenced to peak systolic strain in the LV compared to WT littermates (Figure 4E). There 

was no significant difference in biventricular function between WT and Nkx2–5∆enh/∆enh 

mice measured by circumferential strain (Figure S2A). Optical mapping of P1 WT hearts in 

sinus rhythm showed early activation from the RV and LV epicardial surface at the sites of 

right and left bundle branch exit, respectively. In contrast, Nkx2–5∆enh/∆enh hearts from P1 

littermates displayed delayed RV epicardial activation relative to LV activation, indicative of 

right bundle branch block (Figure 4F, Figure S2B).

Nkx2–5∆enh/∆enh mice exhibit variable degrees of hypoplasia of the right Purkinje fiber 
network

To elucidate the mechanism of right ventricular conduction delay in Nkx2–5∆enh/∆enh mice, 

we backcrossed mutant mice into a cardiac conduction system reporter (Contactin 2-eGFP) 

background.39 Whole-mount fluorescent images demonstrated a spectrum of defects of the 

right PFN in Nkx2–5∆enh/∆enh hearts (Figure 4G). Defects ranged from complete absence 

of the right PFN to variable degrees of PFN hypoplasia. To assess whether right PFN 

hypoplasia is an acquired defect due to hemodynamic abnormalities from conotruncal 

defects or a developmental programming abnormality, we evaluated Nkx2–5∆enh/∆enh and 

WT littermate hearts at E12.5 for differential expression of the Purkinje marker, Connexin 

40 (Cx40, encoded by the gene Gja5). At this developmental timepoint, the interventricular 

septum is not completely formed and the hemodynamic load is shared equally between 

the LV and RV. We assessed for changes in Gja5 expression separately in the right and 

left ventricular chambers. Gja5 expression was significantly reduced in the RV but not 

in the LV in E12.5 Nkx2–5∆enh/∆enh mice compared to WT littermates (Figure 4H). In 

contrast, Connexin 43 (encoded by Gja1), which is expressed throughout the chamber 
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myocardium, was unchanged in the RV and LV in mutant hearts (Figure 4H). We also 

observed reduced Cx40 expression in the RV but not the LV of E12.5 Nkx2–5∆enh/∆enh 

hearts by immunofluorescence staining (Figure 4I). These findings are consistent with other 

reports indicating that Purkinje cell recruitment from trabecular myocytes requires optimal 

dosing of Nkx2–5.40

The Nkx2–5 enhancer regulates a critical OFT transcriptome

To identify the Nkx2–5 enhancer-dependent transcriptome that regulates conotruncal 

development, we performed RNA-seq analysis from OFT tissue collected from E12.5 Nkx2–
5∆enh/∆enh and WT littermates. Analysis of differentially expressed genes (DEGs) using 

an adjusted p value-cutoff (FDR < 0.1) showed reduced expression of Nkx2–5 as well as 

important OFT regulatory genes, Pitx2 and Sema3c, in mutant hearts (Figure 5A). These 

findings indicate that major rotation and septation gene programs are under the regulatory 

landscape of the Nkx2–5 enhancer. Using this threshold criterion, we identified 59 DEGs 

between Nkx2–5Δenh/Δenh versus WT littermate controls. A heatmap of the DEGs shows 

excellent genotype-dependent segregation including 20 upregulated and 39 downregulated 

transcripts in the Nkx2–5Δenh/Δenh OFT (Figure 5B). We performed integrative functional 

enrichment analysis using Enrichr Knowledge Graph (Enrichr-KG) to identify associations 

between DEGs and mammalian phenotypes and biological processes.41 Using this unbiased 

approach, we identified important gene-phenotype associations between Nkx2–5, Pitx2, 

Sema3c, Pcsk6/Pace4, Lama5 and the conotruncal defects, DORV and PTA. Mutant mouse 

models of each of these genes have been reported to exhibit DORV and/or PTA.19, 24, 

26, 42–44 Notably, PCSK6 was identified as a candidate gene in a genome-wide linkage 

analysis using MOD score analysis in families with diverse CHD that included DORV, TGA, 

TOF, and VSD.45 Consistent with the conotruncal phenotype associations, we identified 

biological processes that were significantly downregulated in the Nkx2–5Δenh/Δenh OFT 

involved in NCC recruitment (Sema3c-dependent chemotaxis), OFT morphogenesis (cell 

morphogenesis involved in differentiation), and endocardial cushion formation (extracellular 

matrix organization, extracellular structure organization) (Figure 5C).

Due to the inherent variability of embryonic tissues, we also probed our RNAseq dataset 

using a threshold criterion of p value < 0.05 and base mean > 30, to expand our pool 

of candidate DEGs to be confirmed by RT-qPCR. A heatmap of the 1029 candidate 

DEGs again shows excellent genotype-dependent segregation including 469 upregulated 

and 560 downregulated transcripts in the Nkx2–5Δenh/Δenh OFT compared to WT littermates 

(Figure S3A). Functional enrichment analysis of the candidate DEGs using Enrichr revealed 

biological processes that were significantly downregulated in the Nkx2–5Δenh/Δenh OFT 

were implicated in OFT morphogenesis (cell morphogenesis involved in differentiation, 

outflow tract septum morphogenesis, heart development), endocardial cushion formation 

(extracellular matrix organization, epithelial cell development, regulation of BMP signaling 

pathway, regulation of Wnt signaling pathway, positive regulation of epithelial to 

mesenchymal transition), NCC recruitment and development (neural crest cell migration, 

neural crest cell development, positive regulation of cell migration), smooth muscle cell 

development (smooth muscle cell contraction), and determination of bilateral symmetry 

(Figure S3B and File S1). The biological processes that were significantly upregulated in 
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the Nkx2–5Δenh/Δenh OFT included pathways involved in regulation of signal transduction 

cascades (negative regulation of ERBB signaling and MAPK cascade) and heart tube 

morphogenesis (embryonic heart tube morphogenesis, epithelial tube morphogenesis, and 

heart looping)(Figure S3B and File S2).

To validate the data obtained by RNA-seq, we performed RT-qPCR of key genes implicated 

in OFT morphogenesis, which include Nkx2–5, Sema3c, Pitx2, Pcsk6, Lama5, Tbx1, Isl1, 
Fgf10, and Tbx20. Expression levels by RT-qPCR of these genes were significantly up or 

downregulated in Nkx2–5Δenh/Δenh OFT in concordance with RNA-seq data (Figure 5D). 

Nkx2–5 is known to have an important role in mediating the transition of A-SHF progenitor 

cells to a ventricular myocyte lineage by down-regulating the progenitor gene program 

(Isl1, Fgf10, Tbx20, Bmp2).22, 46, 47 Consistent with these findings, our data shows that 

reduced Nkx2–5 expression in Nkx2–5Δenh/Δenh OFT myocardium is associated with a 

corresponding increase in Isl1, Fgf10, and Tbx20. Bmp2 expression was not significantly 

changed in the Nkx2–5Δenh/Δenh OFT (data not shown). The lack of change in Bmp2 was 

also noted in Nkx2–5flox/flox;Isl1-Ires-Cre mice,19 reflecting differences in Bmp2 regulation 

in global Nkx2–5 knockout (KO)46 versus selective Nkx2–5 deficiency in the A-SHF. In 

Nkx2–5flox/flox;Isl1-Ires-Cre mice, defects in A-SHF progenitor cell expansion into the OFT 

were attributable to down-regulation of R-spondin 3 (Rspo3), the secreted Wnt signaling 

agonist.19 In a similar fashion, the Nkx2–5Δenh/Δenh OFT showed downregulation of Wnt 

signaling on functional enrichment analysis and reduced expression of Rspo3 (Figure 5D).19

The persistence of the A-SHF progenitor program in mutant hearts is accompanied by 

a failure to upregulate critical pathways involved in OFT rotation and septation. Our 

transcriptomic analysis reveals that Tbx1, Pitx2, and Sema3c are downregulated in the 

Nkx2–5Δenh/Δenh OFT. Tbx1 is known to regulate Pitx2 expression in the OFT myocardium 

through a mechanism that likely involves Nkx2–5 as a cofactor.48 The combined reduction 

of Tbx1 and Pitx2 in the Nkx2–5Δenh/Δenh OFT is notable as compound heterozygous Tbx1+/

−;Pitx2+/− mice manifest severe rotational abnormalities and conal septation defects, that 

include DORV, malpositioning of the aorta, and VSD.48

Our data also identify an important link between the Nkx2–5 enhancer and cardiac NCC 

migration and VSMC maturation pathways. Previously, it has been shown that Gata6 
conditional KO mice exhibit PTA due to abnormal cardiac NCC migration/maturation as 

a result of reduced Sema3c production.14, 20 As Gata6 and Gata4 expression are unaffected 

in the Nkx2–5Δenh/Δenh OFT (Figure S4), the reduction in Sema3c can be attributed to 

reduced levels of Tbx1 and Nkx2–5, which have both been shown to regulate Sema3c 
expression in the OFT myocardium.19, 49, 50 Accompanied by the reduction in Sema3c, there 

was decreased expression in VSMC maturation markers, Acta2 and Myh11 (Figure 5D).51 

These results suggest that defects in migration of cardiac NCCs and maturation of VSMCs 

contribute to the aorticopulmonary septation defects in the Nkx2–5Δenh/Δenh OFT.

To investigate whether Pitx2 influences Sema3c expression in the OFT myocardium, we 

analyzed a publicly available scRNA-seq dataset using a Pitx2hd−/− model, which knocks 

out the Pitx2 homeodomain region rendering it inactive.30 Within the dataset, the OFT 

cardiomyocyte cluster was identified (Figure 6A, Figure S5, File S3), and expression of 
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key genes implicated in OFT morphogenesis and cell-cell communication was analyzed. 

Violin plots (Figure 6B) and DEG analysis (File S4) showed expected reduction in mutant 

Pitx2 transcript with no significant change in expression of Sema3c between Pitx2hd−/− and 

control OFT cardiomyocyte clusters. CellChat analysis further confirmed that interaction 

between OFT myocardium-derived Sema3c signal and its receptor complex Plxna2/Nrp1 
expressed in VSMCs is unchanged between Pitx2hd−/− and control hearts (Figure 6C).50, 

52 These results indicate that Sema3c is not transcriptionally regulated by Pitx2 in OFT 

myocardial cells.

Chromatin accessibility of the A-SHF cardiac enhancer is GATA6 dependent in human 
cardiomyocytes

Observations from prior studies and our work support the hypothesis that GATA6 and 

NKX2–5 are within the same gene regulatory network (GRN) for OFT development. Both 

Gata6 conditional KO mice and Nkx2–5Δenh/Δenh mice exhibit high prevalence of PTA. 

GATA6 was previously shown to be a regulator of TBX1 and Sema3c expression.19, 20, 53 

Analogously, Nkx2–5 enhancer deletion reduces Tbx1 and Sema3c expression in the OFT. 

However, Gata6 expression remains unchanged in the Nkx2–5Δenh/Δenh OFT, suggesting that 

GATA6 is upstream of NKX2–5 in the regulatory axis. We hypothesize that endogenous 

GATA6 interacts with and regulates the A-SHF enhancer in cardiomyocytes. To test this 

hypothesis, we utilized published ChIP-seq and ATAC-seq datasets generated from hiPSC-

CMs to inform of GATA6 occupancy as well as GATA6-dependent chromatin accessibility 

of the conserved A-SHF NKX2–5 enhancer.29 Analysis of the GATA6 ChIP-seq dataset 

revealed over-representation of GATA binding motifs and occupancy around TSS’s (Figure 

S6). Endogenous GATA6 displayed enriched occupancy at the A-SHF NKX2–5 enhancer 

region corresponding with conserved GATA-binding sites (FDR-adjusted p value < 0.05 for 

differential peak-calling analysis) (Figure 7A). Analysis of ATAC-seq datasets in GATA6 
isogenic WT, heterozygous, and homozygous KO hiPSC-CMs showed that chromatin 

accessibility of the enhancer region was dependent on GATA6 gene dosage (Figure S7, 

Figure 7A,B). There was a significant correlation between GATA6 genotype and normalized 

counts of ATAC-seq peaks in the cardiac enhancer region (Pearson correlation coefficient, r 

= – 0.9796075, p = 0.0006). Consistent with these findings, NKX2–5 expression levels were 

shown to be reduced in GATA6 homozygous KO hiPSC-CMs after day 4 of differentiation, 

and at day 12, NKX2–5 expression was reduced in a graded fashion based on GATA6 
heterozygous and homozygous KO genotype.29 To verify interaction between endogenous 

Gata6, which is robustly expressed throughout the E12.5 WT heart (Figure S4),54 and 

the cardiac enhancer site during heart development, we isolated whole hearts from E12.5 

WT mice and performed ChIP-qPCR. Endogenous Gata6 demonstrated occupancy of the 

enhancer region at both conserved GATA-binding sites (GS1 and GS2) in the developing 

hearts, similar to the human cardiomyocyte result (Figure 7C).

Discussion

Defining the GRN of the OFT is essential to understand how transcriptional programs 

orchestrate conotruncal morphogenesis. Here we define a key component of the OFT GRN 

that utilizes an A-SHF specific enhancer that is GATA6 dependent and regulates regional 
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Nkx2–5 expression. Deletion of the minimal enhancer region recapitulates conotruncal 

defects seen in patients and mouse models of GATA6, NKX2–5, and TBX1 loss-of-

function.14, 20, 55 Transcriptomic analysis of the mutant OFT reveals disruption of key 

transcriptional programs that coordinate rotation, septation, and maturation.

Through a single cardiac enhancer, we have linked major transcriptional programs that are 

associated with conotruncal defects. Our data shows that GATA6 occupies the NKX2–5 
A-SHF enhancer and dictates its open probability in a dose dependent fashion in hiPSC-

CMs. Nkx2–5 enrichment in the A-SHF, dictated by GATA6-dependent enhancer activation, 

simultaneously downregulates the Isl1-dependent progenitor cell program and upregulates 

OFT morphogenetic programs that include Tbx1, Pitx2, and Sema3c (Figure 8). Precise 

regulation of Isl1 is critical for appropriate expansion of the A-SHF progenitor pool. 

Isl1 is essential for specification and migration of cardiac progenitors in the splanchnic 

mesoderm to populate the A-SHF through activation of Fgf10 and Tbx20.22, 47, 56, 57 

Consequently, mice deficient in Isl1 fail to form an OFT and RV.58 Nkx2–5 is an 

important repressor of Isl1, and mediates the transition to a myocardial lineage. Nkx2–
5 overexpression in mouse ESC-derived cardiomyocytes causes downregulation of Isl1, 

Fgf10, and Tbx20.47 In reciprocal fashion, germline Nkx2–5 KO mice show upregulation 

of Isl1 and Fgf10, leading initially to progenitor cell overspecification followed by 

defective proliferation of A-SHF myocardial precursors.46 In agreement with these findings, 

Nkx2–5Δenh/Δenh mice display persistent upregulation of Isl1, Fgf10, and Tbx20 in the 

OFT. Nkx2–5Δenh/Δenh mice also show downregulation of Wnt signaling by functional 

enrichment analysis and reduced expression of Rspo3, similar to conditional Nkx2–5flox/

flox;Isl1-Ires-Cre mice.19 The importance of Rspo3 in OFT development was shown using 

conditional Rspo3f/f;Isl1-Ires-Cre mice that recapitulate the DORV phenotype. In addition, 

transgenic Rspo3 overexpression in Nkx2–5flox/flox;Isl1-Ires-Cre mice was able to rescue 

the PTA phenotype.19 Our data demonstrate that precise temporo-spatial regulation of 

Nkx2–5 expression through activation of the A-SHF enhancer by GATA6 is essential 

to coordinate the shift from an Isl1-dependent progenitor cell program to an Nkx2–5-

dependent, ventricular myocyte morphogenetic program.

Transcriptomic analysis of the Nkx2–5∆enh/∆enh OFT supports a gene regulatory hierarchy 

where Nkx2–5 enrichment in the A-SHF turns on the Tbx1-dependent gene program, 

which includes Pitx2 and Sema3c (Figure 8). Our findings are consistent with prior 

work that has shown that Tbx1 selective deletion in Nkx2–5 expressing myocardial cells 

(Nkx2–5Cre/+;Tbx1flox/-) is sufficient to reproduce PTA.18 Our data extend these findings 

by placing Tbx1 downstream of Nkx2–5 and Gata6 in the regulatory axis in A-SHF 

myocardial cells. Tbx1 has been shown to regulate the expression of Pitx2 and Sema3c 
in the OFT myocardium.48, 49 To validate genetic interaction of Tbx1 and Pitx2 in vivo, 

Campione, Morrow, and colleagues generated double heterozygous mice (Tbx1+/−;Pitx2+/

−), which displayed cyanotic conotruncal disease (DORV, malpositioning of the aorta, 

pulmonary trunk stenosis, and VSD) at a higher severity level and penetrance than in 

single heterozygous mice.48 Therefore, the combined reduction in Tbx1 and Pitx2 in Nkx2–
5Δenh/Δenh mice may be sufficient to explain the high penetrance of cyanotic conotruncal 

disease. A putative enhancer for Pitx2, which contains a T-half site and a nearby Nkx2–
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5 binding motif, was shown to be synergistically responsive to Tbx1 and Nkx2–5 using 

heterologous expression systems.48

Our analysis of the Pitx2hd−/− scRNA-seq dataset30 showed that Pitx2 does not regulate 

Sema3c expression or Sema3c-dependent crosstalk from OFT myocardial cells. This finding 

is in agreement with previous work showing that cardiac NCC migration appears normal in 

Pitx2 KO mice.59 Our data indicates that Tbx1 likely represents the lowest transcriptional 

branchpoint in the GATA6-Nkx2–5-Tbx1 axis that can impact both Pitx2 and Sema3c 
expression, which explains why the main defect in Pitx2 KO mice is in OFT rotation rather 

than aorticopulmonary septation.24 Taken together, our data support a GATA6-NKX2–5-

Tbx1-Pitx2c/Sema3c regulatory axis that is localized to the OFT myocardium through the 

Nkx2–5 A-SHF enhancer.

We also show that Pcsk6/Pace4 and Lama5 are also under the regulatory control of 

the A-SHF enhancer in the OFT. Pcsk6 is an endoprotease that regulates TGFβ-related 

signaling pathways, including BMP signaling, via proteolytic cleavage that converts inactive 

precursors to their active forms.42 Pcsk6 KO mice exhibit left/right patterning defects and 

severe cardiac malformations, including DORV, PTA, VSD, and dextrocardia. Although 

the mechanisms of conotruncal malformations were not explored, the authors hypothesize 

that Pcsk6 may regulate the autoinduction of nodal signaling, which has been shown to 

positively regulate Pitx2 expression. In addition, PCSK6 was identified as a candidate gene 

using genome-wide linkage analysis using MOD score analysis in families with mixed 

CHD phenotypes, including atrial septal defects, VSD, TOF, TGA, and DORV.45 Lama5 
encodes Laminin α5, a major component of basement membranes, that has important 

roles in developmental processes, including neural tube closure, digit septation, and 

glomerulogenesis.60 Lama5 was identified in a mutational screen for CHD genes that also 

impact kidney development.43, 44 Lama5 mutants displayed DORV. Although the exact 

mechanisms by which Pcsk6 and Lama5 interact with Tbx1, Pitx2, and Sema3c in the OFT 

will need to be defined, our work now places all of these critical conotruncal modulatory 

genes under the regulatory landscape of the A-SHF enhancer.

The high penetrance of PTA and DORV phenotypes in Nkx2–5Δenh/Δenh and conditional 

Nkx2–5flox/flox;Isl1-Ires-Cre mouse models demonstrates that selective reduction of Nkx2–
5 expression in the A-SHF markedly increases vulnerability to conotruncal defects.19 

These observations highlight the importance of maintaining Nkx2–5 levels at an optimal 

balance between the A-SHF and the first heart field, which gives rise to the left ventricle 

and parts of the interventricular septum, to ensure normal OFT rotational alignment and 

aorticopulmonary septation. These findings are particularly important in light of our data 

that shows NKX2–5 A-SHF enhancer accessibility is highly dependent on GATA6 gene 

dosage, providing an important mechanistic link between GATA6 loss-of-function mutations 

and suboptimal NKX2–5 expression levels in the A-SHF that predispose to conotruncal 

defects.

Conduction defects and subsequent mechanical dyssynchrony in Nkx2–5Δenh/Δenh mice are 

due to hypoplasia of the right PFN. Normal PFN development occurs through several 

stages.40 The first stage involves early specification of conductive cells from cardiac 
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progenitor cells that create a specialized conduction system scaffold.40 Subsequently, 

the conduction system expands through two phases of recruitment from the trabecular 

myocardium.40 The first wave of myocardial cell recruitment occurs during early fetal 

stages where bipotent trabecular myocytes exhibit progressive restriction toward a Purkinje 

lineage, and the second wave occurs in late fetal stages, when a high proportion of 

trabecular myocytes commit to a Purkinje lineage. The reduction of Gja5/Cx40 expression 

in embryonic trabecular myocytes in E12.5 Nkx2–5Δenh/Δenh hearts points to a defect in the 

first and likely second wave of recruitment. The absence of the right bundle branch in some 

mutant mice suggests that early specification of the right conduction system scaffold may be 

adversely affected in Nkx2–5Δenh/Δenh hearts.

The high penetrance of severe conotruncal abnormalities and right ventricular conduction 

system defects underscores the critical importance of this A-SHF enhancer for normal 

cardiac development. It is important to note that this enhancer site is located within 

a gene regulatory island that juxtaposes activating and repressing elements, which has 

been proposed to be essential for precise temporo-spatial control of Nkx2–5 expression 

during cardiogenesis.27 This hypothesis has recently been supported by the work of Zhang 

and colleagues, who knocked out a large 4.3 kb super-enhancer site, termed U1, which 

includes the A-SHF enhancer.61 Notably, U1 knockout mice displayed no phenotype and 

no change in Nkx2–5 expression. It is likely that the large-scale deletion of both activating 

and repressing regulatory elements resulted in a net neutral effect on Nkx2–5 expression. 

Furthermore, the authors identified another large 9.4 kb super-enhancer site, termed U2, 

that was frameshifted into closer proximity to the Nkx2–5 promoter through U1 deletion, 

possibly resulting in a compensatory effect. This was confirmed when U1 and U2 were 

both deleted, which caused reduced expression of Nkx2–5 in the E7.5 heart and embryonic 

lethality after E9.5 due to severe cardiac defects involving the atrioventricular canal, OFT, 

and RV, mimicking the Nkx2–5 germline null phenotype. In light of these results, our 

findings using the Nkx2–5∆enh model highlights the importance of applying a tailored 

approach to studying the role of individual enhancer sites on regional heart development.

In conclusion, our study delineates how a non-coding regulatory element acts cooperatively 

with coding transcriptional elements to coordinate OFT morphogenesis. The Nkx2–
5Δenh/Δenh mouse model has functioned as an essential tool to decode the OFT GRN, 

unifying multiple transcriptional programs into a single GATA6-NKX2–5-Tbx1-Pitx2c/
Sema3c regulatory axis that underlies cyanotic conotruncal defects. It will be of significant 

interest to determine if human variations within the minimal NKX2–5 A-SHF enhancer are 

associated with conotruncal defects. Our findings add to the growing body of evidence 

that implicates non-coding DNA elements as essential regulators of normal cardiac 

morphogenesis and underscores the need to validate non-coding DNA elements in vivo 

to fully decipher their role in governing major developmental events.
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Non-standard Abbreviations and Acronyms

AoV aortic valve

APIC anterior pulmonary intercalated cushion

A-SHF anterior second heart field

ATAC-seq assay of transposase accessible chromatin sequencing

CHD congenital heart disease

ChIP-seq chromatin immunoprecipitation sequencing

Cx40 connexin 40

DNVs de novo variants

DORV double outlet right ventricle

d-TGA dextro-transposition of great arteries

ECG electrocardiography

ECM extracellular matrix

ERBB erythroblastic leukemia viral oncogene homologue

GRN gene regulatory network

hiPSC-CMs human-induced pluripotent stem cell-derived cardiomyocytes

ISC inferior septal cushion

KO knockout

LA left atrium

LV left ventricle
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LVOT left ventricular outflow tract

MAPK mitogen-activated protein kinase

NCCs neural crest cells

OFT outflow tract

PAIC posterior aortic intercalated cushion

PFN Purkinje fiber network

PTA persistent truncus arteriosus

PV pulmonary valve

RA right atrium

RV right ventricle

RVOT right ventricular outflow tract

SHF second heart field

scRNA-seq single cell RNA sequencing

SSC superior septal cushion

TOF tetralogy of Fallot

TSS transcription start site

TTE transthoracic echocardiography

VSD ventricular septal defect

VSMCs vascular smooth muscle cells

WT wildtype
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Clinical Perspective

What Is New?

• Loss of an Nkx2–5 anterior second heart field enhancer is sufficient to cause 

a broad spectrum of conotruncal defects and right bundle branch block in a 

murine model.

• Our findings uncover a critical genomic mechanism that links multiple 

transcriptional programs implicated in conotruncal defects, such as NKX2–5, 

GATA6, and TBX1, with major rotation and septation gene programs into a 

single gene regulatory network.

What Are the Clinical Implications?

• This study highlights the importance of defining the contribution of non-

coding DNA elements to congenital heart disease (CHD).

• Our findings support the expansion of genetic screening of CHD families in 

a research context to identify disease causing variants in select non-coding 

DNA elements that have impact on cardiac morphogenesis.

• Comprehensive multimodality assessment of our mouse model provides 

important insights into the morphogenetic basis of conotruncal defects in 

CHD patients.
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Figure 1. Generation of Nkx2–5∆enh/∆enh mice engineered with a 226-bp deletion in a highly 
conserved enhancer region.
(A) Conservation state of the upstream NKX2–5 cardiac enhancer by the UCSC Genome 

Browser. NKX2–5 coding sequence (labeled in black) and an upstream minimal cardiac 

enhancer region (labeled in red) on the human hg38 assembly. Conservation score using 

phyloP (blue bars) and phastCons (green bars) reveals that sequences corresponding to the 

cardiac enhancer are highly conserved among vertebrates. Conserved elements identified 

by phastCons are also displayed in brown. Representative vertebrate genomes of selected 

species are displayed in gray. TSS, transcription start site. (B) A 301-bp region (labeled 
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in red) on human hg38 assembly with 90% sequence similarity to the previously reported 

cardiac enhancer region on the mouse mm10 assembly with conserved GATA-binding sites 

(green arrows)(upper panel). A gap with double horizontal lines in the cardiac enhancer 

shows dissimilarity in sequence between human and mouse genomes. Further restriction of 

the conservation peaks above 50% threshold yielded a 241-bp region containing the two 

GATA-binding sites (lower panel) (C) Schematic of CRISPR-CAS9 deletion of a 226-bp 

fragment containing two conserved GATA-binding sites ≈9.4 kb upstream of the Nkx2–5 
transcription start site in a mouse model with mm10 assembly. (D) PCR of genomic DNA 

from wildtype, heterozygous, and homozygous cardiac enhancer deletion (Nkx2–5∆enh) 

mice. (E) Sequencing of genomic DNA from wildtype Nkx2–5+/+ and homozygous Nkx2–
5∆enh/∆enh mice showing deletion of the 226-bp fragment. (F) RT-qPCR from regional heart 

tissues at embryonic day E12.5 demonstrating reduced Nkx2–5 expression exclusively in the 

right ventricle (RV) and outflow tract (OFT). LV: left ventricle. Groups (n = 6 each) were 

compared by Student’s t-test. **p < 0.01. Data are presented as mean ± SD. (G) Genotype 

of viable offspring at each developmental stage from Nkx2–5∆enh/+ mating pairs. Number 

of viable Nkx2–5∆enh/∆enh at postnatal day (P) 10 is significantly lower than the expected 

Mendelian distribution.
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Figure 2. Survival and pathological analysis of Nkx2–5∆enh/∆enh mice at postnatal (P) day 1.
(A) Gross morphology of P1 Nkx2–5∆enh/∆enh and wildtype (Nkx2–5+/+) littermates. (B) 

Neonatal mouse survival curves in Nkx2–5+/+, Nkx2–5∆enh/+, and Nkx2–5∆enh/∆enh mice. 

P<0.0001 by logrank test for all three genotypes. (C, G) Representative wholemount 

and histological assessment of Nkx2–5+/+ hearts with normal anatomy. (D−F and H−J) 

Representative wholemount and histological assessment of Nkx2–5∆enh/∆enh hearts showing 

double-outlet right ventricle (DORV) (D, H), dextro-transposition of great arteries (d-TGA) 

with ventricular septal defect (VSD) (E, I), and persistent truncus-arteriosus (PTA) with 
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VSD (F, J). PA, pulmonary artery; Ao, aorta; T, truncus arteriosus; LV, left ventricle; RV, 

right ventricle. Scale bars for C−F: 2 mm. Scale bars for G−J: 500 µm.
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Figure 3. Histological and electron micrographic assessment of Nkx2–5∆enh/∆enh embryonic 
hearts.
(A) Schematic of an embryonic day E11.5 heart with corresponding sections through the 

outflow tract (OFT) of Nkx2–5+/+ (B−E) and Nkx2–5∆enh/∆enh (F−I and J−M) hearts at 

select levels: distal level (green hashed lines)(B, F, J), aortic valve (AoV) level (blue 

hashed lines)(C, G, K), sub-AoV level (red hashed lines)(D, H, L), and proximal level 

(black hashed lines)(E, I, M). Magnified view of the OFT for each section is shown with 

a clockface demarcating the spinal cord (S) axis at 6 o’clock. Schematic diagrams show 

labeled anatomical structures of the OFT to the right of each magnified section. In the 

Nkx2–5+/+ heart (B−E), the superior and inferior septal cushions (SSC and ISC) are oriented 

along the axis of the spinal cord so that the posterior aortic intercalated cushion (PAIC)

(panel D), which becomes the non-coronary cusp of the AoV (panel C, red arrowhead), is 

situated at 6 o’clock in the OFT. This allows for the AoV to connect with the left ventricular 

outflow tract (LVOT) below (panel E). More distally, the aorta (Ao) remains in the 6 o’ 

clock position with the right ventricular outflow tract (RVOT) looping around the aorta 

clockwise, ending with pulmonary valve (PV) (panel B, blue arrowhead) positioned at 1:30 

on the clockface. Two Nkx2–5∆enh/∆enh mutant hearts are shown with different severities of 

rotation defects. The first mutant (F−I) shows insufficient counterclockwise rotation so that 

axis of the SSC, ISC, and PAIC (non-coronary cusp) are shifted rightward by 45 degrees 

to 7:30 on the clockface (panel G, red arrowhead), displacing the AoV off the LVOT and 

onto the proximal RVOT (pRVOT)(panel I). The anterior pulmonary intercalated cushion 

(APIC), which becomes the anterior valve (AV) of the PV, is also shifted clockwise but 

remains attached to the distal RVOT (dRVOT)(panel F, blue arrowhead). This results in 
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double-outlet right ventricle (DORV) phenotype where the Ao is laterally displaced to the 

right and lies anteriorly with the pulmonary artery (PA) (panel F). The second mutant 

(J−M) shows more severe insufficient counterclockwise rotation so that SSC, ISC, and PAIC 

(non-coronary cusp) are shifted rightward by 105 degrees to 9:30 on the clockface (panel 

K, red arrowhead), allowing for connection of the AoV to the RVOT. The APIC and PV 

now sit at the 6 o’clock position (panel J and K, blue arrowhead), connecting the PV to the 

LVOT. This results in dextro-transposition of great arteries (d-TGA) phenotype where the 

Ao is anterolaterally displaced relative to the PA (panel J). Scale bars: 500 µm. RA, right 

atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; Ven, ventral; Dor, dorsal. (N–

P) Scanned electron microscopic images of embryonic hearts at E12.5 in Nkx2–5∆enh/∆enh 

and wildtype littermates. Nkx2–5∆enh/∆enh hearts display rotational defects of the OFT. Scale 

bars: 200 µm.
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Figure 4. Physiological assessment of Nkx2–5∆enh/∆enh vs wildtype mice.
(A) Representative surface electrocardiogram traces in Nkx2–5∆enh/∆enh and wildtype 

littermates at birth (P1). (B) Comparisons of heart rate, P-wave duration, PR interval, and 

QRS interval between Nkx2–5∆enh/∆enh and wildtype mice. QRS interval is significantly 

prolonged in Nkx2–5∆enh/∆enh mice. **p < 0.01 by Student’s t-test. n = 9−10 per group. 

Data are presented as mean ± SD. (C) Representative B-mode snapshot of both ventricles 

in short-axis view. Endocardial segments used for circumferential strain are shown with 

dotted lines in red for the right ventricle (RV) and in blue for the left ventricle (LV). 
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(D) Representative strain tracings of both ventricles in Nkx2–5∆enh/∆enh and wildtype mice 

with dotted vertical line representing peak systolic contraction. Nkx2–5∆enh/∆enh showed 

delayed relative RV activation with respect to LV. (E) Relative RV activation showing 

variability and delays in Nkx2–5∆enh/∆enh mice. *p < 0.05 by Student’s t-test. n = 6 per 

group. Data are presented as mean ± SD. (F) Representative activation maps of wildtype 

(left) and Nkx2–5∆enh/∆enh (right) hearts acquired by optical mapping at P1. Electrical 

activation of RV is delayed in Nkx2–5∆enh/∆enh compared to wildtype. RA, right atrium; 

RV, right ventricle; LA, left atrium; LV, left ventricle. Scale bars: 1 mm. (G) Representative 

whole-mount fluorescence images of the dissected RV at P1 to visualize Purkinje cells 

expressing Contactin2-eGFP. Nkx2–5∆enh/∆enh hearts show variable degrees of Purkinje 

fiber network hypoplasia, with a spectrum ranging from absent to near normal levels in 

the RV. n = 3 for wildtype and n = 8 for Nkx2–5∆enh/∆enh were examined. Scale bars: 2 

mm. AVN, atrioventricular node; HB, His bundle; PF, Purkinje Fibers. (H) qPCR for Gja5 
(encoding Cx40) and Gja1 (encoding Cx43) in the RV and LV at embryonic day E12.5. Gja5 
expression was significantly reduced in the RV but not Gja1. **p < 0.01 by Student’s t-test. 

Expression of Gja5 in LV and Gja1 in RV were compared by Mann-Whitney U test. n = 6 

per group. Data are presented as mean ± SD. (I) Immunofluorescence staining for troponin 

I (green) and Cx40 (red) in embryonic hearts at E12.5. Nkx2–5∆enh/∆enh hearts show less 

Cx40 expression in the trabecular myocardium in the RV compared to wildtype. n = 3 per 

group were examined. Scale bars: 200 µm.
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Figure 5. Transcriptome analysis of the embryonic outflow tract (OFT) in Nkx2–5∆enh/∆enh vs. 
wildtype mice.
(A) Volcano plot of all annotated genes in Nkx2–5∆enh/∆enh vs wildtype OFT. Significantly 

upregulated genes are highlighted in red and downregulated genes are in blue (adjusted p 

value < 0.1) with the verticle gray dashed line representing the boundary for identification 

of up- or down-regulated genes. The horizontal grey dashed line represents significance. 

Key genes (Nkx2–5, Pitx2 and Sema3c) in OFT development are colored in green. (B) 

Heatmap of differentially expressed genes (DEGs, adjusted p value < 0.1) between Nkx2–
5∆enh/∆enh vs. wildtype OFT (n = 5 and 4, respectively). (C) Subnetwork analysis by Enrichr-
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KG. All DEGs from panel B were analyzed. The MGI Mammalian Phenotype and Gene 

Ontology Biological Process gene set libraries were selected for the analysis. Enrichment 

of phenotypes and descriptive biological processes are shown. (D) Validation qPCR of key 

genes in the OFT at E12.5. Genes are grouped based on assigned biological process. *p < 

0.05, **p < 0.01, ****p < 0.0001 by Student’s t-test. Data are presented as mean ± SD. n 

= 6 per group. SHF, second heart field; VSMC, vascular smooth muscle cell; NCC, neural 

crest cell; ECM, extracellular matrix.
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Figure 6. Single cell RNA sequencing (scRNA-seq) of embryonic Pitx2 KO hearts indicates Pitx2 
does not change Sema3c expression nor signaling pathway.
(A) UMAP plot of scRNA-seq from control and Pitx2hd−/− cardiac tissue at embryonic 

day 10.5.30 16 clusters are visualized in 2-dimensional embedding. (B) Violin plots of key 

genes associated with OFT septation and rotation in the OFT-CM cluster. (C) Circle plots 

showing cell-cell communication between different cell types for the Sema3c signaling 

pathway network in control and Pitx2hd−/− cardiac tissue. Control and Pitx2hd−/− plots 

show that most of the outgoing Sema3c signal patterns are unaltered. RV-CM, right 

ventricular cardiomyocytes; LA-CM, left atrial cardiomyocytes; LVS-CM, left ventricular 

septum cardiomyocytes; OFT-CM, outflow tract cardiomyocytes; EndoC, endocardial cells; 

Epi, epithelial cells; AVC-CM, atrioventricular canal cardiomyocytes; Mes, mesenchymal 

cells; EpiC, epicardial cells; RA-CM, right atrial cardiomyocytes; LV-CM, left ventricular 
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cardiomyocytes; EndoV, endocardial valve cells; Immune, immune cells; SMC, smooth 

muscle cells; Mac, macrophages; Erythro, erythrocytes.
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Figure 7. Endogenous GATA6 interacts with the NKX2–5 cardiac enhancer and determines 
enhancer accessibility in human cardiomyocytes.
(A) Visualization of GATA6 chromatin immunoprecipitation sequencing (ChIP-seq) and 

assay of transposase accessible chromatin sequencing (ATAC-seq) datasets in human-

induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs). ChIP-seq for GATA6 

and input control in day 4 hiPSC-CMs in blue. ATAC-seq in day 4 GATA6 isogenic wildtype 

(GATA6+/+) and mutants (GATA6+/− and GATA6−/−) in green. The conserved cardiac 

enhancer region shown in red containing two GATA-binding sites in black. A GATA6 

ChIP-seq peak is identified in the cardiac enhancer region (adjusted p value < 0.05 by peak-

calling analysis). Differential ATAC-seq peak analysis of the cardiac enhancer region based 

on GATA6 genotype. (B) Pearson correlation between normalized peak count in the cardiac 

enhancer region and experimental groups for ATAC-seq. GATA6 mutant allele correlates 

with decreased ATAC-seq peak counts. (C) ChIP-quantitative PCR (ChIP-qPCR) validation 

of GATA6 binding in embryonic day E12.5 mouse hearts. Conserved GATA-binding sites 

(red) in the cardiac enhancer region on the mouse mm10 assembly (left panel). Independent 

ChIP-qPCR for two GATA-binding sites, GS1 and GS2, in E12.5 mouse hearts showing 

GATA6 occupancy for both sites. **P < 0.01 by Student’s t-test. Data are presented as mean 

± SD. n = 5 per group.
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Figure 8. Working model of the Gata6-dependent Nkx2–5 A-SHF enhancer gene regulatory 
network of the outflow tract (OFT).
GATA6 regulates OFT septation and rotation programs via direct regulation of the Nkx2–5 
A-SHF enhancer. A-SHF, anterior second heart field; NCC, neural crest cell.
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